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EREENE

PURPOSES OF THE MEETING AND SOME REMARKS ON ITS RESULTS

ALESSANDRO MARTELLI
ENEA, Fast Reactor Department, Bologna, Italy

and

FRANCESCO UZZI
ISMES S.p.A., Bergamo, Italy

1. Introduction

The seismic verification of nuclear plants is a subject of
increasing interest in all the industrial countries, with respect to

both the safety aspects and the impact of the seismic event on the
design and the costs of a nuclear reactor. This topic is of
especially great interest for a country like Italy, whose territory
is unfortunately characterized by non - negligible seismicity: we
remember, not too many years ago, the catastrofic earthquakes of

Frioul and Irpinia, that caused thousands of dead people.

2. Studies performed in Italy

Thus, great care has to be devoted in countries like Italy to

demonstrate safety of "high risk" plants such as nuclear reactors,
in the case of earthquakes. This is the reason why wide-ranging

studies have been performed in Italy for a detailed evaluation of

the territory seismic conditions in order to identify sites suitable
for installation of nuclear power plants, and for research and

development on the seismic behaviour of reactor safety-related

structures and components.

The extensive historical, geological and seismotectonic studies

performed in the framework of nuclear power plant siting are
providing an essential contribution to the knowledge of the

seismological conditions of the Italian territory. This knowledge
will also be very useful to evaluate safety level of other "high
risk" installations, to which the very severe design rules of

nuclear reactors are usually not applied. Furthermore, important
information for a better defense of populations in the case of

earthquakes will be available, by leading to the adoption of

improved seismic design criteria for civil constructions.

As far as the studies on the seismic behaviour of structures and
components are concerned (to which this meeting refers), we note

that the present tendency is towards the use of more and more
sophisticated calculation tools, which are now available on the

market. In spite of this availability, however, uncertainties are
still affecting an adequate estimate of the structural dynamic
response: this is due to both the frequent lack of reliable data for
the correct use of codes and the fact that some physical phenomena

are not yet described by sufficiently correct conceptual models.,

In Italy, detailed seismic analysis of structures and components was

especially necessary with regard to a fast reactor such as PEC at

whose site (the ENEA Center of Brasimone) the meeting technical

sessions were held. In fact, the design earthquakes adopted for PEC

are quite severe (although very conservative), and the plant
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features - partially common to all the fast reactors - aire. �-,()ch as
to make PEC particularly sensitive to seismic conditions.

Since the usual rules that are used for thermal reactors do not
apply to fast reactor - block components, a wide-ranging numerical
and experimental programme has been carried out by the Fast Reactor
Department and the PEC Reactor Unit of ENEA - in co-operation with
ANSALDO, ISMES and AGIP - for the seismic verification of the PC
reactor - block, and especially the core, its elements and the
shutdown system.

These studies also provided important contributions to the
development of methods and the achievement of results that are of
general validity for fast reactor seismic analysis. It is worth
mentioning that these studies were initially performed in the
framework of the co-operation with the French Commissariat A Ener-
gie Atomique (CEA) and are now being carried out within the wider
European Collaboration Agreement on Research and Development for
Fast Reactors (AGT), that also includes the United Kingdom, the
Federal Republic of Germany and Belgium.

The important contribution of Italy to the aseismic design of fast
reactor - block will be stressed at the specific Specialists'
Meeting on 'ILMFBR Reactor - Block Aseismic Design and Verification",
organized by ENEA in co-operation with the International Working
Group on Fast Reactors (IWGFR) of the International Atomic Energy
Agency (IAEA), that will be held in Bologna on October 12 - 15,
1987.

The main features of the above - mentioned studies have been
summarized in the introduction paper of the technical sessions. This
paper points out that the PEC core seismic analysis performed by
ENEA led to modifications of the reactor - block design in 1982
(that were necessary to improve core response) and to the decision
of performing on-site tests on the reactor building and the main
vessel, in order to check design approaches and to estimate safety
margins in these approaches.

3. Usefulness of on-site testing and seismic monitoring

The present meeting deals with on-site testing and the related
detailed numerical analyses, thus being complementary to the October
IAEA/IWGFR meeting.

The usefulness of on-site testing is evident, according to the
previous remarks on the uncertainties that still affect an adequate
estimate of the seismic behaviour of nuclear reactor structures and
components. In fact, for instance, improvements are still necessary
for civil structures with regard to soil - structure interaction and
coupling with adjacent buildings; for mechanical components, some
difficulties arise with regard to the definition of the restraint
conditions, as well as the description (within an analytical model)
of non - linearities, fluid - structure interaction effects and,
last but not least, ageing.

For the above-mentioned reasons, it is evident that, in order to
improve the use of the available computer codes, it is necessary to
collect direct information on the actual structure behaviour by
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performing on-site experimental analysis, or alternatively by
adopting an adequate seismic monitoring system.

The numerical and on-site experimental studies on the PEC reactor
building and its main vessel, performed by ISMES on behalf of ENEA,
were certainly very advanced, as clearly shown by the related
technical papers presented to this meeting. Furthermore, they
allowed methods to be assessed that are not only applicable to the
PEC specific case, but to all the nuclear plant concepts in general.

In fact, similar studies are now in progress on the Garigliano
thermal reactor, that was recently permanently shut down and will be
decommissioned. The analysis of the Garigliano plant is directly
being performed by the Italian Directorate of Nuclear Safety and
Health Protection (DISP), that also actively collaborated with the
ENEA Fast Reactor Department and the PEC Reactor Unit during PEC
on-site testing.

The present meeting also deals with seismic monitoring systems,
whose role (as mentioned above) may be very important to provide
data describing the actual plant dynamic behaviour. Great attention
is being paid in Italy to the development of these systems. Their
optimization certainly takes advantage of on-site test results, as
the PEC experience has demonstrated: the advanced seismic monitoring
system forseen for PEC (that is described in a specific paper
presented to this meeting) should contribute to the improvement of
these systems for future nuclear reactors.

4. Scope of the meeting

On-site testing and seismic monitoring is an advanced topic.
However, the related studies are rather complicated and expensive.
Various countries, beside Italy, have got important experiences 
Japan, the United States of America, the Federal Republic of
Germany, France, Switzerland. But it should certainly be of interest
for all countries, due to costs and complication of these studies,
to compare the various experiences in detail, and possibly to
initiate co-operation in order to minimize the efforts in research
and development.

Furthermore, as well-known recent events have shown, international
co-operation is essential to improve safety features of nuclear
reactors: the defence of nuclear plants against earthquakes
certainly constitutes a major safety aspect.

These are the reasons why ENEA and ISMES jointly organized this
specialist meeting, getting advantage from the experience gained in
the framework of the PEC analysis and inviting some of the best
specialists in the word: specialist meetings, that foresee the
participation of a limited number of experienced scientists. are the
best opportunities to discuss advanced topics in detail and to
define the items of possible co-operation.

5. Participation in the meeting and sponsorships

75 scientists and representatives of universities, research centers,
utilities, industrial companies and international organizations
participated in the meeting.
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There has certainly been an international agreement on the
importance of the subjects discussed: in fact, beside the supports
provided to the meeting by the four national organizations operating
in the framework of nuclear energy development (ANS-Italy, SNI,
ANDIN and FIEN) and by the Bologna University and its Faculty of
Engineering, class I sponsorship was granted to it by the European
Nuclear Society. Furthermore, the meeting was also supported by the
Commission of the European Communities, and various foreign
specialists accepted to be members of the Technical Programme
Committee and to chair the technical sessions. It is also worth
mentioning that 13 of the 75 participants consisted in specialists
of different foreign countries, the Japanese and French
delegations being particularly important (see Table 1).

Finally, we note that the high scientific level of the meeting was
also stressed by its inclusion in the framework of the Celebrations
of the Ninth Centenary of the Bologna University (one of the oldest
in the world, with a long and renowned scientific tradition), whose
chancellor, Professor Fabio Roversi Monaco, opened the works.

6. Topics discussed and contributions provided

According to the previous remarks, the meeting aimed at establishing
the state - of - the - art on on-site testing of nuclear reactors
structures and components, with particular attention to experiences
and research programmes concerning:

- methodologies of on-site tests and interpretation of the
experimental data;

- seismic monitoring systems, recorded data, their use and
interpretation;

- calibration and validation of numerical analyses.

Six technical sessions were held in the three days spent at the
Brasimone Center, in which the above-mentioned topics were discussed
in detail. In these sessions, 23 high quality papers, selected by
the Technical Programme Committee, were presented and discussed, and
six panel discussions were held (the importance of discussion was
emphasized in the meeting). The technical contributions consisted
in:

- an introduction paper, summarizing the seismic studies performed
in Italy for PEC and explaining the reasons why on-site tests had
been performed on this reactor;

- 6 invited lectures, one for each of the countries that are more
deeply involved in seismic analysis, providing the state - of - art
on the topics of interest for the meeting (each session was opened
by an invited lecture);

- 16 contributed papers dealing with more specific technical items,
related to the various countries and international organizations.

Table provides some information on the number of contributions
provided by the different countries, as well as on the nationality
of the participants in the meeting, the vice-chairmen of the
Technical Programme Committee and the session chairmen. it is
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evident that the foreign contributions were very numerous in fact,
they were about 70% of the overall number of papers presented.

------------------------------------------------------------

COUNTRIES NUMBER TECHN. SES- NUMBER NUMBER
AND OF PROGR. SION OF OF

INTERNAT. PARTICI- VICE - CHAIR- INVITED CONTRIBU-
ORGANIZA- PANTS CHAIR- MEN LECTURES TED

TIONS MEN PAPERS
------------------------------------------------------------

ITALY 52 2 4 1 5
(+ chair- (+ intro-

man) duction)
------------------------------------------------------------

JAPAN 4 1 1 1 4
------------------------------------------------------------

FRANCE 5 1 2 1 2
------------------------------------------------------------

U.S.A. 3 0 1 1 2
------------------------------------------------------------

F.R.G. 1 0 1 1 0
------------------------------------------------------------

SWITZERLAND 3 0 1 1 0
------------------------------------------------------------

C.E.C. 3 2 1 0 1
------------------------------------------------------------

ITALY & FRANCE 0 1
------------------------------------------------------------

U.S.A. CANADA 0 1
------------------------------------------------------------

UNITED KINGDOM 2 1 1 0 0
------------------------------------------------------------

SWEDEN 1 0 0 0 0
------------------------------------------------------------

POLAND 1 0 0 0 0
------------------------------------------------------------

TABLE I Participants and contributions to the meeting.

7. Results of the meeting and some comments

The meeting fully attained its purposes, by allowing the different
techniques, used in the various countries, to be compared in detail;
progressing work and future programmes were also discussed-

It was agreed that on-site tests constitute useful complementary
techniques with respect to shaking table experiments or in general
laboratory dynamic experiments. In fact, laboratory tests generally
allow much higher excitation levels to be attained at reasonable
costs, but the appraisal of the effects of some important parameters
(as mentioned, boundary conditions of components, soil-structure
interaction, ageing, etc.) is rather difficult (if not impossible).
On the contrary, on-site experiments, while usually limited to low
excitation levels (if performed on real reactor structures), enable
the actual structure conditions to be analysed, taking into account
the effects of the mentioned parameters.

Only in the case of the ''Heissdampfreaktor" in the Federal Republic
of Germany it has been possible to increase excitation up to quite
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high levels, but this is due to the very peculiar conditions of this

plant, that remained in operation for a very short time (2000

hours), thus minimizing safety problems related to contamination.

These problems are much more severe for a plant like Garigliano,

whose operation lasted 16 years: in this case, safety requirements
greatly affect the experimental programme assessment.

Furthermore, in the case of a reactor that is still in the

construction phase, like PEC, while on-site tests are even more

interesting (since they allow design procedures to be tested and

safety margins to be assessed for the particular reactor before its
operation), excitation levels applicable are obviously limited to

low values in order to avoid any damage. In the case of PEC,

however, the linear soil behaviour allowed results on soil-structure
interaction effects to be obtained that are also applicable to the

high excitations typical of the design earthquakes.

More generally speaking, four on-site excitation methods were

identified:

- vibrations generated by blasting in bore - hole;

- mechanical shakers;
- real earthquakes on actual reactors or scaled models;

- hydraulic jacks at the reactor foundations.

The usefulness of blasting in bore-hole to get important information

on soil-structure interaction and building - to - building coupling
was stressed. About the use of mechanical shakers, their advantages

were pointed out especially for component analysis, since they allow

boundary conditions to be correctly described.

Concerning then the application of real earthquakes, tests on scaled

models in high seismicity areas, such as that of the EPRI tests in
Taiwan, are particularly interesting, not only due to the nature of
excitation source, but also because of the very severe levels

applied: data obtainable from the recordings of seismic monitoring

systems on actual reactors, although taking advantage of the
obviously excellent excitation nature, are usually - and hopefully -
limited to rather low excitations and unfrequant events.

A very promising excitation technique was judged to be that using
hidraulic actuators at the reactor foundations, which was adopted in
the framework of the PEC analysis for the first time: in fact, this

excitation type (whose applicability may easily be foreseen in the

construction phase, by adopting suitable and cheap design
solutions), can provide rather large excitation forces and allows

the reactor dynamic response to be easily analysed in detail any

time this is judged of interest, also when the reactor is already in
the operation phase.

Again with regard to on-site tests of actual reactors, we note that

it came out at the meeting that such tests have only been performed

(or are being performed) on the three already mentioned plants: the

"Heissdampfreaktor'' in the Federal Republic of Germany, and PEC and
Garigliano in Italy, PEC being the only one that was tested in the

construction phase. It must be noted that tests carried out on the

''Heissdampfreaktor'' demonstrated plant inherent safety features, in
spite of the very high excitations applied and although the plant
was not designed according to aseismic criteria.
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Finally, it is worth pointing out that the Japanese philosophy

emphasizes large-scale shaking table tests, such as those now being
performed on the Tadotsu 1000 ton shaking table: these large-scale

tests are also judged important to definitely convince public
opinion that nuclear plants are save even in a very high seismicity

country like Japan. On the contrary, the approach used in other
countries is to validate sophisticated numerical tools basing on the
results of shaking table tests performed on smaller sizes' or scaled

mock-ups, which are judged more reliable at the time being.

B. Remarks on the Italian contributions

The contributions of the Italian scientists presented to the meeting
were found to be particularly interesting by all the participants.

In fact, Italy demonstrated to have attained a high technological

level in the framework of seismic monitoring, and a profound and
original experience in the development of on-site test methodologies
in support of the design.

It is worth stressing again that the progress of the methodologies

of seismic analysis experimental tests was stimulated in Italy by
the very stringent safety requirements adopted for the PEC reactor
with respect to the seismic event: this progress led to the
availability of tools of general validity for nuclear plants, that

might also be used for many other seismic risk problems, such as

those typical of disaster prevention.

9. Perspectives of international co-operation

To conclude this preface, we note that the interest for an
increasing international co-operation on the topics covered by the
meeting was confirmed by all the participants: some collaborations

already exist, such as that between the US.A. and the Federal

Republic of Germany, but the high costs of on-site tests and the
related hard problems should certainly lead towards an extension of

the existing cooperations.
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PROGRAMME OF TECHNICAL SESSIONS

Monday, May 4th

AFTERNOON OPENING SESSION AND WELCOME ADDRESSES (at Bologna University)

Chairmen: G. Cicognani (Director, ENEA Fast Reactor Dept.; General Chairman

of the Meeting) and F. Muzzi (Head, ISMES Office in Rome; Technical

Programme Chairman).

Welcome addresses by:

F. Roversi Monaco (Chancellor, Bologna University)

L. Marchetti (Dean, Faculty of Engineering, Bologna University)

E. Lorenzini (Chairman, Nuclear Engineering Section, Bologna

University)

M. Cumo (Member ENEA Administration Board; Chairman, ENEA Technical

Commission; Chairman Italian National Association for Nuclear

Engineering)

R. Riccioni (General Manager, ISMES)

It also includes the contents of this volume (invited lectures and
contributed papers presented at the Meeting).



Tuesday, May 5th

MORNING SESSION: INTRODUCTION AND ON-SITE TESTS (at ENEA-Brasimone Center)

Chairmen: A. Hoffmann (CEA, France) and H. Shibata (Tokyo Univ., Japan).

Invited lectures and contributed papers:

1 "Research and Development Studies on the Seismic pag 2 
Behaviour of the PEC Fast Reactor" (Introductory
invited paper)
A. Martelli (ENEA/VEL & Bologna University)

2. "On-Site Testing and Seismic Monitoring of pag. 59
Nuclear Plants: State-of-the-Art in Italy"
(Invited lecture)
A. Castoldi (ISMES, Italy)

3. "Earthquake Simulation, Actual Earthquake pag 83
Monitoring and Analytical Methods for Soil-
Structure Interaction Investigation"
H.T. Tang (EPRI, U.S.A.)

4. "On-Site Experimental Dynamic Analysis for pag 95
Evaluating the Soil-Structure Interaction and the
Seismic Behaviour of the Italian PEC Fast Reactor
Building"
M. Casirati, A. Castoldi, P. Panzeri, P. Pezzoli,
(ISMES, Italy); A. Martelli (ENEA/VEL, Italy); P.
Masoni (ENEA/PEC, Italy); V. Brancati (ENEA/DISP,
Italy)

5. "Static Tilt Test of a Full-Sized Cylindrical pag. 1 7
Liquid Storage Tank Model"
F. Sakai (Kawasaki Heavy Industries, Japan)

Discussion Panel
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AFTERNOON SESSION: EXPERIMENTAL METHODOLOGIES

Chairmen: M. De Bacci (CEC, Belgium) and L. Malcher (Kernforschungszentrum

Karlsruhe, Federal Republic of Germany)

Invited lecture and contributed papers:

6. "Lessons Learned from Full-Scale Vibration Tests pag. 12 9
on Nuclear Power Plant Auxiliary Structure in
Switzerland" (Invited lecture)
E. Berger (Basler Hofmann Consulting Engineers,
Switzerland), S. Tinic (Nordostschweizerische
Kraftwerke AG, Switzerland)

7. "Experimental Research Project on the Dynamic pag. 141
Behaviour of the Garigliano N.N.P."
T. Sano' (ENEA/DISP, Italy); E. Vitiello
(Politecnico di Milano, Italy)

8. "A Proposed Community Reaction-Wall Facility at pag. 177
the JRC Ispra"
P.M. Jones, J. Donea (JRC Ispra, CEC)

9. "In-Situ Determination of the Dynamic Properties pag. 1 7
of Thinly-layered Rock to Evaluate Rock-Structure
Interaction at a Nucler Power Plant Site"
W.J. Johnson, P.C. Rizzo (P.C. Rizzo Associates,
U.S.A.)

• Discussion Panel

• Visit to -PEC and to the Experimental Facilities at Brasimone Center

(first part).
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Wednesday, May 6th

MORNING SESSION: ON-SITE AND SHAKING TABLE TESTS

Chairmen: M. Basili (ENEA/PAS, Italy) and C. Stepp (EPRI, U.S.A.)

Invited lecture and contributed papers:

10. "Role of Field Testing and Shaking Table Test on pag 2 1
Full Scale Structure for NNP Seismic Safety, and
its Relation to Computational Mechanics" (Invited
lecture)
H. Shibata (Tokyo University, Japan)

11. 'Experimental Qualification of Nuclear pag 2 3
Components"
P. Alliot, T. Fronte (Framatome, France)

12. "Dynamic Analysis of the PEG Fast Reactor Vessel: pag. 229
On-Site Tests and Mathematical Models"
M. Zola (ISMES, Italy), A. Martelli (ENEA/VEL,
Italy), P. Masoni, G. Scandola (ENEA/PEC, Italy),
P. Descleves (Novatome, France), G. Maresca
(Ansaldo, Italy)

13. "Seismic Proving Tests on the Reliability for pag. 2 6 3
Large Components and Equipment of Nuclear Power
Plants"
T. Onho, N. Tanaka (NUPEC, Japan)

14. "Analysis and Test Correlation of the Response of pag. 2 75
the Multiple Support Piping Systems"
T. Chiba, R. Koyanagi (Ihi Company Ltd., Japan),
N. Ogawa, C. Minowa (National Research Center for
Disaster Prevention, Japan)

Discussion Panel
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AFTERNOON SESSION: SEISMIC MONITORING

Chairmen: R. Di Sapia (ENEA/PEC, Italy) and E. Berger (Basler Hofmann

Consulting Engineers, Switzerland)

Invited lecture and contributed papers:

15. "Seismic Monitoring of the Creys-Malville Plant. pag. 287
Problems Raised by the Seismic Behaviour of a
Fast Breeder Reactor" (Invited lecture)
P. Descleves (Novatome, France), M. Barrau
(Nersa, France)

16. "A Seismic Monitoring System for Response and pag. 2 9 7
Failure of Structures with Intentionally Reduced
Seismic Strength"
K. Takanashi, K. Ohi (Tokyo University, Japan)

17. "New Developments in Seismic Surveillance of pag. 31 
Nuclear Power Plants"
F. Anesa, M. Casirati, M. Vavassori (ISMES,
Italy)

18. "The Role of the Seismic Safety and Monitoring pag. 325
Systems in the PEC Fast Reactor"
P. Masoni (ENEA/PEC, Italy), E.M. Di Tullio B.
Massa (Ansaldo, Italy), A. Martelli (ENEA/VEL,
Italy), T. Sano' (ENEA/DISP, Italy)

Discussion Panel

Visit to PEC and to the Experimental Facilities at Brasimone Center

(second part).
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Thursday, May 7th

MORNING SESSION: CALIBRATION AND VALIDATION OF NUMERICAL ANALYSES

Chairmen: A. Castoldi (ISMES, Italy) and P. Descleves (Novatome, France)

Invited lecture and contributed papers:

19. "EPRI's On-Site Soil-Structure Interaction pag. 338
Research and its Application to Design/Analysis
Verification" (Invited lecture)
J.C. Stepp, H.T. Tang (EPRI, U.S.A.)

20. "Review of Seismic Tests for Qualification of pag. 359
Components and Validation of Methods"
F. Gantenbein, A. Hoffmann (CEA, France)

21. "Validation of Seismic Soil-Structure Inter- pag. 369
action"
W.D. Liam Finn (British Columbia University,
Canada), R.H. Ledbetter (U.S. Army Corps of
Engineers), L.L. Beratan (U.S. Nuclear Regulatory
Commission)

22. "Seismic Response Analysis of the PEC Fast pag. 38 
Reactor Building"
P. Bonaldi, F. Muzzi, R. Orsi, G. Ruggeri (ISMES,
Italy), A. Martelli (ENEA/VEL, Italy), P. Masoni
(ENEA/PEC, Italy)

Discussion Panel
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AFTERNOON SESSION: CLOSING LECTURE

Chairmen: M. Dostal (NNC, United Kingdom) and E. Vitiello (Politecnico di

Milano, Italy)

23. "Earthquake Experiments at the HDR (Heissdampf pag. 409
Reaktor) Test Facility Using Eccentric Mass
Vibrator" (Invited lecture)
L. Malcher (Kernforschungszentrum Karlsruhe,
Federal Republic of Germany)

CLOSING PANEL

Chairmen: A. Martelli (ENEA/VEL, Italy), F. Muzzi (ISMES, Italy)
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RESEARCH AND DEVELOPMENT STUDIES ON THE SEISMIC BEHAVIOUR
OF THE PEC FAST REACTOR

Alessandro MARTELLI

ENEA, Fast Reactor Department,

BOLOGNA, ITALY

and

Bologna University, Faculty of Engineering,

Nuclear Engineering Section,

BOLOGNA, ITALY

SUMMARY

As introduction to the meeting, this paper provides an overview on

the extensive research and development studies performed by ENEA,

in co-operation with ANSALDO and ISMES, in the framework of the

seismic verification of the Italian PEC fast reactor. The purpose

is also to stress the reasons why a wide-ranging experimental

programme and detailed numerical analysis, validated on the test

results, have been performed for the PEC reactor building and the
main vessel.

Thus, after some notes on the high levels of the design earthquakes

adopted for PEC and the important features of fast reactors in

general and PEC as a specific case (making it particularly sensiti-
ve to seismic excitations), the paper presents the studies

performed for the reactor-block, the core and the shutdown system,

summarizing their main features and showing some of the main

results. Furthermore, the non-negligible feed-backs of the seismic

studies on the reactor-block design are recalled, and the needs of
checking seismic design analysis of the main vessel and the reactor

building are explained.

The on-site experimental programme and the related numerical

analysis concerning the main vessel and the reactor building are

also shortly described however, specific papers will present more

details on these studies, and will also stress the usefulness of

the on-site tests performed on the reactor building for the

optimization of the PEC seismic monitoring system.

Finally, the Italian lecture invited to this meeting will provide

an overview on the state-of-the-art on on-site testing and seismic

monitoring in Italy, stressing the perspective of adopting
methodologies similar to those used for PEC, for nuclear power

plants in general.
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1. INTRODUCTION

The design of fast reactors may be strongly influenced by seismic
conditions. In fact, the presence of rather flexible structures and
non-negligible clearances (due to the necessity of minimizing the
effects of thermal conditions) may lead to considerable
amplifications of the seismic motion of safety-related structures
and components.

For thermal reactors an adequate definition of. te reference
earthquakes and the correct use of existing design criteria and
methods is generally sufficient to verify whether the structural
and operational seismic safety requirements are satisfied. On the
contrary, for fast reactors, detailed numerical and experimental
studies are also necessary for those components to which the usual
methods are not directly applicable. In particular, the
experimental analyses must be performed to qualify the complicated
numerical methods, "ad hoc" developed for fast reactors, and to
provide the data necessary to apply these methods to the design.

For these reasons and because of the quite severe design
earthquakes adopted, the greatest care has been devoted by the
Italian National Commission for Atomic and Alternative Energy
Sources (ENEA), in co-operation with ANSALDO and ISMES, to the
seismic verification of the Italian PEC fast reactor. PEC ("Prova
Elementi di Combustibile'li.e. Fuel Assembly Test Facility) is an
experimental semi-integrated loop-type reactor, whose construction
is nearing completion at the ENEA Center of Brasimone, in the
Appennines between Bologna and Florence (see fig. 1).

Particular attention has obviously been paid to the behavioural
modes of the reactor-block, and especially those of the core and
the shutdown system which largely affect the reactor safety in an
earthquake. More precisely, sophisticated numerical techniques have
been developed and applied to the design verification. The most
relevant among these techniques is that allowing the core response
to the horizontal earthquake components to be correctly evaluated,
taking into account the non-linear core behaviour due to shocks
among elements, the fluid-structure coupling and the large effects
of the vessel-core dynamic interaction that exists in the case of
PEC ( the horizontal earthquake components are those which may
entail the most severe consequences on the PEC structural
integrity, see, for instance, Cicognani and Martelli C1).

Furthermore, a wide-ranging and complicated experimental programme
has been carried ut. This programme concerned shaking table tests
on prototype core elements and simplified core element groups in
full scale, on-site tests on the main vessel and experiments on a
mock-up of the shutdown system in full scale with simultaneous
excitations at four different axial levels.

Finally, due to the fact that the PEC reactor-block dynamic
response was found to be very sensitive to the frequency content of
the input seismic excitation a detailed numerical and on-site
experimental analysis of the reactor building has been performed.
The aim was to check the design calculations performed with a
lumped-mass model and to evaluate safety margins present in these
calculations. This study also made it possible to optimize the
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seismic monitoring system foreseen for PEC beside the automatic
seismic safety system (see Masoni et al. 23).

All the above-mentioned studies have been completed: thus a
general overview on these studies is now possible (previous papers,
such as those of Cicognani and Martelli l and Martelli et al.
13,41, only presented partial results, since the analyses were
still in progress at the time of such papers).

To provide this overview, the main features of the studies and some
of the main results are reported in this work, after some remarks
on the requirements to be satisfied by the PEC reactor-block
components in an earthquake, a brief description of the relevant
plant features and some notes on the parameters of interest for
design verification. The consequences of the seismic studies on the
design are also stressed.

2. DESIGN EARTHQUAKES, SEISMIC SAFETY AND OPERATIONAL
REQUIREMENTS

As for thermal reactors and according to the philosophy also
generally adopted for fast reactors, two reference earthquakes have
been defined for PEC:

- the earthquake TSS ("Terremoto di Sicuro Spegnimento"),
corresponding to the American SSE (Safe-Shutdown Earthquake) and

- the earthquake 12 TSS.

Earthquake TSS is characterized for PEC by Housner design spectra
with a maximum ground acceleration of 03 g in the two horizontal
directions and 02 g in the vertical direction. During and after
this earthquake it must be possible to shut down the reactor and to
cool it so as to keep it in a safe shutdown condition. This
earthquake may not entail any significant release of radioactivity
outside the plant.

Earthquake 12 TSS represents the normally acceptable earthquake,
taking into account economical aspects. This earthquake
(characterized for PEC by design spectra with halved amplitudes
with respect to those of TSS) should be withstood by the plant
without any significant damage (damages may be tolerated only on
components that can be inspected and easily repaired).

The PEC reactor must be capable of withstanding one TSS and as far
as components remaining in the reactor during its whole life, five
112 TSS.

It is worth citing that the seismic conditions adopted for PEC are
the most severe among those used for fast reactors in Europe.
Furthermore, PEC is the reactor in Europe that has in general the
most stringent design rules (Cicognani and Martelli [I]).

With regard to the PEC core and shutdown system, the adopted safety
philosophy implies that the following requirements have to be
satisfied for the horizontal earthquake components, up to TSS :
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- the rapid automatic insertion (during and after the earthquake)
of a number of control rods sufficient to shutdown the reactor has
to be guaranteed 

- deformations or ruptures of core element spikes and shrouds which
may hinder fuel assembly cooling, have to be avoided 

- fuel element compaction has to be limited, in order to avoid
dangerous neutronic-seismic interaction effects.

Furthermore, the core elements and the shutdown system components
should not be damaged by an earthquake 12 TSS , or at least their
replacement must be guaranteed (control rods must operate n�rmally
up to 12 TSS). Finally, the absolute integrity of core elements
and control rods has to be guaranteed in the case of earthquake
levels lower than that entailing the reactor automatic scram 14
TSS, see Masoni et al. [21).

3. MAIN PLANT FEATURES

As mentioned, PEC is semi-iriteErated loop-type fast reactor It
is characterized by a power of about 120 Mth. Its main feature is
the in-pile study and development of fast reactor fuel.

To mt this requirement, a test loop has been provided at the
centre of the core and the main vessel. The test loop has its own
cooling circuit and is hydraulically and thermally insulated from
the driver zone. The driver zone consists of groups of seven
elements forced together at the contacting pads. The main vessel
also contains the neutronic and thermal shields which surround the
core.

The PEC reactor building fig 2 having a height of about 28 
and a diameter of about 23 m, is housed in a steel cylindrical
container, which rests on a reinforced concrete foundation raft.
Heavy concrete solid blocks were subsequently poured inside the
container up to above half container height. Thus, the blding
structure supporting omponents is rather massive. it is worth
noting that the reactor building is not axisymmetric.

The reactor vessel fig 3 is located at about 12 m above the
building base. It is supported by a relatively flexible structure,
consisting of nine beams: this is rather deformable to minimize the
consequences of a core disruptive accident. The vessel is about
10.5 m long, from its supporting structure, with an inner diameter
of about 31 m It has a double wall, with inner and outer wall
thicknesses of 30 mm and 25 mm, respectively. Inert gas is present
in the interspace.

The core diagrid is located at a distance of about 76 m from
vessel supporting structure. The core has an outer diameter of
about 25 m and an overall element height of 3 m The diameter of
the most internal shield surrounding the core is 275 m.

622 elements of different types are present in the core most
probable geometry: the core inner part consists of 78 fuel elements
of central- and forced-types, 11 control-rod guide-tube elements
and 37 forced-type reflecting elements, constituting the previously
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mentioned groups of seven elements; 162 normal-type rflecting
elements, 260 neutron shield elements and 74 fuel element decay
positions constitute the core outer part.

The fuel elements surround the test channel, that occupies - when
it is inserted - the seven most internal diagrid positions. The
core element shrouds are hexagonal, flat-to-flat distance is 82.6
mm in cold conditions figs. 16, 19 and 20). Only the neutron
shielding elements have a cylindrical form (outer diameter = 82.8
mm, see fig. 16).

Two levels of pads are fitted to core elements. The original design
was characterized by a single set of pads at 1440 mm above element
base ie. close to element midplane), but a second set of pads had
later to be attached at 2558 mm from element base, above the active
zone. The purpose was to reduce internal core clearances, and thus,
element seismic relative motions, to very small (although non-zero)
values: in fact, this avoids dangerous neutronic-seismic
interaction effects (Cecchini et al. 5 and Artioli et al. 161).
The core inner elements are forced together in groups of seven at
the lower pads, in the beginning-of-life core conditions (static
contacts may also arise at the upper pads, during core life).

The control rod absorbers are inserted into guide tubes, fixed to
the main 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 traverse the core hold-down system,
from which they are separated by small gaps fig. 4).

A core-restraint ring had to be inserted in the vessel at the core
element upper pad level, in order to limit core seismic motion and
thus, to allow scram to be guaranteed in an earthquake (Cicognani
and Martelli El]): the clearance between this ring and the core is
small (about 9 mm) but not zero for core element handling reasons
(fig. 3).

4. IMPORTANT REACTOR FEATURES FOR SEISMIC ANALYSIS

In the loop-type reactors such as PEC, the presence of long
suspended vessels might lead to large seismic amplifications at the
core supporting diagrid and the piping connections fig 3: this
is especially the case (as for PEC) of a rather deformable vessel
supporting structure. Moreover, the large reactor-block mass
associated with the core causes large vessel-core mechanical
interactions, and the relatively short distance between the core
outer border and the surrounding structures (the neutronic shields
in the PEC case) leads to strong fluid-structure coupling these
effects highly complicate the analysis.

As far as the core is concerned, the free-standing concept usually
adopted for fast reactors might generally lead to rather large
element seismic motions in the case of a severe excitation of the
supporting diagrid. In this case it is necessary to accurately
verify whether the element integrity and the shutdown feasibility
requirements are satisfied: as previously mentioned, a
core-restraint ring was found to be necessary in the PEC case to
limit core seismic response.
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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 compatible with element handling
problems (we have already mentioned that a second set of pads had
to be attached to all the PEC core elements at the restraint ring
level).

5. MAIN PARAMETERS OF INTEREST

According to the PEC reactor features described in the previous
paragraphs, it was obviously necessary to correctly determine the
following parameters, in order to demonstrate that the seismic
safety and operational requirements concerning the core are
satisfied 

- the seismic motion of the vessel supporting structure;

- the seismic motions of the core diagrid and the main vessel
rotating plug (to which the test channel is also connected);

- the time-histories of the core element displacements and reaction
loads, together with the shock force values acting on the various
elements and the restraint ring (these are the data necessary to
calculate the earthquake neutronic and thermal effects, to perform
the experimental tests for the structural and functional
verification of the shutdown system and the core element spikes and
shrouds, and to analyse the main vessel dynamic response, see
Artioli et al 6 Maresca et al 7 Neri et al. C81 and
Martelli et al 9;

- the dynamic response of the shutdown system.

All the above-mentioned parameters were determined for both TSS and
1/2 TSS. The seismic motion of the vessel supporting structure was
calculated in the framework of the reactor building design analysis
and checked through the detailed studies summarized in Par 6;
those of the core diagrid and the vessel plug were assessed by
calibrating the numerical design methods on the basis of the
results of the analyses mentioned in Par. 7. The procedures used to
estimate core response are outlined in Par. 8, and finally, the
procedures adopted to evaluate shutdown system response are shortly
recalled in Par 9.

6. REACTOR BUILDING ANALYSIS

6,.1 gposes of the atUdy

As pointed out in Par 1 on-site dynamic tests and
three-dimensional numerical analysis, taking into account
soil-structure interaction, have been performed on the PEC reactor
building to check the design analysis and to evaluate the safety
margins in the building seismic response, especially with regard to
the motion of the main vessel supporting structure. These studies
also aimed at providing data for the optimization of the seismic
monitoring system described by Masoni et al. [2].
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It is worth mentioning that the significancy of the results of
on-site tests with respect to soil-structure interaction effects,
in spite of the rather low excitation levels applicable, is
justified by the soil type at the reactor site (rocky soil).

6.2 On-site expgE:imeatal dynamic analysis

The on-site tests have been performed in three construction stages
and by use of various excitation methods. The first experiments
were performed in 1983 and 1984 by use of ambient vibration proces-
sing and a two-eccentric back-rotating-mass mechanical vibrator
(fig. 5), located on two ifferent floors in various positions and
directions (see Bonald-i et al. 101 and Castoldi et al. 111) In
1983 the building upper part (transfer cell) was not constructed
yet, while in 1984 it was 0% constructed.

In the above-mentioned first tests, the relevant vibrations were
measured by a seismometric network consisting of 25 units, whereas
an automatic data recording system made it possible to correlate
the excitation with response in the frequency domain (transfer
functions). The analysis of the function collected showed first
amplifications in the ranges included between 14 and 15 Hz in 1983
and between 12.5 and 13.5 Hz in 1984, due to the different
construction stages. By comparing the responses at the various
elevations monitored, it was concluded that these amplifications
correspond to structural deformation modes of the building, that
are not ascribable to rigid body movements on the foundations.

These measurements, together with the related numerical analysis
performed by Bonaldi et al. E10,121 (see Par. 63), provided a
preliminary verification of the adequacy of the design analysis
with respect to the reactor building first natural frequency (the
design value is 10 Hz and a broadening of 15% has been applied to
floor response spectra). This confirmed that the design
modifications adopted (core-restraint ring and second set of pads
on all core elements) are sufficient to guarantee core safety in an
earthquake (building frequencies lower than the design value might
lead to unacceptable amplifications of the main vessel seismic
motion). However, both measurements and numerical analysis stressed
the strong effects of the transfer cell on the building response.

Thus, the final tests were carried out by Castoldi et al. 131 and
Muzzi et al. 141 on the complete structure. These tests were
performed by use of vibrations generated by blasting in bore-hole
in March 1985, taking advantage of a geophysical investigation
programme performed in the neighborhood of the site 300 kg TNT
were exploded at about 2 km from the reactor and a depth of 60 m),
and again with the cited mechanical vibrator in December 1985.
Furthermore, tests with hydraulic actuators (flat 'jacks)' located
between the foundations of the PEC reactor building and those of
the adjacent fuel element handling building, were also carried out,
again in December 1985 fig. 6). The hydraulic actuators applied
sinusoidal forces of up to 2500 kN.

In the final experiments the dynamic response of the reactor
building was measured by a considerably larger seismometric network
with respect to that used in the preliminary tests (the latter were
obviously very usefull to define and optimize this network) In
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fact, the reactor building response was measured by means of a
55-unit transducers' network (some measuring positions are shown in
fig 2 together with the excitation positions and directions);
furthermore, the dynamic behaviour of the other buildings adjacent
to the reactor building was also studied by means of 24 further
measuring positions: this enabled the building - to - building
interactions to be estimated, (see Casirati et al. 151). The
frequency range 1-18 Hz (and in one test that 124 Hz) was
analysed, in order to get suitable information on the building
response in the case of near-field earthquakes, as well (Castoldi
et al. 133).

The experimental results showed a further slight decrease of
reactor building natural frequencies with respect to the values
measured in 1984, di-le to structure completion. In fact, first
natural frequency is 91 Hz for the completed reactor, as shown by
Casirati et al. E151: anyway, taking into account broadening of the
floor response spectra in the design analysis, this result confirms
the adequacy of such analysis. It is also worth mentioning that the
results obtained by se of the mechanical shaker perfectly agree
with those determined using the hydraulic actuators at the building
foundations: this appears evident in the paper of Casirati at al.
1151, that describes the test results in detail. Furthermore, the
response frequency functions corresponding to the vibrations
induced by blasting in bore-hole also agree with the above
mentioned results, in spite of the fact that only one explosion was
performed (Castoldi et al. E131).

The final tests not only allowed natural frequencies and modal
shapes of the reactor building to be determined fig 7 but also
enabled the soil impedance matrix and the fixed-base structural
matrix to be calculated (Casirati et al. [151). On the basis of
such experimental results the building response (floor response
spectra) has been calculated at each floor of interest in the Case

of TSS fig. 8).

6.3 Numerical analysis

The numerical study has been described in detail by Bonaldi et al.
C16 ; some preliminary results are also contained in the already
mentioned papers of Bonaldi et al. 10,121 and Castoldi t l.
C131, while the final results have been summarized by uzzi et l.
1141.

In the first step of this study, a detailed three-dimensional
finite-element model of the reactor bilding was set up and the
fundamental frequencies and modal shapes of the structure were
computed with a fixed-base analysis. From the results obtained, a
simplified equivalent model of the structure was derived: this
consists in a cluster of simple oscillators. The stiffness and
damping parameters of the soil were directly derived from the
results of the experimental on-site tests and were introduced in
the simplified model. Then, the fundamental frequencies of the
soil-structure system were computed and the simplified model was
calibrated through a comparison with the experimental frequencies.
It is worth mentioning that soil effects led to a decrease of
1.5-2.2 Hz of the first two natural frequencies with respect to
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the values computed in the fixed-base analysis (from 11.2 Hz to 97
Hz and from 12 Hz to 98 Hz, for the non-calibrated model).

The seismic response of the reactor building was computed by use of
a time-history analysis adopting the simplified calibrated model;
from the results of these calculations, the response at each point
of the three-dimensional model could be determined using a suitable
correlation, which had been assessed between the two models (see
Bonaldi et al. 161).

6.4 ComUarison between calculations and measurements

Only a minor reduction (about 15%) of the stiffness parameters of
the structure was necessary to get a fully satisfactory agreement
between numerical and experimental results (fig- 7). The
differences are less than 2 for the first two natural frequencies,
less than 5% for the frequencies higher tan 20 Hz and about 10%
for the third mode. In general, good agreement was found for the
modal shapes, as well. The only exception is the case of the 92 Hz
mode, for which the experimental data show larger displacements in
the upper part of the reactor building (transfer cell).

The floor response spectra obtained from the experimental results
and those computed with the three-dimensional numerical model were
also compared to the values determined in the design analysis (as
already mentioned, the latter had been calculated using a beam
model of the building). Fig. shows the TSS horizontal spectra
determined at the vessel supporting floor: the response spectra are
in general larger in the design analysis, at least for frequencies
of interest for the reactor-block seismic verification.

6.5 Conclusions of the study

In conclusion, the numerical and on-site experimental study on the
reactor building allowed the adequacy of the design analysis to be
verified and useful information for the optimization of the seismic
monitoring system to be obtained- Furthermore, an experimental and
numerical methodology of general interest for the analysis of
nuclear reactor structures with soil-structure interaction was
developed.

7. REACTOR VESSEL ANALYSIS

7..1 Exgerimental tests

On-site dynamic tests were performed on the PEC reactor vessel by
Castoldi et al. 171 in 1983 fig. 9). The vessel had already been
mounted in the reactor: thus, it was suspended as in operating
conditions, inside the reactor building, to the nine beams
constituting the vessel supporting structure. it was already
connected to the two sodium inlet legs. However, no core, internal
shields, or - obviously - sodium were present in the vessel.

The tests mainly aimed at obtaining experimental data for the
validation of the numerical model concerning the vessel supporting
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system: in fact, the behaviour of this system strongly affects the
amplification of the seismic motion at the core diagrid level.

Three types of tests were performed: ambient vibration processing,
diagrid excitation and vessel supporting structure excitation A
first series of tests was performed when the core diagrid had not
been mounted yet in the vessel (it was replaced by a suitable
plate, as shown by fig. 9). A second series of tests was later
performed, with the diagrid already in position and an improved
instrumentation, to better understand some results of the previous
tests (the details of the experiments and the problems encountered
have been explained by Zola et al. 181).

The tests with forced -excitation were carried out with a frequency
sweep in various points of the vessel. Data processing a1lowed the
first two natural frequencies 72 Hz and 21 Hz in the case of core
diagrid in position) and the corresponding modal shapes of the
empty vessel to be estimated, as well as vessel supporting
structure stiffness parameters to be evaluated: fig. 10 shows the
latter results for the horizontal translation and the rocking
components (the vessel first natural frequency essentially depends
on rocking).

7.2 Numerical analysis

The design calculations of the PEC reactor-block have been
performed by ANSALDO using a beam model and introducing the fluid
as diagonal elements added to the structural mass matrix (Cicognani
and Martelli C13). The modal shapes have been evaluated with the
program SAP-IV; they have been recombined taking into account the
different damping values of the various concerned tructures. This
approach is justified by the relatively small diameter of the PEC
reactor vessel and the geometric similarity to the case of a PR.

However, since methods were available for calculating axisymmetric
structures with fluid and accurate results were obtainable in the
case of thin shells it was decided to test the adequacy of design
analysis making use of such methods: more precisely, a study was
performed by NOVATOME on behalf of ENEA with the NOVAX code (some
first results of this study were published by Descleves et al.
1193).

To separate shell and fluid effects, an intermediate step was
introduced and three models were analysed; beam, shell with added
mass and shell with fluid-structure interaction. it was
demonstrated by Descleves et al. 191 that the fluid model adopted
in the design analysis leads to adequate results. With regard to
vessel stiffness, the NOVAX analysis indicated that ovalization
occurs in the vessel upper part: these effects were taken into
account in the subsequent reactor-block design calculations by
correcting vessel stiffness in the SAP-IV model (Cecchini et al.
[201 and Descleves et al. 191). Furthermore, some NOVAX
calculations were also performed using a simplified
(one-degree-of-freedom) model of the core in order to quantify the
effects of vessel-core coupling due to the fluid: the related
decrease of the core first natural frequency with respect to the
value in air was found to be in perfect agreement with that assumed
in the core design analysis, the latter leading to rather
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conservative results due to the diagonal added mass model adopted
(see Par 83.2, as well as Descleves et al. 191, Martelli 211
and Martelli et al. 221).

The results of the on-site tests performed on the vessel were
analysed numerically by Zola et al. 183, with both SAP-IV and
NOVAX: the comparison between calculations and measurements showed
acceptable agreement with regard to both natural frequencies and
stiffness parameters of the vessel supporting structure: first
natural frequency and rocking stiffness were particularly well
computed by NOVAX, the error being of 10% on stiffness and 2 on
frequency.

Finally, it is worth noting that no buckling problems have to be
expected in the PEC reactor vessel, due to its geometrical and
structural features and the absence of sodium between the two
walls.

7.3 Conclusions of the tudy

In conclusion, the detailed numerical and on-site experimental
analysis performed on the main vessel and the reactor- block
allowed the design procedures to be tested and suitably corrected.
It also provided usefull experience on techniques to be used for
on-site testing of large components of nuclear reactors.

S. CORE ANALYSIS

8&1 PUr:pL2�s of the 2tgQies

As explained in Par. 1, complicated numerical techniques had to be
developed and a wide-ranging experimental programme had to be
performed to allow the PEC core seismic response to be correctly
analysed. The numerical techniques mainly consist in the computer
program CORALIE, developed by Martelli et al. E231 and Gauvain et
al. 241 for the non-linear core aalysis, and an iterative proce-
dure for the reactor-block calculations (taking into account
vessel-core mechanical coupling), set up by Martelli et al. 253
and Cecchini et al. [5]. The features of these techniques are only
summarized in Par 82, since they have already been described in
detail in the above-mentioned references.

As far as experimental tests are concerned, some more details are
provided in Par. 83, stressing their use for code validation and
application, and mainly focusing on the most recent experiments
(the features and results of the first experiments have extensively
been published in the literature, as recalled by Martelli et al.
1221).

8&2 ;21&U151tig[l Mgthgd2

82.2a.1 r. iar-gucamme CRALIF;

The computer programme CORALIE was jointly developed by ENEA and
the French Atomic Energy Authority (CEA) for the non-linear
detailed analysis of a fast reactor core. It has already been
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applied to the PEC core seismic verification by Martelli et l.
[91, in the framework of the calculations for the Intermediate
Safety Report (RIS); it has also been applied to the Superphdnix-1
core seismic analysis by Gantenbein et l 263.

CORALIE analyses the fast reactor core in the horizontal plane,
taking into account the effects of shocks occurring among core
elements, and in the case of PEC, also between the core most
internal elements and the test channel, as well as between the core
external elements and the restraint ring. The code is
one-dimensional: that is, it accounts for one-directional
excitations only, and neglects the dynamic response in the
direction normal to the excitation. Thus, if the numerical analysis
is not limited to single element rows, but geometris consisting of
several parallel rows are analysed (as it is necessary, for
instance, for the studies concerning simplified element groups,
described in Par. 83-6), the shocks among elements of different
rows are assumed to act in the excitation direction only, although
hexcan faces are not normal to that direction (Martelli et l.
(271).

CORALIE makes use of modal analysis, whose adoption is justified by
the features of the iterative procedure used to integrate the
motion equations, as explained by Gauvain et al. 241; it simulates
each core element by a linear beam; it describes shock phenomena by
spring-damper systems, that are applied to the axial nodes on which
impacts are possible and start acting as soon as contacts occur.

All the dissipative effects are assumed to be included in viscous
damping coefficients, also those which are related to mobile parts
inside the elements and to spike-can interactions due to
clearances between spikes and cans (in the case that these
interactions are not directly described in the numerical model, see
Martelli et al. 271).

Among other results, the code calculates time-histories of
element-diagrid differential displacements, element reaction loads
and shock forces acting on the various elements: as mentioned in
Par. 5, these are the data that were necessary for the structural
and functional verification studies performed by Neri et al. 18 on
core elements and by Maresca et al. 73 on the shutdown system, as
well as for the analysis of the earthquake neutronic and thermal
consequences carried out by Artioli et al. 6 and for the
evaluation of the vessel-core coupling Pr. 82-2). ORALIE has
already been validated against various experimental results, as
pointed out by Martelli et al. 271.

8.2.2 Vessel-care dynamic interaction

Beside the CORALIE program, an iterative procedure between the
non-linear core calculations and the linear reactor-block runs was
also developed at ENEA by Martelli et al. C251. As shown by Fig.
11, this procedure implies the definition of an equivalent linear
core model at each iteration step, transmitting to the vessel the
reaction loads that are calculated by the non-linear model of
CORALIE: thus, the CORALIE response is linearized so as to obtain
transfer functions between diagrid acceleration and reaction loads
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that are approximately equal for the linear and the non-linear
models.

The method, that was described in detail in the already mentioned
work of Martelli et al. 251 and was summarized by Martelli et al.
(221, has allowed the seismic motion of the core diagrid to be
determined, together with that of the vessel plug (to which the PEC
test channel is also connected) by taking into account vessel-core
coupling (see Martelli et al. [�]). It i worth mentioning that, in
the PEC calculations carried out for RIS, the method has been
adopted for both TSS and 12 TSS, due to the fact that the
vessel-core coupling effects are rather different for the two
earthquake levels in the PEC case.

8,.3 Expg[:imental analysis

8.3.1 Needs of the tests

A wide-ranging experimental programme was performed at ISMES on
shaking table in the framework of the PEC core seismic
verification. These tests, carried out in 1981 - 1985, aimed at 

- providin a frther validation of the CORALIE program in the case
of core elements with PEC geometry, to confirm the good agreement
between calculations and measurements hat had already been
obtained by Martelli et al. E231 and Gantenbein et l. 261 on the
basis of CEA experiments, and to demonstrate the adequacy of the
code for the seismic analysis of the PEC core (including the double
simultaneous excitation model used to analyse the core with test
channel in position);

- providing the necessary input data for the CORALIE calculations
of the PEC core in both the case of TSS and that of 12 TSS. This
implies an adequate description of restraint conditions of core
element spikes, a check of the theoretical mass and stiffness
profiles of all elements, the evaluation of element damping
coefficients, the estimate of sodium effects and the verification
of the adequacy of the shock stiffness and damping values used in
the design calculations.

It is worth noting that the experimental programme was defined
taking into account the test results that had already been obtained
by CEA on a core mock-up approximating the Superph6nix-1 sizes with
a 13 scale factor. These tests, described by Gantenbein et al.
1261, had demonstrated the adequacy of the one-dimensional model
adopted in CORALIE in the case of one-directional excitations;
furthermore, they had also shown that the CORALIE calculations of
the whole core are reliable, provided that the core element
vibrational parameters, the shock coefficients and the fluid
effects are correctly defined.

All the ISMES tests were performed on PEC core element mock-ups in
full scale: in fact, the highly non-linear behaviour of the single
elements does not allow accurate design data to be obtained in the
case of tests in reduced scale. The use of full-scale elements
obviously limited the sizes of the mock-ups ie. the number of
elements) that could be tested on shaking table: however, this does
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not decrease the validity of the results, taking into account the
conclusions of the above-mentioned CEA study.

8.3.2 Preliminary tggts

The preliminary tests, performed in 1981 1983, concerned
simplified and complete mock-ups of the various core elements in
air. These tests were carried out on the single elements, the main
couples of adjacent elements that are present in the core, and a
group of three fuel elements forced together at the lower pads.
They provided the data for the core RIS calculations performed by
Martelli et al 9 and Cecchini et al. 201.

The test features and results have already been described in detail
in various works, such as those of Bonacina et l 2291, and
were also summarized in the review paper on core seismic studies
published by Martelli et l C221: thus, we only report here some
remarks on the experiments performed on the complete mock-ups,
mainly concerning the use of the test results for the RIS
calculations and their consequences on the experiments performed
later.

While only the outer shroud geometry and the total mass of the
actual elements was kept in the simplified elements (see Bonacina
et al. 281), the complete mock-ups tested in the preliminary
experiments were constructed so as to be dynamically equivalent to
the actual elements corresponding to the original design solution:
this was characterized by a single set of pads (that located at
1440 mm- above element base) and spikes whose design was later
modified to both improve structural behaviour in an earthquake and
simplify handling problems. The shrouds and the inner parts of the
mock-ups (pin bundles etc.) were equal to those of the actual
elements (except a suitable replacement of some materials such as
fuel), but the spikes, although they were designed to well
approximate the actual stiffness, mass and spike-can clearance
profiles, were simplified and modified in order to be compatible
with the diagrid used in the tests, which was not prototypic.

In the tests performed on complete elements, the excitation level
was limited to about 03 g, by the fair of damaging the mock-ups:
this limit had been established on the basis of structural
calculations of the core elements. Monofrequential sinusoidal
excitations and multifrequential stationary ("random") excitations
were applied in the tests carried out on single elements; on the
contrary, only multifrequential excitations, but both random and
transient ("seismic"), were applied in those performed on element
couples and the group of three fuel elements.

The test results showed that the maximum response frequencies ie-
the frequency values corresponding to the first peak of the
frequency response functions) increase with increasing excitation
level in the whole excitation range analysed fig. 12) a similar
behaviour was shown by amplifications: this was attributed to
spike-can clearance effects. However, the frequency values measured
in the seismic tests on the couples at the highest excitations were
quasi-constant with increasing excitation for most of the elements
and were very close to the maximum values detected in the random
tests on the single elements: thus, the latter values were adopted
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to determine natural frequencies in air for the RIS calculations,
after correcting them for the actual spike profile and the tempera-
ture effects. It was demonstrated by Bonacina et al. 29,301 and by
Indirli et al. 311 that, to attain the above-mentionad natural
frequencies, the spike-can clearance effects can be simulated by
decreasing spike stiffnesses, with respect to the theoretical
values corresponding to double-contact restraint conditions, by
factors depending on spike-can clearance and excitation level only.
This means that linearized numerical models of the single elements
were adopted at each excitation level.

As far as damping in air is concerned, the analysis of the test
results performed by Indirli et al. E31 ad summarized by Bonacina
et l 29,301 showed good agreement between measured and
calculated maximum displacements making use of fractions of
critical damping V > 1%. The - values, as well as the spike
stiffness correction factors, were sufficiently independent, for
each element type, of the type of the adjacent elements in the
various couples: this demonstrated the reliability of the
linearized core element models defined, together with adequacy of
tests limited to couples to get the necessary information on core
element vibrational parameters.

Concerning the fluid effects assumed in the RIS calculations, those
on natural frequencies were simulated by Martelli et al. 93 by an
increase of the element linear masses according to French and
Japanese test results (diagonal added mass matrix), while those on
damping were assumed to correspond to an added damping of tL= 4,
leading to design values of = 5%. According to Martelli et al.
[273, it is worth mentioning that the use of added damping due to
fluid is justified in the case of PEC by the fact that the
assumption of zero Values of the non-diagonal terms of the added
mass matrix leads to quite conservative results (see Par 83-5).

Finally, we note that the preliminary tests on complete elements
indicated that monofrequential excitations are not adequate to
analyse such non-linear structures as core elements and that tests
with seismic excitation can be usefull for single eements as well,
in order to better clarify the possible effects of excitation shape
on the dynamic response (effects of this kind were stressed by
Bonacina et al. 291 at the relatively low excitations reached in
the preliminary tests).

B.&3.%.3 Shg&k tg§ts

As mentioned in Par. 82-1, shocks among the core elements are
simulated in CORALIE by systems of springs and dampers, which start
acting as soon as local contact occurs. Due to the fact that shock
forces and core volume variations had been found to be strongly
dependent on impact parameters for the PEC restrained core, it was
necessary to estimate adequate shock stiffness and damping values
and to verify the adequacy of the impact model used in CORALIE.

To this aim, experimental tests were carried out by Bonacina et al.
[321 in air, by gradually increasing the excitation level up to
TSS, on a mock-up consisting in a fuel element in decay position,
the adjacent neutron shield element and a plate simulating the PEC
core-restraint ring fig. 13). Fuel elements in decay positions are
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those which are characterized by the largest shock force values in
the PEC case, due to the presence of the restraint ring, as shown
by Martelli et al. 9 Two sets of pads were attached to the
neutron shield element, according to the final design olution.

The mock-up was simultaneously excited at the diagrid level
(through a shaking table) and at the top of the neutron shield
element (to correctly describe the effects of the whole core
motion). The two TSS excitation time-histories had been calculated
by Cecchini et al. [51 using CORALIE. Shock forces during time were
measured at the two pad levels on the two elements, by means of
force transducers.

The experimental results provided data necessary to perform the
structural and functional tests on the element shrouds of Neri et
al. CS], ie. time interval between subsequent impacts, impact
duration and loading velocity (the maximum shock force values were
provided by the numerical studies of Cecchini et al. C53 and
Martelli et al. [91).

The numerical analysis of the test results was later performed by
Martelli et al. 333 using CORALIE (some first results were also
shown by Bonacina et al. 321). The vibrational parameters of the
two elements were defined according to the results of the
preliminary tests described in Par. 83-2. The shock stiffness
parameters were derived from the results of the structural
experiments of Neri et al. 8, which had been carried out by
applying cyclic shock forces to the core element shrouds. The shock
damping coefficients were defined by introducing the previously
mentioned shock stiffness values and the computed contact durations
in the simplified theoretical correlation suggested by Gantenbein
et al. 261 and also used for the Superphdnix-1 core seismic
analysis.

The comparisons between calculations and measurements have been
presented in detail by Martelli et al. 331 and have been
summarized by Martelli et al. 191. They show good agreement with
regard to both maximum and effective (root-mean-square) values of
the computed and measured shock forces fig. 14), as well as time
interval between subsequent impacts (about 02 s see Martelli et
al. 9).

This demonstrated the adequacy of the shock model adopted in
CORALIE, together with the reliability of the methods used to
define shock stiffness and damping values. It is worth noting that
the study also allowed the numerical model adopted in the case of
double simultaneous excitation to be successfully tested.

8.3.4 Tests on prot9typ-s of the original elements

----- ----- -- L_ -_ --- ---

The first tests on prototypes concerned two actual fuel elements
corresponding to the original design solution. As shown by Bonacina
et al. 301 and Martelli et al 4 these tests led to a positive
verification of the assumptions concerning the dynamic equivalence
between the complete element mock-ups described in Par. 83.2 and
the corresponding actual elements fig. 12). It is worth noting
that some discrepancies at low excitations are due to the fact
that static contact between the two elements is only present in the

36



tests on actual elements, owing to the action of the bending bars
located inside the spikes.

Furthermore the tests were taken to very high excitations, so as
to produce ifferential displacements between the element top and
the diagrid of 66 mm: these values are much larger than those
attained in the previous experiments, and correspond to the
application of a very conservative TSS spectrum at the diagrid
level (its peak was close to element first natural frequency); they
are even considerably larger than the maximum displacements that
are made possible in the core by the presence of the restraint
ring. In spite of such large displacements and the fact that the
spike profile had not improved yet, no damage was detected on the
two elements after the tests.

Finally, we note that the first natural frequency really attained a
constant value at the highest excitation levels in these tests
(fig. 15): such value was slightly larger (about 10%) than the
maximum one determined in the previous experiments on the complete
fuel element mock-ups and approximately equal to that evaluated
numerically with the assumption of double conta 'ct at element spike.
Thus, the role of the spike-can clearance was confirmed, together
with the adequacy of the procedure adopted to simulate its effect
in the numerical analysis.

E3.3.5 Tests on Rrototyges of the fnal elements

Later, due to the fact that the core element design had been
modified, a wide-ranging test programme was carried out by Bonacina
et al. 301 using prototypes of the core elements corresponding to
the final design solution: to obtain these, the complete mock-ups
that had been used in the previous tests were modified: the
original spikes were replaced by actual element spikes and a second
set of pads was attached at 2558 mm above element base (a prototype
diagrid piece was constructed).

Since the above-mentioned tests performed on the two actual fuel
elements with original spikes had demonstrated that it is possible
to attain very high excitations without any damage, and due to some
extrapolation uncertainties characterizing the previous test
results (see Martelli et l 271), the excitation level was
gradually increased up to above TSS in these new experiments on
prototypes.

The tests were mainly performed in water, simulating sodium, in
order to account for immersion effects on the maximum response
frequencies and damping values (some preliminary tests in water had
also been performed by Bonacina et al. C301 on the original
mock-ups: these were also described by Martelli et al. [4,221). The
sizes of the water container were such as to allow the fluid to be
considered as an infinite medium. Furthermore, the container walls
were very stiff, so that its motion was constant along the vertical
axis and coincident with that of the diagrid: in this way the
element dynamic response was independent of container sizes and
vibrational behaviour (Martelli et al. 27.1).

Tests were carried out on all single elements, all the couples of
adjacent elements present in the core, and the group of three fuel
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elements forced together at the contacting pads. Fig. 16 shows a
mock-up consisting of a neutron shield element and a reflecting
element inside the water container.

The maximum displacements attained at the element top were 45-55 mm
with respect to the diagrid: these values are again larger than
those which are really possible in the core due to the presence of
the restraint ring. It is worth noting that this result confirmed
the necessity of such a ring, to guarantee scram feasibility during
TSS: in fact, the experimental tests on PEC shutdown system were
successfully performed by applying differential motions between the
core upper pads and the diagrid that were characterized by maximum
displacements of 30-31 mm (see Par.9).

In the tests both random and seismic excitations were adopted No
sinusoidal excitations were used due to the reasons mentioned in
Par 83.2. According to the remarks of Par. 83-2, seismic tests
were also performed on the single elements. The TSS excitation
corresponded to the time-history calculated by Cecchini et al. 51

in the framework of the design analysis (these corresponded to
improved spectra with respect to those previously adopted for the
complete mock-ups).

The tests confirmed that element integrity is guaranteed up to
above TSS: this result allowed the use of elastic models (such as
that adopted in CORALIE) for the numerical analysis of the whole
excitation range of the experiments Frthermore, they demonstrated
that, at the excitation levels characterizing 12 TSS and TSS, the
effects of the excitation shape'are negligible (see Forni et al.
1341).

The experimental results also confirmed the spike-can clearance
effects shown by the previous tests on complete mock-ups, with
regard to the increase of natural frequencies with increasing
excitation fig. 17b). It is worth noting, however, that in spite
of the very large excitations attained, the first maximum response
frequencies reached the theoretical values (calculated with the
assumption of double contact at the element spikes) only in the
case of small clearances. Concerning amplifications, they varied
considerably with excitation and increased up to TSS (Forni et l.
C341).

Finally, with regard to fluid effects, the test results concerning
the single elements demonstrated the validity of the added mass
diagonal terms obtained with the assumption of a two-concentric
shell model (Forni et al. [343).

The experimental results were analysed numerically by Forni et al.
C343 and Martelli et al. 271 by use of CORALIE. A summary of the
numerical study is also reported by Martelli et al. 9. The
adequacy of the spike stiffness correction factors determined in
air in the previous studies of Par 83.2 was demonstrated for
describing spike-can clearance effects, in water also.

In the first step of the numerical study, carried out by Forni et
al. C341, the fluid effects on inertia forces were simulated by
computing the added mass diagonal terms by use of the theoretical
correlation valid in the case of two concentric shells and, similar
to the assumptions of the RIS calculations, adopting zero values
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for the non-diagonal terms (m AD =0). In this way, the natural
frequency values in water were in good agreement with the
experimental results, but the damping coefficients which had to be
assumed to match the measured maximum displacements were very
large:
VL_ values larger than 10% were obtained i the excitation range of
interest, against the value 5% used in the RIS analysis and that of
about 1% estimated in the previous tests in air fig. 17a). This
result demonstrates the conservative nature of the design analysis
performed by Martelli et al 9 but is not understandable from a
physical point of view (a large scattering of the data is also
shown by fig. 17a).

The analysis has later been repeated by Martelli et al. E27 by
also taking into account the non-diagonal added mass effects on the
seismic load, which are due to the motion of the fluid induced by
that of the containing tank. In these calculations the inner shell
diameter for the fluid-structure interaction model was assumed to
be the hydraulic diameter of each element group, this being based
on a wetted perimeter value equal to the outer border of the group.

In this way, the dynamic loads associated to the diagrid motion
were considerably reduced. Thus, the computed damping values, which
provide maximum displacements equal to the measured ones, were much
lower than those previously obtained fig. 17c). At the high
excitation levels they are very close to those determined in air:
this is in agreement with the fact that water is an incompressible
fluid, and thus, it cannot lead to any specific energy dissipation,
at least in the case of such a limited number of elements.

It is -worth noting that, by se of the above-mentioned damping
values, the agreement between calculations and measurements was
also good with regard to the displacement time-histories and
effective values, as well as for the frequency response functions,
as demonstrated by Martelli et al. C273: fig. 18 shows an example
of comparison between displacement time - histories (the analysis
of the test results of Par. 83-2, concerning complete element
mock-ups in air, had been limited to maximum displacements).

Taking into account the fact that the analysis of the fluid -
structure interaction tests (Par. 83-6) has demonstrated that the
fluid-structure interaction effects within the core are negligible,
in terms of both additional added mass and energy dissipation, the
results of Martelli et al. 271 are those to be used in the
calculations for the PEC Final Safety Report (RFS), provided that
the fluid effects on inertia forces are correctly taken into
account (the RFS calculations are starting with the cited data).

8.3.6 Fluid-structure interactigU tests

Fluid-structure interaction tests were performed on various
configurations of PEC core simplified elements by Bonacina et al.
1351. More precisely, single models and groups of seven and
nineteen models of fuel, reflecting and neutron shield elements
were tested on shaking tables, in both air and water, by gradually
increasing the excitation level up to above TSS (similar to the
prototypes): maximum excitations of up to 25 were applied in the
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seismic tests, to fully envelop the TSS diagrid spectrum calculated
by Cecchini et al. 5.

The element mock-ups were similar to those used by Bonacina et al.
1281 in the first tests cited in Par. 83-2: they were
characterized by actual sizes and masses with prototype shrouds.
The spikes had been designed so as to provide the actual element
natural frequencies. Two set of pads had been attached to the
mock-ups, according to the final element design solution.

Equal element groups were tested (fuel and neutron shield
configurations), together with mixed groups corresponding to real
core parts at the boundary between the fissile and the reflecting
zones, and the reflecting and the neutron shield zones fig 19
shows the group of nineteen fuel and reflecting elements). The
effects of the core-restraint ring were also studied fig. 20). For
the highest excitation tests the most recent shaking table of ISMES
(MASTER) was used (the SISTER shaking table, utilized in all the
previous tests of the experimental campaign did not allow peak
accelerations of the diagrid to be higher than 05 g for the
mock-ups consisting of nineteen elements).

The experimental results have been discussed in detail in the
mentioned work of Bonacina et al. 351. All the test results
indicated the absence of fluid-structure interaction effects
related to core internal phenomena, in spite of the rather large
differential displacements among elements that had been measured
for the mixed element groups and in the presence of the restraint
ring: in fact, maximum frequency and amplification values remained
constant with increasing number of elements (see, for instance,
tables I and 2). This is due to the relatively thick pads that are
attached to the PEC core elements at two different levels: they
hinder sodium layers width among elements to get sufficiently small
during the seismic motion.

Furthermore, the motions measured in the direction normal to the
excitation were negligible (see again table 2). This confirmed the
adequacy of the one-dimensional analysis performed by CORALIE in
the case of one-directional excitations. This conclusion agrees
with the results of extensive code-to-code comparisons performed
by Forni et al. 361 using CORALIE and the two-dimensional code
CLASH, developed by Preumont et al. 371 at Belgonucl6aire (some of
the main results of this study are also reported by Martelli et al.
C91).

The numerical analysis of the experimental results on simplified
core element groups was initiated by Forni et al. C341 and
concluded by Martelli et al. C271. The main results have been
summarized by Bonacina et al. C381. The calculations were performed
by use of both CORALIE and the above-mentioned two-dimensional
program CLASH.

The analysis of the tests on equal element groups confirmed the
adequacy of the two-concentric shell model that had been defined in
the numerical studies concerning prototypes Par. 83-5) for
describing fluid-structure interaction, with regard to both
diagonal and non-diagonal terms of the added mass matrix fig. 21).
Similar to the prototypes, the inner shell diameter of this model
is the hydraulic diameter of the analysed group, based on a wetted
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perimeter value equal to the group outer border. This implies that
the fluid effects are limited to vessel-core coupling.

The adequacy of the adopted fluid-structure interaction model was
confirmed by the analysis of tests performed on mixed-type element
groups. In fact, the numerical results agree well with the
experimental data with regard to both frequency response curves and
displacements (maximum values, effective values and
time-histories): figs. 21 and 22 show the agreement obtained for
frequency response and maximum and effective (root-mean-square)
displacements (more detailed comparisons have been reported by
Martelli et al. 271 and Bonacina et al. E381). We note that the
results of CORALIE and CLASH are both very close to the measured
data (perhaps, the CLASH results are even slightly better than
those of CORALIE, due to its two-dimensional features).

The above-mentioned good agreement between calculations and
measurements was obtained by use of damping coefficients and spike
stiffness correction factors (describing spike-can clearance
effects) that are practically independent of group sizes and
presence or absence of water: this is shown by fig. 23 for the
damping coefficients of the fuel and reflecting elements (for the
other results see the above mentioned works). The damping and spike
stiffness correction factor values are characteristic of each
element type and were correctly found to be equal for fuel and
reflecting elements, since the only difference between the two
mock-ups was the different mass. It is worth mentioning that the
difference in the damping values obtained on the two shaking tables
(SISTER and MASTER) at relatively low excitations is due to the
already mentioned excitation shape effects, as shown by Martelli et
al. E271.

To sum up, the study demonstrated that the only fluid-structure
interaction effects in the PEC core are those related to immersion
in the fluid and vessel-core coupling. It allowed a two-concentric
shell model to be defined for decribing these effects in the PEC
core final calculations for RFS. Similar to the prototype elements,
no significant additional damping due to the fluid was detected.
Finally, contribution to code validation was provided.

8.3.7 Conclusions of the study

The very extensive numerical and experimental studies carried out
in the framework of the PEC core seismic verification allowed
adequate detailed numerical tools to be set up, that were also used
for the Superphdnix-1 core seismic analysis, as well as all the
necessary data to be determined for the PEC design calculations and
the final verification runs. Numerous data were obtained, that
enabled the available codes (CORALIE and CLASH) to be validated.
Techniques of general validity for core seismic analysis were
developed. Results of general interest for all the fast reactor
types were obtained.

9. SHUTDOWN SYSTEM ANALYSIS

To complete the overview on the main seismic studies performed for
PEC, some remarks are certainly of interest on the experimental and
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numerical analyses carried out by ANSALDO and ISMES, in
co-operation with ENEA, for the PEC shutdown system, although their
features have already been described in detail by Castoldi et l.
[393 and Maresca et al. 7401, and the experimental results were
also summarized by Cicognani and Martelli [11 and Martelli et al.
13,41.

2.,.1 Experimental analysis

Dynamic experimental tests were carried out at ISMES by Castoldi et
al. 391 in 1983-1984 on a full-scale mock-up of the Control Rod
Drive Mechanism - Control Rod System (shutdown system) of the PEC
reactor. The main parts of this mock-up were prototypic fig. 24).
Such tests aimed at demonstrating the reactor scram feasibility in
the case of earthquake and at providing the data necessary for the
validation of numerical techniques: in fact, numerical analysis has
also to be carried out for complicated structures such as the
shutdown system, in order to extrapolate the experimental results
to the actual reactor conditions (geometry, materials and tempera-
ture) and to seismic excitations different from that used in the
tests (the number of tests had obviously to be limited with regard
to the maximum excitations, not to damage the mock-up).

The tests were mainly carried out in water, by simultaneously
exciting the system at four axial locations: the core diagrid, the
upper pads of the absorber guide element, the core hold-down system
and the main vessel rotating plug (fig-4). The seismic excitation
was applied by gradually increasing intensity up to the TSS
time-histories obtained by Cecchini et al. 5 in the framework of
the seismic core and reactor-block calculations. The maximum values
of the element upper pad - diagrid differential displacements were
31 mm in the case of TSS and 25 mm in that of 12 TSS: the adequacy
of these values was later confirmed by the results of the core RIS
analysis performed by Martelli et al. [9].

Beside one TSS, six 12 TSS were applied to the system, against the
five required by the standards adopted for PEC Par. 2). In the
seismic tests up to 12 TSS, scrams were performed during both the
maximum peak of the core-diagrid differential displacements and the
final part of the seismic excitation, as it is necessary to
demonstrate reactor scram feasibility during and after an
earthquake. In these tests the effects of the two possible initial
insertion positions of the absorber inside the guide element were
analysed (no initial insertion and 50% initial insertion). On the
contrary, the TSS experiments were limited to one case (no initial
insertion of the absorber, scram performed at the end of the
earthquake), in order not to unnecessarily risk to damage the
system.

Accelerations, displacements and strains were measured at the most
relevant locations fig. 25). The duration and modalities of
absorber insertion during the earthquake were also detected g.
26). The test results led to positive conclusions with regard to
the system reliability from both the functional and the safety
points of view. Furthermore, they provided the necessary data for
the validation of numerical techniques.
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22.2 Numecic-d! Andlym-is-

The numerical techniques, set up at ANSALDO by Maresca et al.
E7,401, consisted in the development of a numerical model that lies
and moves in the vertical plane. This is constituted by elements
belonging to the library of the ANSYS computer code:
two-dimensional elastic beams, masses and fluid coupling elements.
Gap conditions were imposed between nodes representing those parts
of the system that may interact during the earthquake. Some fluid
coupling elements were inserted between both the fixed and the
moving parts of the mechanism, as well as between the absorber
guide tube and some nodes representing the liquid containing tank.

The calculations enabled stresses and forces acting on the moving
mechanism to be computed. From these forces the vertical absorber
accelerations (and thus, by integration, the scraming velocity
curves) were obtained. Fig. 25 shows an example of comparison
between calculations and measurements, stressing a satisfactory
agreement (further comparisons have been shown by Maresca et al.
140,411).

9.3 Conclusigag g te 2tudy

The experimental study performed for the PEC shutdown system led to
positive conclusions on the system reliability in an earthquake and
provided the data for the validation of adequate numerical
techniques. These techniques were later successfully applied by
ANSALDO to the PEC shutdown system seismic verification, taking
into account actual reactor conditions, as well as the effects of
all the-parameters of interest. It is also worth mentioning that
the experimental methods developed provided useful experience for
the analysis of complicated systems with multiple simultaneous
excitations, and that both the measured and the numerical results
are of general interest for fast reactor seismic analysis.

10. GENERAL CONCLUSIONS

The main features and some of the main results of the research and
development studies carried out in the framework of the seismic
verification of the Italian PEC fast reactor have been presented.
These studies have recently been completed: thus, this paper has
provided an overview on the final results.

It has been shown that special attention had to be paid to the
core, the vessel-core system and the shutdown system. It became
necessary to develop sophisticated numerical and experimental
techniques in order to obtain reliable results. Furthermore,
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.

The numerical methods set up for the core, the vessel-core system
and the shutdown system led to the evaluation of the data necessary
for the structural and functional verification of the core
elements, the analysis of the neutronic and thermal effects of the
design earthquakes, and the vessel and shutdown system seismic
verifications (such verifications and analyses were performed with
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positive results, as shown by Cecchini et al. 203 with regard to
the core).

The dynamic experiments on core element mock-ups and the related
numerical studies provided the element vibrational and shock
parameters for the core seismic calculations and demonstrated the
conservative nature of the analysis performed for the PEC
Intermediate Safety Report. They also allowed the fluid-structure
interaction model of the core to be defined and provided all the
other data of interest for the calculations of the PEC Final Safety
Report. Finally, they contributed to the structural verification of
the core elements (by demonstrating that these may withstand very
large displacements and large impact forces) and enabled the
numerical procedures to be validated

The experiments on the shutdown system mock-up showed the safety
and operability of the actual system in an earthquake and allowed
the numerical methods to be validated

The on-site tests of the reactor vessel allowed the design
modelling to be checked and appropriately corrected.

The on-site experiments and the three-dimensional numerical
analysis of the reactor building confirmed the adequacy of the
design analysis. They also provided the seismic excitation
time-histories to be used in the reactor-block calculations for the
PEC Final Safety Report together with the above-mentioned refined
core data: these calculations aim at quantifying safety margins
existing in the core response with respect to the values obtained
in the analysis of the Intermediate Safety Report. Moreover, the
analysis provided useful data for the optimization and the
calibration of the PEC seismic monitoring system.

Concerning feed-backs on the PEC design due to seismic conditions,
it is important to note that the introduction of the core-restraint
ring above the element active zone i not far from element top),
together with the second set of pads attached to all the core
elements at the restraint axial level, guarantees the reactor
automatic scram and prevents excessive reactivity insertion in an
earthquake. Furthermore, the modified spike design improved element
structural behaviour in an earthquake, beside simplifying element
handling.

Finally, it is worth stressing that all the studies presented are
of general interest for the fast reactor seismic analysis, as
pointed out by Dostal et al. 411: in fact, they substantially
contributed to code validation, development of methodologies and
better understanding of the behavioural modes of the safety 
related structures, components and systems of fast reactors in an
earthquake. In particular, the studies performed for the reactor
building are of great interest for thermal reactors, as well
(Castoldi 421).
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Table 
First "natural" frequency and amplification values measured for the
mixed groups of simplified PEC neutron shield and reflecting
elements in the case of random excitation minumum and maximum
values; = mean value).

NUMBER R.M.S NATURAL AMPLIFICATION AMPLIFICATION
OF ENCITATION FREQUENCY MOTION ORTHOGONAL cm/cons-, NOTES

ELEMENTS cm/az Hz DIRECTION DIRECTION

97 3.6 9.2-13.5^ 0 0.015-0.023
7 (10.93 (0) (8.818)

104 3.6 9.6-i2.8 - 8.013-0.023 IN AIR
(10.7) (0.5) (0.017)

19 ISO 3.6 7.8-0.8 a It 0.012-0.02i

(9.7) (0.6) (0.016)

7 97 3.1 6.4-7.9 - 17 0.011-0.016
(6.9) (0.8) (8.814) IN

19 97 3.1 4.6-7 - 29 0.011-0.018 WATER
(5.7) (1.3) (0.014)

Table 2
Maximum and effective (root-mean-square) values of absolute nd
differential displacements measured at top level for the groups of
simplified PEC neutron shield and reflecting elements in the case
of random excitation.

NUMBER R. M. S DISPLACEMENT (cm) R.M.S DISPLACEMENT (cm)

OF EXCITATION ABSOLUTE DIFFERENTIAL ABSOLUTE DIFFERENTIAL NOTES
ELEMENTS CNISL

97 2.69-2.74 0.69-4.22 0.48-0.78 0.16-1.12
7

UN 1.07-3.17 0.66-4.74 0.5-0.82 8.13-1.19 IN AIR

19 100 2.24-3.12 0.63-4.76 8.54-0.82 0.13-1.31

1

7 97 1.57-2.19 0.58-3.82 0.38-8.54 0.11-0.97
IN

19 97 1.43-2.33 8.41-4.04 0.37-0.60 8.11-1.04 WATER
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Fig.l View of PEC at the time of
the most recent on-site tests of
the reactor building (December
1985).

SECT. NORTH-SOUTH SECT. EAST-WEST

W

Fig.2 Sketch of the PEC reactor
building, with the mechanical
vibrator positions and excita-
tion directions (A-H) in the
most recent on-site tests
(December 1985), as well as some
measuring positions.

Fig.3 Sketch of the PEC main
vessel (without the test channel
and the shutdown system).
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Fig.5 View of the mechanical
vibrator in position during the
on-site tests (case of excitati-
on in the vertical direction).

y o 00

7/ / / / / /

Fig.A Sketch of the PEC shutdown
system mock-up used in the
seismic experiments, indicating
the four axial levels at which
simultaneous excitation was ap-
plied to the system (dimensions
in m) .

Fig.6 View of the hydraulic
actuators (flat jacks) inserted
between the reactor building
foundations and those of the
fuel element handling building
during the most recent on-site
tests (December 1985).
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Fig.7 Comparison between measu-
red and calculated natural
frequencies and modal shapes of
the PEC reactor building after
construction completion, in the
various directions.
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Fig.8 TSS horizontal response
spectra at the floor of the
vessel supporting structure:
comparison among the values
directly determined on the basis
of the experimental results,
those computed in the design
analysis and those determined by
use of the 3-D numerical model
(damping ratio = 0.04)

A= Design analysis (broadening =
0.15)

B= 3-D analysis
C= "Experimental"
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Fig.9 View of the mechanical
vibrator located at the core
diagrid level during the on-site
tests of the PEC main vessel.

Fig.10 Horizontal translation
and rocking stiffnesses of the
PEC main vessel supporting
structure versus frequency,
evaluated on the basis of the
vessel on-site test results.
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Fig.11 Simplified flow-chart of
the iterative procedure adopted
to analyse the PEC reactor-block
and core seismic response.
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Fig.12 First "natural" frequency
values versus effective (root -
mean-square) values of the
diagrid excitation measured in
the random excitation tests
performed in air on the couple
of complete mock-ups of the PEC
forced-type fuel elements with
original design (full line),
compared to the experimental
results obtained for the cor-
responding couple of actual
elements (dotted 1ine) -

Fig.13 View of the mock-up used
in the shaking table tests
performed to analyse shock
phenomena for the PEC core
elements.

Fig. 14 Comparison between cotnpu-
ed and measured maximum and ef-
fective (root-mean-square) valu-
es of the shock forces acting on
the PEC core elements, varsus
excitation effective values
(F2 = impact force between the
two analysed elements at upper
pads; F3 = impact force between
the fuel element and the
"restraint" plate;full lines =
experimental results; dotted
lines = computed results).
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Fig.15 First "natural" frequency
values versus peak, values of the
excitation measured in the sei-
smic excitation tests performed
in air on the couple of actual
PEC forced-type fuel elements
corresponding to the original
design solution. Comparison with
the theoretical first natural
frequency value determined with
the assumption of double contact
restraint at element spikes.

Fig.16 View of a mock-up consi-
sting of a couple of prototype
PEC core elements used in the
shaking table tests performed in
water (neutron shield and
reflecting elements).
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Fig.17 Numerical analysis of the experimental results concerning
the prototype forced-type fuel element in water: first natural
frequency values and fractions of critical damping determined in
both the case of values of the non- diagonal terms of the added
mass matrix m̂ jj = O (a) and that of m UJJ 4 ° (b,c);full line =
theoretical natural frequency value for zero spike- can clearance;
X = tests interrupted due to excessive displacements;
• = single element;
I = couple of equal-type elements;
<s = couple including a normal-type reflecting element;
V = couple including a forced-type reflecting element;
^ = couple including a central-type fuel element;
<J = group of three fuel elements forced together (elements are not

forced together in the couples).
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S (mm) experimenta1
Fig.18 Test in water with
seismic excitation on the couple
of prototype PEC forced-type
fuel and normal-type reflecting
elements: comparison between
computed and measured displace-
ment time-histories at the top
of the forced-type fuel element.
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Fig.19 View of a mock-up of
nineteen simplified PEC core
elements used in the fluid-
structure interaction tests on
shaking table: case of the mixed
group of fuel and reflecting
elements without restraint-ring
simulation (fuel elements are
white-coloured) .

Fig.20 View of the simplified
PEC core element mock.-up of fig.
19 in the presence of the two
plates simulating the PEC
core-restraint ring.
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IFT Fig.21 Test performed in water
10 on the mixed group of nineteen

simplified PEC fuel and reflec-
ting elements in the case
of restraint-ring simulation
(maximum excitation level):

10-2 comparison between computed and
measured transfer functions
(displacement at the top of the
group central element over
diagrid acceleration).

f (H.)

2 '4 6 8' 10

Fig.22 Tests on the group of
SRMS - exp.ri..ntal a nineteen simplified PEC fuel and

'I 0 CORALIE reflecting elements: comparisons
CLAS between maximum and effective

(root-mean-square) displacements

.50 at element top.
ith tt MAX

(_/.2) a = tests in air at various
RMS seismic excitations in the

I 00 2 0 3 0 0 presence of the restraint

S.a. - xpe�i . . . t1 b plates ( response of the
60 CORALIE group central element);

CLASH b test in water at the maxi-
0 mum seismic excitation le-

50 vel without restraint ring
simulation.

�1 .... t ind.. in th. - di-t-
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Fig.23 Fractions of critical
damping versus peak excitation
calculated for the simplified
PEC fuel and reflecting eleme-
nts. Data based on the results
of the seismic experiments
performed in air and water on

IM the mixed-type element groups

A using the SISTER and MASTER
4 S'S, shaking tables (inked-in points

for tests in water).

2 7 neutron shield and reflec-

1 A A ting elements (SISTER);
aMAX (9) El=19 neutron shield and re-

flecting elements (SISTER);
0.5 1.0 1.5 2. 0 0 = 7 fuel and reflecting ele-

ments (no restraintSISTER)
= 19 fel and reflecting ele-

ments (no restraintSISTER)
= 19 fuel and reflecting ele-

ments (no restraintMASTER)
V= 19 fuel and reflecting ele-

ments (with restraintMASTER).
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Fig.24 View of the mock-up of Fig.25 Seismic analysis of the
the PEC shutdown system used in PEC shutdown system: comparison
the seismic tests. between the computed and the

measured strain time-histories
of the control-rod guide-element
spike in the case of TSS •
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Fig.26 Absorber vertical displa-
cement and velocity measured at
TSS in the PEC shutdown system
experi ments.
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1. INTRODUCTION

1.1 In the past, experimentation has played a prominent role in the study

and seismic design of large structures. This was owing to its importance as a

fundamental research method for the understanding of phenomena associated with

the dynamic behaviour of the structure and as an alternative instrument of ver-

ification, with respect to calculation, through the use of physical models on

a reduced scale.

Today, however, the availability of increasingly sophisticated codes and power-

ful computers has enormously enlarged the field of problems that can be direct-

ly dealt with mathematically, which therefore accounts for the almost complete

absence of experimentation from the design phase, owing to the obvious econom-

ic advantages and the precision offered by mathematical means.

As such, experimentation has necessarily undergone substantial changes as re-

gards both the objectives as also the test techniques and, while continuing to

maintain its indispensable role in the field of research, it has also develop-

ed an highly important function as control and surveillance instrument in the

constructional, final inspection and operational phases of a structure.

The reason underlying this evolution is to be sought, above all, in an increas-

ingly felt need - especially in the sector of plants - for operational relia-

bility, which has led to the adoption of higher safety standards and as made

the execution of frequent and in-depth checks indispensable.

Paradoxically, however, the availability of sophisticated codes, that are capa-

ble of examining complex load conditions and structures, has also set up the

basis for an ever increasing experimental activity, which is called for in or-

der to confirm the codes themselves and for the gathering of a more ample docu-

mentation on the input data.

Finally, it needs to be emphasized that in recent years, along with the mathe-

matical techniques, the experimental ones too have made rapid progress by ex-

ploiting the availability of more and more powerful loading devices, measure-

ment instrumentation and data processing systems. Indeed, having by now over-

come the residual misunderstanding that set up the experimental approach in op-

position to the analytical one, one witnesses the transformation of the experi-

mental method into a "hybrid" method, which is based on the increasingly close

interaction between the traditional test techniques and those - of the mathe-

matical type - for the processing and interpretation of the data.

It is obvious from the foregoing that in the international field today experi-

mentation represents an activity of growing interest, both on the research lev-

el - for the setting up of new test methods and techniques - as also on the

strictly application plane for the study of the behaviour of structures and

their trial and control over time.

More than elsewhere, in Italy in particular, the recourse to experimentation

has at all times found a favourable consensus in the scientific and technical

world, which is bourne out by the fact of the wide-randing wealth of experimen-

tal investigations in the most varied sectors of engineering: from those of

bridges and buildings to dams and industrial units - smoke stacks, rotating
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machinery foundations, etc. As such, there is a solid tradition in Italy that

has made it possible to deal, on the basis of widespread experience, with the

problems raised in connection with verifications and controls in the nuclear

sector.

1.2 The experimental activity related to the seismic verification of a struc-

ture - nuclear or other - is rather differentiated and commences even prior

to the design phase, with on-site investigations, characterization of the foun-

dation soil and the determination of the design earthquake.

Should these activities, that are parts of specific disciplines such as geo-

physics and geotechnics, be not dealt with here, then for purposes of an organ-

ic exposition of the current situation in the experimental field it is possi-

ble to identify three lines of tests depending on the aims, the structures in-

volved and the procedures employed:

a) Investigations for the study of the dynamic behaviour of the structures

and the soil-structure interaction

Tests of this type are by now widespread as a trial procedure prior to the

operational start-up of the plant and are meant to set up a kind of "iden-

tity card" of the structure, serving as a reference for the evaluation of

all subsequent alterations in behaviour during operation.

Besides the foregoing activity, aimed at the analysis of a particular

structure, there is also an ample activity of basic research for the study

- from the general standpoint - of the soil-structure interaction.

b) Investigations for the study of the behaviour of mechanical and electro-

mechanical components

There are two distinct branches of tests:

- qualification tests effected by subjecting the component to the real

load conditions, for purposes of demonstrating the capability of the

component for carrying out correctly the task for which it was designed.

Generally, these are complex tests carried out in the laboratory direct-

ly on the component;

- tests for the characterization of the component, which is already in-

stalled on the site, for purposes of final inspection and verification

of the conditions of set-up.

c) Surveillance investigations

In line with an on-going evolution in the concept of surveillance, this is

meant to provide information on quakes and on the response of the struc-

tures to quakes and show up possible damage.

In this context, the tests carried out for the dynamic characterization of

the structure and the components become fundamental, since they make it

possible to identify possible damage via comparison with a past reference
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situation.

Subsequently an overall view will be offered of the main activities in course

in Italy. Obviously, the aim is to provide a general idea of current problems

and on-going tendencies, without entering into details of individual research.

2. EXPERIMENTAL INVESTIGATIONS FOR THE ANALYSIS OF THE DYNAMIC BEHAVIOUR OF

STRUCTURES

2.1 The determination of the seismic response of the reactor building and of

the other buildings of a nuclear plant is one of the key problems, since such

response defines the dynamic load on the structure and the components housed

therein.

Both from the conceptual as also the operational standpoints, the problem is

one of the most difficult ones owing to the complexity of the structure and

the importance of the phenomenon of interaction with the soil or with neigh-

bouring structures, thus involving the use of highly complex codes.

If then account is to be taken of the need - at least for the soil - for a

non-linear analysis, and the scarsity of experimental data available until now

for purposes of a comparison and a guide in the schematization of the problem,

the advisability of executing tests to back up the mathematical analysis is

all too clear.

For the analysis of the dynamic behaviour of buildings, ample research has

been carried out in the past in sectors other than the nuclear one, which have

facilitated in refining the test techniques and data interpretation procedures

in use.

In this context, it is worth recalling the studies carried out vis-�-vis the

dynamic behaviour of quite a number of ENEL concrete dams, which offered the

stimulus and the opportunity for the use of excitation techniques with several

exciters acting simultaneously, as also for the desig n of new instrumentation

such as a high-sensitivity optical sensor ("LADIR") for the remote measurement

of vibrations and, besides, tests on bridges and buildings, during which the

techniques of identification of the modal parameters were established.

These experiences have been successfully transferred in recent years to both

conventional and nuclear power stations.

2.2 Recently, a rather wide ranging experimental research was carried out on

the reactor building of the PEC nuclear plant. Its comprehensiveness makes it

a model for illustrating the current trends and possibilities in this field.

The final aim of the investigation was the determination of the dynamic charac-

teristics of the reactor building and the prior setting-up of a "calibrated"

mathematical model capable to reproducing accurately the real behaviour of the

structure.

As already mentioned, such a model is fundamental for the setting up of seis-

mic surveillance of the structure, but it also facilitated in confirming the

characteristics - amplitude and frequency content - of the floor response
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spectra assumed for the design of the components of the plant.

This objective was achieved via the intermediate determination of a num-

ber of parameters - or functions - derived from the reprocessing of data ob-

tained during the tests, these being:

- the modal parameters (natural frequencies, modal shapes and damping) of the

structure considered with a fixed base;

- the mechanical impedance functions of the soil;

- the modal parameters of the soil-building coupled system;

- the transfer functions ' that link the response of the structure with the

seismic acceleration at the base.

Two different test methods were employed in carrying out the research.

The first method is the classic one, which is based - for the application of

forces to the structure - on mechanical vibrators fixed at suitable heights

and in the required direction (Fig. 1).

The interpretation of the accelerometric data recorded during the investiga-

tions is effected on the basis of the conceptual scheme drawn in Fig. 2 In

this drawing the hypothesis of rigid foundation is adopted, owing to which the

movement of one of its points - for instance the reference point at the low-

est height - describes, together with the geometric characteristics of the

foundation, the movement of every other point of contact between ground and

foundation.

The mechanical impedance of the ground may then be obtained via the relation-

ship:

IF = [Z X P�

where F is the vector of the generalized forces discharged on the ground and

computed starting from the inertia forces - this being known since the mass

matrix of the structure and the response accelerations are available - and

the vector (measured) of the components of the movement of the foundation.

The parameters of the rigid base vibration modes are identified by exploiting

the relationships that link the response of the structure �' (in terms of re-

lative acceleration with respect to the foundation) with movement at the

base XP� and with the forces applied N�:

J6 [HXI I 1H N�R� p NI

In this context, it suffices to bear in mind that the individual transfer func-

tions of the matrices [H I and I may be expressed by simple relationships
X N

in which the sought for modal parameters appear, and that the vector is

determined immediately from the vector fO (measured) of the absolute a era-

tion.
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The modes of the coupled system are obtained, instead, by interpretating with

the usual modal analysis techniques the recordings of the absolute motion.

The availability of [H XI and % I makes it then possible to compute the rela-

tionships between the response of the structure at a particular point and the

seismic motion at the base a �:

= [S]-' QT] [HX]) apj

where:

[S = ([I] ([T] [H X1) [ZI-I [T3T [MI)

This motion is the one that would be measured on the ground in correspondence

of the reference point - foundation base - in absence of the structure but

taking into account the kinematic interaction.

The second test method employed a special system of excitation, which was made

up of a set of hydraulic actuators introduced between the foundation of the

reactor building and that of the fuel element handling building (Fig. 3 and

acting in parallel. Each single actuator had a large cross-section and a

small thickness - in the order of 10 cm - and was powered by a servovalve.

Substantially, the method differs from the previous one inasmuch that the ex-

citation is applied simultaneously to the two buildings in a manner similar to

that which occurs during an earthquake. This is obvious when one refers to

the diagram in Fig. 4 and to the equations of the motion of the system, which

take into account - more generally an excitation made up of quake a

forces applied at the foundation NbM ) and external forces ( (f�

For this reason the method better highlights the interaction between one struc-

ture and another rather than the excitation applied at height to a single

building alone, and it facilitates in identifying the crossed terms of the

impedance matrix of the soil.

In Fig. the recordings of the motion at the base of the reactor building are

compared, these having been obtained via the two methods mentioned. In the

second diagram, a peak at the resonance frequency of the fuel element handling

building appears clearly. Obviously, this occurs when in the expression of

the base motion:

J�Pl = a Pi + [G 11 I (�N bl - [TIiT [M 11 [G 12 ](�N b� - [T2]T [M21�QJ)

(where [G = ]-l), the term:

�G (JN - [T T Q
121 bl 21 I M211 2J

becomes important.

The forces set in play with this method can be considerable, easily achieving
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intensities in the order of hundreds of tons; and the application of the load-

ing device is found to be suitably convenient so long as it is foreseen in the

constructional phase of the structure. This leads to the thought of a possi-

ble permanent installation of such actuators and their periodic employment for

a check over time of the dynamic behaviour of the building.

The experimental investigation was completed with the setting up of a tridimen-

sional, finite element mathematical model of the reator building: in order to

take into account soil-structure interaction, the impedance functions of the

soil derived experimentally were introduced directly into the model.

The natural frequency values of the system - with fixed base and with soil in-

teraction - obtained experimentally and mathematically were in optimal agree-

ment (see Fig. 6.

2.3 The experimental activity of dynamic characterization of structures, car-

ried out on the lines of the criteria set out previously, has been enhanced in

recent times by the addition of a large number of other investigations that

have generally been called for by particular requirements of analysis of a num-

ber of structures.

By way of evidence of this gathering interest and also so as to be able to of-

fer more comprehensive information on the current situation, it is worthwhile

citing the two examples hereunder:

a) Investigations on the RHR system building of the Caorso nuclear power

station

The research, which was carried out a few years ago, and which moreover

marked the commencement of this experimental activity in the nuclear field

in Italy, was the outcome of the difficulty met with by a mathematical

type analysis in taking into account the interaction with the soil - the

structure, which has a rectangular base, is partly embedded in the ground

- and the presence of water in the tanks.

The tests were effected by applying sinusoidal forces via a vibrodyne fix-

ed to the top of the building and recording the response accelerations in

some of the significant points (Fig. 7.

The use of the usual techniques of identification let to the determination

of the parameters of the first vibration modes. In view of the geometric

dimensions and the stiffness characteristics of the building, these latter

were found to be rigid body motions on an elastic foundation. The effect

of the presence of water on the natural frequencies,-which was examined by

repeating the investigations with different levels in the tanks, was seen

to be negligible.

b) Analysis of the dynamic behaviour of the machine-room of the Torre Valdali-

ga thermal power station

The machine-room building is a steel structure made up of 17 frames and
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houses 4 thermoelectric groups. A longitudinal expansion joint has been

provided for in correspondence to the central frame and divides the struc-

ture in two symmetrial sub-structures (Fig. 8).

Although not involving nuclear plants, the investigation is to be cited

owing to a significant detail. In fact, in this instance, recourse was

had to the dynamic characterization not so much from the standpoint of a

seismic analysis, as for purposes of a general inspection of the structure

and of the operating behaviour of the joint.

To this end, tests were executed by exciting the two sub-structures indi-

vidually with transverse forces generated by a mechanical vibrator. A

test was carried out also with excitation in the longitudinal direction.

The results obtained - transversal natural vibration modes - were found

to be in optimal mutual agreement as also with the results of a mathemati-

cal model, thereby confirming the correct execution of the structure. The

longitudinal tests alone showed incorrect functioning of the joint, which

was however easily remedied.

2.4 So as to complete the round-up of experimental activity along the pre-

sent line, it is worthwhile also touching on the experiences accrued for pur-

poses of research.

It is obvious that the test methods and the criteria of interpretation illus-

trated are in the main aimed at the characterization of a structure from the

dynamic viewpoint, with the intention of setting up a reference model. They

do not however enable an effective reproduction of the seismic excitation; the

major limits in this context being as follows:

- the excitation amplitude in the structure and in the ground is very low

with respect to that produced by a quake; as such, the non-linear behav-

iour of the system, which is especially important for the soil, is not

shown up;

- the inertial interaction alone is reproduced correctly (within the limits

allowed by the non-linearity); on the other hand, no information can be ob-

tained on the kinematic interaction with an excitation via external forces;

- the criteria proposed for the interpretation of data are ased on the as-

sumption of rigid foundation; should this assumption be denied, as in the

case of large structures, it is then no longer possible to employ the

concept of soil impedance.

Accordingly, the method set out in the foregoing is not capable of providing

the data required for the complete study of the soil-struct-ure interaction phe-

nomenon and, more generally, of the seismic behaviour of the plant. On the

other hand, it is well-known that even at the international level the problem

has not yet been met with a satisfactory solution overall and that direct ex-

perience that offers reference data is entirely necessary.

On this subject ENEA has proposed a wide-ranging research programme, involving

the Garigliano nuclear power station, a 160 MW boiling water type plant, which
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has recently been made inoperative and should be permanently shut down after

an operational life-span of about 20 years.

As such, the plant offers an ideal ground for facilitating study of all those

aspects of seismic behaviour of structures for which it is essential to

achieve high stress levels.

In overall terms the research programme is still in the elaboration phase and

in outline will include the following subjects:

- analysis of the behaviour of the structure of the plant up to significant

stress levels that are comparable to those of a large quake;

- study of the soil-structure interaction for the different structural typol-

ogies present on the site: reactor building, turbine building, stack,

etc., reproducing an excitation similar - in terms of intensity and fre-

quency content - to that of a quake;

- study of the seismic response of the main mechanical components;

- simulation of impact phenomena and analysis of the problems connected with

the behaviour of the structure and the components;

- calibration and setting up of analytical codes.

Currently, in the context of a research aimed at carrying out geophysical in-

vestigations in the area, an opportunity has presented itself of executing a

number of explosions; it has therefore been decided to take advantage of this

occasion for purposes of a preliminary.experience.

The investigation programme involved the explosion of charges between 100 and

600 kg of explosives at a distance of about 700 m from the power station (Fig.

9). The response of the reactor building, the turbine building and the stack

was measured with about 100 accelerometers and seismometers.

From the processing of the data, which moreover has not yet commenced, it is

hoped to be able to obtain useful information on the behaviour of the main

structures and valuable indications for the design of future tests and of the

mode of excitation, in particular for what concerns the possibility of simulat-

ing seismic motion by means of explosions.

3. EXPERIMENTAL INVESTIGATIONS FOR THE STUDY OF THE DYNAMIC BEHAVIOUR OF

COMPONENTS

3.1 The experimentation on mechanical and electromechanical components pre-

sents highly different aspects even when considering the problems connected

with seismic excitation alone.

In truth, a growing interest is to be witnessed today for experimental testing

and verification, which is justified by the following reasons:

- mechanical components are highly complex systems whose behaviour is general-

ly highly non-linear, even when the stresses in the material do not exceed

the elastic level owing to the presence of clearance;

- the acting dynamic loads are highly complex as well; not infrequently the
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component is tied to the main structure at several points: owing to which

an analysis with multiple excitation becomes necessary;

- the adequacy of a component is not to be examined solely in the light of

the stresses reached but also on the basis o the capability to carry out

correctly the functions for which it has been designed;

- the procedure of tying-in and assembly, as well as the conditions of age-

ing, have a determinant bearing on the seismic response;

- the seismic load is often added to loads of other types: temperature, pres-

sure, etc.

Owing to these reasons, experimentation often becomes the only instrument

available to the designer for demonstrating the adequacy of the component.

It is obvious that such demonstration involves the need to subject the compo-

nent under examination to tests in which all the acting loads are correctly si-

mulated. Generally, this implies laboratory tests carried out with highly com-

plex equipment.

There is, however, a second series of tests also, directly effected on compo-

nents already installed, for purposes of verifying their effective tie condi-

tions and for a determination of their behaviour.

3.2 For what concerns the first type of tests, which however falls outside

the subject-matter of this Meeting, it suffices to underline the fact the pro-

gress in the techniques of control of the loading equipment has facilitated in

offering the researcher the concrete possibilityt of reproducing on the compo-

nent the stresses deriving from the quakes.

This fact, combined with the requirement of experimental investigation, has to-

day made a common matter-of-fact step to resort to experimental investiga-

tions. In this context, it is worth recalling:

- the researches backing-up the seismic analysis of the core of the PEC reac-

tor, with the study of the mechanism of impact between one element and

another;

- the qualification of the shutdown mechanism of the reactor, with the set-

ting up of a loading device capable of simulating the accelerograms of the

quake in correspondence to the points in which such mechanism was tied or

came into contact with the core.

3.3 A characteristic example of the activity of in situ verification of me-

chanical components was the analysis of the PEC nuclear reactor vessel (Fig.

10).

The tests were aimed at:

- providing the dynamic parameters suitable for studying the interaction be-

tween core and vessel and, in particular, the transfer functions between

the motion of the grid or of the upper flange and the forces applied to the

grid itself, and those between the motion of the grid and that of the ves-

sel supporting floor;
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- measuring the lateral and rocking stiffness of the ve!3sel support system.

The tests were executed on the structure suspended inside the reactor building

by means of 9 beams, as in the operational condition. The vessel was further

connected to the two sodium inlet legs, without however the core, the inner

shield and obviously the sodium being present.

The excitation was obtained by means of a mechanical vibrator applied the

first time to the grid and subsequently to the vessel supporting floor.

Besides the transfer functions and the stiffness already cited, the main re-

sults obtained were the modal parameters related to the first two modes.

A small difference was noted in the values of the natural frequencies in the

two horizontal directions, owing probably to minor disymmetries of the support

system and the presence of the two inlet legs.

The test had the merit of demonstrating how with simple equipment it is possi-

ble to operate in situ even during an avanced phase of construction, carrying

out measurement of certain hysical parameters of the behaviour of components,

capable of diminishing the margins of uncertainty and make the design safer.

4. SURVEILLANCE

The criteria underlying the design of a seismic surveillance system for a

plant or structure are in rapid evolution, owing to both new safety require-

ments as well as the novel possibilities offered by measurement instrumenta-

tion. -

The minimum objective continues to be the signalling of the seismic event and

its characterization in quantitative terms - measurement of intensity and re-

cording of accelerograms in free field or at the base of the building.

But to this has been added the goal of the measurement of the response of the

building and of certain critical components, as also the indication of alarm

when the floor response spectra for such components are exceeded.

A further on-going evolution has led to the inclusion, among the objectives of

the surveillance system, of the determination of the fundamental parameters of

the behaviour of the building - for instance the modal parameters - both with

the aim of the calibration of the mathematical model employed for the seismic

analysis, as well as in view of a check of possible damage produced by the

quake.

As such, two distinct functions are shaping up:

- the first, which is directly linked to operational safety, leads to the

signalling of an alarm when certain critical values are reached or exceeded;

- the second function, which is equally important but not quite as critical

as the previous one, consists in providing information on the structural be-

haviour, this being useful to enable the carrying out of the verifications

required for the start-up of the plant after the quake.

In recent years, in the Caorso nuclear power plant a second surveillance sys-
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tem, that backs up and completes the previous one, has been installed. More-

over, two systems are currently being defined for the PEC reactor and for the

Alto Lazio nuclear power station. These systems incorporate, though not in

their entirety, the basic criteria set out above. In particular, the follow-

ing considerations are deemed to be valid:

a) Measurement of the response and alarm signal

It is at the present time a consolidated practice for the system to issue

an alarm signal when the response spectrum of the accelerogram recorded at

a certain level exceeds the corresponding design response spectrum.

Obviously, the adoption of this criterion has involved the research and

setting-up of suitable hardware and algorithms that enable the simultane-

ous acquisition of all the points and the computation of the spectrum in

real time, at least for some of the significant points.

The more complex problem remains the choice of the most significant meas-

urement positions, above all from the viewpoint of containing the cost of

the system.

In this context, it may be useful to have at hand mathematical relation-

ships (transfer functions), "calibrated" by means of tests to be effected

in situ during the phase of construction and assembly of the components.

These relationships tie in the responses of a component with the motion of

a particular point of the structure directly monitored. This criterion

may also be used for the surveillance of components not directly deployed

with-instruments: however, for the time being, this application remains

at the research level and calls for experimental confirmation.

b) Measurement of the dynamic behaviour

The measurement of the characteristic parameters of the dynamic behaviour

- especially the modal parameters - was foreseen, albeit in an elementary

form, when the surveillance system of the Caorso power station was de-

signed.

In this instance, in fact, the instruments were so deployed as to make it

possible to determine an estimate of the transfer functions between motion

at the top of the reactor building and motion - displacement and rocking

components - at the base, and thereby to obtain information on the natu-

ral frequencies.

In effect, notwithstanding the improvements in the instrumentation and the

experience accrued in interpreting data, the problem remains a highly com-

plex one, and if it is to be dealt with in a comprehensive manner (with

the identification of the modal shapes, besides the natural frequencies)

then a high number of transducers would be called for, which would add sub-

stantially to the cost.

The processing however is found to be considerably simplified, with surer

estimates of the parameters sought, in the ase of the availability of a

previous dynamic characterization of the structure, which is the one ob-
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tained via forced vibration tests.

This is the case of the PEC reactor, for which - as already illustrated

highly reliable data are available on the values of the natural frequen-

cies and the modal shapes.

5. CONCLUSIONS

This was meant to be essentially a brief round-up of experimental in situ ac-

tivity in the nuclear field for the study of structures, of soil-structure in-

teraction, and of components.

The wealth of this activity, which however is common to other structural sec-

tors as well, bears witness to the enormous progress made.

These developments would be even more highlighted if the analysis was to be ex-

tended to laboratory experimental activity for the qualification of structural

elements and of components.

Contributing in no uncertain terms to this development is the availability of

new equipment, that have facilitated in overcoming a number of limitations

that - until only a few years ago - were typical of experimentation in the

dynamic field, such as the impossibility of a faithful and accurate reproduc-

tion of loads and the difficulty in gathering data. The most novel and signif-

icant aspect of the evolution is, however, represented by the ever closer in-

teraction with mathematical methods.

As such, notwithstanding the need for further research aimed at a definitive

establishment of data interpretation techniques - one may call to in mind, in

particular, the identification of degrading - today it may be stated that the

experimental method has become an essential prt of the process of control of

large structures, and has come to be accepted as an indispensable instrument

for assuring a greater degree of safety.
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FIXED - BASE STRUCTURE AND SOIL - STRUCTURE SYSTEM

MODAL PARAMETERS

Fixed -- base structure Soil- Structure system

Numerical Experimental Numerical Experimental
values values values values

Mode n. Frequency Frequency Frequency Frequency Damping
(Hz) (Hz) (Hz) (Hz) W

1 10,3 9,7 9,1 9,1 2,0

2 1 I'l 11,0 9,3 9,2 2, 9

3 19,1 17,7 18,2 16,7 3,5

4 21,9 - 20,8 21,0 3,0

5 22,9 22,5 21,7 3,0

Fig. 6 PEC reactor building.Comparison between experimental and computed
modal parameters
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Fig. 10 PEC reactor vessel', forced vibration tests
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SUMMARY

Approaches for conducting in-situ soil-structure interaction experiments are
discussed. High explosives detonated under the ground can generate strong
ground motion to induce soil-structure interaction (SSI). The explosive
induced -data are useful in studying the dynamic characteristics of the soil-
structure system associated with the inertial aspect of the SSI problem. The
plane waves generated by the explosives cannot adequately address the
kinematic interaction associated with actual earthquakes because of the
difference in wave fields and their effects. Earthquake monitoring is ideal
for obtaining SSI data that can address all aspects of the SSI problem. The
only limitation is the level of excitation that can be obtained. Neither the
simulated earthquake experiments nor the earthquake monitoring experiments can
have exact similitude if reduced scale test structures are used. If gravity
effects are small, reasonable correlations between the scaled model and the
prototype can be obtained provided that input motion can be scaled
appropriately. The key product of the in-situ experiments is the data base
that can be used to qualify analytical methods for prototypical applications.
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1. INTRODUCTION

When sesimic waves impinge on n embedded structure, two physical effects
occur simultaneously: (1) seismic waves incident on the structure are
diffracted and reflected back into the foundation medium, and 2 motion is
transmitted to the structure. The first effect, referred to as kinematic
interaction, is independent of the inertial properties of the structure. The
second is the dynamic response of the coupled structure-foundation system
which is governed by the inertial properties of the structure and foundation
impedances. These two effects together are normally referred to as soil-
structure interaction (SSI).

Separate effects parameters involved in SSI such as structure material
properties, structure dynamic characteristics, soil constitutive behavior,
etc. may be studied in the laboratory to provide quantified information for
the understanding and analytical modeling of SSI. However, these laboratory
tested parameters or behaviors are inadequate for characterizing the
interaction between the soil and the structure in a strong ground motion
environment. They are essential elements for SSI modeling and analysis, but
they do not provide a basis for qualifying the interaction response
calculated. One may resort to first principle models to overcome experimental
inadequacies. The complexity of the SSI problems, nevertheless, renders this
kind of formulation impractical.

Currently, there are two accepted analytical pproaches to predicting SSI;
half-space (or substructure) and direct. A soil-spring type approach is also
used in industry. These approaches involve different degrees of assumptions
and approximations. Each approach has known limitations. Theoretically
speaking, for a given problem, consistent solutions should be obtained
regardless of approaches used. In reality, this is not always the case.
Consequently, conservatisms are built into the computer codes to account for
uncertainties.

For realistic analysis of SSI, in-situ experimental investigations are
needed. One needs a set of comprehensive data covering structure response,
soil response, coupled soil-structure response and ground motion definition
for in-depth understanding of SSI and validation of the SSI methodologies.
Ideally, the best data set should come from actual nuclear power plant under
earthquake excitations. However, earthquakes cannot be predicted with
certainty and most nuclear power plants are located in non-seismic active
areas. For a controlled experiment, one must either use artificial means to
generate ground motion, or one can construct models in active seismic regions
to collect needed data.

In the following, a review of design criteria of artificially simulated
earthquakes and actual earthquake monitoring for SSI investigation based on
[1-31 will be provided. Their similarities and dissimilarities, advantages
and shortcomings, as well as their respected usefulness for SSI analysis
methods validation will be discussed.
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2. EARTHQUAKE SIMULATION

Shake tables or field shaking machines are often used to simulate earthquake
input to structures to study the seismic resistance behavior of structures.
However, they are limited when it comes to SSI investigation since the shake
table tests intrinsically require the enforcement of minimum interaction
between the structure and the source of shaking and field shaking is often of
low amplitude. Furthermore it cannot provide kinematic interaction
information between the structure and the soil.

High explosives when detonated under the ground can generate strong ground
motions. If a structure is located in this strong motion environment, the
coupled soil-structure system could then be excited to invoke SSI similar to
that under the actual earthquake excitation. The high explosive method is
therefore an effective means for SSI investigation. However, to assure the
prototypical behavior is indeed reproduced in a simulated earthquake
environment, the layout and detonation of explosives buried under the ground
and the soil-structure system to be excited need to be selected and designed
appropriately.

2.1 Explosive Desig

There are three major characteristics involved in a desired ground motion.
These are the time domain characteristics represented by amplitudes and
durations of the ground motion; the specific wave types generating the ground
motion; and the response spectral content of the ground motion. It should
also be noted that the ideal ground motion input to a specific structure is
related to the scale of that structure. If geometric (or velocity) scaling is
used, the desired input acceleration for a given model is the prototype
acceleration times the scale factor, the input velocity is the same as the
prototype vlocity, and the input displacement is one over the scale factor
times the prototype displacement. (Scaling will be discussed in more detail
in Section 22.)

Normally, a planar explosive array is selected so that a uniform wave front
can be generated. The selection of array parameters is guided by the desired
ground motion characteristics. Using empirical relations derived from
available planar array data, ground motions for different array designs can be
estimated. A trial array with low intensity can be detonated in the field to
confirm the parameters used in the design of the actual testing array. In the
SIMQUAKE experiments [11, a mini array was detonated to aid the SIMQUAKE array
design.
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For dry alluvial materials, the following empirical relations [11 can provide
a partial basis for the design of planar simulation experiments:

a = 1240 (R/a)-1.33 for R/H :� 052 (1)

a = 503 (H/a)1.38 (R/a)-2-71 for R/H > 0.52 (2)

v = 528 (R/a)-0.56 for R/H s 1.15 (3)

v = 654 (H/a)1.54 (R/a)-2.1 for R/H > 1.15 (4)

d/a = 00163 (R/a)-0.14 for R/H s 1.6 (5)

d/a = 00414 (H/a)1.96 (R/.)-2-1 for R/H > 1.6 (6)

where a = acceleration in g; v = velocity in m/sec; d = displacement in m;
a = area charge density in kg/m of equivalent TNT; H = array height in m;
R = range from the array in m.

As an expple, a 22.9m 75 ft) high planar array containing 19.5 Kg/m2
(4 lb/ft ) of equivalent TNT explosive will generate the following motions:

Range Acceleration Velocity Displacement
m ft 9 m/sec in./sec m in.

30.5 100 10 3.3 130 0.3 12

45.7 150 3 1.4 55 0.2 7

61.0 200 1.5 0.8 30 0.1 4

By varying the explosive area density and array height, one can get a
prediction fitting the desired ground motions. In choosing the desired array
design, the range at which motions make the transition from planar to
cylindrical attenuation should be taken into consideration in locating testing
structures. Accelerations make the transition first (R/H = 052), velocities
later (R/H = 1.5) and displacements last (R/H = 16).

The peak motion amplitude is only one of the criteria in selecting the range
of the testing structure to the source of excitation. Spectra also need to be
considered so that desired soil-structure system response can be achieved.
Spectra may be estimated by the approximate amplification factors observed
from experimental data and calculations.

On a tripartite plot, the undamped spectral bounds for a short impulsive
motion (a parabolic velocity pulse'with no inward component) can be estimated
by using amplitude multipliers of for displacements, 1.5 for velocity and 2
for acceleration 4 The corresponding multipliers for 10 percent damping
are 09, 13, and 17. Average undamped spectral multipliers for earthquakes
[51 are about 1.15 for displacement, 175 for velocity, and 2 for
acceleration. For 10 percent damping, the corresponding values are 1.15,
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1.34, and i.65. The earthquake multipliers are somewhat higher than those for
short impulsive motions because of the more oscillatory nature of earthquake
motions.

In simulation applications, the appropriate multipliers should be selected on
the basis of range and experiment design. At large ranges from single arrays,
and at all ranges from multiple arrays, the earthquake multipliers are
appropriate because the motions will be oscillatory. At near ranges from
single arrays, the motion will be more impulsive in nature. If the structure
tested is embedded, the dynamic response will be highly damped, perhaps as
much as 10 percent of critical or greater. In this case, the amplification
factors for 10 percent damping should be used.

The duration of the ground can be controlled by detonation of multiple
arrays. The density of the arrays, the range of the arrays, and the time
delay in between the array detonation can be controlled to design a ground
motion with desired amplitudes, frequencies, and duration. Since explosive
arrays are normally placed close to the test structure (small ranges), the
wave field generated by explosives is primarily consisted of plane waves.

2.2 Scaling and Model Design

The test model should be designed to produce response mechanisms and
characteristics matching those of prototypical structures. The simplest way
to achieve this objective is to reproduce a full-size model for testing or to
conduct the test on the prototypical soil-structure system directly. However,
the former-such as the containment structure of a nuclear power plant is
prohibitively expensive to build and the latter is often not possible for
either technical or non-technical reasons.

Consequently, reduced scale models are normally utilized to investigate the
response of interest. For SSI study, one can either select a velocity scaled
model or n acceleration scaled model to design the model in the context of
similitude considerations. As shown in Table 1, for complete similitude, the
velocity scaled model requires that the acceleration be scaled as the inverse
of the length ratio and the acceleration scaled model requires that the
material density be scaled as the inverse of the length ratio. (Note that
this table shows the scaling required for input motions referenced in 21,
Explosive Design.) These two scaling considerations imply that either
different materials should be used for the soil-model system or the
gravitational field should be altered. Neither is practical. Thus, if the
reduced scale model structure is constructed of the same material and located
in the same soil environment and the gravitational field is also the same as
the prototype structure, the gravity effects will not be simulated. However,
as long as gravity related effects are small, the velocity scaled model should
yield reasonably good results to simulate the prototype structure behavior in
the scaled sense.

The gravity related effects can be:

• Soil properties which vary with confining pressure.

• Uplift that is due to the vertical acceleration.
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TABLE 

SCALE FACTORS
x Model Quantity/Prototype Quantity

Acceleration Velocity
Quantity Scaling Scaling

Length XL XL

Gravity kg= xg = I

Acceleration Xa= xa= '/XL

Velocity kV = k' kV=
L

Time x = x
t L t = L

Mass x = x2 = 3m L m L

Force x x2 x2
F L F L

Density x = '/XL

Weight x = x2 3
w L V L

Volume k = x3 x x3
V L V L
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Based on the above, the uplifting and bonding-debonding ehavior observed in
the SIMQUAKE experiments may be much stronger than would be observed for the
prototypical structure since the gravitational field could not be scaled the
same way as the input acceleration was scaled.

To illustrate the application of similitude in model scaling and design,
consider the specific case of a prototype and model structure system that are
geometrically similar, the model structure having linear dimensions one-half
those of the prototype, with identical materials in model and prototype 3.
The requirements of similitude would then include:

• All geometric dimensions of the model (such as depth to a given
geological layer, thickness of a layer, wall thickness of structure,
etc.) must be one-half those of the prototype.

• Materials at homologous points in the model and prototype, including
also the geological materials surrounding them, must be the same. The
materials could be highly nonlinear, such as elastic-plastic strain
hardening, for instance, but strain-rate effects and the influence of
gravity on soil properties cannot be properly represented and,
therefore, should be as small as possible.

• The loading (say as represented by free-field ground motions) must be
appropriately scaled. Peak free-field displacements should be one-half
those of the prototype at homologous locations at geometrically scaled
times, and the magnitudes of corresponding velocities should be equal
(at geometrically scaled locations and times). If loading is specified
as a free-field acceleration, peak accelerations for the model system
should be twice those in the prototype system.

2.3 Limitations

One major limitation of simulating strong motion earthquakes by detonation of
buried explosives is the lack of proper kinematic interaction information.
While actual earthquakes contain different types of waves, the explosive
induced ground motion contains mainly plane waves. If as normally assumed
that vertically propagating shear waves dominate earthquakes to induce SSI,
the explosive induced simulated earthquake data then can not be used for
investigating the kinematic interaction aspect of the SSI problem. This is
evidenced by the poor correlation between the FLUSH analytical results and the
SIMQUAKE experimental data. 61

The vertical accelerations produced in the explosive induced ground motions
are either equal to or much greater than the horizontal acceleration. This
may be another shortcoming in simulating the actual earthquake induced
response which in general has lower vertical accelerations. The inability to
have complete similitude is another limitation. This is also shared by
earthquake monitoring experiments. Research is being pursued in the technical
community to investigate complete similitude modeling by either altering
materials or altering gravitational field through such means as centrifuge.
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3. EARTHQUAKE MONITORING

The criteria nd requirements for earthquake monitoring to obtain data for on-
site seismic verification re similar to those discussed in the previous
section. The scaling law for model design still applies. However, because
the input excitation in earthquake monitoring is not some quantity that can be
controlled like in the simulated earthquake experiment, there are some key
differences between the design of an earthquake monitoring experiment and a
simulated earthquake experiment.

3.1 Test Site Selection -

One basic requirement in conducting an earthquake moinitoring experiment is
that a high seismicity site is available to the experiment. The recurrence
interval of earthquakes should be small and the magnitude of earthquakes
should be sufficiently large so that meaningful data can be collected in a
reasonable period of time. Take the Lotung experiment as an example 7 the
strong motion level is usually around 02 g and the recurrence interval for
such level of ground motions is about six months to one year on average.

In addition to earthquake activity and magnitude, the site soil and geology
conditions should be selected so that a strong SSI environment is warranted.
This means that rock site may not be desirable since it does not invoke much
SSI. Considering the fact that the model structures tested are normally not
as massive as the prototypical structures, soft soil conditions for inducing
strong SSI re most desirable. One may also desire to have rather uniform
layered geological profile with an identifiable bedrock not too far away from
the surface for better control of analytical modeling. These conditions,
however, are not critical in test site selections.

3.2 Model Design Criteria

With the gravity field nd the earthquake excitation as given conditions which
cannot be altered, scaling requirements established for the simulated
earthquake experiment models are not very useful in correlating prototypical
behavior and reduced scale model behavior in an earthquake monitoring
experiment. Instead, the aim should be to design models to get maximum SSI
knowing the earthquake and geological/soil conditions of the test site. In
the Lotung experiment, the following design criteria were used in guiding the
design of the 1/4-scale model:

• The dominant free-field earthquake ground motion frequencies should be
comparable to the significant SSI frequencies of the model structure and
the model structure interaction frequencies should be comparable to the
significant interaction frequencies of the prototype structure.

• The test structure, constructed of the same materials as the prototype
structure, should not experience significant inelastic deformations
under maximum expected seismic loadings. However, under this same
seismic loading, it would be desirable to develop stresses in the model
structure similar to those developed in the prototype structure, i.e.,
similar to working stress levels.
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• The basemat of the model structure should be designed so that it acts

essentially s d rigid body under seismic loading.

• The start of lift-off and sliding of the model structure should occur at
earthquake ground motion intensities similar to the intensities for the
prototype structure.

• The ratio of dead load stress on the soil to its allowable bearing
stress should be similar to the corresponding ratio for the prototype.

3.3 Data Acquisition

In performing earthquake monitoring, extensive instrumentation should be
deployed in a wide region around the test model to collect enough dat to

characterize the gound motion input and the soil-structure system response
quantities. Kinematic interaction evaluation requires spatial distribution of
instruments both on the ground (surface) and under the ground (downhole).
Both the sensors and the data acquisition system should be reliable in the
field. Periodic maintenance is required to assure the data quality and the
functioning of the equipment.

3.4 Limitations

Earthquake monitoring gives the actual earthquake induced data for study.
Theoretically speaking, there should be no identifiable limitations. Except
for the size of the model structures, all other parameters are prototypical.
The major limitations, if there are any, may include the following:

• The earthquake magnitude may not be as large as desired to induce
significant response.

• The frequency range of the soil-structure system for a reduced scale
test structure may not be compatible with the Major frequency rnge of
earthquakes to induce significant response.

• Because of the low level response, nonlinearity and its significance
cannot be quantified.

• The site environment may be totally different from the prototypical
environment to yield insights for understanding soil/geological behavior
of a prototypical site.

However, if the data contains all the relevant physical behavior and
quantities needed in SSI investigation, it can serve the purpose of qualifying
analytical methodologies for prototypical applications.

4. ANALYTICAL APPROACHES

Three types of analytical pproaches are used by industry in performing SSI
analysis. These are lumped parameter spring-dashpot, half-space (or
substructure) and direct. Different approaches often result in significantly
different responses for the same problem.
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In the Standard Review Plan (SRP), the USNRC requires that SSI computations be
carried out using both the half-space approach and the finite element
method. The accepted results must envelop the results of separate analysis.
Alternatively, an acceptable demonstration of conservatism must be given if
enveloping is not used. In the absence of experimental data and clearly
defined criteria for an acceptable alternative, most applications choose to
use the conservative enveloping analysis.

The US NRC held a workshop in June 1986 [8] to discuss about revising the SRP
to incorporate the current state-of-understanding and knowledge achieved in
the area of SSI. It was the general consensus that without sufficient
analytical correlations against the SSI experimental data a preferred or
better approach cannot be conclusively identified.

5. CONCLUDING REMARKS

Simulated earthquake experiments and actual earthquake monitoring experiments
are effective means to generate data for seismic design verifiCdtion. In view
of the complexity of the earthquake phenomenon, the soil constitutive behavior
and the nonlinear interaction between the soil and the'structure, on-site
experimental verification is critical for increasing the confidence of seismic
design. Although there are limitations in both the simulated earthquake and
the actual earthquake monitoring approach, good quality data to meet the needs
of studying a specific aspect of the SSI problem can be obtained with careful
planning and design considerations. The explosive induced SSI data is most
useful to study the non-linear dynamic soil-structure system characteristics
associated with the inertial aspect of the SSI problem since the level of
strong ground motion can be controlled to provide desired input for
nonlinearity investigation. The earthquake monitoring experiment can address
both the kinematic interaction and the inertial aspect of the SSI problem.
Because the earthquake magnitude cannot be predicted with certainty,
quantification of nonlinearity using the earthquake data may be limited.
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SUMMARY

The paper describes the on-site dynamic tests carried out on the PEC fast

reactor building, using various excitation methods (two eccentric back-

-rotating-mass mechanical vibrator, blasting in bore-hole, hydraulic actuators

at the building foundations). It points out the purposes of the four tests

campaigns performed at various construction stages and reports the main

experimental results. These results concern both the design safety margins

and the data for the validation of the three-dimensional numerical model of

the reactor building, including soil-structure interaction phenomena.
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1. INTRODUCTION

The numerical and experimental studies, performed in the years 1981-1982 to

verify the adequacy of the PEC reactor-block design, demonstrated the need of

design modifications in order to improve the core behaviour in an earthquake

(1]. Due to the advanced construction stage of the reactor building and the

fact the main vessel had already been mounted, it was necessary to insert a

core-restraint ring in the vessel and to attach a second level of thick pads

to all the core elements: this limits core element seismic motions to values

compatible with scram feasibility. The adequacy of the new design solution was

demonstrated in the case that the first natural frequency of the reactor build-

ing corresponds to about 10 Hz, as evaluated in the building design analysis

with a lumped-mass model.

However, such simplified methods may be affected by non-negligible uncertain-

ties; furthermore, an important role can be plaid by soil-structure inter-

action phenomena; and finally the PEC reactor-block response -and consequently

that of the core- were demonstrated to be rather sensitive to the excitation

frequency content. In fact, the reactor-block seismic motion (characterized

by natural frequencies of 56 Hz) would be quite amplified in the case that

the reactor building first natural frequency is considerably lower than the

design value. Thus, it was decided to perform a detailed study on the reactor

building dynamic response to check the design analysis and evaluate safety mar-

gins. This study consisted in on-site tests and the development and applica-

tion of a three-dimensional numerical model of the reactor building, taking

into account soil-structure interaction.

This paper deals wth the experimental part of the work, which allowed the

structural response to be directly characterized and also provided the data

for the validation and calibration of the numerical model discussed in ref.[2].

2. DESCRIPTION OF THE STRUCTURE

The PEC reactor building has a height of about 28 m and a diameter of about 23

m, and is housed in a steel cylindrical container resting on a reinforced con-

crete foundation raft. Heavy concrete solid blocks were poured inside the con-

tainer un to about half container height.

Thus the building structure supporting components is rather massive. It should

be noted that the building structure is far from being axisymmetric and that

several other structures of huge mass have been built around the reactor uild-

in.- (a schematic plan of the power plant buildings is shown in Figs. 12).
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Fig. 1 General view of the power

plant buildings

Fig. 3 Two eccentric back-rotating-

mass mechanical vibrator

Fig. 2 Schematic plan of the power plant

buildings-Measuring instrumentation on

the Sodium Building, on the General

Services and Control Building on the

Fuel Element Handling Building

3. TESTING TECHNIQUES

3.1 Excitation methods

To excite the reactor building use has been made of three different excitation

methods [3,A,5]:

a) a two eccentric back-rotating-mass mechanical vibrator (Fig. 3), capable

of delivering sinusoidal forces of slowly adjustable frequency within the

seismic range up to a maximum value of 100 kN. The equipment was rigidly

connected with the structure at the concerned floors;

b) hydraulic actuators, installed between the foundations of the reactor

building (ER) and those of the adjacent fuel element handling building

(EMC), used to apply sinusoidal forces up to a maximum value of 2500 kN

(a sketch of ER and EMC foundations in the excitation area is shown in

Fig. 4);

c) blasting in bore-hole by explosions of two charges of 300 kg TNT at about

2 km from the reactor.
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Fig. 4 Schematic representation of the Reactor Building (ER) and of the Fuel

Element Handling Building (EMC) Foundations at the excitation area

3.2 Experimental campaigns

In situ tests have been performed from 1983 to 1985. Within this time span

the construction of the reactor building was completed as far as the civil

works and some important mechanical components were installed.

Preliminary forced vibration tests were performed in September 1983 and March

1984 (after some recordings of ambient vibrations), with the purpose of get-

ting a first check of the design, according to chapter 1. The final tests were

carried out in 1985, ending in November.

The preliminary investigations were conducted by exciting the structure with a

series of horizontal and vertical forces produced by a mechanical shaker ins-

talled time by time in seven different positions (from A to G in Fig.5 at

elevation 60 m (plane of working area). Some of these tests were also car-

ried out at about 1.0 m above the foundation (el. - 56 m) to check the signif-

icancy of an excitation at the base of the building (positions H and . Dur-

ing the preliminary tests no use was done of hydraulic excitation at the foun-

dation.

The first tests which have been carried out in 1985, after completion of the

reactor building, concerned blasting in bore-hole. These tests took advantage

of a geophysical investigation programme performed in the neighborhood of the

site.

The vibrations were induced by two explosions of 300 kg TNT at about 2 km

South-West from the site and a depth of 60 m.
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Fig. Sketch of the PEC Reactor Building. Excitation
positions and directions of mechanical shaker in the
in-situ tests. Instrumentation axial positions

The final tests were conducted in November 1985 by both exciting the reactor

building at the working area level by use of a mechanical vibration generator

(installed, time by time, in six different positions, from A to G of Fig. 

except position B) and by means of hydraulic actuators located at the reactor

buildin- foundations.

This last kind of investigation was limited to a single direction, due to ac-

cessibility problems for the actuators installation; in fact, a suitable area

for the installation of the hydraulic actuators had to be created on purpose,

by omitting the construction of a part of the structural "tooth" of the fuel

element handling building (Fig. 4 which should have been placed on the re-

actor building foundations. In this way, it was possible to create a joint

for the installation of the hydraulic actuators (Fig. 6.
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Fig. 7 Seism- •

reactor building
the

Fig. 6 Installation of the hy ur.u; i ic

actuators

3.3 Response measurements

Fig. 8 Accelerometer on the steel

containerDuring preliminary tests the measuring

instrumentation of relevant vibrations

was carried out by means of a 25-unit

seismometer network installed inside the

building, and accelerometers set on the

steel container. In the final tests, the

dynamic response of the reactor building

was measured by means of a 42-unit seis-

mometer network (some positions are

shown in Figs. 5,7). In addition 8 ac-

celerometers were located on Che steel

container (Fig.8), and 5 transducers (3

accelerometers and 2 seismometers) were

used to check vibration levels reached

during the tests on the rotating plug,

the fuel charging channel and the pri-

mary sodium piping (some transducers are

shown in Fig. 9).

Furthermore, the dynamic responses of the structures which have been built

around the reactor building were measured by means of a 18-unit seismometer

network inside the fuel element handling building and a 3-unit seismometer net-

work at the top of the sodium building as well as at the top of the general

services and control building (Fig. 2).

Fig. 9 Transducers on the rotating

plug
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3.4 Recording and analysis instrumentation

Recording and analysis, partly in real-time, of the results were performed by

means of an automatic system mainly composed of an analog/digital converter, a

computer and mass memories.
By this system, it has been possible to correlate in the frequency domain, the

excitation with response (transfer functions).
Figs. 10, 11 show, as an example, some transfer functions obtained during the

three testing campaigns carried out.
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Fig. 10 Examples of transfer functions measured during the three in-situ

tests by a mechanical exciter

101



In particular Fig. 10 concerns dynamic responses obtained by a mechanical shak-

er, while Fig. 11 concerns transfer functions at different elevations on the

same sensitivity axis obtained by hydraulic actuators in the two orthogonal

planes taken as reference (North-South and East-West).
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Fig. 11 Examples of transfer functions measured during the final in situ tests
(november 1985) by hydraulic actuators
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4. EXPERIMENTAL TRANSFER FUNCTIONS

4.1 General comments on the results

Basing on the analysis of the recorded data, the following considerations may

be drawn:

- investigations carried out have indicated the possibility of getting reli-

able measurements of transfer functions, even if the exciting equipment

were not particularly powerful, by transducers of marked sensitivity.

Tests carried out in March 1984 and November 1985 by means of a mechanical

shaker were characterized by forces at low frequencies which were higher

than those applied in September 1983 (see Fig. 12): this made it possible

the response curves to be accurately defined at these frequency values

also.

The excitation at the foundations by means of hydraulic actuators first of

all provides the possibility of using such dynamic loads to easure the

transfer functions of the building. This type of excitation tools, if in-

stalled permanently, could be used to test, for verification purposes, the

behaviour of specific components, restraints, anchors, supports after

their installation.

Fig. 13 shows the dynamic force applied during the excitation at the foun-

dations;

NOVEMBER 5
100- MARCH 84

Z
L.J / Zo -

LU so

EMBER 83
0

0
0 I'd i's 20

FREQUENCY Hz]

Fig. 12 Dynamic forces applied during the tests by mechanical
exciter
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Fig. 13 Dynamic force applied during the excitation at foundation

by means of flat jacks

structural responses resulted to be considerably different (both in terms

of natural frequencies and amplifications) in the three successive periods

in which the structure was tested. Indeed, while in September 1983 pours

were being completed up to the working area level, in March 1984 the fuel

transfer cell was poured (concrete structure sited above the aforemention-

ed elevation) and in November 1985 all the casts inside the reactor build-

ing as well as inside the adjacent structures were finished. According to

both the experimental data and the numerical evaluations, the fuel trans-

fer cell has a remarkable effect on the dynamic response of the building;

the analysis of collected functions (Fig. 10) shows first amplification

peaks in the range included between 14 and 15 Hz in September 1983,

between 12.5 and 13.5 Hz in March 1984, and between 90 and 92 Hz in

November 1985;

the tests which have been performed by blasting in bore-hole took advant-

age of a geophysical investigation programme which was underway in the

neighborhood of the site. The vibrations induced by explosions have been

recorded at different locations in the building, at the surface free field

conditions and in depth at the site. The fundamental vibration levels

which have been recorded are given hereafter:

at the surface in the free field conditions the maximum horizontal

velocity was equal to 0.005 cm/s and the maximum vertical velocity was

equal to 0004 cm/s;

at the depth of 30 m in the free field conditions the maximum horizon-

tal velocity was equal to 0002 cm/s;

at the elevation 6.0 m of the reactor building the maximum velocity

was 0.015 cm/s;

the maximum horizontal acceleration of the steel container at the elev-

ation 15.0 m was about 6 cm/s/s.
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4.2 Modal analysis
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AM 

ments on the foundation so

The dynamic response in the

two orthogonal planes seem to

be enough similar as far a.

the first two amplifications [EAST-WEST

peaks are concerned, while it NOR

2 18is considerably different for FREQUENCY IHzJ

the upper amplification peaks

which lie at about 16.7 Hz in Fig. 14 Experimental rrrdal shapes: ist and tiird mode

the plane N-S, and at about MODE n. 2 EAST-WEST EXCITATION

21.0 and 21.7 Hz in the plane

E-W, respectively. Figs. 14

15, 16 show schematically the
components in the planes S /P5 3

P7

and E-W of the first five ex- Pi

perimental modal shapes which

have been described by the P�
7-motions of the nine 1 umped

masses constituting the model NORTH-SOUTH --

by which the structure has NORTH J_� 9,2 Hz.
E 2

been represented (see chapter P9

5). In particular on the right

side of such drawings the cor-

responding experimental trans- Z

fer functions, that concern

direct and interpolated meas- 9,2 Hz

ures along directions N-S and

E-W at different elevations on

the central vertical axis of EAST EAST-WEST

the reactor building, are re-

ported. 2 FREQUENCY (Hz] 18

Fig. 15 Experimental modal shapes: second mde

105



Finally, it is worth noting that the third, fourth and fifth amplification

peaks correspond to a modal shape tipycal of the second mode of a cantilever

beam; in all cases the nodal points lie on the fuel transfer cell in both

orthogonal planes, as shown in Figs. 14, 16.

4.3 Building-to-building

interaction

Less marked amplification

peaks are found close to the

modal frequencies of the

structure, some of them are

due to interactions between
the structures built around MODE nn. 45 EXCITATION POSITION E

the reactor building and the

reactor building itself. P9

In particular Fig. 14 illus-

trates how the reactor build -
ing response feels the effect P 7

of the dynamic motions of the Pi Pi

adjacent buildings, by showing T7p the second mode of the general 7 5
"P9 21.0 Hz .7 Hzservices and control building NORTH E NORTH-SOUTH

(15.3 Hz) and the third mode
2.5

of the fuel element handling 22.5
0-

building 16.1 Hz).
Fig. 17 reports the amplitude

0of the transfer functions re-

levant to the 3-unit scismom- P9P7 P5
eter networks installed at the 13

top of the three adjacent "PI P7
buildings (as shown in Fig.2). P3

An analysis of these experi-
mental curves, showing the EAST-WEST 21.0 1zEAST
significant vibrational level 2.5 FREQUENCY [Hz] 22.5
induced in the adjacent struc-
tures when the reactor build- Fig. 16 xperimental modal shapes: fourth and fifth mode

ing is excited, allowed a

small but not completely ne-

gligible building-to-building

interaction to be displaied.
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FUEL ELEMENT GENERAL SERVICES AND
HANDLING BULDING CONTROL BUILDING SODIUM BUILDING

7.M 1911 16.1 Ha 6.314z rER 7.*h 1.rk1

S65 S69 S72

S66 S70 0 S73

�A

E

0
2

S71 S740 S67

2 FREQUE'NCY 2 FREQUENCY 18 2 FREQUENCY 1 8
(HZ) (HZ) (HZ)

Fig. 17 Transfer functions relevant to the 3-unit seismometers networks at te

tup of the three adjacent buildings

5. DETERMINATION OF THE EXPERIMENTAL "SOIL IMPEDANCE MATRIX"

5.1 Applied methodology

The soil behaviour can be described by the "soil impedance matrix" evaluated

from the results of the final experimental tests, according to the following

procedure 7:

- the soil is considered as an elastic, linear system;

- the possible building-to-building interaction is neglected;

I- �X (f 3 is the column matrix that represents the six independent movements
f

of the reactor building foundation which has been considered as a rigid

body. No relative movement can exist between soil and reactor building in

the contact point at the bottom of the structure foundation. That is to

say, the soil movement in the contact point with the reactor building is

equal to the foundation movement in that point;
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�N(f ) is the column matrix that represents the forces acting on the soil

if external forces are applied to the reactor building. This column has

the following expression:

tN(f)� = [T ]T ( �F(f 7 - [M.] A(f

where [ F ( f ) are the external f orces and [M are the inertia
s ��A(f �

forces. More precisely (M is the mass-matrix of the structure and

k M� represents the absolute accelerations of the nine lumped masses by
which the reactor building has been described.

These lumped masses have been obtained by defining structure layers sep-

arated by horizontal planes and assuming that these layers behave as rigid

bodies;

in this way the soil impedance matrix is related to vectors LN(f and

X f(03 by the following relation:

�N(f) = Z(f)] X f (f )3 (2)

where [Z(f)] is the (6x6) symmetric "soil impedance matrix". In general it

is a fully populated matrix;

therefore, for each excitation test carried out, the following equation

can be written:

[Z(f) = [T] T QF(f)j - [M �A(Q) ' Xf"C' (3)

s I - -

Obviously, since in general the unknown functions are 36 21 if the sym-

metry of the matrix Z(f)] is considered), at least six independent exci-

tation force vectors are needed.

5.2 Results

By integration of eq. 3 the 36 functions Z (f) (ij� XYZTx,�Y,�Z of
the soil-impedance matrix have been evaluated.

Fig. 18 shows the significant elements of the soil-impedance matrix which have

been used in the subsequent steps of the analysis.

Fig. 19 shows the real and the imaginary parts of the six elements of the main

diagonal of the matrix.

The impedance functions are in general characterized by a sufficiently regular

behaviour; the real part is quasi-constant with increasing frequency, while
the imaginary part varies linearly.

The behaviour can be described by the following analytical correlation:

Z. .(f) = K. . + 27rifb. (4)
it3 113 1,i

Eq. 4 correponds to a single-degree of freedom mass-spring model of the

soil, in which:

K = equivalent stiffness
bij = equivalent viscous damping

ij
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Therefore, the experimental impedance functions have been approximated by use

of the equations:

PR [Z. (f) = K.
Ili Ilj (5)

Pi [Z i'j (f) = 2b i'j

where PR and PI are the real and the

imaginary parts of the function. The zXX Z)2 Z-fl

least square method has been used for

obtaining the best approximation. zYY IT zyfz
The values determined in this way are

reported in table 1. LO zzz zzr ZZTY
By use of these values, the approxi- [Z(W)]

mated analytical impedance functions zYTX ZZIX ZrT 7,f YTz

could be easily derived: such func-

tions are also shown in Fig. 19, to- ZXT( 12fy Y
gether with the experimental values. ZTYT

I ZYYZ �Yf LT TZ

Fig. 18 Significant elements of the soil
impedance matrix used in the analysis

VALUES OF THE SIGNIFICANT ELEMENTS
OF THE SOIL-IMPEDANCE MATRIX izWl

Kij bij

K., 5,9 1011 N/. 515 107 N/(./S)

KYy = 9j4 1011 N/m by, y = 620 .107 N/(./s)

K�, z = 6,7 1011 N/. bzz = 540 -107 N/(./s)

Ky., y. = 6,8 101 3 N./,.d bj., yx = 289 10P W(md/s)

XTY, Ty = 5,8 101 3 N./rad byyyy = 252 109 W (rad/s)

Ky Z Z = 8,2 101 3 N./rad blzqz = 520 109 W(md/s)

Kx Ty � 24,9 loll N/rad bx,?y = -23,5.109 W(racVs)

Ky,�x = 34,7 1011 N/rad byj. = 27,6 10 N/(rad/s)

Kxz = - 35 .1011 N1. bx, z = -19 107 N/ (Ws)

Kyyz =-20,6 1011 N/rad byTz = -17, 1 1CP N/ rad/s)

Kzlx = 6,0 1011 N/rad bzT. = -3,5- 10P W(rad/.)

KzTy = 2,4 1011 N/,.d bz,?y = -3,9. 10P N/(r-.d/s)

Kfxfz = 165 1011 Nm/rad t�xq� = -lC7,2-ICP W(rad/s)

Table Equivalent stiffnesses and viscous dampings
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approximated aalytical

impedance functions

experimental values
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Fig. 19 Real and Imaginary parts of the six elements of the main diagonal of

the impedance matrix
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For evaluating the reliability of the assumption relevant to the linear behav-

iour of the soil, Fig. 20 shows the experimental correlation between applied

moments M (f), M (f) and foundation rotations (;' (f), �Y(f), according to the
x y �x

following equations:

K M' (f = PR [M (f)]
1'x"'x x x

(f = PR [M MI
y (6)

b�q (f)' (f) = PI [M (01
X'Ix x

�_Y f M = PI [M Mj

The values of "K" and "b" obtained from the experimental data, which have been

approximated by means of straight lines using the least square method, confirm

that the soil behaviour - at least within the limits, rather broad however,

reached by the loads during the tests is practically linear.

0 0

K,,

0N O ROTATION I'PXI 0.8 clc -0 ROTATION I'fYl' 0.8

0 b,,,,= 2 E9 E, tm_�
OD

L

0

ANGULAR VEL.OCITY rXj 0.3

Fig. 20 Experimental correlation between applied loadings and foundation motions

ill



6. DIRECT DETERMINATION OF FLOOR RESPONSE SPECTRA

6.1 Applied methodology

For the direct evaluation of the seismic reactor building response, the trans-

fer matrix [R(f)], which connects the absolute response ��A(fd of the struc-

ture to the free-field earthquake (a(f)3 by the equation:

(f [R(f)] a(f (7)
A

must be defined and determined.

The transfer matrix [R(f)] can be evaluated from the results of the final ex-

perimental tests, according to the following procedure:

the structure is considered as an elastic, linear system;

(f)] is the matrix which relates the relative accelerations
R ��R(f)� of

the reactor bulding to the column matrix M� . In this way the absolute
f

accelerations Q can be calculated by use of the equation:

M� = [H MI X f)� + [T] J�fm� (8)
'A �) R L f

the six independent seismic movements of the reactor building foundation

are given from the next expression:

[aq +[-(f)]-1 I
z -[I] [M (9)

S) ��A"O

(where: Zf)]_1 =-(27Tf)2 [Z(f)]-I

on the basis of the equations (8) and 9 the correlation between the

transfer matrix [(f)] and the remaining typical system matrices, can be

defined:

[R(f)] = ([I] + ([H (f)] + [T])[Z(f)] [T] [M 1) QH (f)]+[TI) (10)
R S R

(where [I] is the unit matrix)

To make use of eq. (10) the knowledge of the transfer matrix [H R (f)] is requir-

ed. It can be calculated by the use of the following expression:

�ok T
k' � (-[M SI[TI)

[HR(f)]= 2kA k T k 2
I 0 M 0 [0_(f /f) ) + 2ib (f /01

S k k k

(where: f b and �ok are the modal parameters of the reactor building and
k k

"M" is the number of the modes which have been estimated) that correlates the

matrix to the modal parameters of the fixed base structure.

An experimental-numerical methodology allowed these modal parameters to be

determined on the basis of the experimental data and by the evaluation of the

seismic and of the applied loads partecipation coefficients.
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6.2 Results

Basing on the design free-field time histories ad by use of the eq. 7 the

absolute accelerations at several elevations of te reactor building have been

calculated.
In particular, to follow the methodology applied in the design analysis, the

structure has been separately excited along the three considered directions

01-S, E14, and vertical); subsequently, by calculating the square root of the

sum of the single squared spectra, the resulting floor response spectra have

been evaluated.

The floor response spectra obtained by the experimental results and those

computed in the design analysis performed by ANSALDO using a beam model ok the
building, have been compared.

Fig. 21 shows, as an example, the horizontal and vertical spectra at the

foundation level 12.75 m), at the vessel supporting floor (0.00 m) and at
the orino level (5.50 m) (the N-S design value at the foundation level was

not calculated).

The 'Horizontal response spectra are in eneral larger in design analysis, at

least for frequencies relevant to te reactor block seismic behaviour.

Higher experimental values in the vertical direction generally correspond to
rocking effects neglected in the esign analysis that represents the building

response on the reactor ais.

7. CONCLUSIONS

The detailed on-site experimental program carried out on the PEC fast reactor

building has been described, together with the method adopted for assessing

the soil impedance matrix and directly estimating the floor response spectra
of the structure.

A detailed modal analysis of the reactor buildin.g was possible on the basis of

the experimental results; these also enabled the first natural frequencies of

the adjacent buildings to be determined and the buildin.--to-building interac-

tion to be classified.

The significancy of dynamic on-site tests was demonstrated in spite of the low

excitation level applied. All the excitation techniques adopted led to coher-

ent results. The use of hydraulic jacks at the reactor building foundations

showed to be a very promising technique, expecially if the possibility of such

excitation type is foreseen in the reactor design phase.

The instrumentation utilized in the tests behaved in an excellent way. A large

number of transducers was necessary: the number adopted was correct in order

to describe the structure response with the due detail.

The natural frequencies measured after reactor building completion are in good

agreement with the values calculated in the design analysis: this confirms the

adequacy of the adopted reactor-block design solutions. The soil-structure

interaction effects are sall but not completely negligible.

The important role of the upper part of the reactor building (transfer cell)

was shown. Modal sapes appear to be very similar in the two horizontal

directions in spite of structure asymmetry. They are essentially due to

structural deformations.
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NORTH-SOUTH EAST-WEST VERTICAL

I I I 1H1 m (�)-Design spectra
. .6 1.11111 f ie ld 7,111111 (Broadeninq=0.15)

Aff M�I II I II &-Experimental- spectra
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FLOOR
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Fig. 21 Response Spectra at the foundation level 12,75 m), at the vessel

supporting floor (0,00 m), and at the working level 5,50 m)(damping

ratio = 004)
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The floor response spectra directly determined on the basis of the experimen-

tal results have been compared to the design values: this comparison usually

shows larger design horizontal spectra; higher experimental values in the ver-

tical direction generally corresponds to rocking effects neglected in the

design analysis that represents the building response on the reactor axis.

The experimental results allowed the necessary data to be provided for the

validation of the three-dimensional model of the reactor building and the

description of soil-structure interaction by use of such model in terms of

stiffness and damping 2.

Finally, it is worth noting that the experimental data, obtained by forced

vibration tests, allow a general characterization of the structure to be

established which could be useful for a comparison with the results of

possible subsequent investigations, such as those which might be performed on

the basis of data obtained through the seismic monitoring system 681.
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The dynamic pressure, the horizontal force and the overturning

moment act upon a flat-bottom cylindrical tank under earthquake

excitation. These earthquake loads are classified into two kinds.

One is caused due to short-period response, namely bulging, and the

other due to long-period response, namely sloshing. There are many

types of co II apse du ring earthquakes and the buck I ing or the I ephant

foot bulge at the part of axially compressive wall and yielding at the

corner part between axially tensile wall and annular plate have been

said to be the most iMPOTtant among them. It is clear from late studies

that the uplift of annular plate is related with these phenomena.

Above-ground type LNG or LPG storage tanks have anchor straps to

prevent uplifting, but if the anchorage is loose or the straps are not

rigid, the uplift occurres. The uplift results in large values of

bending moments at the corner on the tension side because it losses

the base support, and large values of compressive stresses and bending

moments on the compression side. We c a nd them in the r as u I �� of

the vibration experiment carried out by the High Pressure Gas Safty

Institute of Japan at Nuclear Power Engineering Test Center in Tadotsu.

However actual tanks have rather rigid anchor straps and are given

va r i a us cons i de rat ions to ins ta II them, so it is necessary to i nves t igate

more exactly the uplift behavior of actual tanks.

Oil strage tanks, especially of medium and large size are generally

w i thou t anchor, so they have been tak i ng into account the up I if t due to

earthquakes ( see API Standard ). In our company, too, we have been

studying the behavior by the experiment using small-scaled models and

by the analysis and investigating the design procedure for the problem.
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This brochure is explaining a static tilt test with a full-scaled

tank made I, the bjects of which are the above gr a und type LNG LPG and

oil storage tanks. Main points of view to investigate are as follows:

(D Stress and deformation at each part of the tank wall, the

bottom plate and the anchor straps in case that the anchor

straps are very effective.

Behavior in case that the anchor straps are not very effective.

O Behavior in case of no anchors.

� Influence of the oof above the shell.

6 Influence of the foundation rigidity under the bottom plate.

119



Phenomena caused due to Uplift Rocking

under Earthquake Excitation

Buckling-or EFB on Yielding on the
the compression side tension side

stress and deformation
caused by fluid pressure --UPI 

axial force

T

buckIing ielding

or F8

no up I i f t small Uplift large uplift

prestress tchinganchor-stre
rigid anchor
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Prototype Liquid Storage Tanks Similitude with Model

I-
-Yu /-rp

La /LP 1/6

59 Soo $0,000 kl LNG tank

1/0.58 - 1.7

La /LP 1/5

5 0 000
80,000 kl LPG tank

-rx /YP -1/0.8 1.25

En /Ep -7.000/21.000-1/3

=1 --- Ls /LP 1/4

40"000 25,000 k Oil Storage tank
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Wh`at is a Tilt Test 

Prototype tank behavior]
Dynamic behavior
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i. 2L P 6 E /aYE 3. P P7L TIP
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grasping the behavior in detail by measuring with many instruments

T i I 

bu I gi ng 1 5 t I t i ng sloshing 1 O' ti Iting
ZM

<zD

%
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The tnt test is a kind of experimental methods to investigate

the behavior of tanks by acting static tilt loads instead of dynamic

horizontal forces and overturning moments which occur under earthquake

excitation. There are several examples of tilt test conducted in the

past as shown in Tab I e 1 , but because in those tests sma II sca I ed made Is

were used, it was difficult to understand tank behaviors exactly. Then

in this study we use the full-scaled model, which is of 1/8 scale with

respect to LNG tanks, 1/5 with respect to LPG tanks and 14 with respect

to oil storage tanks.

Table 1. Examples of Tilt Tes-t
to Invest igate Tk UPI if t Behavior

Diameter Water Wall Annular plate Material
Depth Thickness Thickness

(mm) (mm)

U C Berkeley 2,325 3 goo 2.25 2.25 a I u m i n u M

3 150

2, 100

3,800 1,500 12 0 2. 0 aluminum

A Co. 870 80 8 .8 .2 s t a i n I e s s
s t e e 1500

. H I 488 438 .38 .28 p I a s t i c

previous exp.

1.200 488 .54 .38 p I a s t i c

this exp. 3,800 4,800 5 0 3. O aluminum

8,600
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Tank Model

s r iFFE mE,.q

1,74 7

4,600
20 co
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9. 6,2

-a IH
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.... ........

......... ..

........ ---

2E4

............

Is 2.. .. .........
------ ---- gue)--

Relationship between tilt angle and seismic force coefficient
or slashing elevation
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Configuration of Experimental Devices

no zz I e a r w i r e s ro o f

manho I e
'270, e

h e I �I a �11
turn bu I 0

ml 16LT bottom P at8

Tank* Anchor Roof* Measuring Frame

U/D jack
r, U/D Jack jacking fram

f loor bei

base

main beam
h i n g e h i n g e

Tilting Equipment Base- Jacking Frame
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LESSONS LEARNED FROM FULL-SCALE VIBRATION TESTS

ON NUCLEAR POWER PLANT AUXILIARY STRUCTURE IN SWITZERLAND

E. Berger

Basler Hofmann AG, Consulting Engineers

8029 Zurich, Switzerland

S. Tinic

Nordostschweizerische Kraftwerke AG

5401 Baden, Switzerland

1. INTRODUCTION

1.1 Background

The Beznau Nuclear Power Plant in Fig. is located in northern Switzerland.

The plant is owned and operated by the Nordostschweizerische Kraftwerke AG

(NOK) in Baden, Switzerland. It is a twin unit plant 2 x 350 MWe) which was

designed in the early 1960's and placed into commercial operation between

1969 and 1971. In connection with a major backfit project, which will impro-

ve the safety of the plant against external events, the free-standing boric

water tanks had to be relocated and were replaced by two boric water tanks

in a new building (the so called BOTA-building).

1.2 Goals of Test and Analysis Work

The design and construction of the reinforced concrete BOTA-building gave the

opportunity to plan and execute full scale vibration tests on this building.

The overall aim of the tests was to validate computational models and parame-

ters widely used in the seismic analysis of the structures and critical compo

nents of nuclear power plants. The scope of the experimental investigation

was to determine the eigenfrequencies and damping values for the fundamental

soil-structure interaction (SSI) modes. While still insuring the safety of

the building and its internal components, the level of excitation was chosen

as high as feasibly possible to approach the level of design earthquake exci-

tations. The test results were then compared with the corresponding results

from pre and post test numerical analyses.
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1.3 Organization

For the planning and supervision of the tests a working group was formed of

representatives of the owner and designer of the BOTA-building, the Nordost-

schweizerische Kraftwerke AG, the consulting firm Basler Hofmann and Swiss

Federal Institute of Technology in Zurich. The vibration tests, the data pro

cessing and data reduction were carried out by the Frauenhofer Institute

(LBF) in Darmstadt, Germany. The numerical analysis work and the comparison

and interpretation of the measured and computed results were undertaken by

the working group.

The project's main phases were:

- the planning of the tests including the necessary pretest numerical ana-

lyses;

- the execution of the tests;

- the processing and reduction of the recorded data;

- the posttest numerical analyses using different computer models;

- the comparison and interpretation of the measured and computed results.

The major subject areas presented in this paper include:

- a brief description of the site where the plant is located, the structu-

re of the BOTA-building and the planning and execution of the vibration

tests;

- a presentation of selected test results from the ambient vibration,

blast excitation and shake excitation tests;

- a description of the soil-structure interaction models used in the ana-

lyses, and

- a comparison and interpretation of the test and analysis results.

2. DESCRIPTION OF SITE, STRUCTURE AND TESTS

2.1 Site and Structure

The site of the nuclear power plant Beznau is located in the valley of the

river Aare about 15 Km south of the northern border of Switzerland. The soil

profile consists of a layer of dense alluvial gravel about 16 m thick overly-

ing weathered claystone. Figure shows the location of the new box-like

BOTA-building close to the reactor building of unit 2 The reinforced concre

te building is 26,1 m long, 13,5 m wide and 26,1 m high (see fig. 5). It is

embedded into the ground at a depth of 44 m and has a central dividing wall

which is 07 m thick. The two cylindrical steel tanks on the ground floor

of the building are 10,6 m in diameter and 17,5 m high. Each tank has a

total capacity of 1500 m3. The total mass of the building plus full tanks

is 9300 t.

2.2 Planning and Execution of Tests

The planning of the tests required the following investigations:

- choice of method of excitation;
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selection of location, direction and magnitude of exciting force;

determination of number and locations of the recording transducers;

pretest numerical analysis to determine expected responses at different

locations in the building.

The tests were executed in November 1985 by the Frauenhofer Institut fuer

Betriebsforschung in Darmstadt and the results were reported to NOK (1 2.

3. TEST RESULTS

3.1 Ambient Vibrations

Every structure vibrates according to its fundamental dynamic characteristics

when excited by the natural dynamic environmental forces. Though the charac-

ter of the excitation is not known, an appropriate analysis of the measured

vibrations allows a reasonable estimate of the dynamic characteristics of the

structure. The basis for this are the auto- and cross-spetra of the response

signals. In the case of weaky damped structures, peaks occur due to peaks

in the input spectrum or tothe gain in resonances. A clear distinction of

both types of peaks is not always possible.

Figure 2 shows the Fourier-Amplitudespectra of the roof responses in the x-

and y-directions at 56 Hz and 62 Hz respectively. The estimation of the

corresponding damping coefficient is somewhat difficult: the best guess is

3 - 5 % of the critical damping at 56 Hz and 6 - 9 at 62 Hz. Furthermore,

there are likely two weakly damped (0,8 %) modes with predominant vibration

in x-direction at and 89 Hz and three modes in the y-direction at 84 93

and 97 Hz. Additional peaks are interpreted as periodic excitation because

of their needlelike shape, induced probably by running main pumps or turbines

in the adjacent structures.

3.2 Blast Excitations

During the blast event, the induced vibrations were measured at the same

points as for the ambient vibrations. The signal intensity was higher by a

factor of about 30 compared with the level of ambient vibrations.

Figure 3 shows the Fourrier-Amplitudespectra of the roof responses in the x-

and y-directions. The evaluation of the data with regard to the cross-spec-

tra and coherence yielded the two rocking modes in the x- and y-directions at

5,54 Hz and 656 Hz with 32% and 42% of critical damping respectively. The

peaks in the frequency range from Hz to 10 Hz are less pronounced than in

the spectra fm the ambient vibration test shown in Fig. 2 A multiple repe-

tition of the blast excitation would have increased the quality of the spec-

tra compared to those from one single event recorded.

3.3 Shaker Excitations

On the whole, 29 shaker tests were performed with variation of the force di-

rection, force amplitude and frequency range. The test procedure was as fol-
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lows: the frequency range associated with the specific shaker eccentricity

was passed through in slow sweep with increasing and decreasing frequency

(see fig. 4. The coherence between the shaker force (input) and the driving

point response (output) was evaluated on-line using a 2-channel spectral

analyzer. In the case of insufficient coherence in a certain frequency range

the excitation of this range was extended in time during the down sweep.

Some shaker runs were performed as detailed step weeps to investigate statio-

nary response to harmonic excitation around resonance frequencies. Stationary

and transient loading produced consistent results.

The number of transducers used during the shaker tests was considerably

higher than during the pretests. 23 piezoelectric accelerometers with built-

in charge amplifiers served to record the motion of the building and the

boric water tanks. The location of the piezoelectric transducers are shown

in fig. 5. Accelerations approaching the maximum stipulated value for the

test (i.e. 5% g) were recorded in the building, the corresponding values in

the tanks reaching 10% g. This is an increase by a factor of 300 compared

to ambient excitation.

The test results include the time histories of the excitation force, the

response acceleration and the corresponding transfer functions for amplitude

and phase shift. Subsequently, the eigenfrequencies of the coupled soil-struc

ture system, and the modal damping and mode shapes were evaluated using a 4-

channel modal analyzer and commercial software packages to identify modal pa-

rameters and mode shapes.

4. MODELLING OF SOIL-STRUCTURE SYSTEM

The models used in the various analyses are shown in Figs. 6 and 7 Labora-

tory and field tests supplied the strain -dependent shear modulus and damping

parameters of the soil profile. These values were selected for the anticipa-

ted strain level during the vibration test. The Lumped Parameter model (LP)

shown in fig. 6 was already employed in the SSE and OBE seismic investiga-

tions for the building. The model served to obtain an initial prediction

(LP-1) of expected response amplitudes and to locate approximately the eigen-

frequencies for the SSI modes at the reduced level of loading of the test.

Subsequently more refined analyses, i.e. (LP-2) and a Finite Element analysis

(FE-1) using the computer program PLUSH were carried out (model shown in

fig. 7 .

In the analysis LP-1 the soil spring constants simulating the layered half

space were determined by the method of Christiano et al. 3 while the

viscous damping parameters accounting for radiation damping were based on an

equivalent half space value.

In the analysis LP-2 the lumped masses were adjusted to represent more accura

tely the water masses, which in fact existed during the test. Further, the

soil springs were modified to account for embedment and foundation shape ac-

cording to the latest results published by Pais and Kausel 4 and Gazetas

et al. (5). The effect of embedment is most pronounced on the rocking mode.
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The purpose of the the FE analysis with the program PLUSH 6 was also to re-

fine the modelling of embedment and soil layering. No use was made of the

program's viscous boundary for 3-D simulation.

5. COMPARISONS OF TEST AND ANALYSIS RESULTS

5.1 Transfer functions

An initial direct comparison between measuring and computed results is affor-

ded by the transfer function of response to harmonic excitation at various

points of the structure. In this study the amplitude of the inertance func-

tion (acceleration per unit force) was used. The response to excitation in

the x-direction for point 60 on the roof is shown in fig. 8. The rocking

amplification of the building and tanks (8 to 10 Hz) may be clearly seen.

5.2 Modal Parameters

The next stage of comparison was by means of mo6al parameters derived both

from test and analysis. The respective eigenfrequencies and modal damping

values are summarized in Table 1. Figures 9 and 10 show the most important

mode shapes in the x-direction of the building. In the following the most

significant findings resulting from the comparisons are discussed.

5.3 Rocking of Building

In the case of rocking motions the predicted values are in close agreement

with those derived from the measured results. The analysis LP-1, with a

lower predicted eigenfrequency, shows that embedment cannot be neglected.

The rocking amplitudes in the test are somewhat larger than the computed ones

(see fig. in the range to 6 Hz) This may be attributed to the greater

sway of the foundation and the greater bending displacement above ground

level as indicated by the experimentally determined mode shape (fig. 9.

5.4 Vertical and Torsional Behaviour of Building

Vertical response was observed under vertical excitation, but only weakly.

(fig. 11) The measured eigenfrequency was lower than that predicted by the

3-dimensional LP-analyses (Table 1) . The difference between the damping

values is large, probably due to the effects of ground layering (reflections

from bedrock surface). The structural deformations of the building itself

may also explain the differences observed. The FE analysis has not yet been

carried out for this loading case. For the torsional vibration of the comple

te embedded structure the eigenfrequency was adequately predicted by the LP-

analyses, but the damping was overestimated.

5.5 Bending of Tanks

It was also possible to predict quite well the eigenfrequencies of the tanks

in the analysis LP-2 (Table 1) . However, the damping values given by the

test are much smaller than those computed. Whereas the tank vibrations were
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observed in the transfer function for the top of the tanks, this effect does

not show up in the computed curves.

5.6 Out-of-Phase Bending Modes

With regard to the out-of-phase bending of building and tanks all three

models produced the mode shape in the x-direction (fig.10), while the LP-mo

dels also gave a similar mode in the y-direction. In the test two modes were

obtained in the x-direction (fig. 8) and five in the y-direction (Table 1).

The eigenfrequencies for the test and the analyses were similar but the mea-

sured damping was smaller. This effect may be due to structural elements

which were neither instrumented nor accounted for in the modelling.

6. CONCLUSIONS

The vibration tests allowed identification of the important modes of the sail

-structure system in the range 3 to 15 Hz. The excitation was strung enough

to generate accelerations in the structure comparable to those of a small

earthquake. From the comparisons of computed and measured results it is con-

cluded that the rocking frequency can be reasonably well predicted by either

Finite Element or Lumped Parameter models with springs simulating the soil-

foundation stiffness, provided in the case of the latter the embedment is

taken into account. The prediction of the amplitude of structural response

appears to be more difficult, as shown by the differences in the mode shapes.

In the frequency range to 10 Hz the agreement between computed and test

results was less satisfactory. The actual structural behaviour turned out

to be more complex than expected and needs further investigation with the aid

of more refined models for the soil-structure system.
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SUMMARY

The GARIGLIANO N.P.P., 150 MW electric and 500 MW thermic, was built from

1961 to 1964. During 1980 it was shut down and thereafter the decomissioning

procedure was started. In 1984 ENEA-DISP sponsored a preliminary study for a

program of on-site experimental research on the Garigliano plant as part of a

more general research program on seismic safety margin assessments.

This paper presents the main conclusions of this preliminary study.

For the research concerning the dynamic behaviour, some features have been

pointed out:

a) The Garigliano N.P.P. gives the opportunity to get some results on the

soil-structure interaction in the interesting case of soft-soil (indefinite

layer).

b) The interaction structure-soil-structure can be tested between reactor

building and turbine building that are separated by an expansion-joint

(extending in the mat too).
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c) The spherical steel containment has no other structural connections with

the inner reinforced concrete structure than at the foundation level and

therefore it may give clean experimental results on the dynamic behaviour

of the containment alone.

d) The H/B (height/base) ratio of the reactor building is sufficiently low to

obtain translational modes of the structure.

The research program is subdivided into many phases. The ones concerning the

overall structure behaviour are as following:

1) Excitation by underground explosions.

2) Excitation by actuators on the mat using as reaction mass a concrete slab

(ad hoc built aside). The latter is also used to compare the dynamic

foundation response with and without micropiles.

3) Excitation by shakers inside the reactor building (at the top of the

concrete structure).

4) Impact tests on the external R.C. wall of the turbine building.

Others phases of research program are related to the tests of aged components

on site and on shaking table (up to failure load).

At the end of this paper An outline of the first experiment (excitation by

explosions) and some results are presented.
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DESCRIPTION OF THE PLANT

The Garigliano Nuclear Power Station was built as part of the first Italian

program n nuclear power plants in the early 601s.

Information on the plant can be found, for instance, in literature of that

time (1). From fig. to of the present paper one can get an idea of the

architecture of the plant.

Basically there are two main buildings, separated by an expansion joint

(extending in the foundation too):

a) The reactor building made of a box-type tower in reinforced concrete,

resting on a cup-shaped foundation over short piles. The

containment is a spherical shell of steel.

b) The turbine building, made of a reinforced concrete frame structure,

with walls of r.c. in the upper part.

The foundation of the turbine-generator is entirely separated from the

main building by an expansion joint (see fig. 6 On the contrary,

the auxiliary and control building (reinforced concrete frame with

infill panels of masonry) is connected to the turbine building.

A few minor buildings are situated around, having small masses and

sufficient distances to make dynamic interaction negligible.

2. HISTORICAL BACKGROUND

The plant was built with the standards and the methods of the early 601s,

in particular no quality assurance was adopted. No explicit seismic design

was made.

In 1980 the reactor was hit by an earthquake of small local intensity

(epicentral distance of about 200 km, magnitude of about 60), see fig.

913.

The records at "free field" (station situated at point D in the reactor site,

fig. 1) are shown in fig. 9A. No damage was detected.
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In the same year the reactor was shut down, and the decomissioning

procedure started. In 1984 ENEL (the utility company) and ENEA-DISP,

(the nuclear licensing body) decided to explore the feasibility of a

experimental research program taking advantage of the situation that was a

"first" in Italian experience.

Their aim was that the research project should not be seen as a test for

that individual plant, but should contribute to a more general research

program on real "safety-margins" of nuclear power plants.

Indeed in the early 80's a common feeling among structural engineers

operating in nuclear reactor design was that regulations were rather

conservative, but to an unknown extent.

In order to measure the difference between actual cases and codes (i.e.

the "margins") three research fronts had to be developed:

1) calibration of the design input

2) more realistic theoretical models

3) quality assurance.

The research project that is here presented operates on the second front,

particularly in the following aspects:

1) dynamic behaviour (seismic and impact)

2) fragility of (aged) compontents.

3. INTERESTING ASPECTS OF THE GARIGLIANO PLANT

Some features of the Garigliano plant were considered to be interesting

with respect to the above mentioned aspects, these are:

a) The size of the plant is not so large as to require special dynamical

excitation methods and therefore traditional methods (underground

explosions, eccentric shakers, horizontal actuators on a contrast.... 

can be used. In this way the results of the experience can be useful

to validate theoretical models directly and not only to compare the

results of different experimental methodologies.
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On the other hand, the size of the structure is large enough to

approximate many of the phenomena that are likely to characterize

modern nuclear power plants.

b) The ground on which the plant is situated (see fig. 7 is of relatively

soft alluvium type, with various layers of similar mechanical

properties to a large (indefinite) depth: a situation suitable for the

determination of few (but significant) parameters of soil-structure

interaction, namely the equivalent impedance of the soil-foundation

system Jr radiation and material dumping.t.The foundation of the reactor

building rests on a series of piles having small diameter (50 cm) and

moderate length (15 m), they can be seen as way to constipate the

alluvium, rather than representing a real support (see fig. 8).

c) The shape of the reactor building is such that the ratio H/B

(height/base diameter) is near to one. In this way it is likely that

traslational modes too can be more easily identified by the

experiments.

Indeed, experimental results of this type are not very common in the

literature related to ull-scale reactor buildings.

d) The steel containment is completely separated from the reactor

structure, and no structural penetration links the two. For this

reason clean dynamic behaviour can be expected from both, making

structural identification easier.

e) The turbine buildin.9, because of its link with the auxiliary and

control building, is not suitable for global dynamic experiments which

can not be easily interpretated. However, since in the upper part a

reinforced concrete shell connects all the frames, experiences of

impact loading on this surface can be interesting, including the

experimental determination of some global parameters governing the

propagation of shocks in a complex structure.
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f) Components of a decommissioned plant can be seen as ideal models for

testing. However the presence of radiation put very serious limits on

infield testing inside the nuclear reactor building.

Instrumentation of some of these elements (tanks, pipes, racks,

cranes.... during dynamic excitation of the main building can be

seen as a way to improve our knowledge of seismic and impact

behaviour of such components.

g) Many large co ponents, particularly on the primary loop outside the

steel containment, have already been disconnected from their net and

can be removed and tested on a shaking table.

The intensity of the shake can be increased up to the "mal-

functioning" level of the component, contributing to the so called

"fragility curves", i.e. the relationship between the intensity of the

earthquake and the funtional reliability of the component.

All the above mentioned apsects were pointed out in 1985 as partial

conclusions of a' feasibility study on the research project that ENEA

committed to ENSE, an engineering company, that served as collector of

the opinions of various bodies and individuals on this subject (see cap.

9. for the list of contributors) and made a collection of documentation and

preliminary field investigations.

4. PRELIMINARY EVALUATION OF THE DYNAMIC PROPERTIES

As part of the feasibility study, a preliminary evaluation of the dynamic

properties of the reactor building was carried out.

The objectives of these calculations were as following:

1) To make preliminary evaluation of modal frequencies and shapes of the

overall vibration of the building, in order to facilitate the collocation

of instruments in any future dynamic experiments.
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2) To make a preliminary evaluation of how effective the experimental

determination of the above mentioned quantities would be for the

identification of the structural parameters. To this purpose, a

"sensitivity analysis" of those results for variation of some structural

data was made.

3) To fix upper limits for the excitation of the building during future

experiments, in such a way that the safety of the plant was always

guaranteed. To this purpose an indirect method was used, i.e.,

evaluation of the effects that the earthquake of Nov. 1980 had

produced on the structure, based on the theoretical model and on the

recorded free field accelleragrams. Since these effects did not

produce any damage, this can be used as a theoretical "threshold" for

safety. In practice the experiments were planned to reach 1/ of

those effects, in order to assure very large safety margins.

5. NUMERICAL MODEL AND-RESULTS FOR-REACTOR BUILDING

An axissymmetric geometric model, with the possibility of

non-axissymmetric loads and displacements, was adopted to simulate the

reactor building (ref 3.

Fig. 10 shows the finite element subdivision.

Ground and piles are simulated by a cylindrical element, whose stiffness

characteristics are such as to approximate the costants springs (ref 2:

32 1&A)R
K' = ---------- G T (horizontal)

x 7-8

411
KI = -- G T (vertical)

V I t-

3
8 R

K' = ------- GT (rctking)
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Where G shear modulus of ground
T

,A= poisson's ratio = ,5

R = radius of the foundation = 32,7 m

Although the embedment of the mat itself is not very important (about 6 m

for the cup-shaped base), certain effects of this type must be considered,

because of the presence of piles.

This is here taken into account using the coefficients e , ev- namely:

2
K = e . K1X= (1 + --- i/R).K1x

3

KV e V' Kyv= (1 047 i/R).Kl v

KO e0 KI0 (1 2 i/R)/Kl0

Where i is the theoretical depth of the embedment. Assuming the ranges

G 5000-10000 t/m 2 and = 516 m (the latter corresponding to the
T

maximum pile length) one obtain the table of costant spring stiffnesses of

fig. 11.

The values G 7500 t/m 2 and i = 9 m were selected for the "reference"
T

model.

The mat and the portion of the concrete tower below the operative level m

28.7) are simulated by full cylinders, with specific weight such as to

approximate the estimated masses. (see fig. 10).

The tunnel for the crane (from level 28.7 m to level 36.15 m) is a softer

story. It was simulated by a cylindrical shell, with its stiffness calibrated

such as to produce the same story drift for a unit story shear as the

model of fig. 12.

The top of the tower is again a full cylinder (from 36.15 m to 42.37 m).

The spherical containment is simulated by an axissymmetric shall element,

connected to the mat in its lower part.

The equatorial circumference of the sphere and the mat are connected to
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a series of steel columns. In the theoretical model this was simulated by a

cylindrical shell with orthotropic properties (such as to have very low

shear stiffness and vertical axial stiffness equivalent to the the one of the

column cross sections).

The program GOSH 3 was used to obtain the lower modes of the

structure, illustrated in fig. 13, 14 ("reference" model).

It can be seen that even in the first two modes a combination of sway and

rcLeking is present. Bending modes of the tower appear from the second

mode up. The containment has out-of-phase displacements, in the third

mode.

Lobe motion of the sphere was calculated for higher frequencies, see fig.

15.

It can be noted, that the frequencies of the first (global) modes are

rather low (may be because of extreme assumptions of soft ground) and

that they are different - but still not so well separated as one

would hope when planning experiments (see fig. 16).

In order to see if the situation would become confused if the real

parameters were different from the ones assumed by this reference

calculation the following influence analyses were performed.

The reference model was used to calculate the response of the building to

the earthquake of Nov. 1980. Some results are described in fig. 17.

6. SENSITIVY ANALYSIS

Finite variation of few structural parameters was considered, namely:

ET Young modulus of the elements representing the ground (especially

affecting the rocking mode)

GT Shear modulus of the elements representing the ground (expecially

affecting the rigid traslational mode)
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*T Mass of the mat (expressing the inertial participation of the ground).

*S =Stiffness of the elements representing the connection from elev. 28.7

m and 36.15 m (tunnel of the crane).

Calculations were performed for four different models, each considering

an individual variation of these parameters.

Fig. 18 shows a table of variation for the frequencies of the lower four

modes and for few modal displacement ratios.

It can be seen that there is not a simple relation between the variation of

one structural parameter and one result. On the contrary, each structural

parameter effects various frequencies and modes. For this reason, methods

of structural identification, (perhaps based on least square estimation)

should be used after the experiments are performed. It is desirable to plan

the sequence of the experiment in such a way that at the beginning the

global structural parameters can be identified, and later on to proceed

with the identification of the parameters of the components.

To this purpose the preliminary experiments w be aimed at detecting

modal frequencies very clearly, the following experiments to detect modal

shapes and dumping and the final will be related to partial excitation.

7. DYNAMIC EXCITATION BY UNDERGROUND EXPLOSIONS

The first stage of the research project is now in operation.

Excitation by environmental noise has not proved usefull for so large and

stiff buildings. In June 1986 an attempt was made to record the dynamical

effects on the reactor building excited by an under-water explosion that

was performed at about 20 km for geophysical investigation purposes, but

the signal/noise ratio on the site of the plant was so low as to make

identification impossible.
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In Aapril 1987 other series of underground explosions were planned much

closer to the plant. The sequence, locations and intensities of the

explosions were arranged to get some experimental results from the

buildings of the site, namely:

a) location: a too close position 20-50 m) was not thought effective,

because of the predominant high frequencies and p-wave effects. A

distance of about 600 m was selected (see fig. 5) and a depth of 60

m, as a way to produce useful waves at the plant site (p and surface

especially, with some shear).

The characteristic of the ground and the recorded accelerogram of

fig. 9A suggested that relatively low frequencies (3-6HZ) and

significant duration of the ground movement can be expected at 00 m

distance.

b) intensity: indications from other research-work suggested that 1000

kg of tritole will produce approximatly 004 g at that distance. This

was the maximum ground acceleration during the earthquake of Nov.

1980.

Three explosions were planned, of 75, 100, 150 kg each charge, plus

a double explosion of 75 kg/charge with a time gap of 0,5 sec. from

the two charges.

In this way ground accelleration of about 41000 g were expected in free

field at the site, with duration of 3 or 4 cycles. This would be useful to

excitate even the low frequencies of the reactor building.

A dense array of seismometers and accellerometers was installed in the

following location�r.(see fig. 5):

a) half distance, position M, surface and underground 60 m)

b) free field, position A surface and underground 30 m)

c) near field, aside the mat of the reactor building pos. R surface and

underground 30 m)

d) inside the reactor building, see fig 19
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e) inside the turbine building, see fig. 20

f) along the stack, see fig. 21.

The obtained results are still in the process of evaluation.

The general outcome is as following:

a) the ground motion at the plant had relatively low frequencies 34

Hz)and duration 410 sec.) to excite low modes on the buildings

b) intensity (max ground acceleration) was a little above the expected

values

c) the reactor building had predominant experimental frequencies a little

higher than in the reference model of chapt. 5.

8. CONCLUSIONS AND FUTURE PLANS

The feasibility study herein summarized and the first series of experiments

show that a program of experimental research on Garigliano N.P.P. can

produce usful results to fix more realistic safety margins in the design of

future power plant and the retrofitting of the existing plants. Some of the

experimental methodologies from the Garigliano site can be calibrated with

the aim to planning experimental validation procedures for other (existing

or before operation) nuclear power plants.

Future plans for the research project at Garigliano will be fixed in detail

when the results of the first series of experiences are evaluated. Following

the feasibility study, impact loads on the turbine building, excitation of

the mat of the reactor building with actuators, tests on shaking table of

components will be the main following steps.

9. ACKNOWLEDGEMENTS

In the feasibility study the authors received contributions (discussions,

documentation consultation, criticism ... from many people. From

ENEA-DISP the contributions from Dr. Edoardo Jaccarino, e Eng. Davide

152



Maniori were continuous and encouraging. Important contributions were

also received from the ENEA DISP engineers L. Di Palo, G. Pino S.

Pranzo, Saponaro, R. De Angelis, L. Lojelo, P. Vann!, M. Golfierl G.

Grimaldi, 0. Cantino, A. Pasquini, M. Avaltroni. From the Politeenico of

Milan contributions and suggestions came from Prof. G. Grandori E.

Faccioli and A. Castellani. From ENEL, discussion and contributions came

from EngS.Bertini, T. Vitiello, Inarl, Di Ciaccio.

ISMES cooperated in the preliminary study and in the field experiments:

thanks are due to Eng. A. Castoldi, M. Casirati, Pzzigalli. Other persons

involved in the experiments were Engs. F. Vitiello and Cagnetti (ENEA

PAS).

Contribution (oral or written) were received from foreign E-Consultants,

namely: Dipl. Eng. W. Mul"Ier Dietsche and Dr. Eng. L. Malcher (KFK,

Karlsrhue) Dipl. Eng. H.H. Winzel (HDR Kahl) Dr. H. Steinhilber (L.B.F.

Darmstadt), Prof. Jose Roesset, (University of Texas, Austin), Dr. P.

Ibnez and Dr. R.S. Keowen (ANCO Eng.rs, ulver City, California)

Correspondance on the subject was exchanged with H.J. Faulkner (N.R.C.

Washington, D.C.) and representatives of various Japanese bodies: Chubu

Electric Power Co. �r Takenaka Komuten, Japan Atomic Energy Research

Institute, Muto Institute, Kajima Corporation, Shimizu Corporation.

A special acknowledgment should be reserved for the engineers of ENSE:

Eng. A. Bosisio (who cooperated in the preliminary study and Eng E.

Salmoiraghi (who cooperated during the experiments).

153



9. ACKNOWLEDGEMENTS

In the feasibility study the authors received contributions (discussions,

documentation consultation, criticism ... from many people. From

ENEA-DISP the contributions from Dr. Edoardo Jaccarino e Eng. Davide

Maniori were continuous and encouraging. Important contributions were

also received from the ENEA DISP engineers L. Di Palo, G. Pino S.

Pranzo, Saponaro, R. De Angelis, L. Lojelo, P. Vanni, M. Golfieri G.

Grimaldi, 0. Cantino, A. Pasquini, M. Avaltroni. From the Politecnico of

Milan contributions and suggestions came from Prof. G. Grandori E.

Faccioli and A. Castellani. From ENEL, discussion and contributions came

from EngS.Bertini, T. Vitiello, Linari, Di Claccio.

ISMES cooperated in the preliminary study and in the field experiments:

thanks are due to Eng. A. Castoldi, M. Casirati, Pizzigalli. Other persons

involved in the experiments were Engs. F. Vitiello and Cagnetti (ENEA

PAS).

Contribution (oral or written) were received from foreign E-Consultants,

namely: Dipl. Eng. W. Mu"Her Dietsche and Dr. Eng. L. Malcher (KFK,

Karlsrhue) Dipl. Eng. H.H. Winzel (HDR Kahl) Dr. H. Steinhilber (L.B.F.

Darmstadt), Prof. Jose Roesset, (University of Texas, Austin), Dr. P.

Ibahez and Dr. R.S. Keowen (ANCO Eng.rs, Culver City, California)

Correspondance on the subject was exchanged with H.J. Faulkner (N.R.C.

Washington, D.C.) and representatives of various Japanese bodies: Chubu

Electric Power Co. A# Takenaka Komuten, Japan Atomic Energy Research

Institute, Muto Institute, Kajima Corporation, Shimizu Corporation.

A special acknowledgment should be reserved for the engineers of ENSE:

Eng. A. Bosisio (who cooperated in the preliminary study and Eng E.

Salmoiraghi (who cooperated during the experiments).

154



e) inside the turbine building, see fig. 20

f) along the stack, see fig. 21.

The obtained results are still in the process of evaluation.

The general outcome is as following:

a) the ground motion at the plant had relatively low frequencies 34

Hz)and duration 410 see.) to excite low modes on the buildings

b) intensity (max ground acceleration) was a little above the expected

values

c) the reactor building had predominant experimental frequencies a little

higher than in the reference model of chapt. 5.
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The feasibility study herein summarized and the first series of experiments

show that a program of experimental research on Garigliano N.P.P. can

produce usful results to fix more realistic safety margins in the design of

future power plant and the retrofitting of the existing plants. Some of the

experimental methodologies from the Garigliano site can be calibrated with

the aim to planning experimental validation procedures for other (existing

or before operation) nuclear power plants.

Future plans for the research project at Garigliano will be fixed in detail

when the results of the first series of experiences are evaluated. Following

the feasibility study, impact loads on the turbine building, excitation of

the mat of the reactor building with actuators, tests on shaking table of

components will be the main following steps.
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FIG.16 - Summary of modal frequencies (reference model)
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FIG.18 FIELD RECORDINT SYSTEMS ( 80 CHANNELS)
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Fig 28 Some results of sensitivity analysis

t

Parameter with a variation of 100%

Rocking Sway
index 12, Stiffness Stiffness M R

3,4 mode (K (K (Mass of mat) (Soft story
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A PROPOSED COMMUNITY REACTION-WA.LL FACILITY

AT THE JRC ISPRA

P.M. Jones, J. Donea

Commission of the European Communities

Joint Research Centre - Ispra Establishment

Applied Mechanics Division

21020 Ispra (Va) - Italy

SUMMARY

The paper describes a large-size structural laboratory based on a reaction-wall

facility proposed for the JRC Ispra establishment. It is foreseen that this

will be used for large and full-scale testing of a wide variety of structures

and components in the fields of civil/structural, echanical, and geotechnical

engineering.

After briefly reviewing the background market research done to establish the

needs for a large central facility in the Community, the main advantages and

limitations of reaction-wall testing in comparison with other experimental

techniques are summarized.

The main characteristics of the proposed facility are then given followed by

the identified fields of research in which significant tests can be performed.

Finally, the proposed method of implementing an integral programme of work

within the European Community member states is presented.
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1. NEEDS FOR A LARGE CENTRAL FACILITY

1.1 Background - Vibrating Table Enquiry

The European Community Council of Ministers for Research, in its meeting of

10 March, 1983, instructed the European Community's Commission to prepare a

study on some important research topics which should be included in the Joint

Research Centre (JRC) multiannual programme as part of a diversification from

specifically nuclear-reactor related safety issues.

One of these topics involved the realization of a large capacity vibrating

table to be used in safety research on components and structures, both nuclear

and otherwise, in the seismic field. In particular, the JRC was asked to

collect and analyse the technical information required in order to evaluate the

interest for the member countries to build a vibrating table of much larger

capacity than that of the tables presently in operation within the community.

In order to obtain the necessary elements for a judgement on this matter, the

JRC promoted, among other things, an in-depth enquiry in the member countries

in order to assess the real interest for the availability of a large vibrating

table. The enquiry had to highlight the following points:

- the existence of real experimental needs for large-scale testing related to

research, qualification or demonstration purposes with emphasis placed on the

benefits expected from a higher capacity of experimental means as compared

to the existing situation;

- the identification of types of structures, equipment or components to be

tested in the large experimental facility (with indications regarding the

maximum weight and dimensions of the test specimens as well as the desirable

dimensions and performance spectrum of the test facility);

- indications on the number of experiments to be performed in a reference period

of eight/ten years.

For practical reasons, the enquiry was conducted separately in the following

four geographical areas:

A) Denmark, Republic of Ireland, the United Kingdom (Contractor: UKAEA, SRD,

Culcheth);

B) Belgium, France, Federal Republic of Germany, Luxemburg, the Netherlands

(Contractor: Technische Hochschule, Darmstadt);

C) Greece, Italy Contractor- ENEA-Rome in collaboration with ISMES-Bergamo,

Politecnico di Milano and National Technical University-Athens);

D) Portugal, Spain (Contractor: D'Appolonia EspaZa, S.A., Madrid).

In each of the above geographical areas, the enquiry contacted all known Po-

tential users of the facility, including public bodies, research organizations,

industries, engineering and construction firms.

1.2 Results of the Enquiry

The detailed results of the enquiry are contained in reports prepared by the

four contractors. The most substantial results are summarized below.

In total, 125 positive responses were received from the people contacted. These

are shown in Table for the various geographical areas in terms of the

"interest" or "high interest" shown. The interest for research activities in

earthquake engineering and structural dynamics in the Community is higher than

had been anticipated from the consideration that only a few member states are

exposed to severe earthquakes. Several reasons were mentioned during dis-

cussions with national experts which justify an interest in earthquake research

in almost all member countries of the Community:
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TABLE - Positive responses from the enquiry

Geographical High Some Total

group interest interest

A 9 9

B 28 17 45

C 34 18 52

D 7 12 19

- each country has critical facilities (e.g. nuclear power stations, large dams,

bridges, etc.) which, in any case, require an accurate a-seismic design;

- the European construction industries want to export their technology to coun-

tries with a high seismic risk and, therefore, have to comply with the regu-

lations and testing requirements existing in those countries;

- very substantial efforts are presently being devoted in the USA and more

specifically in Japan, to experimental research in earthquake engineering.

This is a cause of concern because experimental research produces the basic

data needed for progress in earthquake engineering and structural safety.

Without similar progress in the Community, the competitiveness of the Euro-

pean industries on the world technology market could be quite severely under-

mined.

It appears that specific needs for conducting tests at large scale do exist in

several sectors of engineering, most notably in civil engineering, geotechnical

engineering, and - to a lesser extent - in mechanical engineering. In particu-

lar, tests are needed which will supply data throughout the range of loadings

from elastic design conditions through the non-linear damage region to structu-

ral collapse.

The majority opinion among European experts is that a significant step towards

an improved understanding of dynamic structural behaviour, especially in the

non-linear range, could be taken by the development of integrated and coordi-

nated research actions at the Community level. In particular, it is believed

that large-scale testing will provide data which, although currently lacking,

are necessary for the development and validation of computer models for the

dynamic response of structures induced for example by seismic events. In turn,

such experimentally validated computer codes are essential for the improvement

of design rules and construction norms.

There are a number of small and medium-capacity shaking tables in the Community,

the largest being the recently proposed table to be built at Saclay in France

with a payload capacity of 100 tons. These are to be compared with the giant

facilities such as the Tadotsu 1000-ton table in Japan or the proposed 2000-ton

tables in the USA and USSR.

The suggested characteristics for a large European shaking table (payload capa-

city, size, frequency range, degrees of freedom for the table motion) varied

in quite a broad range. However, it would seem that convergence of views could

occur on a table with a payload capacity in the range of 200-300 tons and a

platform area of the order of 100 m2. Tables much larger than this, although

useful for demonstration purposes, are thought to be of little flexibility and

versatility for systematic research investigations and they are very expensive.

Emphasis was placed by several experts on the degree of sophistication required

of the table which should - in their view - have 3 degrees of freedom in trans-

lation and possibly rotational degrees of freedom.

It was also suggested that an appropriate reaction wall be envisaged next to

the table, to permit static, pseudo-dynamic and cyclic testing, using the sme

hydraulic power supply and the same data acquisition system as the vibrating

table. This comparatively new aspect of large-scale testing is discussed in the

next section.
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2. REACTION-WALL TESTING

Reaction walls equipped with hydraulically driven and numerically controlled

actuators are currently emerging as versatile tools for conducting experimental

research on a wide variety of components, subassemblies, and full structural

systems, under both static and dynamic loading. The main advantages of reaction-

wall testing in the seismic area, as compared to shaking table testing are the

relatively low costs and the capability to conduct tests at a much larger scale.

This is important because in many instances where design details are being

studied, the scale of the test cannot be reduced because a smaller model cannot

represent the behaviour of the prototype, particularly in the non-linear regime.

For example, in reinforced concrete structures, behaviour that depends on the

bond between steel bars and concrete, on cracking in the concrete, or on effects

of aggregate size, cannot be studied realistically using small-scale models.

Similar limitations exist for testing steel structures that have welded or

bolted connections. For masonry structures, small-scale models may be inappro-

priate because the workmanship is difficult to replicate and development of

these models may be as expensive as full-scale testing.

Full-scale testing of structures is restricted currently to on-site measurements

of the response of actual structures to real seismic events or other imposed

dynamic loads. Thus, for example, a building can be excited to resonance by an

eccentric-mass vibrator or by ground waves from an explosive charge. Similarly

the response of bridges to wind or traffic excitation can be measured. These

methods are extremely useful in confirming models and design concepts and are

comparatively inexpensive. However, they have severe limitations in the seve-

rity and realism of the loading which can be applied and in the extent to

which the structures can be instrumented (this latter being particularly true

for real seismic events).

In general (with the exception of light models, e.g. piping systems), reaction

walls are limited by the fact that they apply essentially static or static-

cyclic forces to structures. Dynamic inertial forces and structural damping

are, therefore, generally not included in the experiment.

The above limitation of reaction-wall testing of heavy structural systems can

be partially alleviated by the use of the so-called pseudo-dynamic method. In

this method (which applies to structures representable by a lumped-mass system),

the equations of dynamic motion of the structure under prescribed time-depen-

dent loading (e.g. earthquake motion) are solved numerically on a digital com-

puter. However, the stiffness terms are not assumed, but measured directly

through the restoring forces from the actuators attached to the structure.

Based upon the quantities of, say, the n-th computational step, the (n+l)-th

step displacements are computed explicitly and given as commands to the actua-

tors. These, in turn, furnish the local restoring forces (through load cells)

from which the current stiffnesses can be evaluated. By repeating this incre-

mental procedure, the complete non-linear dynamic response of a large-scale

structure (e.g. multi-story building) can be simulated. The process is illus-

trated in Fig. 

A considerable amount of work has been done and is in progress in Japan and

the USA to prove the validity of this testing technique. Although some reser-

vations remain because of strain rate effects, viscous damping assumptions,

numerical error propagation and the distributed mass content of most real

structures, it seems clear that the technique has a useful role to play in

earthquake engineering studies. Furthermore, with larger hydraulic dynamic

capacities and faster computer control developments, the significance of most

of these problems can be expected to decrease in the future.

To summarize, a large reaction wall facility is:

- appropriate for large and full-scale testing of components, sub-assemblies

and full structural systems;

- versatile by being adjustable to different configurations and boundary candi-

tions;

180



SERVO+FYDRAULIC CONTROL DATA ACQUISITION SYSTEM

APPLIES DISPLACEMENTS MEASURES NEW REACTION FORCES

X

COMPUTER ALCULATES NEXT DISPLACEMENT FROM

CURRENT VALUES OF INPUT AND

REACTION FORCES

W+C + F = MA
5:

EARTHQUAKE
GROUND MOTION RECORD

Acceleratim

LA .,A

Ti� (s)

FIG.1 PSEUDO-DYNAMIC TESTING OF PRE-FABRICATED
BUILDING USING REACTION-WALL



- capable of multi support and multi-degree excitation;
- able to simulate (via on-line computer control) dynamic loading conditions

(pseudo-dynamic testing).

It is noted, however, that no large reaction-wall systems have yet been built
in the Community.

3. PROPOSED FACILITY

Following the positive findings of the enquiry, a contract was made for a
"Conceptual Design, Timing and Cost Evaluation" for a large-size structural
laboratory. The proposed laboratory was to house a 200 ton vibrating table and
an "L"-shaped 15 m high reaction wall. Additionally, a large specimen prepara-
tion area with crane facilities was required as well as workshops, offices,
control rom, hydraulic power supplies, data acquisition and computer facili-
ties. Because of probable budget limitations, the design was requested to be
in modular form - reaction wall in two parts and a separate vibrating table.
This would allow serious large-scale testing to start at a minimum cost. In
the course of this exercise, because of the growing realization of the useful-
ness and versatility of the reaction wall, the very high cost estimated for the
vibrating table proposed and the decision of the French to build their proposed
100 ton table, it was decided to only consider the reaction wall proposal for
the foreseeable future. This will complement the Large Dynamic Test Facility
(LDTF) of the JRC which has recently started to be used for the study of the
dynamic behaviour of large reinforced concrete specimens.

3.1 Main Characteristics of Reaction Wall. Facility

The basic requirements of the proposed reaction-wall facility for RC Ispra
are characteristics that make it suitable for experimental research in various
engineering fields, such as civil-structural, mechanical, and geotechnical
engineering. Thus, in order to be of significance at the Community level and
versatile enough to guarantee a high level of usage, the proposed facility
should be of a relatively large size and possess an adequate loading capacity
in both static and dynamic conditions. The following main characteristics are
proposed (see also Table 2:

- real-time loadings with sufficient actuator and power capacities to test
medium-size mechanical components (e.g. large models of piping systems, or
liquid-filled tanks);

- computer-controlled, self-determined (on-line) loading capability pseudo-
dynamic testing of large structural systems);

- capacity to test structures with heights of about 12 m and floor areas of the
order of 12x18 m;

- capability to apply loadings in three orthogonal directions;
- computer-based data acquisition and data reduction (including graphics)

capable of handling at least 128 channels;
- support facilities, such as specimen preparation area, computing room, offi-

ces, and workshops.

4. IDENTIFIED FIELDS OF RESEARCH

4.1 Civil/Structural Engineering

Potential research themes, programme guidelines and priorities in the fields
of civil/structural and mechanical engineering have been investigated under
study contract. The types of structures considered in the field of civil/
structural engineering were buildings, bridges and structures of reinforced
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TABLE 2 - Characteristics of reaction-wall system

Reaction wall Length (m) 20
"L" shaped Width (m) 15
Demountable Height (m) is

Max unit load 5 MN1m2

Bending moment 5 MN.m/m length

Reaction floor Length (m) 20
Width (m) is
Max unit load 1 MN/m2
Bending moment 3 MN.m/m length

Actuators Load (MN) Displacement (m)

a 1 I
b I 06
c 0.5 03

concrete, masonry and steel. The objectives were classified as analytical and
experimental modelling leading to the development of design and construction
rules of new structures. Also repair, strengthening and retrofitting proce-
dures nd rules for existing structures were included. The research needs
identified were:

- verification and improvement of analytical models and techniques;
- large and full-scale experiments with realistic materials, boundaries, inter-

actions and strain rates on specimens built with a representative construc-
tion technique.

Three projects considered to be of high priority have been proposed. These
address masonry, cast in-situ reinforced concrete buildings and pre-fabricated
reinforced concrete structures, respectively. Each proposed project would be
organized in the following manner. The investigation would start at the
material level with the determination of the constitutive laws relevant to
both static and dynamic loading. It would then progress by increasing the scale

through component and sub-assembly trials to a full-scale verification stage.
Analytic and experimental work would proceed in parallel with model improve-
ment made as a result of the experiments at each of the stages.

4.2 Mechanical Engineering

As far as the field of mechanical engineering is concerned, the priority area
is that of piping systems. Currently it is felt that these systems are over-
conservatively designed for seismic loading with consequential problems in
cost, aintenance and operational loading behaviour. In order to improve the
design rules, the following research needs have been identified:

-verification of analytic models (including approximate methods);
-determination of linear and non-linear behaviour under seismic excitation

of (full size) piping elements, subassemblies and systems (including support-
ing elements);

-development of new models simulating the above observations;
-definition of failure mechanisms and operational limits.

To reach these objectives, the following programme was proposed which covers
the complete range of test methods from quasi-static through pseudo-dynamic to
full dynamic testing using the computer-controlled reaction-wall test facility:
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-Cyclic, quasi-static tests of pipe segments (e.g. straights and bends) and
supporting elements (e.g. hangers, energy absorbers) to evaluate linear and
non-linear characteristics of basic pipe and support elements and to develop
numerical algorithms describing observed behaviour under general cyclic load
conditions.

-Quasi-static tests of pipe assemblies and supports under representative earth-
quake induced displacements, to verify the overall, numerically predicted,
behaviour.

-Pseudo-dynamic tests (non-real time) of assemblies to assess basic interactive
non-linear effects of piping assemblies and major mechanical components
(e.g. pressure vessels). In these tests the actuators will be positioned at
piping support locations (floors/walls) and component connections. The dis-
tributed mass-effects of the piping system proper will be neglected. owever,
the experimental results and correlative analysis are potentially fully com-
patible.

-Dynamic tests using the pseudo-dynamic test system under real-time conditions
to permit capturing the dynamic mass effects of the piping system and the
behaviour of the supports (including load-rate dependent support elements).
Again a sequence of tests of increasing sophistication is foreseen. The first
tests will aim to determine dynamic characteristics of load-rate dependent
support elements (e.g. snubbers), then tests on pipe assemblies, systems and
supports, including snubbers and energy absorbers, but neglecting inter-
actions between both the piping system and boundary components and the piping
system and the structure (linear structural behaviour). Finally system tests
will be carried out as above but now including interactive effects through
computer on-line analysis.

4.3 Geotechnical Engineering

Potential research themes in geotechnical engineering have been investigated
under study contract. Non-linear soil behaviour and soil-structure interaction
are areas still requiring considerable research and testing at large scale.
Currently these problems are under investigation in the field using either ex-
plosive charges or real earthquakes. Nevertheless, it is felt that considerable
progress can be made through laboratory experiments provided the scale is suf-
ficiently large. A shaking table would be the ideal test vehicle here, but
some potential exists for reaction-wall testing.

Fig.2 illustrates tests on soil/pile interaction which could be performed
using the proposed reaction wall. Additionally, if sufficient dynamic hydraulic
capacity can be made available, a test arrangement like the one-dimensional
shaking table can be foreseen as sketched in Fig. 3 his can be used for more
basic soil studies and for investigating the behaviour of retaining walls, bulk-
heads and quays such as shown in Fig. 4.

5. PROGRAMME IMPLEMENTATION

The enquiries performed, although recommending strongly the construction of a
large-scale testing facility in the Community, stress that this can only be
used to best advantage within a framework of an integrated Community-wide
research programme. Thus, in each of the proposed research areas, full use of
the existing facilities and expertise in the member states must be made in a
coordinated programme for the smaller-scale studies: the large facility being
used in the essential final stages of validation and confirmation. Here, links
with other large-scale testing programmes such as those involving on-site
investigation will be necessary. To this end a scientific management group
will be set up to develop the details of such an integrated programme and to
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agree the optimum characteristics of the facility for carrying out the pro-
gramme. This group will consist of national experts in the field, who will be
expected to become fully involved with all stages of the work at the JRC and
act as links to the parts of the programme carried out in their own countries.
Funding of this latter part of the programme is intended to come from the
Community "Shared-Cost Action" budget, thus would be 50% paid by the Community.
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ABSTRACT

The presence of layers of weak sedimentary rock in a column of otherwise

competent rock can significantly affect the seismic response of nuclear power
plant structures due to rock-structure interaction effects. The determination

of the dynamic properties of thinly-layered rock is, however, difficult. When

borings are placed close enough to allow for a characterization of refracted
waves, other potential problems such as the identification of clear P- and -
wave arrivals, extremely short duration of records, near-field waves,
instrumental stability, and overall record resolution become magnified. Other

problems such as cultural noise and signal amplitude can become critical when
high resolution is required. Conventional storage oscilloscopes and

seismographs are inadequate under these conditions, but modern digital
recording systems with the application of stringent calibration and recording

procedures can yield successful results. A case history of a high-precision

cross-hole survey to a depth of 150 meters in thinly-bedded sedimentary rock
at a nuclear power plant site is presented in order to illustrate the systems
and procedures necessary to obtain successful results under adverse

conditions.
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1. INTRODUCTION

The application of the traditional elastic half-space theory to evaluate soil-

or rock-structure interaction stiffness and damping coefficients at a layered

site involves assigning properties to an equivalent half space system. This

approach is based on the use of frequency-independent coefficients to compute

seismic response. However, the presence of even thin layers of material with

different elastic properties from the overall soil or rock column can produce
multiple wave reflections that impose a frequency dependence in defining the

force-displacement relationships (impedance functions) for the soil or rock

foundations. As reported by Gallagher et al. 1986) [1] a soil- or rock-

structure interaction analysis taking into account a layered system with

frequency-dependent impedance functions can be significantly different from an
equivalent half-space approach. These results indicate that even thin layers
can be highly significant to the soil- or rock-structure interaction analysis

and that field determinations of elastic properties should be made with
extreme care so as not to overlook or mischaracterize such layers.

The in-situ measurement of the elastic properties of soil or rock can be

accomplished in several ways. Seismic refraction measurements from the
surface have been used to define gross elastic properties of a layered system,

but a thin, low-velocity layer would not be detected. Accordingly, a

measurement system from a borehole is required. Three borehole techniques are
commonly applied. Downhole techniques use a surface source and borehole

transducers to measure the downgoing waveform and progressively calculate
interval P- and S-wave velocities of successive layers. Difficulties with
this method arise from attempting to precisely measure S-wave arrival times

from the top and bottom of a discrete layer, particularly when the horizon is
thin. Resolution decreases with depth and reflected P-waves may interfere

with the downgoing S-wave. P- and S-wave measurements can also be conducted

from a single, usually uncased borehole, where the seismic source and
receivers are located on a sonde that is lowered down the hole. Such

measurements for P-wave velocity in the form of sonic logs have long been

conducted and the technology is mature. The use of downhole tools for S-wave

measurements is innovative and, at least in our experience, results are not
always reliable. The standard by which in-hole measurements are evaluated is

by means of the cross-hole technique.

The cross hole technique, as originally described by Stokoe and Woods 1972)
[2] is a widely accepted method for the measurement of in situ P- and S-wave

velocities. This method, as adopted by the American Society of Testing and
Materials (ASTM), is a standard practice for measurements in soil (ASTM D

4428 3 and with some modification is applicable for measurements in

rock. Rock measurements can be difficult, however, particularly when it is

necessary to measure wave velocities in thin low-velocity layers. Subsequent

sections describe the overall concept of the cross-hole technique; some of the
pitfalls associated with rock measurements; and a case history presenting the

instrumentation and procedures necessary to overcome these problems.

2. THE CROSS HOLE TECHNIQUE: THE OVERALL CONCEPT AND POTENTIAL PITFALLS

The cross hole seismic technique is based simply on the measurement of P- and

S-wave velocities between two boreholes. Once wave velocities are defined for

each subsurface unit, the elastic parameters applicable to a soil or-rock

structure interaction analysis can be defined as follows (Richart, Jr., et
al., 1970 4:
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As indicated on Figure 1 a simple cross-hole measurement system consists of
advancing a "listening boring" to the deepest horizon to be investigated. The
listening boring is cased and the annular space between the boring wall and
the casing is grouted. The next step is to advance an "impact boring"
adjacent to the listening boring. When the impact boring reaches a soil
horizon where seismic velocities are to be measured, a core barrel sampler is
lowered to the bottom of the impact boring and driven into the ground using
conventional drilling practice. A vertical velocity transducer is lowered
down the listening hole to a similar elevation and is clamped to the casing
using a wedge to provide direct connection between the transducer and the
casing. The drill rods connected to the sampler are then struck with a hammer
at ground surface, thus triggering a recorder and sending an impulse down the
drilling rods where the initial movement is marked by an additional transducer
mounted on the sampler. This impact is transmitted to the subsurface material
and body waves are generated in the soil. The arrivals of the body waves are
picked up by the transducer in the adjacent listening hole and displayed on
the recorder.

This simple system works very well in soil. An example of a record taken from
soil near Tarquinia, Italy is shown on Figure 2 The P- and S-wave arrivals
are clearly identifiable, and with a hole separation of nine meters, a shear
wave velocity of 340 meters per second can be calculated for the soil.
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Rock recordings are seldom as easy to obtain or interpret as soil records.
Some of the main difficulties are as follows:

• Record length - When measuring high velocity rock, records
are of much shorter duration than those obtained in soil.
In many cases, the S-wave arrival overlaps the P-wave and
an S-wave arrival time can be difficult to identify. To
illustrate this difficulty, the length in milliseconds of a
rock record, where the rock has an S-wave velocity of 1500
meters per second and the boreholes are separated by two
meters, is presented on Figure 2.

• Equipment resolution - The type of conventional recording
equipment used at soil sites, such as an analog storage
oscilloscope or an engineering seismograph, will not offer
adequate resolution at rock sites where the significant
record length is on the order of a millisecond or less, as
depicted on Figure 2.

• Equipment set-up - A simple arrangement for generating body
waves such as illustrated on Figure I may not work in cases
where the rock velocity approaches that of the steel drill
rod. Body waves generated from the surface impact or from
friction along the borehole wall could arrive at the
listening transducer before the waves generated from the
bottom of the impact borehole. In such a case, the arrival
time of the waves of interest could be completely
obscured. To avoid this difficulty, a downhole source is
required.

• Ambient noise - In the case where a downhole source is
used, the amount of energy which can enter the ground is
generally small when compared with a sledgehammer hitting
drill rods. Wave amplitudes in such a situation may be on
the order of a fraction of a millivolt depending on the
transducer used, as compared to hundreds or thousands of
millivolts when a surface hammer source is employed. These
small wave amplitudes may be on the order of ambient ground
vibration, especially at an industrial site, and it may be
difficult to discern the true signal from the background
noise.

Additional problems can result when the intent of the measurements is to
determine the body wave velocities from a thin, low velocity rock sandwiched
between rocks of higher velocity. One of the main difficulties in such a
situation is the presence of refracted waves. The first arrival body waves db
not necessarily have a direct path between the impact source and the listening
hole transducers in the case where a high velocity layer is near the low
velocity medium being measured (Figure 3 In such a situation the first
arrival waves will be those which are refracted through the high velocity
medium. Depending on the rock geometry, the refracted waves can interfere
with the direct arrival body waves to the point where the direct waves cannot
be observed.

One solution to the problem of refracted waves is to place the boreholes close
enough together so that the direct waves can be observed, or at least the
refracted waves can be analyzed in order to derive a true wave velocity.
However, this increases the inherent problems of record length and equipment
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resolution previously mentioned. In addition, near-field waves can interfere
with the resolution of the body wave arrival times.

Near-field waves, as documented by Sanchez-Salinero, et al. 1986) 5], are
body waves which are present only near the source. Longitudinal motion in the
near-field of a point source is comprised of an initial wave which travels at
the compression wave velocity (P-wave) and a second wave which travels at the
shear wave velocity. Similarly, in a transverse motion record, there are also
two waves present. One wave, the S-wave, travels at the shear wave velocity,
but there is another wave which also exhibits transverse motion and travels at
the P-wave velocity. The P-wave velocity is usually not difficult to
calculate as both the P-wave and near-field S-wave travel at the P-wave
velocity and any first-arrival disturbance above background noise will give a
correct interpretation. However, the S-wave and near-field P-wave may
destructively interfere with one another, making it difficult to determine the
precise S-wave arrival time, particularly if this arrival is superimposed on
the P-wavetrain. Near-field effects can be significant if the source and
receiver are within about two wavelengths of each other. For example, for a
source with a predominant frequency of 1000 hertz and rock with an S-wave
velocity of 2000 meters/second, the significant distance is about four meters.

In spite of the inherent difficulties with cross-hole measurements in rock,
these problems can be overcome by means of careful field recording and
processing procedures, documented in the following case history.

3. CASE HISTORY OF HIGH RESOLUTION CROSS HOLE SURVEY IN ROCK

Calculation of rock-structure interaction at a nuclear power plant site
indicated that subsurface claystone layers might significantly affect the
response of plant structures during an earthquake. It was anticipated that
the claystone would have a relatively low shear wave velocity when compared to
the limestone and sandstone which comprised the remainder of the section. A
cross-hole survey was determined to have the best potential for characterizing
the claystone. The main difficulty was that the claystone horizons were no
more than one to two meters thick.

In order to measure direct body waves, or at least to be able to interpret
refractions, three listening borings were drilled at distances of
approximately 1.5 21, and 30 meters from the impact boring. Due to
drilling difficulties, only the impact and the two most distant listening
borings were completed to the target depth of 150 meters, although the closest
listening boring was advanced to 64 meters. All borings were continuously
cored and logged to enable a precise determination of lithology and were then
cased, with grout injected in the rock-casing annulus. Verticality
measurements were run up and down all borings and independently verified by
means of a second survey. The distance between the impact and listening
boreholes at 90 test depths was then calculated.

The potential problems of record resolution and noise were resolved by using a
modern digital oscilloscope (in this case a four channel Nicolet Model 4094-
2). Such an oscilloscope permits signal stacking to improve the signal to
noise ratio, contains differential amplifiers to reduce electrical
interference, and has digital sampling in the nanosecond range allowing for
full resolution of the waveforms. A conventional analog storage oscilloscope
or a seismograph would not have been adequate for recording.

Controversy related to wave arrival picking was reduced by using three
component transducers to enhance resolution of arrival times. As the shear
wave source produces predominantly vertically polarized shear waves, the
vertical transducer proved most reliable for identifying the S-wave, but not
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the P-wave. The horizontal transducers were used to identify the P-wave
arrival. The identification of the S-wave was also enhanced by using a
downhole source which could initiate a shear pulse by means of a hammer blow
directed either upward or downward.

The hammer source used was based on a simple mechanical system operated from
the surface, where the hammer blows were made by either pulling or dropping a
sliding hammer connected to a cable. The reaction block of the hammer source
was hydraulically clamped to the casing wall. Other types of sources
triggered electronically were considered less reliable because of difficulties
in verifying the trigger time. Nevertheless, considerable care should be
taken to calibrate the trigger of even a simple system.

Trigger problems were immediately apparent when it was noted that the time of
the wave arrivals varied by about 300 microseconds between the upward and
downward hits. This occurred because of the asymmetric placement of the
trigger transducer within the brass reaction block. Calibration tests
conducted by placing several transducers on the outside of a PVC casing
demonstrated that with the upward impact the seismic waves would leave the
casing before the internal transducer triggered. It was necessary to derive a
correction factor for both upward and downward impacts in terms of the
relationship between the apparent trigger time and the actual time the seismic
waves le.ft the casing. Given that seismic wave transit times measured during
the survey were in some cases less than 500 microseconds, a precise trigger
calibration proved critical.

The actual evaluation of wave velocities required that refraction effects be
carefully assessed. In cases where the velocity derived at the 1.5 21, and
3.0 meter spacings was the same, then it would be assumed that direct, rather
than refracted waves had been recorded. Such recordings were obtained over
the high velocity layers. Where measurements were made over low velocity
layers, the velocity derived from the 1.5 meter spacing was frequently lower
than from the longer spacings. In such cases, an evaluation such as shown on
Figure 3 would be conducted to estimate the true velocity of the low velocity
layer.

With the listening borings placed so close to the impact boring to facilitate
the evaluation or refracted waves, it was necessary to carefully assess the
potentially adverse effects of near-field waves. The hammer source generated
a signal with a predominant wavelength of about 1500 Hertz. Where rock had a
shear wave velocity of 700 meters/second, the nearest transducer was about
three wavelengths away, far enough for the near-field waves not to be
significant. An example of a record taken through the low velocity material
at a separation of 1.5 meters is provided on Figure 4 The wave arrivals are
reasonably clear. Where the shear wave velocity was about 1500 meters/second,
however, the nearest listening boring was within two wavelengths of the source
and it was frequently difficult to identify a clear shear wave arrival. In
such cases, the wave velocities could be determined from the more distant
borings.

4. SUMMARY AND CONCLUSIONS

Layered rock containing horizons of relatively low shear wave velocity can be
important to a rock-structure interaction analysis. Measurement of thin, low
velocity layers can be difficult due to problems of noise, instrument
resolution, near-field waves and wave refractions. However, meaningful
measurements can be made through the use of a modern digital recording system;
a triaxial geophone array in the listening boreholes a polarized hammer
source; and placing the holes close enough together to avoid problems of
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refracted waves, but not so close as to incur problems of near-field waves.
Calibration of the hammer source is perhaps the most critical aspect of
ensuring data accuracy, but it is also necessary to verify hole separation and
to define lithologic variation with a high degree of accuracy prior to the
survey. Above all, considerable patience is required when obtaining and
interpreting the records.
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Summary

Field testing on the dynamic behavior of actual structures is significant for
the seismic safety of nuclear power plants. For their mechanical components
and piping systems, the full scale testings are also important as well as the

in-situ test of buildings. In general, it is often observed that they don't
behave as that of analytical model for the design. This article tries to
discuss how such discrepancy is occuring, and how t overcome it.
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1. NECESSITY OF IN-SITU TESTING AND LARGE SCALE TESTING

In this introductory chapter, the author likes to discuss the necessity of

field testing of large scale structure including in-situ testings and also

large scale model test on shaking table. In Japan, various kinds of testings

of this level have been done more than ten years.

In early 1960s, we tried to observe the dynamic behavior of piping systems of

conventional steam power plants to obtain the fundamental knowledge for the

aseismic design of piping systems in nuclear power plants, and the response

observation of piping systems of shutdown tests in a 10OMW class steam power

plant was made. Based on the experience of this test, we tried to perform

forced vibration tests on several new steam power plants and one old plant

which was going to decomission. The results of these tests were very

benefitial to get the ideas of the dynamic behavior of three dimensional piping

systems, especially on damping coefficients, and also to prove the adequecy of

the eigen-value analysis program, which is called "DYNAPS". The details were

reported at the lst SMiRT Conf. and in Nuclear Engineering and Design.

Another project had been done since 1968. A three story reinforce concrete

building was built, in which piping and equipment models have been installed,

in Nagano City, where was not so far from the epicenter area of Matsushiro

Earthquake-swam which started from the summer of 1965. We expected to collect

the response data to ground motions coming from the nest, and we successed to

get approximate sixty records to ground motions exceed 10 gals as PGA. Also,

we tried to test by using unbalance mass-type shaker to know its dynamic

behavior. For this test "MIK" system which is described in Chapter 7 was used.

Through this study we recognized that the responses obtained didn't agree to

computational results.

By the experience on these studies, we understood the importance of a field

testing and a large scale model test. There are many reasons why we need such

tests, but the most important ones were nonlinear effect and soil behavior

caused by the three-dimensional wave propagation in continuous media. And the

discrepancy, between a real structure and a model constructed from its

drawings, is also significant reason not to fit both results.

The purpose of such large testings is considered to prove the adequecy of

design analysis in general, but also there are several other reasons. It is

important to obtain data on characteristics which are not numerically

analyzable such as a damping cefficient.

The purpose of constructing Tadotsu 1000 ton shaking table is to be said to

obtain the public acceptance on nuclear safety under a destructive earthquake

condition. This is exceptional as a technical project, and the results,

obtained from tests done at Tadotsu, are also very useful for the technical

purposes mentioned-above. And it should be remembered that such a testin is

firstly for the licencing, secondarily for improving the design practice and

thirdly for more detailed research, and the detailed practices of testings are

much different.

2. SIMILARITY LAW

In this article, the author will discuss not only on a building structure, but

also on a piping system and equipment as already described in the previous

chapter. Active components, that is, pumps, valves, emergency diesel generator

and so on, are most significant for the safety. He experienced those tests on

more than forty items. Most of tests were done on real components, but also

some reduced size models were used. As discussed in Chapter 4 two approaches

to confirm the adequecy of design analysis. One is direct, and the other is

exterpolation of analytical procedure from model size to real size. We

employed both approaches.
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On the other hand, we should consider a similarity law for a reduced scale

model test. But it is very complicated, especially for an active component.
Also it should be noticed that even for a shell, two similarity laws should be

considered such as membrane problem and bending problem.

i) Membrane structure dynamics,
ii) Bending and torsional structure dynamics,

iii) Fluid Mechanics, and
iv) Elasto-plastic behavior.

Above tour items are those most related to testing bjects discussed in this

article. Usually it is impossible to satisfy these conditions simultaneously,

except the reduced scale is unity, that is a full scale model, this means that
the direct proving the adequecy of design analysis could be dne by a full-size

test only.
Therefore, we should introduce the concept of proving "the adequecy of
analytical procedure" to such testings. This i an indirect way, and the
exterpolation of the range of applying the procedure. So the range of
exterpolation should be limited, based how many laws are involving. Gap
problem is one of most serious conditions to reduce the scale, and discussed in
the following chapter. Gap effect is expressed by two major phenomena, such as
friction and collision. These two have own similarity laws related to contact

stress, and are partially involved in the fouth condition.
On the other hand, for the reduced scale model to prove the anti-earthquake
characteristics, we usually keep the acceleration ratio is unity. This is
important fr any kinds of tests including vertical round motion effect and

the ravity, and this condition is absolute one. a group f the researchers
on soil behavior, a centrifugal device was introduced and the gravity is
increased. Even though our earthquake egineers have never used such

technique, but this means that the similarity law is not absolute, and the
design of testing, how to reduce the scale of model, must be done in this view
point. However, if there is any uncertainty in teir behavior, a full-scale

test is more preferable.

3. NONLINEAR MODEL

Existing a gap is one of the severest nonlinear properties, but the failure is
another important topics for large scale model test on a shaking test.
Brustings in the field have been used for this purpose, and in some cases,
nuclear testings are used. However, most of failure tests were done on various
size shaking tables including Tadotsu 1000 ton table and Tsukuba 500 ton one in
Japan. Our research in the Chiba Field Station of the Institute of Industrial
Science, which the author belongs to, is very unique to look for failure
mechanism. Weakly designed structures are prepared for natural earthquakes of
level 0.1 G, which is expected once every ten years. The details of this

research is reported under another subject by Professor Takanashi and Dr. Ohi.
The author wants to back to the gap problem again. One of the full scale test

was done on the refueling machine of CANDU in Canada as a cooeprative study
between AECL and EPDC. Also a nonlinear simulation computer program was

developed. The model includes many piece-wise linear springs and friction pad
elements, but energy absorption of local plasto-elastic deformation was not
considered.
Some theoretical analyses have been made on the response from a single-degree-

of-freedom system to a beam-type system to continuous sinusoidal input motions
with energy absorbing stoppers, and several nonlinear phenomena were found.

On the other hand, very few study for such systems has been made on their
response to transient input like earthquake motions. It is obvious that there

are differences between responses to continuous sinusoidal input and to
transient earthquake-like input. This fact gives to the same type differences
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on testing results, that is, some instability is observed during sinusoidal
sweep test, but it is not so significant to an earthquake response.

4. ANALYSTS AND SIMULATION

In advance to the testing, we make the analysis and response simulation. Those

are different from design analysis, because those are for predicting the
behavior of testing objects. Therefore, the model should be free from any
margins which are required for design analysis.
The purposes of two types of analysis and simulation are different. The rsult

by design analysis must be conservative, and it must be proven to have adequate
margin in any condition, but the result from the simulation f the behavior

under testing condition is similar to the result of testings as well as
possible.
The model for the simulation shall represent the testing object with some
certain acculary, including various kinds f nonlinearity, if necessary. An
analitical model for design procedure will be obtained from the model above-
mentioned with some simplification and margins. The distinction between two

types of model is extremely important. At the earlier period of such studies
in Japan, these were many confussion for understanding the testing results.
Especially, a damping value problem was a typical one. The damping coefficient
using for the design analysis had been decided by the political judgement as
well as the technical judgement. So there were and still are some discrepancy

of these damping coefficient values.
Models for soil-structure interaction using for the design analysis of nuclear
power plants in Japan are also a typical example. For the licenciriq by the
authority is rather simpler to compare to those obtained for previous plants.
Actually, the design engineers also calculate them by using newer, more

complicated methods. But it should be mentioned that there are some
discrepancies on the dynamic behaviors of the building structure, even if we
use newer techniques compare to results observed by testings on actual
structures of NPP, and also on large mass concrete block models.
The high accuracy simulation is significant for checking the physical model or

concept of complicated systems like SSI, but not so for proving the design's
adequecy.

5. INPUT AND OUTPUT

As regarding to inputs for in-situ testings or field testinqs, there are many
restriction to introduce the adequate level inputs to the purpose of the test.
We use the following inputs:

1) Micro-tremor (MT)
2) Low-level earthquake (LE) 10 al>
3) Mid-level earthquake (ME) 10 50 gal
4) High-level earthquake (HE) 50 100 gal
5) Strong earthquake (SE) >80 gal
6) Low-level exciter (LV) 100 m>

7) Mid-level exciter (MV) 2mm `v 10 Wm
8) High-level exciter (RV) )2mm
9) Shaking table; Low-level test (STL) 50 gal>

10) Shaking table; High-level test (STH) >50 gal

Micro-tremor means very low level ambient vibration caused by natural phenomena

like sea waves, winds and/or human activities like traffics. Earthquake means

natural earthquakes. Exciter has much variety, an unbalance mass type is

popular. a hydraulic ram is also used very often, and inertia effect of a
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weight with a hydraulic actuator is also used. Snap-back test, brusting test,
impaction test may be categolized as an impact excitation similar to those LV U

HV. A shaking table has also much variety in its capacity, size and dynamic
characteristics. In some cases, human action is t be an exciting device.

Instrumentation and data acquisition system is also important to treat output

data and to evaluate the relation of output to iriput. These details will be

discussed in Chapter 7.

Two main characteristics of input are amplitude and frequency components. if

we want to pay much attention on the failure problem, the duration or the

envelop of input waves is also important. These three characteristics are

listed in the beginning part of the Guideline for NPP Seismic Safety in Japan

to define the design basis earthquake. These re also important for the

testing as well. The author likes to discuss more details.

A) Amplitude

The relation of testings is mainly expressed in aplitude as shown in Fig. 

To evaluate the linear vibration characteristics of the tested object. 10 U 50

gal is adequate in general. If the damping ratio is lower than 2 or 3 50 gal

sinusoidal input may be too high, and it may cause some failures. Testing in

such a level, the question what is the standard vibration characteristics, is

remained, because most of gaps, which will be expected for hitting the gaps

during high-level and destructive earthquake excitations, is still open in this

level of input. As described in Chapter 8, the pre-operational safety tests

are required for NPPs as the licencing process in Japan, and many items related

to the anti-earthquake design are listed. For te pre-operational test, two

ways are mainly used. One is the test is performed as-built condition of the

plant, and the vibration analysis is made to fit the as-built condition. And

the other way is the test is done by adjusting the boundary conditions to

simulate the response to large amplitude inputs, for example, to insert shims

to compensate the gap. We call this type cf testings as "Vibration

Characteristics Test". Almost of all in-situ testing of buildings should

remain in this level. Only several tests of full-size building or large scale

model tests have been done to know the nonlinear behavior near to their

failure over this level.

Test, whose input level is higher than 100 gal, is called Design Approval

Test", Design Basis Test" or "Qualification Test". This level tests are only

avairable for equipment and limited piping systems. For some cases of

equipment which are mounted on higher level of floors, the level of peak

acceleration of input motions may exceed 2 G and its response sometimes

reaches to 20 G.

"Endurance Limit Test" is done under a stricter condition, and usually it

intends to know the failure limit of the object. Therefore, it is governed by

the performance of a shaking device which is avairable. The performance is

described not only by the maximum vector force or acceleration, but also by

the maximum displacement and velocity. If the capacity of a shaking device is

lower than the required one to cause failure on the object, we can only know

the fact that it endures a certain level of input. Then we know the margin of

the object by comparing the level to its design level. We call Margin Check

Test" instead of "Endurance Limit Test".

We also quote the term "Function Proving Test" as a categorization of tests.

The purpose of this type of test is devided into three; test of pressure

boundary or container, active mechanical component and logical component.

Here, logical component means a relay, a switch, an electronic logical unit and

so on. Failure of pressure boundary is not unlike to failure of an ordinary

structure, and is situated in between Design Approval Test and Endurance Limit

Test. Margin Check Tst is sometimes corresponding to this level. -Functional

failure and mulfunction are very complicated nd are not defined by the

amplitude of input motions as shown in the figure.

B) Frequency Characteristics

Frequency characteristics are usually expressed by the response spectrum in the
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earthuake engineering. But devices to produce large exciting force to fit in-

situ or field test have very limited dynamic characteristics as shown in Fig.
3. Except a shaking table and a hydraulic actuator, only sinusoidal waves are
avairable one in general.
In Japan, rocket propellent was used to obtaine a controlled arbitral sharpe

larger force, but there was many restrictions. Train of brustings were used
for the same purpose, and the way of Controlling wave form is known in a

certain degree.
A weight with hydraulic actuator can produce the arbitral shape force

theoretically, but the force level is lower compare to the size of the device,
and the mass ratio of the device to the object is not adequate. Therefore,
this device is using for sinusoidal excitation in general.
C) Duration
Duration of motions is important for the following view points. i)
Stabilization of response to sinusoidal input. This is significant for a
slightly damped object and a structure with viscous continuous media. The

later one has a complicated dynamic property coming from a wave propagation
phenomenon.
Fatigue type failure is depending on the duration of excitation. Therefore, as
an endurance limit test, the duration of one process of input motions is

important. But it is also very significant how to control total accumulation
of fatigue type damage through the various levels of testings. It is always a
difficult question whether or not the most significant proving test is

performed in advance to all other testings as a vergin specimen.
A recent digital controlled shaking table requires several trial shakes to

compensate the input signals so as to fit the total dynamic characteristics of
the table and object. The conductor of testings is very nervous how to save
the number of trial shakes.
Behavior of some electric components is very nonlinear, and they response to
input motions very slowly. So the occurence of mulfunction is sensitive to the
duration of input. One of the typical example is the response of the induction
disc type relay.
Recent large shaking devices provide hydraulic pressure accumulator for saving
a power of hydraulic units. In this case, the duration of on excitation is
limited from the equipment side.

6. EVALUATION OF COINCIDENCE OF TESTING RESULTS

Evaluation of agreement or coincidence of testing results to analytical results

is also a difficult problem. We can devide the results into two categolies in
principle. The first group is the parameters to express the characteristics of

the object, and the second group of response variables. The second ones are
affected by the agreement of the first group parameters and also the accuracy

of input and the response mechanism. In general, the tested object is modelled
by a multi-degree-of-freedom system or by a continuous system. Therefore, the
response is expressed by a set of variables, then how to evaluate the agreement
of these variables is one of subjects to define before the testing. The same
type discussion on the agreement of time history of the response of the object
is there. This subject has never been discussed systematically, and the
agreement is judged in a subjective way in general.
If there would be a failure, the result is obvious, but rather difficult to

evaluate the adequecy of testing results in quantitative way. On the other
hand, it is eary to measure the response to a certain input, and estimate the

dynamic characteristics. For example, transfer function, modal analysis and
modelling technique is now well-established, and many hard wares and soft wares

are avairable for this purpose. If we try to compare those results in a level
of a model, it is almost similar to that of the first group parameters, because
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there are many stochastic treatment in numerical calculation of the above

process, and the uncertainty contained in the multi-variable response is
truncated to the first group variables, such as eigen-frequencies, critical
damping ratio and so on. The data acquisition system is important for

efficient test works, but we must pay the attention not to lose the real
phenomenon which seems to be a simple uncertainty or error, or an instability

of instrumentation systems brings imaginal results with its automatic numerical
treatment. The author believes that it is very important to keep the original
output without any processing for monitoring.
For the design analysis, we introduce various methods to summing up the
responses of each modes like SRSS, Absolute Sum and so on. These are not

intending to evaluate the real response, however, in principle, it must be
conservative. And the parameters using for the design analysis, for example,

the system damping coefficients, are chosen in a conservative way. Therefore,
between the real response of the object and that obtained by the analysis,
there might be some diffference. This difference is not the problem, if it is
adequately conservative. In the design process, the design engineer has a

tendency to choose such parameters to avoid over-estimated response, but if the
analysis for checking the test result will be made in such a way, it may bring

a trouble of obtaining non-conservative analytical result compare to the result
obtained by testing.

7. EQUIPMENT FOR TESTING

Many devices for exciting the objects are provided in Japan.
i) Shaking table,

ii) Unbalance-mass type shaker,

iii) Pseudo-dynamic testing device and
iv) Tilting table

are main items for shaking device. On the 1000 tn shaking table in Tadotsu,

Mr. Tanaka is presenting. Dr. Sakai is presenting on their tilting test also,
even though their table is temporal one. Here the author introduces two types
of an unbalance-mass type shaker.
The Central Research Institute of Electric Power Industries, CRTEPI, operates

450 ton vibrator for pre-operational tests of nuclear power plants in Japan.
This vibrator consists of three 150 ton unbalance mass shakers, an DC-AC
rotary converter unit, a control unit and a data acquisition system as shown in
Fig. 2 The control unit and the data acquisition system are mounted on three

unit half-trailers. They were completed in mid-1970s, and used for the testing
of Hamaoka 2 unit. Because of their large capacity, the dynamic coupling

effect of unit and 2 unit through the soil was found. This device has been
used rather often, and the main bearings are weak-points. They were broken
several times, and at this moment two shakers are avairable to operate. The
CRIEPI has another set of a 50 ton vibrator. This consists of two 25 ton
unbalance mass shakers, and this is more convenient to use for the various type
of testings. Most of large scale Soil Structure nteraction test and coupling

of upper-structure and foundation test were made by this device.
For a complete system, the data acquisition system is significant, Professor
Muto and his laboratory and Prof. Ishii have been developed a unique system
called "MIK system" as a part of the business of Kajima Construction Company.

Their idea is an application of the corelation technique. By taking the
corelation between its exciter's rotation and the response waves, the

resolution of the response are very much improved. They built this system on a
mid-size bus-cab in 1970, and used for the tests of various nuclear power
plants since Fukushima 1 unit. Their earliest report was appeared in the
fifth World Conf. in Earthq. Eng'q. in 1973. This older system employed an
analog device for the calculation, but the new one employs a digital device
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since 1979. The newest vibrator consists of a set of two 10 ton shakers built
in 1981. Testing results obtained by this system were reported in SMiRT and

WCEE.
A device, a weight with hydraulic actuator, is used. One of them has the

following capacity; the maximum vector force is 450 kg, the nominal frequency

range is 4 "- 1000 Hz, and its total weight is 59 kg. This device is convenient
for shaking piping systems.

B. SOME EXAMPLES

Testings, which were done and are doing, are devided into the following

categolies;
i) Peaceful Use of Atomic Anergy by STA,

ii) Co-operative Safety Research of Utilities,
iii) Computer-code Improving Project by MITI,

iv) Anti-earthquake Design Capability Test Project by NUPEC and MITI,
v) Individual Survey Test for Design of NPP by Utility,

vi) Individual Pre-operation Test of NPP by Utility and
vii) Individual Research Project of Utility, Construction Company and

Manufacturing Company,
where STA: Science and Technology Agency,

MITI: Ministry of International Trade and Industry.
NUPEC: Nuclear Power Engineering Center

The projects of i) had been made mainly for safety research in an early stage,
1960's. As mentioned in Chapter 1, some field tests both on a building and

piping systems started as a part of this project. The projects of ii) are
covering all sorts of safety researches in NPPs. Total budget of every year is

an order of V10B, and, the budget for earthquake engineering is more than 10%
of the above. The projects of iii) is intending to improve and establish the
standard computer codes for anti-earthquake design, and operated by JEANS under
the sponsorship of MITI. Those codes are called as SUN-series. The test
projects are done to prove their adequecy. The areas are from seismology to

mechanical vibration. SSI is one of the key subjects of these projects. The
projects of iv) are presented by Mr. Tanaka, and they have been carrying since

1981 for the eight year project, and total budget may be reached to 40B in
total without the cost of facility, its manufacturing and maintenance.
Those results were presented at SMiRT, WCEE and other occasions as their
summary reports. Most of details have not been disclosed yet. Some were

presented at the inter-governmental meetings.
We faced three types of discrepancy between the results of numerical analysis
and testings. One is values of parameters. The second is a model itself. The

third is unexpected new phenomenon which we had never expected. The third one
is rather seldom in the field of nuclear engineering, because the pre-study was

done with great attentions. Some of these are going to talk by Mr. Tanaka, Mr.
Chiba and Dr. Sakai.
These are coming from the following reasons mainly:

1) Neglecting higher mode effects,
2) Neglecting large deformation effects,
3) Neglecting nonlinear effects, especially gap effect,
4) Failing to eliminate significant errors in fabrication

process of the model,
5) Modelling of continuous media,
6) Insufficient understanding the phenomenon.
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9. CONCLUDING REMARKS

One of the most difficult subjects in a field of vibration is modelling. Not

only in the field of earthquake engineering, but also in mechanical

engineering, aeronautics, naval architecture, there. are many, many papers how

to construct models for linear vibration, nonlinear vibration, buckling,

fatigue failure, fracture and so on. Add to these, we are suffering from more

difficulties coming from continuous media like soil, the uncertainty of the

phenomenon which does not occure frequently, the heavy and expensive bject and

so on. Recently, instrumentation, data acqusition device and numerical

analysis, shaking device and its technique and, theoretical modelling and

analysis are much improved. But te author feels that it is very awkward and

time-consuming job to fill the discrepancy we have been discussing in this

article. Many reports are written very beautifully, but it is unsatisfactory

for the specialist of vibration or fracture mechanics.

The author regrets that he can not show the dtails of results by some

restrictions, and he wish to improve this article ith more data in the future.
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ABSTRACT

In the process of showing the adequacy of the seismic design of French PWR reactor,
FRAMATOME has repeatedly used dynamic testing on actuaL nucLear reactor components
both on site and in manufacturing shops. The objective and resuLts of a few repre-
sentative exampLes'of this on-site eperimental verification are presented in this
paper 

- the eperimental dynamic anaLysis of a manipulator crane

- the investigation of the seismic behaviour of fueL storage racks equipped with

aseismic bearing devices.

DifficuLties to seLect satisfactory testing methods are aLso discussed for the
particular case of the eLectricaL cabinets.
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1. INTRODUCTION
------------------

Dynamic testing is used in two ways

first, dynamic testing can be used to verify the structural integrity of a reaL
component when submitted to a representative sampLe of the reaL excitation,
seismic or aircraft impact acceleration.
For instance, this wouLd be the case for eLectricaL cabinet tested on a shake
tabLe ;

second, dynamic testing can be used to vaLidate a mathematical representation
of a structure which wiLL serve as a tooL to predict the actuaL behaviour of the
structure when submitted to the design excitation.

This is the case for the tests which are described in paragraphs 2 and 3 of this
paper. Mode shapes and naturaL frequencies of the structure are obtained from the
anaLysis of its response to a given signaL : sine force imposed with an hydraulic
actuator or drop test. Comparison between experimental mode and caLcuLated ones
Leads to the validation of a mathematical mocleL (generaLLy a finite eLements
representation of the structure).

Two typicaL iLLustrations of such an approach are provided in paragraphs 2 and 3

of this paper.

2. SEISMIC BEHAVIOUR OF SPENT FUEL RACKS
-------------------------------------------

The governing Loads acting on a spent fueL rack are seismic Loads due to the hori-
zontaL components of earthquake fLoor motion. For racks supported by pads and
which are free standing on the pooL fLoor, these Loads are amplified by the dynamic
response of the rack structure. With the use of neutron absorbing materiaL Leading
to higher density storage of assemblies, there is a need to design a base isolation
which wouLd support the racks and uncoupLe them from the horizontal fLoor acceLe-

rations. Such asei'smic base isolation is commonLy used for civiL work structures
usuaLLy in the form of poLymers (such as neoprene) bearing pads. The bearings are
fLexibLe in the horizontal direction but stiff in the verticaL direction. Since
the response frequency of the structures supported by these bearings is much Lower
than the fLoor response spectrum frequency corresponding to maximum acceleration
amplification, the structure is protected against horizontal acceleration. Because

poLymer age prematurely under radiation and therefore can deteriorate in a nucLear
environment, a base isolation system consisting of two orthogonal Layers of roLLers,

without using poLymers, has been designed and qualified. This base isolation can
accomoclate both horizontal ground motions of an earthquake.

AtypicaL aseismic bearing device (shown on figure 1) is composed of

-a Lower horizontal support pLate, that is free standing on-the spent fueL pooL

fLoor,
-a Lower horizontal roLLer resting on the Lower pLate,

-an intermediate support pLate resting on the Lower roLLer,
-an upper horizontal roLLer (identical and orthogonal to the Lower roLLer) resting

on the intermediate support pLate,
-an upper horizontal support pLate, (fixed to the storage rack and hoLding the

whoLe rack assembLy) resting on the upper roLLer.
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FIGURE 1 ASEISMIC BEARING DEVICE ARRANGEMENT

A ro L Le r cons i st s of two cyLindrical. portions with centers of curvature offset
from the roLLer axis as shown on figure 2 Because of the roLLer geometry, an
imposed horizontal displacement forces the moduLe to rise thus producing a gravity-
induced restoring force. The magnitude of the restoring force, and therefore the
stiffness of the bearing system depends upon the roLLer radius and the axis offset
of the roLLer center of curvature.

1/4 scaLe test on a shake tabLe were carried out on a model. of aseismic bearing
devices.

A pLate supporting a Lead bLock weighing 730 Kg and resting on four 14 scaLe
aseismic bearing devices was instaLLed on a shake tabLe.

The Lead bLock simulated the storage rack and fuel. assemblies. The tests were per-
formed on the DEMT-TCURNESOL shake tabLe at the Commissariat L'Energie Atomique
SacLay research center. The design of this tabLe is such as to aLLow imultaneous
horizontal and vertical. excitation. The test program was run in the form of sine
sweep tests and input of scaLed-down earthquake records.

The mock up was instrumented with accelerometers.

Two sets of roLLer were tested 

- one with a smaLl. vaLue of axis offset (distance between roLLer axis and center

of curvature),

- one with a larger vaLue of axis offset.

A Larger axis offset Leads to a higher restoring force for a given imposed hori-
zontaL displacement of the rack and therefore to a higher vaLue of the rack free

osciLLation frequency.
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Figure 2.b sho.s upper track rising as rolLer rotates

FIGURE 2ROLLER GEOMETRY
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FIGURE 4SHAKE TABLE AND MOCK UP RESPONSE SPECTRUM SHOWING

ACCELERATION REDUCTION BETWEEN TABLE AND TEST MASS

IN THE 2 TO 10 Hz FREQUENCY RANGE

The foLLowing conclusion were drawn from this test program

-Comparison between the imposed earthquake response spectrum and the mock up
response spectrum demonstrated that the aseismic bearing device was highLy effec-
tive in reducing structure acceleration, especiaLLy for smaLL axis offset roLLers.
Figure 4 shows'� 5 to 6 reduction factor between the tabLe acceleration and the
mock up acceleration in the 2 to 10 Hz frequency range.

-The dynamic response of the rack on the bearings is that of a singLe degree of
freedom system with a natural frequency equaL to the frequency of the rack onthe
bearings, which was 056 Hz for roLLers with a smaLL axis offset and 1.18 Hz for
roLLers with a Larger axis offset.

-A verticaL seismic acceleration coincident with a horizontal simuLatedearthquake
has LittLe effect on the horizontal response of the system tests were success-
fuLLy run with 045 G verticaL seismic acceleration coincident with a 0035 G
horizontal seismic acceleration.

- TiLting the pLane of the four aseismic bearings (stope of 2 m in 650mm) does not
aLter the system response.

ExperimentaL qualification of the system was further established on a scaLe one
fueL rack in a test pooL.

A demonstration spent fueL rack consisting of a x 9 fueL assembLy was instaLLed
in a test pooL. The rack Layout in the test pooL is shown on figures and 6 The
rack was supported by four Aseismic Bearing Devices such that the freeosciLLation
frequency of the rack, when submerged, was cLose to 0.2 Hz. A sine dispLacementat
varying frequencies was imposed to the rack with an hydraulic jack. The jack was
Located above the water LeveL and acted on a rigid frame connected to the rack.
The force exerted by the jack was measured with a Load ceLL. The sine displacement
was imposed at various frequencies ranging from 0.05 Hz to 0.50 Hz.

217



The Fourier expansion and the phase angLe of the periodic force were obtained from
the Load ceLL recording.

ConcLusions which were drawn from this test pertains to the amount of damping
existing in the system, the magnitude of the hydrodynamic coupLing between rack
and pooL waLLs, and to the bearing restoring force for Large displacements.

The energy absorbing mechanism which creates a resistance to rack motion is reLated
to water displacement in the rack to pooL waLL space. Such damping is consideredto
be viscous damping and is expressed as a percentage of criticaL damping .

From the precise determination of the rack resonance frequency, an evaLuationof the
hydrodynamic coupLing masses between rack and pooL waLL was obtained. FinaLLy the
nonLinearity of the restoring force for Large displacement, i.e. a decreasing
stiffness, couLd be seen from the test resuLts. These test resuLts are used as
parameters of a singLe degree of freedom modeL of the seismic motion of a fueL sto-
rage rack in a spent fueL pooL.

Since the first naturaL frequency of the rack structure (between 5 and6Hz) is much
higher than the rack free osciLLation frequency, the response of a rack supported
by aseismic bearing devices can be considered to be that of a singLe degree of
freedom spring-mass system. When displaced from its equilibrium position, this
system is subjected to an hydrodynamic force FH resulting from the hydrodynamic
coupLing between rack and pooL waLLs, a gravity induced restoring force FR, and a
resistance from the displaced fLuid, considered as a viscous damping, FD-

The hydrodynamic force FH is expressed as a function of absoLute rack acceleration
Rl and the pooL fLoor acceleration R2 

FH = H �l M R2 or FH = H i (MC + MH )'Y

with x = xl x2 being the reLative displacement of the rack in the pooL and Y the
fLoor acceleration. CaLcuLation of coupLing masses M H and M is discussed beLow.

The gravity induced restoring force is proportional to the rack mass, taking into
account the buoyancy 

FR (M M') g (ko x -a 3

M and M' are the rack mass and buoyancy
mass, respectively. Coefficients ko
and a depend upon the roLLer geometry
(radius and axis offset). Since the
work of gravity for an upward clispLa
cement dz of the rack is equaL to the
work of the restoring force in the 0.10M
corresponding LateraL displacement, A

clx, one has FR clx = (M -M') g dz _II I .'U A IA
The upward (z) and LateraL (x) dis- Y V
pLacement of the rack are reLated E VI "I V!Vl 911 ""'Hulf T
to roLLer geometry (radius and axis

-0.10 III
offset).
Positive a coefficient expresses
the non-Linearity of the restoring
force. The viscous damping term is
expressed as C. Therefore, the
equation of motion can be written
as

Time (seconds) 30 sec.

FIGURE RACK RESPONSE FOR A FLOOR ACCELEROGRAM DERIVED

FRUM THE NRC EGULATORY GUIDE 160 RESPONSE

SPECTRUM SCALED TO 035 G.
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(M + Ml' MH + c + ( - MI) g (k X X 3 (M + M + M H + C

M" is the water mass encLosed by the rack and displaced by its motion.

The frequency of rack free osc!LLation is Q, expressed by

Q = (M - M)g k 0

M Ml' H

The viscous damping term c is expressed as 2 Q� using experimental vaLue of 
found in the dynamic test on a scaLe one fueL rack as described above.

Equation (1) is soLved using the Runge-Kutta method and various fLoor acceLero-
grams y(t). Figure shows the rack displacement versus time obtained with an
acceLerogram generated from the ReguLatory Guide 160 horizontal response spectrum.
This caLcuLation is performed for a typicaL high density storage rack for apressu-
rized water reactor. CaLcuLations performed with severaL acceLerograms generated
from the same response spectrum have Lead to very LittLe scatter of the maximum
displacement vaLues. The roLLer geometry is adjusted such as to obtain a sufficient
safety margin between the maximum aLLowabLe displacement for the roLLers and the
maximum seismic displacement of racks in the spent fueL pooL.

The rack acceleration obtained from this caLcuLation is used for the structural
evaluation of the rack assembLy.

The resuLt of the time history caLcuLation of a typicaL spent fueL rack is shown
on figure 5. This caLcuLation is performed using a fLoor acceLerogram generated

from the NRC ReguLatory Guide 160 response spectrum.

It can be concluded that a caLcuLation method of the seismic behaviour of spent
fueL racks supported by aseismic bearing devices has been established.

This method is supported by experimental resuLts which confirm the caLcuLation
assumptions (hydrodynamic coupLing masses and damping) and the resuLts of the rack
displacement caLcuLation (reduction in rack acceleration). FinaLLy, experimental
and anaLyticaL resuLts presented in this paper show that the benefits of Aseismic
Bearing Devices are 

- Lower aceleration on the rack structure therefore the potential to design

a Lighter rack structure,

- Lower hydrodynamic coupLing forces on the pooL civiL works,

- Lower friction Loads on the pooL fLoor compared to a free standing design
on pad supports.

3. EXPERIMENTAL DYNAMIC ANALYSIS OF A MANIPULATOR CRANE AND ANALYTICAL

PREDICTION OF RESULTS
-------------------------------------------------------------------------

Loads taken into consideration in the design of the manipulator crane (i.e. the
fueL Loading machine) of a pressurized water reactor are seismic Loads. Such Loads
are derived from a response spectrum anaLysis using a finite eLement mocleL of the
manipulator crane in a fueL Loading position above the reactor vesseL. In orderto
quaLify the mathematical modeL of the manipulator crane used in this anaLysis an
experimental mocleL anaLysis of the crane has been performed for a four Loop

reactor. ExperimentaL resuLts are compared to caLcuLated frequencies and mode

shapes.

Major components of a manipulator crane are the foLLowing

- a crane traveLLing above the reactor vesseL pit

- a troLLey
- a drum and mast assembLy Located on the troLLey.
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The drum is fixed to a rot at ing crown wheeL inst a L Led on the troL Ley deck. The mast
assembLy is connected to the crown wheeL through three 120' apart pretensionned
spring systems which ensure a firm cLamping of the mast assembLy for normaL opera-
ting Loads and provide a restoring stiffness for Large earthquake-induced horizon-
taL inertiaL Loads. The mast assembLy has a Y shapped cross-section and contains a
retractable fueL gripper mast, a controL rod cLuster gripper mast and a T.V. camera
mast. Winches Located in the drum are used to controL traveL of these retractable
masts. The troLLey traveLs on tracks supported by the crane and the crane traveLs
on tracks above the reactor vesseL pit, thus aLLowing positionning of the mast
assembLy in both horizontal direction above the reactor vesseL. For both moving
assemblies (crane and troLLey) guide wheeLs restrain sLiding motion perpendicular
to the track, on one side of the moving assembLy.

For the experimental modaL anaLysis, free movement of both crane and troLLey on
their respective track were precluded by ensuring a rigid cLamping between raiL
and moving assembLy (crane or troLLey) on the guide wheeL side.

The test was performed with the fueL gripper mast fuLLy extended, hoLding a mock-
up fueL assembLy. This configuration is the one which is considered to Lead to the
Larger Loads in the crane structure when the seismic
anaLysis is performed. The modaL anaLysis was done
using to types of excitation 

-Sine sweep excitation between 0,5 Hz and 5 Hz
with an hydraulic actuator in severaL ocations
of the structure.

These Locations are seLected such as to
obtain participation of the structure Z
major components mast assembLy at
one quarter of its Length under
the troLLey deck in the x and y
direction, troLLey deck in the X
z direction, crane beam in
the x and z direction.
x, y and z direction are
respectively the crane traveLLing
direction, the troLLey traveLLing ;lo �W_�
direction, the verticaL direction.

- Drop test with a 40 Kg mass, dropped on
the drum, successively in x and y direction.

AcceLerometers Located in 32 points of the structure
record the response of the structure in x, , 
directions and therefore constitute a meshing which
enabLe us to obtain mode shapes. The overaLL view of
the structure with indication of the excitation Loca-
tions is shown on figure 6.

Transfer functions are derived between the structure
response recorded by the accelerometers and the input
signaL (sine function or impact acceleration generated
by the dropped mass).

Figure 6. view of manipulator crane showing locations of excitation
�Lti� hydraulic actuator or dropped mass (C)
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Figure 7 Distribution of accelerometers on manipulator crane
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Figure 8. TvIDical transfer function, providing the response

of an accelerometer located on the assembly mast in

the x direction for a drop test impact on the drum

in the x direction
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A typicaL transfer function is shown on figure 8, providing the response of an
accelerometer Located on the assembLy mast in the x direction for a drop test
impact on the drum in the x direction. ModaL parameters for each modes (damping,
frequency) are computed from these curves using a curve fitting technique.

The anaLyticaL prediction of frequencies and mode shapes in the test configuration
is performed using a 130 modes 600 degrees of freedom) finite eLement modeL com-
posed of pLates and beam eLements. Comparison between anaLyticaL and experimental
mode shapes is based on the visuaLisation of the mode shapes and the evaluation of
participating masses in both horizontal direction.

A fairLy good agreement has been obtained between caLcuLated and experimental
resuLts A sensivity study of the major modeLing parameters shows that the connec-
ting stiffness between troLLey, drum and mast assembLy is a key variabLe of the
modeL.

ALso the interface condition between moving assemblies, crane or troLLey, and their
respective track can considerably affect resuLts i.e. assuming that either both
driving wheeL brakes are bLocking the assembLy displacement or one side of the
assembLy can move freeLy.

Due the compLex structure of the manipulator crane, a Large number of modes are
found beLow the cut-off frequency of a typicaL seismic response spectrum 33 Hz).
Major contributing modes can be correctly predicted by caLcuLation, provided spe-
ciaL care is taken in properLy modeLing connecting stiffness between the crane
various components and selecting representative boundary conditions as regard the
crane and troLLey displacement on their respective track.

4. ELECTRICAL CABINETS. NON-LINEARITY EFFECTS
--------------------------------------------------

4.1. GENERAL APPROACH

The seismic qualification demonstrates the capability of an equipment to perform
its safety functions, under postulated abnormaL conditions. For the eLectricaL
cabinets and controL equipments, the integrity of the structure does not provide
sufficient guaranty of the operability requirements. GeneraLLy, wherever eLectricaL
devices are invoLved, the foLLowing approach is recommended 

- Seismic tests are prefered to demonstrate the operability of the equipment,
mainLy because a Large number of smaLL eLectricaL devices are unpractica to
be idealized for caLcuLation purpose.
In most cases the devices cannot be oversized, and no margin wouLd account for
caLcuLation uncertainties.

- The eLectricaL devices must be tested by simulating the-Loads and interfaces
of the actuaL instaLLation.

This Last point is not a triviaL probLem, because the seismic excitations are
usuaLLy avaiLabLe for the fLoors and the civiL works, but not for the intervening
structures supporting the eLectricaL devices.

If the equipment is smaLL, seismic tests can be carried out by means of a shake
tabLe, using identical specimens and interfaces with the civilL work and surrounding
equipments.

If a shake tabLe is used and the equipment is Large (controL room, reactor protec-
tion system ... the size of the specimen must be reduced to compLy with the test
facilities and cost Limitations.
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To ensure the representativity of the specimen, as compared to the actuaL equip-
ment, three main points shouLd be considered (Figure 9.

-CoupLing effects.

The dynamic behaviour may differ when few paneLs used as specimen are
coupLed to many others to compLete the equipment.

-Location of the eLectricaL equipments inside the cabinets.

The motion on the top of a paneL may be much stronger than in the Lower parts.
The eLectricaL equipment must be Located in the specimen accordingly to the
position in the actuaL instaLLation, unLess appropriate margins are provided
in the seismic test excitation.

-TotaL mass and mass distribution.

The modaL frequencies of the specimen, together with the frequency content of
the excitation must produce a seismic motion higher than what the eLectricaL
devices wouLd undergo in the actuaL instaLLation.

For the above probLems of representativity, anaLysis must complement the tests to
seLect proper specimens and have the eLectricaL devices conservatively tested.

Once the seismic tests are completed, the experimental data obtained from the spe-
cimen must be extrapolated to the actuaL equipment, usuaLLy by means of validated

mathematical modeLs of the cabinets structure.

4.2. NON-LINEARITIES EFFECTS
------------------------------

The dynamic behaviour of the structure of many eLectricaL cabinets is not Linear
and is a function of the LeveL of the motion. The LeveL of the motion itseLf

depends, among other factors, on the intensity and wave form of the excitation.

These two factors, intensity and frequency content of the excitation, are examined
hereafter to point out the effects that they may have on the modaL frequencies and
amplification ratio of some specimens tested by FRAMATOME.
The non-Linearity effects are in some cases very significant and must be taken into

account in selecting the test method to vaLiclate the mathematical modeLs.

4.2.1. MODAL FREQUENCIES_AND_EXCITATION_LEVEL

The curve on figurelO Mustrates the decrease of the modaL frequencies, when the
excitation LeveL increases.
This curve is based on experimental data obtained from qualification tests carried
out on severaL specimens simiLar in structure.

The frequency shift between sine sweep and SSE tests may be higher than 0

4.2.2. AMPLIFICATION RATIO AND_EXCITATION WAVE FORM

Dynamic excitations of same peak amplitude produce different motions, depending on

the wave form of the excitation.

The standard UTE 20 420 considers some typicaL wave forms, ranging from random

motion to sine dweLL (Figure 11).
The dynamic response of structures with Low damping factors is very sensitive to

the frequency content of the excitation.
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A COUPLING EFFECTS

30.

F0

to HI
B LOCATION OF THE ELECTRICAL DEVICES

C MASS AND MASS DISTRIBUTION

FIGURE 9 REPRESENTATIVITY OF THE SPECIMENS

4.2.3. AMPLIFICATION RATIO AND EXCITATION LEVEL
-----------------------------------------------

T h e c u r v e o n F i g u r e 2 i L L u s t r a t e s t h e e f f e c t t h a t t h e e x c i t a t i o n L e v e L ma y p r o d u ce
on the amplification of the motion, in resonant conditions.
As for the previous exampLe, this curve is based on eperimental data obtained
from ualification tests carried out on severaL specimens simiLar in structure.
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5. CONCLUSION
-----------------

Most of the testing done upon nucLear mechanical component is performed in
conditions which do not actuaLLy reproduce an earthquake with acceleration equaL
to design LeveL acceleration. It is intended to provide resuLts which are compared

to anaLyticaL prediction obtained from a caLcuLation modeL and therefore quaLify
this mocleL as an effective prediction tooL of the seismic behaviour of mechanical

components.

o
o
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SUMMARY

This paper presents the main features and results of' the on-site
dynamic tests and the related numerical analyses carried out for
the PEC reactor vessel. The purpose is to provide an example of
on-site testing of large components, stressing the problems
encountered during the experiments, as well as in the processing
phase of the test results and for the comparisons between
calculations and measurements.

Tests, performed by ISMES on behalf of ENEA, allowed the dynamic
response of the empty vessel to be measured, thus providing data
for the verification of the numerical models of the vessel
supporting structure adopted in the PEC reactor-block seismic
analysis.

An axisymmetric model of the vessel, implemented in the NOVAX code,
had been developed in the framework f the detailed numerical
studies performed by NOVATOME (again on behalf of ENEA), to check
the beam schematization with fid added mass model adopted by
ANSALDO in SAP-IV and ANSYS for the reactor-block design
calculations. Furthermore, a numerical model, describing vessel
supporting structure in detail, was also developed by ANSALDO and
implemented in the SAP-IV cde. The test conditions were analysed
by use of these and the design models.

Comparisons between calculations and measurements showed
particularly good agreement with regard to first natural frequency
of the vessel and rocking stiffness of the vessel supporting
structure, ie. those parameters on which vessel seismic
amplification mainly depends: this demonstrated the adequacy of the
design analysis to correctly calculate the seismic motion at the
PEC core diagrid.

-------------------------------------------------------------------

(*) Present address: ENEA, Directorate for Nuclear Safety and
Health Protection, ROMA, ITALY.
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1. INTRODUCTION

Extensive numerical and experimental studies had to be performed by
ENEA and ANSALDO, in co-operation with ISMES, in order to
demonstrate that the seismic safety and operational requirements
are satisfied for the PEC reactor (Martelli El]). This was d to
both the quite severe design earthquakes adopted and the features
of fast reactors in general and PEC as a specific case l.

Due to the considerable amplifications of the seismic motion
characterizing the main vessel and the core elements, significant
modifications of the PEC reactor-block design were decided in 1982,
as a consequence of the results Of preliminary design analysis, to
guarantee scram feasibility in an earthquake (Martelli El] and
Cecchini et l 2). These modifications consisted in the
introduction of a core-restraint ring in the vessel close to core
element top, a second set of pads on all elements at the restraint
axial level, stiffening of fuel assembly hexcans at this level, and
a new design of all element spikes. Different solutions, such as
the adoption of vessel restraint systems (as in Japanese reactors)
were judged not to be feasible, due to the problems related to
thermal conditions and the advanced stage of the design (the vessel
had already been constructed and was ready to be mounted in the
reactor, the external shields were already in position).

However, to demonstrate the adequacy of the adopted design
modifications, it was necessary to check the reliability of the
main vessel design analysis, performed by ANSALDO with a simplified
(lumped-mass) model, so as to verify that the amplification of the
seismic motion at core diagrid level was correctly determined by
this model (Martelli E])- Thus, detailed numerical analysis of the
reactor-block was performed taking into account shell and
fluid-structure interaction effects (Descleves et al. 3 and
on-site dynamic tests of the vessel were carried out (Castoldi et
al- 4).

After a brief description of the PEC vessel, this paper deals with
the above-mentioned on-site tests, describing the main features of
the experimental campaign and presenting the main results.
Furthermore, the numerical methods used are shortly outlined and
comparisons between calculations and measurements are shown. The
main purpose of the paper is to provide an example of on-site
testing of large components, stressing the problems encountered
during the experiments, as well as in the processing phase of the
test results and for the comparisons between calculations and
measurements.

2. MAIN VESSEL GEOMETRY

2.1 Geometry in reactor conditions

The PEC main vessel fg. 1) is located at about 12 m above the
reactor building base. It is supported by a relatively flexible
structure, consisting of nine ''beams" that are hinged to a L-shaped
ring (fig. 2 this is rather deformable to minimize the
consequences of a core disruptive accident. The vessel outside
upper flange is bolted to the inner border of this ring.
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The vessel is about 10.5 m long, from its supporting structure,
with an inner diameter of about 31 m It has a double wall, with
inner and outer wall thicknesses of 30 mm and 25 mm, respectively.

The two walls are joined by an Y-shaped connection in the vessel
upper part figs 2 and 3). Inert gas is present in the interspace

between the two walls.

The vessel total weight, without internals but including diagrid
supporting structure, is 592 kN: of these, 266 kN correspond to the
inner wall part that is located below the Y-shaped connection of

the two walls (including the diagrid supporting structure), while
186 kN correspond to the external wall.

The vessel contains neutronic and thermal shields, that surround
the ore. The core consists of 622 elements 78 fuel assemblies).

Its outer diameter is about 25 m, its height being 3 m The test

channel occupies the vessel and core centers. The core diagrid is
located at a distance of about 76 from vessel supporting
structure. As mentioned, a core - restraint ring is present in the
vessel: it is located at 2558 mm from element base.

2.2 GggLgtry in test onditions

The on-site tests were performed after completion of vessel
mounting in the reactor: thus, the vessel was suspended as in
operating conditions, inside the reactor bilding, to the nine
''beams'' constituting the vessel spporting structure. it was
already connected to the two sodium inlet legs. However, no core,

internal shields, or - obviously - sodium were present in the
vessel figs 2 and 3).

A first series of tests was performed in August 1983 and final
tests were carried out (for the reasons that will be explained in

Par. 45) in November 1983. During the first tests the core diagrid
had not been mounted, yet, inside the vessel: at that time, the

diagrid was replaced by a suitable thick plate, used for the vessel

bottom hydrostatic tests igs 4 and 5). On the contrary, in the

final tests it was already in position (in November 1983, the

initial part of the internal envelope of the outlet pipe south

branch had also already been mounted and soldered to the

corresponding nozzle).

3. EXPERIMENTAL TESTS

3&.1 jest 5copg

The experimental on-site tests mainly aimed at measuring:

- the motion of the core supporting diagrid due to forces applied

to the diagrid itself, in order to determine the dynamic parameters

on which the diagrid-core interaction depends;

- the motion of the vessel upper flange deriving from forces

applied to the diagrid, in order to obtain the mechanical impedance

of the vessel;
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- the motion of the diagrid deriving from that of the vessel

supporting floor, in order to evaluate the transfer functions
between reactor building and core diagrid;

- the horizontal and vertical translation and rocking stiffnesses
of the vessel supporting system, in order to check the values

adopted in the numerical models.

Furthermore, the dependence of the above-mentioned parameters on
excitation position, direction and amplitude had also to be
evaluated.

3.2 Excitation eggipMgat

Sinusoidal excitation was adequate to analyse the dynamic response
of the vessel, due to absence of strongly non-linear effects. Thus,
a two-eccentric back-rotating-mass vibrator was used to excite the
structure, rating a strictly sinusoidal force in one direction

(figs. 4-7). This vibrator was that also used for the on-site tests
performed on the reactor building (Casirati et l. 53).

The maximum vibrator capability was 100 kN in terms of force
applied to the structure. Due to the vibrator type, the force
amplitude was varying during frequency sweep with a parabolic law:

force applied = vibrator constant x (frequency) 2 (1)

(values of the vibrator constant used in the tests are indicated in

figs. 11-15).

In the first tests, the vibrator was fixed either to the thick
plate replacing the core diagrid figs 4 and 5) or to the floor of
the PEC working area level ie. 19 m above vessel supporting

floor, see fig. 6). In the final tests, excitation was only

provided at the working area level, since it was obviously
impossible to fix the vibrator to the core diagrid, without risking

to damage it: fig. 7 shows the vibrator location in these tests.

3.3 Measuring eguipment

Inductive accelerometers and servoaccelerometers were mounted in
the vessel; seismometers were used to read the motion of the
building at the vessel supporting floor. and displacement
transducers were attached to the two inlet pipes to evaluate their
maximum displacements and thus, to control their stress state.

The measuring positions on the vessel are shown by fig 2 with

regard to the first series of tests, and by fig 3 for the final
tests. Views of the instrumentation used are provided by figs 8

and 9 with regard to seismometers located on the vessel supporting
floor and one of the "beams" of the vessel supporting structure,
and by fig. 10 for the accelerometers attached to the vessel inner
wall. It is worth mentioning that special care was taken in

choosing the glue that was used to attach the transducer bases to

the vessel walls, in order to avoid future corrosion of the
stainless steel of these walls.
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We note that the motion of the outer vessel wall was only measured
by one accelerometer in the first tests (position 115 in fig 2)
and that no measurements of the internal wall motion were made at
the same axial level: this was due to accessibility problems, the

necessity of minimizing the instrumented points and the fact that
similar motions were expected for both vessel walls. However, as we

will show later, this caused problems in understanding the
experimental results, and led to the decision of repeating tests

with an improved instrumentation network. This is the reason why
the final tests were performed, in which both walls were
instrumented at the same axial and circumferential positions
(located at the lowest possible axial level, compatibly with
accessibility problems) and in various directions fig. 3).

The analogue signals were converted to digital values by a
simultaneous sample and hold device, and then stored by a

minicomputer. Their processing allowed the frequency response
functions to be determined at each measuring point.

3.4 Test description

Three types of tests were performed:

- ambient vibration processing;
- excitation at diagrid level;

- vessel supporting floor excitation.

Ambient vibration processing aimed at estimating ambient vibration

noise, in order to optimize the excitation amplitude in the
subsequent tests with forced excitation. This optimization had to

take into account both the need of attaining adequate values of the
signal to noise ratio and that of avoiding undue stresses on the
structure. The permissible maximum stress limits were fixed by ENEA
and ANSALDO in a very conservative way.

As far as forced excitation tests at the diagrid level are
concerned (that we call ''diagrid excitation tests'' for a matter of

simplicity, although the diagrid was replaced by a plate), some
sine sweeps were performed in the frequency range 123 Hz. Three
excitation directions were studied: the two East-West and North 
South horizontal directions fig 4 and the vertical direction

(fig. 5). Tests in the vertical direction were performed by
applying two different excitation amplitudes, in order to check
linearity of the structure dynamic behaviour.

Finally, the so-called vessel supporting floor excitation tests
(more precisely performed, as explained in Par. 32, by fixing the
mechanical vibrator to the floor located at the working area level)
also consisted in some sine sweeps similar to those previously
cited, but only the East-West horizontal direction was studied As

mentioned, tests were initially performed in the same conditions as
for the diagrid excitation experiments ie. with the diagrid
replaced by a thick plate), and were later also carried out with
the diagrid in position figs. 6 and 7 respectively).
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4. EXPERIMENTAL RESULTS

la.1 Ecenuemy CC§Rgagg ungtions

For each measuring position, the absolute frequency response
function, corresponding to the amplitude and the phase of the
harmonic characterized by frequency equal to the excitation force
fundamental frequency, was determined. Furthermore, the transfer
function with respect to the excitation force, defined as the
complex ratio between the response signal and the force amplitude,
was also evaluated in the tests with diagrid excitation. Depending
on the measuring point and the transducer type, acceleration,
velocity or displacement response functions were determined.
Rotations to torquing moment were also evaluated for the upper
flange of the vessel and the diagrid.

Examples of frequency response functions are shown in figs. 1 -
with regard to the acceleration values measured on the diagrid
(position 101 of fig 2 and the velocity values measured on one of
the ''beams" of the vessel supporting structure (position 205 of
fig. 2). These figures refer to results obtained in the first
series of tests, for the various excitation directions and
positions; furthermore, they also present results obtained at the
two different intensity levels applied in the case of vertical
excitation.

In spite of the vibration amplitude limitations related to the low
values adopted for permissible maximum stresses on pipes, the
experimental results showed good signal to noise ratios even in the
low frequency range, for frequencies larger than 2 Hz.

The analysis of the frequency response fnctions led to the
evaluation of the stiffness and damping parameters of the vessel
supporting structure and the dynamic properties of the empty
vessel.

44.2 Stiff[les.% !and d5jMping gf thC y22gl upporting stcucture

The vessel supporting structure stiffness values corresponding to
East-West horizontal translation and to rocking around the
North-South direction were evaluated sing the frequency response
functions obtained in the case of diagrid excitation, and solving
the two following equations that describe translation and rotation
equilibrium of the vessel:

Fv +Zi M i Ai kX + c X X. (2)

F H K i Ai H kr + c r- (3)v v

in which:

Fv = excitation force (complex function of frequency);

Hv = distance between the excitation position on the diagrid
and the rotation axis at upper flange level;

M = mass attributed to measuring position "i";
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A acceleration measured in position ''i'' (complex function of
frequency);

H distance of measuring position "i" from the rotation axis
at upper flange level;

k kr = stiffness values to horizontal translation and rotation;
x

cXI r = damping values to translation and rotation;

x I XI = measured displacement and velocity of the upper flange;

r I r' = measured rotation and angular velocity of the upper
flange.

Eqs 2 and 3 can be split up into the real and imaginary parts,
thus providing four equations with four unknowns (''kx.., ..k "�Ii"C",
and " r"). It is worth noting that these relationships are v d in
the frequency range around the vessel first natural frequency: in
this range it was admissible to consider the vessel as a single
degree - of - freedom system, due to the rather different values of
the first and the second natural frequencies Par 43).

On the basis of the data available in the vertical direction, the
vertical translation stiffness and damping of the vessel supporting
system ("kz '' and ''c '') were also determined, using a method similar
to that previously 6escribed. To this aim, the data measured by the
seismometers located on the ''beams" of the vessel supporting system
were used, together with those of the accelerometers mounted on the
vessel upper flange and the plate replacing the diagrid fig 2;
furthermore, the vessel walls were assumed to be infinitely stiff
in the vertical direction and the whole vessel mass was
concentrated at the vibrator location (rocking was obviously
neglected).

Fig. 16 shows the stiffness and damping values obtained for
horizontal translation and rocking, while fig. 17 shows the
vertical translation stiffnesses. We note that the latter values
are lower if they are directly measured on the vessel upper flange
(point 3 of fig-2), with respect to the case that they are measured
on the "beams'' of the supporting system (point 1): this is due to
the presence of elastic members between the vessel upper flange and
the supporting "beams", and also to the fact that, midway between
the seismometers and the accelerometers, the pins coupling the
"beams'' to the vessel L-shaped ring were present.

IL.3 Vessel oatur-al itenumucies

Tests with diagrid excitation enabled two vessel natural frequency
values to be determined in the horizontal directions, the first one
being about 7 Hz and the second one 21 - 23 Hz figs. 11 and 13).
Natural frequencies could not be measured in the vertical
direction, because they were outside the analysed frequency range.

In realty, at equal excitation level, the first natural frequency
was 73 Hz in the East-West horizontal direction, while it was 72
Hz in the North-South direction figs. 11 and 12).
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This difference between first natural frequency values in the two

horizontal directions appears evident from the response functions

corresponding to the North-South excitation direction fig. 12),
which clearly show a splitting of the peak and a double change of

phase. Such a splitting is also present in some measurements
corresponding to vertical excitation and in the results of the

vessel supporting floor excitation tests. The reason of the

difference is maybe due to the different effects of the nine vessel
supporting "beams" in the two horizontal directions, and/or those

of the two piping branches.

As far as tests with vessel supporting floor excitation are
concerned, first natural frequency in the East-West direction was

7.6 Hz in the first series of tests (fig. 15), while it decreased
to 72 Hz in the final tests fg. 18). The reason of this
difference must be attributed to the different weights of the
diagrid and the plate replacing it in the first tests 95 kN for
the plate, against 170 kN for the diagrid): in fact, by
schematizing the vessel as a single degree of freedom, the two

mentioned frequencies both correspond to a vessel mass that is
practically equal to the real value (3% error). This also means
that the modal mass associated to the first mode is very close to

the total mass.

The larger first natural frequency value determined in the case of
vessel supporting floor excitation, with respect to that of diagrid
excitation in the same direction 76 Hz against 73 Hz) has mainly
to be attributed to a slightly non - linear behaviour of the
structure: in fact, in spite of considerably larger forces applied

in the tests with vessel supporting floor excitation (a factor 12),
the vessel response was much lower with respect to the case of
diagrid excitation (compare fig. 15 to fig. 1), and the presence
or absence of the vibrator inside the vessel cannot completely
justify the frequency difference (the vibrator weight being 20 kN).

The slight decrease of first natural frequency with increasing
dynamic response of the vessel (and thus, the slightly non-linear

behaviour of the vessel) was confirmed by the results of the
diagrid excitation tests performed in the vertical direction: in

fact, by increasing of excitation force by a factor six, first
natural frequency decreased from 737 Hz to 726 Hz figs. 13 and
14).

4.4 Vessel damping

The information on vessel damping obtainable from the test results
is not very significant, due to the low excitation values.
Furthermore, the vessel being a multi-degree of freedom system,
modal analysis should be used to correctly estimate this parameter
(we remember the splitting of the first natural frequency peak):
but very little information on modal shapes was available because

of the limited number of measuring positions.

Anyway, using the "square two" method, an approximate damping value

of was detected for the first mode. On the contrary, not even an

approximate estimate of damping was possible for the second mode at
21 - 23 Hz, since the corresponding peak shape was strongly

distorted by the effects of the higher-order modes figs. 11 and
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13). Anyway, a qualitative estimate certainly indicates much larger
damping for the second mode with respect to the first mode.

4_,5 Vg�_%Ml mgdal r2tIgperj

Tests did not aim at determining vessel modal shapes in detail: on
the other hand, this was impossible due to the limited number of
measuring positions adopted according to the mentioned
accessibility problems. Anyway, rough estimates of vessel
deformation shapes were obtained at the two first natural
frequencies figs. 18a-b).

With regard to the first mode (fig. 18a), it was found that this
corresponds to the combined effects of rocking of the whole vessel
around its upper supporting system and bending of the vessel walls:
although rocking was the main parameter, the presence of some
bending effects appeared evident, considering that rotation at
diagrid level was larger than both the average value around vessel
axis and that of the vessel upper flange.

As far as the motion of the vessel outer wall is concerned, it is
worth noting that the only measuring position available in the
first series of tests (accelerometer 115 in fig 2 seemed to
indicate a much lower esponse of this wall compared to that
measured for the inner wall at both higher and lower levels
(accelerometers 107 and 108, see, for instance, figs. 19a-b-c).

No completely satisfactory explanations were found for this result,
that was not understandable from a physical point of view: in fact,
the difference between the values of the stiffness - to mass
ratios is not such as to justify largely different behaviours f
the two walls, although it is consistent with a slightly larger
motion of the vessel inner wall (see Pr. 52-3). On the other
hand, to demostrate vessel integrity, it was very important to
check that the motions of the two vessel walls do not considerably
differ. Thus, it was decided to perform final tests with the
improved instrumentation that has already been described in Par.
3-3.

The acceleration data recorded in the final tests on the two walls
at exactly equal positions (accelerometers 117-121 of fig. 3)
confirmed that the previous measurements were not adequate to
characterize outer wall response: in fact, the outer wall motion
was only 10-20% lower than that of the inner wall, as shown, for
instance, by figs. 20a and 20b (the slight difference now agrees
with the different values of the stiffness - to - mass ratios, see
Par 52-3).

With regard to accelerometer 115, this also provided completely
different data, in the final tests, with respect to those obtained
in the previous experiments (fig. 20c): the new data agree with
those provided by accelerometers 117-121, taking into account the
different axial levels.

The reasons for the different responses measured by accelerometer
115 in the two series of tests remained unclear, since no
transducer failure was detected. We only note that the position of
transducer 115 during the first tests was not exactly known: thus,
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there was certainly a difference in its location in the two series

of experiments.

5. NUMERICAL ANALYSIS

5.1 Numerical models used

5.1.1 Original beam model

----- --- ---- ----

The purpose of the numerical analysis of the experimental results
was to check and eventually adjust the reactor vessel mathematical
model used in the design calculations, so as to make it as
representative as possible of the vessel actual behaviour. In fact,
the adequacy of this model is essential for a correct
schematization, and consequently a reliable seismic analysis, of

all the systems, structures and components connected to the vessel
walls (core, piping, other vessel internals).

The schematization adopted in the seismic design calculations
performed by ANSALDO for the PEC reactor-block consisted in a beam
model with a limited number of nodes fig. 21): this allowed the
vessel model to be coupled to those of the other structures without
the problems that arise in the case of large mesh sizes.

In the model used for reactor-block design, the plugs, the internal
shields and the core are also usually represented. The vessel
supporting structure is simulated by a system of springs with
appropriate stiffnesses, connected to the node representing the
vessel outside upper flange coupled to the L-shaped ring. Stiffness

values were calculated by use of a detailed finite-element model of
the vessel supporting structure, by neglecting coupling among the
various components (diagonal stiffness matrix). The computed
values, referring to point 2 of fig 2 are shown in table 

The reactor vessel of fig. 21 was implemented in the SAP-IV code

for the design linear analysis of the PEC reactor-block. We note
that this model, with only a few modifications, was also used in

the ANSYS code for some runs taking into account fluid-structure
interaction effects.

In order to compare the experimental results to the response of the
vessel model, the schematization of f 21 was adjusted to
describe test conditions: thus, all the parts representing

components that had not been mounted, yet, at the time of the

tests, were eliminated, while the mesh of the remaing parts was not
modified. The so defined model is shown in fig. 22.

Only the diagrid excitation tests were analysed: thus, the core

diagrid properties were replaced in the model by those of the thick
plate and the vibrator. The mesh of the remaining parts was not

modified. Furthermore, the material properties were obviously those
corresponding to room temperature.

5'..1.2 stlell gGlels

As mentioned in Par. 1, detailed numerical studies of the reactor -

block seismic response were also initiated, at the time of the
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on-site tests, using shell models of the vessel, to check the
adequacy of the beam model adopted in the design analysis and to
estimate fluid-structure interaction effects. These studies were
independently carried out by ANSALDO and (on behalf of ENEA by

NOVATOME. Static calculations with a three - dimensional shell
model were performed by ANSALDO, while both static and dynamic
calculations were performed by NOVATOME adopting an axisymmetric
model implemented in the NOVAX code (Descleves et al. E33, see fig.
23).

To model the vessel supporting structure in the NOVAX code, that
makes use of axisymmetric joint elements to describe the ''beams"
(instead of the springs used in SAP-IV), static calculations were
performed, by applying sinusoidally distributed forces. In these
calculations, the vessel supporting structure was separated from
the vessel, but included the L-shaped ring ie. the analysed part
was that up to point 2 of fig. 2). Thus, the joint stiffnesses were
adjusted so as to approximate, as well as possible, the design
values calculated by ANSALDO at point 2 of fig. 2.

-------------------------------------------------------------------

STIFFNESSES DESIGN VALUES NOVAX VALUES
-------------------------------------------------------------------

k (kN/m) 17 x 105 17 x 105
x

k (kN-m/rad) 12 x 106 12.3 x 106
r

k (kN/m) 32 x 105 54 x 105
z

-------------------------------------------------------------------

Table I Stiffness values of the vessel supporting structure used
in the design analysis and in the NOVAX calculations x
horizontal translation, r = rocking, z = vertical translation).

The comparison between the design and the NOVAX stiffness values of
the vessel supporting structure is shown in table 1. It is worth
noting that rocking and vertical translation stiffness values
cannot be fixed independently in NOVAX: thus, since rocking was
found to be the main parameter with regard to vessel dynamic
response Par. 43), "k was correctly reproduced, while "k z'' was
rather overestimated WiFh respect to the design value.

The stiffness values of table were later applied in the reactor -
block calculations performed with NOVAX. Furthermore, the on-site
test conditions were analysed with this code, as well.

However, it is important to point out a difference between design
and NOVAX calculations, concerning the stiffness values actually
used. In fact, in the case of the beam models the presence of the
vessel and its upper flanges leads to an overall stiffness of
vessel supporting structure ie. up to point 3 of fig 2 that
corresponds to the combination in series of the value related to
the spring (describing the structure up to point 2 of fig. 2 and
that of the remaining part of the structure. On the contrary, in
the case of the axisymmetric NOVAX model, the ovalization of the
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L-shaped ring, occurring when this ring is not connected to the

vessel upper flanges, is partially prevented when this connection

is present. This means that the overall stiffness is modified, with
respect to the above mentioned combination in series and depends on
the loading location (see table 2).

-------------------------------------------------------------------

STIFFNESSES STRUCTURE STRUCTURE CONNECTED TO THE VESSEL
DISCONNECTED ------------------------------------

FROM THE LOADING AT DIAGRID LOADING AT POINT

VESSEL LEVEL 2 OF FIG 2
---------------------------------------------------

POS 2 POS 2 POS 3 POS 2 POS 3
-------------------------------------------------------------------

k (kN/m) 170xlO4 158xlO4 236x104 156xlO4 156xlO4
x

k (kN-m/rad) 123xlO5 113x105 104x105 115x105 113x105
r

k (kN/m) 540x104 540xlO4 504xlO4 545x104 540x104
--- z ---------------------------------------------------------------

Table 2 Stiffness values of the vessel spporting structure in the
NOVAX code (points 2 and 3 of fig 2 corresponding to both the
case of absence of connection to the vessel and that of presence of
such connection (vessel in test conditions, loaded at diagrid level
or at point 2 of fig-2; x = horizontal translation, r = rocking, 

= vertical translation).

Finally, we note that the calculations performed with NOVAX showed
that the vessel walls are more flexible with respect to the results
obtained by use of the beam model described in Par. 5.1-1. This was
due to ovalization occurring in the cylindrical main shroud of the

vessel upper part ie. the step-shaped zone located between nodes
6 and of figs. 21 and 22). It is important to point out that this
vessel wall ovalization is independent of that previously
mentioned, concerning the L-shaped ring of the supporting

structure: in fact, it was estimated through calculations in which
the outer vessel upper flange was considered as fixed.

5.1.3 Modified beam model

According to the results of the analysis described in Par. 51-2,

the beam model used in the design analysis was modified by
introducing a stiffness correction factor between nodes 6 and of
figs. 21 and 22, in order to simulate ovalization effects: in fact,
ovalization reduced the moment of inertia, and thus, increased
structure flexibility.

The value of the correction factor was evaluated by comparing
results of SAP-IV and NOVAX static calculations, performed for

vessel models fixed at the outside upper flange: this avoided
effects of ovalization due to the supporting structure.
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5.2 QgMugEjA9nA ketNeffn and

5.2.1 CompgCisons o natural fregUgn&ies

The comparisons between calculations and measurements were limited
to vibrational parameters (no damping comparisons were sensible,
due to the low excitation levels adopted in the tests). Thus, modal
analyses were performed, by use of both the SAP-IV beam models and
the NOVAX axisymmetric model.

The results of the first calculations, performed with the original
beam model ie. that neglecting ovalization effects of the vessel
walls) overestimated the first measured natural frequency of about
1196 (see table 3).

-------------------------------------------------------------------

NATURAL ORIGINAL REFINED SHELL EXPERIMENTAL
FREQUENCIES BEAM MODEL BEAM MODEL MODEL RESULTS

(Hz)
-------------------------------------------------------------------

f1 8.0 7.2 7.3 7.2 - 7.3

f2 26.5 26 25 21 - 23

-------------------------------------------------------------------

Table Comparison between computed and measured first and second
natural frequencies of the PEC empty vessel.

On the contrary, the subsequent NOVAX calculations with
axisymmetric modelling showed an excellent agreement with regard to
first natural frequency; a omparable good areement was later
found by use of the refined beam model that takes into account
vessel ovalization effects: this confirmed the adequacy of the
approach adopted in such model to account for the above-mentioned
effects.

As far as the second natural frequency is concerned, a discrepancy
of 1 - 20 was found (table 3). However, this result is not of
great interest for seismic analysis purposes, especially because of
the small mass participation factor associated to the second mode
(Par 43).

5.2.2 Compgrisons of ratiffness values of the vessel supporting
structure

Due to the fact that ''experimental.. stiffness values of the vessel
supporting structure were obtained from the test results Par.
4-2) a comparison between calculations and measurements was also
performed for these parameters. This comparison, shown by table 4
with regard to the numerical results obtained by use of NOVAX for
position 3 of fig 2 was based on the results obtained in the case
of diagrid excitation.
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-------------------------------------------------------------------

STIFFNESSES COMPUTED BY NOVAX MEASURED BY ISMES

-------------------------------------------------------------------

k x (kN/m) 236 x 104 195 x 0 4

k (kN.m/rad) 1038 x 4 960 x 10 4
r

k z (kN/M) 504 x 104 370 x 10 4

-------------------------------------------------------------------

Table 4 Comparison between the stiffness values of the vessel
supporting structure measured in the on-site tests and computed by
NOVAX (excitation at diagrid level, values corresponding to
position 3 of fig 2 x = horizontal translation, r = rocking, z
vertical translation).

Table 4 shows that the agreement between calculations and
measurements is good with regard to rocking stiffness (8% error):
this is consistent with the excellent agreement obtained for the
first natural frequency (table 3 that mainly depends on rocking

(Par 45). We note that rocking stiffness used in the SAP-IV
analysis is also consistent with the measured result, since the
SAP-IV value overestimates that of NOVAX by only 7 in position 2
of fig 2 and ovalization of the L-shaped ring are rather limited

as far as rocking stiffness is concerned (table 2 as a proof of
the adequacy of the SAP-IV analysis we remember the good agreement
obtained with this code also, with regard to first natural

frequency (table 3).

on the contrary, the translation stiffnesses are rather larger in

the NOVAX calculations with respect to the measured values 21% for
the horizontal direction and 36% for the vertical direction). With

regard to the horizontal direction, we note that a similar result
was obtained for the second natural frequency (table 3 since the

numerical analysis showed a strong dependence of second natural
frequency on horizontal translation stiffness of the vessel
supporting structure, the above-mentioned result seems to indicate

that this stiffness was overestimated in the numerical analysis.

Anyway, the validity of these considerations is far from being
demonstrated, due to the many approximations concerning both the
methods adopted to obtain the "experimental'' stiffness values Par.
4-2) and the theoretical model: with regard to the latter item we
remember that the use of a diagonal stiffness matrix might lead to
some errors, because some coupling certainly exists between the
horizontal translation and the rocking components.

As far as vertical stiffness is concerned, no cosiderations similar
to those mentioned above were possible, because natural frequencies

were not measured in the vertical direction (Par-4-3). However, it

is worth mentioning that static measurements of vertical stiffness

had been performed by ANSALDO during vessel mounting operations.

These measurements referre 9 to position 4 of fig. 2. They showed a

''Kz" value of 549 x 10 kN/m, in good agreement with that
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calculated by NOVAX for the nearby position 2 540 x 104 kNIm, see

table 2).

Furthermore, we remember that the design calculations performed

with SAP-IV used a k value that was considerably lower than that

adopted in NOVAX (ta6le 1), for the reasons mentioned in Pr.
5.1-2. In fact, the ratio between the two values is 06, against
the factor 073 which corresponds to the comparison between
measurements and NOVAX calculations: this means that the design
analysis was certainly conservative, "kz.. being lower than both

ISMES and ANSALDO measured values.

5,22.3 QL3fflpgE:isonM of Lgd511 shgpeg

With regard to modal shapes, a detailed comparison was not possible
due to the limited number of measuring positions (Par. 45).

Anyway, we note that a differential displacement of about 20%
between the two vessel walls was obtained with SAP-IV at the vessel
bottom level, the outer wall moving less than the inner one: this

agrees with the experimental results described in Par 45.

6. CONCLUSIONS

The on-site experimental dynamic analysis of the PEC reactor vessel
allowed the numerical models used in the reactor - block seismic

design to be checked, with regard to the important stiffness
parameters of the vessel supporting structure. In fact, tests
demonstrated the adequacy of the vessel numerical mo el of the main
parameter of interest for seismic analysis, that is first natural

frequency.

Problems encountered in performing tests, processing data and
analysing experimental results by use of numerical models have been
stressed in the paper.

The study certainly allowed experience to be gained on the problems
related to on-site experimental analysis of large components of
nuclear reactors, as well as to the use of test results for the
validation of numerical approaches.
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Fig.4 View of the mechanical vibrator located at diagrid level, in
the case of horizontal excitation.
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Fig.5 View of the mechanical vibrator located at diagrid level, in
the case of vertical excitation.
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Fig.6 View of the mechanical vibrator located at the PEC working
area level in the tests performed in August 1983.
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Fig.7 View of the mechanical vibrator located at the PEC working
area level in the tests performed in November 1983.
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Fig.8 Seismometers located on the PEC vessel supporting floor.



Fig.9 Seismometer located on one of the "beams" of the PEC vessel
supporting system.
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Fig.1O Accelerometsrs attached to the PEC vessel inner wall
during the tests performed in August 1983.
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Fig.11 Absolute frequency response function (a) and transfer

function (b) at diagrid level (accelerometer in position 10 of
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SEISMIC PROVING TESTS ON THE RELIABILITY FOR LARGE
COMPONENTS AND EQUIPMENT OF NUCLEAR POWER PLANTS
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SUMMARY

Since Japan has destructive earthquakes frequently, the structural reliability
for large components and equipment of nuclear power plants are rigorously
required. They are designed using sophisticated seismic analyses and have not
yet encountered a destructive earthquake. When nuclear power plants are planned,
it is very important that the general public understand the structural
reliability during and after an earthquake. Seismic Proving Tests have been
planned by Ministry of International Trade and Industry (MITI) to comply with
public requirement in Japan.

A large-scale high-performance vibration table was constructed at Tadot3U
Engineering Laboratory of Nuclear Power Engineering Test Center (NUPEC), in order
to prove the structural reliability by vibrating the test model (of full scale or
close to the actual size) in the condition of a destructive earthquake. As for
the test models, the following four items were selected out of large components
and equipment important to the safety;

Reactor Containment Vessel,
Primary Coolant Loop or Primary Loop Recirculation System,
Reactor Pressure Vessel and
Reactor Core Internals.

Here is described a brief of the vibration table, the test method and the results
of the tests on PWR Reactor Containment Vessel and BWR Primary Loop Recirculation
System.
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1. INTRODUCTION

The seismic design of nuclear power plants is based on criteria far from
stringent than applied to non-nuclear installations. Detailed static structural
analyses are undertaken in the calculation, and dynamic analyses are further
performed taking account of the particular circumstances affecting each locality
envisaged. The fact, however, that Japan has destructive earthquakes frequently
and that the public are recently interested in the possibility of destructive
earthquakes, has enhanced public apprehension about the safety of nuclear power
stations in an eventual earthquake situation.

Nuclear power plants are designed using complex and sophisticated analyses which
are not easy to understand and to accept by the general public, and the
verification of such design technique could not be established unless an actual
earthquake would occur. In order to drive away the public apprehension about the
safety of nuclear power stations against a destructive earthquake, it is
necessary to demonstrate the seismic safety and reliability of large-scale
simulated models which represent the actual components and equipment. For that
reason, the Ministry of International Trade and Industry (MITI) planned the
seismic proving test on the reliability using a large-scale high-performance
vibration table on which these models are placed.

2. LARGE-SCALE HIGH-PERFORMANCE VIBRATION TABLE

The world's largest seismic vibration table facility was completed in July, 1982
at Tadotsu Engineering Laboratory of Nuclear Power Engineering Center, and is
used for seismic proving tests of nuclear power components.

The vibration table is 15 m x 15 m x 35 m (H) welded-steel structure. The table
has two degrees of freedom, one horizontal and one vertical, and maximum exciting
force of 3000 tonf and 3300 tonf respectively, and the maximum loading capacity
on the table is 1,000 tons. The table is set on a concrete foundation, 90 m in
length by 43 m in width and weighting about 150,000 tons.

Using this large-scale high-performance vibration table facility, it is possible
to perform seismic tests on large structures and large equipment with full or
close to full size models and the same materials as used for actual ones and
under the equivalent stress level to be applied to actual ones.

Main performance of this vibration table is as shown in Table and Fig. 

Specifications for the principal equipment of the vibration table facility are
shown in Table 2.

The compiled data of measurement are processed and analyzed in accordance with
the procedure illustrated in Fig.2. The whole data analysis consists of a
preliminary analysis, which is carried out at laboratory immediately after
measurement, and the detailed analysis, which takes much more time to do.

(1) Preliminary analysis obtains the wave-form of acceleration and the response
spectrum of vibration in the direction of vibration on the table.

(2) As for the test model, the maximum response acceleration, the distribution of
maximum response stress and the response wave of representative position are
obtained. The values of maximum stress are then simply converted from
maximum strain.
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(3) Detailed analysis of the vibration table obtains the wave-form of vibration
in a direction (e.g. rotation) other than the direction of applied vibration,
in addition to the results of preliminary analysis. And its response
spectrum is obtainable if necessary.

(4) Similar analysis to the preliminary analysis is conducted on the response of
the test vessel. The analysis is carried out on each strain component after
the conversion of the strains measured by the bi-axial or tri-axial strain
gauge.

3. SEISMIC PROVING TEST

The seismic proving test are planned to confirm the following items:

(1) Key components that ensure the safety of nuclear power plants have sufficient
strength against large earthquakes.

(2) The key components can maintain functions required against large earthquakes.

(3) Seismic design techniques are adequate.

The type and scale of the test model and the required functions of actual
components are tabulated in Table 3.

In implementing seismic proving tests, the basic design earthquake ground motions
are used to carry out seismic response analysis of reactor building, a vibration
(floor response wave) which could occur where equipment is installed is generated
and the same wave (input wave for seismic proving test) is used to excite the
vibration table with a test model on it.

Three kind of tests will be carried out; they are sine wave vibration test,
seismic response wave test and functional test.

In the sine wave vibration test, sinusoidal exciting forces are applied to the
test model on the vibration table, and frequency characteristics (natural
frequency, mode shape, damping ratio, etc.) of the test model are measured.

In the seismic response wave test, the above-mentioned input wave exciting force
for seismic proving test is applied to the test models on the vibration table,
and response accelerations, displacements, strain (stress), etc. of the test
models are measured. As the result, it will be confirmed that each model has
sufficient strength.

In the functional test, such items as follows are to be confirmed:

(1) Reactor containment vessels have no deterioration of air tightness even when
subjected to vibration.

(2) The control rod is inserted into the core without any difficulty during an
earthquake.

The seismic proving tests are carried out sponsored by MITI.

4. SEISMIC PROVING TEST OF PWR REACTOR CONTAINMENT VESSEL

The seismic proving test of PWR reactor containment vessel was carried out from
1982 to 1983, using the test model scaled 13-7 (See Fig. 3). Input seismic
waves were the response waves at the base of the reactor containment vessel
caused by S1 and S2 (see Table 4. The following four 4 items were performed;
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(1) strength proving test,
(2) functional test,
(3) design technique verification test and
(4) marginal test

4.1 Strength Proving Test

The test model was excited on the table by the input seismic wave S1 and S2. The
distribution of maximum response acceleration and maximum response stress
obtained as the result Of S2 seismic excitation parallel to the polar crane
girder direction are shown in Fig. 4 and Fig. respectively. The results
revealed that response acceleration distributions of the beam-type component were
lower and those of the oval-type component were higher than the predicted. As
for stresses at cylindrical portion, circumferential stresses were higher and
axial stresses were lower than the predicted. All stresses measured in the test
satisfied the design criteria. And membrane stress 52 kg/mm2) at fix point
(axial stress) was lower than the predicted stress 713 kg/mm2) and the
allowable buckling stress 782 kg/mm2).

4.2 Functional Test

Any difference of leak rate was not found from the results of leak rate tests
carried out before and after the strength proving tests, and leak tightness after
seismic loading that was the functinal requirement for containment vessel was
confirmed to be sound.

4.3 Design Technique Verification Test

To discern the excitation of beam mode, two cases of containment vessel with and
without the polar crane were tested. And applying point loading by exciters,
oval mode was checked. Example of vibration mode with and without polar crane
are shon in Fig. 6 and Fig 7 respectively.

4.4 Marginal Test

The model was excited by increased input motions up to the limit of vibration
table capacity, that were 5 S2 input for the model with the polar crane and 13
S2 input for the model without the polar crane. A critical stress was predicted
to be buckling stress in the vicinity of the base of the model. However, neither
buckling nor any other unusual was observed, although the buckling stress
exceeded the design allowable.

4.5 Evaluation and Conclusion

Major findings obtained through the providing test, simulation analysis and
evaluation are concluded in the followings,

(1) Mechanical strength of PWR reactor containment vessel was demonstrated
against the most severe seismic design condition.

(2) Containment leak tightness was confirmed not to be reduced after seismic
loading.
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(3) Marginal test performed in exceeding design condition showed that the
containment vessel was still free of any damage.

(4) After studies on the difference between test results and predicted analysis,
simulation and application analyses were performed. The conclusions of
evaluation of design technique were; (a) a conventional analysis model was
found to be adequate for beam mode vibration which might cause the buckling
at the foot of vessel and was the most -important for seismic safety and (b)
an improved analysis model was proposed for ovalling predominant vibration.

(5) Stress evaluation of actual PWR containment vessel for S1 and S2 seismic
condition using analytical technique verified by the test was performed
taking into account of the load combination with dead loads and pressure
loads.
And seismic safety of actual PWR containment vessel was confirmed.

5. SEISMIC PROVING TEST OF BWR PRIMARY LOOP RECIRCULATION SYSTEM

The seismic proving test of BWR primary loop system was carried out from 183 to
1984 as the second test to use the vibration table at Tadotsu. The test was
conducted as similar as possible to those for the actual systems using a test
model of full scale with the structures as close as possible to the actual
plants. The input waves were the response waves at the floor where the primary
loop recirculation system is installed (see Table 5).

The results of the seismic reliability proving test can be summmarized as
follows.

5.1 Evaluation of Test Results

The test model, which was manufactured according to the same seismic design
analysis method as the actual system, showed sufficient margin in strength and
the functional soundness was confirmed to be kept against the basic design
earthquake gound motions (Sl and S2), which simulated the severest motion among
the input conditions. Sufficient margins were also confirmed for severe
earthquake than the designed earthquake motions.

5.2 Evaluation of Verification on Design Analysis Method

The designed values (acceleration, support reaction force, pipe stress) based on
the present design analysis method were compared with the measured values. it
was confirmed that the designed values lay on the safety side of the measured
values. The designed conditions were well examined to prove adequacy of the
present design analysis method. It was also confirmed that the vibration
behavior of the test model could be reproduced with the numerical analysis model.
Thus, adequacy of the present analysis code was evaluated and data could be
obtained to be used for future improvement of seismic technology for PLR system,
e.g. the method of pipe support arrangement.

5.3 Seismic Evaluation of Actual System

In accordance with the knowledge obtained from the test results, stress
evaluation was made for the actual system, combining loads other than earthquake
as well as seismic response analysis and seismic reliability of the actual
primary loop recirculation system was confirmed.
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6. CONCLUSIVE REMARKS

The large-scale high-performace vibration table made it possible to shake the
models of the components and equipment of nuclear power plants in similar to or
near the actual condition;

the model is full scale or close to full scale and
the input is similar to that in the condition of design earthquake.

It has been possible to demonstrate the structural reliability and integrity of
the components and equipment at the destractive earthquake condition which the
acutal plants have not yet encountered. And furthermore, the table made it
possible to verify and refine the current seismic analyses, comparing the
experimental results with those obtained by analyses which are used in the design
of nuclear power plants. The table is to be expected to contribute the proving
and verifying of seismic design of not only nuclear power plant but also other
conventional plant, after the tests shown in Table 3 be accomplished.
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Item Performance

Maximum Loading Capacity 1,000 t

Table Size 15 m x 15 m

Excitation Direction Horizontal M, Vertical M, X-Z Axis Simultaneously

Maximum Stroke Horizontal +200 mm, Vertical 10 mm

Maximum Velocity Horizontal +75 cm/s, Vertical +37.5cm/s

Maximum Acceleration Horizontal +2,670 Gal (500t Loading) = 272 g
Vertical +1,335 Gal if = 136 g

Maximum Excitation Horizontal 3,000 tonf Vertical 3300 tonf

Duration of Excitation 20 see (Under sine-wave, X-Z axis, at maximum
Velocity)

Frequency Range 0-30 Hz

Table Main Performances of the Large-Scale Vibration Table

Equipment Specification Number

Table 15 m x 15 m x 35 m H) 1
420 tons, steel plate welded

Horizontal Output: 450 tonf 7
Exciter Stroke: 224 mm

Large servo Valve: 3 pieces

Vertical Exciter Output: 300 tonf 12
Stroke: 130 mm
Large servo Valve: one piece
Built-in balance cylider

Two-axis Vibra- Rink joint system 7 for horizontal
tion Application Rated load: 450 tonf exciter
Joint Distance between axes: 2.5 m 12 for vertical

exciter

Guide Hydraulic static pressure bearing system 4 for fixed units
Output: 360 tonf 4 for moving units

Large Servo Valve Rated pressure: 210 kgf/cm2
Maximum flow: 3300 1/min
(at 70 kgf/cm2 pressure drop)
Dynamic characteristic: 70 Hz
(with 100% input and +3 db gain)

Hydraulic Pump Rated pressure: 210 kgf/cm2 11 for main-system
Unit Rated flow: 1,080 1/min 2 for sub-system

Motor: 425 kw

Accumulator Unit Rated pressure: 210 kgf/ch2 35 for main-system
Volume: 1,000 1 1 for sub-system
Nitrogen gas: 5200 1 x 2

Controller Unit Hybrid system (electro-hydraulic system) 1 set

Table 2 Specifications for Principal Equipment
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Type PWR BWR

Plant Plant Items required at the time
Test Weigh Approx. Weight Height Weight Approx. Weight Height of earthquake
M [torsl t Scale [tons] [meters] [to [tons] [meters)

I The functions are maintained even
I when additional load due to the

loss of coolant accident is added
Reactor I
Containment 8W 1/3.7 340 0 vessel against the basic design
Vessel 3 500 1/3.2 350 earthquake ground motion (S,).

The functions are maintained
even against the basic design
earthquake ground motion IS,).

Coolant Loop The structure should be such
(PWR) that it is strong enough against

Primary op I ODD 1/2.5 &55 0 800 1/1 665 the basic design earthquake
Recirculation ground motions (S1,S2) and that
System an earthquake does not cause a

(BWR) loss of coolant accident.
The tucture should be Such
"a' it is

Reactor 1h 't Ong enough against
1/1.5 700 EI E the basic design earthquake

Pressure 8W 800 112 290 ground motions S,%) and that
Vessel an earthquake does not cause a

loss of the coolant accident.

It should be strong enough against

the basic design earthquake

und motion Si).gro

E Th
Reactor Core 5W 1/1 555 �E 500 1/1 750 CY without any difficulty and itlaternals e control rod should be inserted

ho Id be Possible to Shutdown

the u peration of the reactor when

the basic design earthquake

ground motion (%) is presented.

Table 3 Type and Scale of Test Model and Function of Actual Component

on 21
Seismic wave Time DurttIT Diection Maximum AccelerationO

[sec [Gal)

Horizontal: 425
Floor Response Wave S, "I 6.76 Horizontal and Vertical Vertical : 590

Horizontal: 2 186
Floor Response Wave S2 10.80 Horizontal and Vertical Vertical 929

[Note]

(1) These are the response waves at the base f the reactor containment vessel caused by S, and S2 which

are the basic design earthquake ground motions.

S, : Improved standardization, high seismic zne; M = 70, 20 km, Phase feature EL Centro NS (I 940),

Ground V =I 000 m1s.

S2 moved standardization, high seismic zone M = .5, 68 km, Phase feature Hachinohe EW 1968),

Ground V= 1 000 m/s.

(2) In regard to the reduced scale 13.7), the magnification of maximum acceleration is 37, and time duration

is 13.7. Table 4 Seismic Wave of Proving Test

(for PR Reactor Containment Vessel)

Seismic Wave Duration time [sac] Direction Maximum acceleration [Gal]

Kofizontal 1.097

Floor response wave ' 25 Horizontal and vertical Vertical 197

Horizont 31 2.038

Floor response wave S2' 20 Horizontal and vertical Vertical 358

Note: These are the response waves at the reactor pressure vowel pedestal of Mark 11 type reactor building caused

by S, and S2- Table Seismci Wave for Proving Test

(for BWR Primary Loop ?recirculation System)
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SUMMARY

One of the current topics in the seismic design of the piping system is an
overall reliability of the piping system in seismic durations. Actual piping
systems are generally supported by independent structures such as vessels and

structures. So, it is very important to clarify the behavior and to predict
the maximum responses of the piping uring the seismic events.

This study was carried out in two phases. In the first phase, an experimental

study was conducted to clarify the dynamic characteristics of the piping

systems. In the test, 4B/8B inch diameter * 21m length 3-dimensional piping

model was set on the large frame structure. It was excited by four hydraulic
actuators using sinusoidal wave and seismic wave. To assess the computational
methods of the linear system subjected to multiple support excitations, a

linear dynamic analysis was carried out. In the second phase, the test was
repeated with a piping having a crack. The test has been completed and data
reduction is under way.

This paper presents the results of the experimental study and the dynamic
analysis of the multiple excitation problems in the phase one.
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1. INTRODUCTION

In the design of the piping System of the nuclear power plant, the multiple

support excitation problem is one of the most important problem to assess te

safety of the piping systems. By predicting more accurate behavior of the

piping system under the seismic events, it is possible to reduce the support

and improve the reliability of the piping systems.

In the past decade, many mathematical formulations and design methods for the

multiple support excitation problem have been studied. However, there were few
physical tests using large scale piping model.

The study was planned and conducted by NRCDP and supported by IHI. This study
was carried out in two phases. In the first phase, the experimental study

using a realistic large scale model has een conducted to clarify the dynamic
characteristics of the piping system and to assess the computational method.
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I
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a 4 0 4 3 3 557 3 75
as 1765
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FL 300
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Vibration Restraint
Vibrationi Table 4 Table 2

ValVe

Fig. 1 Schematic of Piping system
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It will offer the analytical and physical enchmark problems. In the second
phase, the tests were repeated with piping having a crack. The objective of
this test is to evaluate the stability of the piping systems with a crack in
the seismic events. Phase one has been mostly completed. The tests of the
phase two have been completed and data reduction is under way. many interest-
ing results were obtained.

This paper presents the results of the study in the phase one. The adequacy of
the time history analysis and response spectrum analysis methods i4idely used in
the design of the piping system have been confirmed by the comparison of the
test results with the analytical ones.

2. TEST FACILITY

The test facility consists of the piping, four hydraulic actuators, and the
large framed structure as shown in Fig. 1. The piping was 4 and inch
diameter and 21 m length. It has 13 elbows, one tee, one reducer, three
simulated valves, and three anchors. The piping was fabricated by the same
grade as an actual piping of the nuclear power plants. The piping system was
filled with water and supported by four shaking tables ST1, ST2, ST3 and ST4.
These tables were constrained to move in one direction and supported by four
bearing assemblies and connected to the hydraulic actuator respectively. The
specification of the test system is listed in Table .

64 measurement points were selected in each test case. Typical points used in
this test are shown in Fig. 2 and listed in Table 2 The data were recorded as
a digitized data at 0.005 second intervals.

Lots of test cases were considered in this study. Table 3 summarizes these
test cases. In the test case C, D and DP, the frame type restraint was
replaced by the mechanical snubber at the support point R4. Two different
types of excitation tests were conducted. One was the four support excitation
test using shaking table (ST1, ST2, ST3 and ST4) and the other was the two
support excitation test at shaking tables (ST1 and ST4).

In each test, the seismic wave test and the pseudo-static deformation test were
performed to evaluate the effect of the inertia force and anchor movement. The
displacement response of the shaking tables of the seismic wave test were used
as input function in the deformation test. The displacement data were expanded
ten times of records of the excitation test in the time domain. The
earthquake- like waves were developed by using an actual BWR Mark-2 type plant
model and excited by El-Centro NS and an artificial seismic wave S2M6.5.

Table I Specification of Test System

Type Multi shaking table system

Exciting direction one horizontal

No. of vibration tables 4

Control Electro-Hydro

Shaking force 10 ton.f

Displacement max. 30 cm P-P

Velocity max. 20 cm/sac

Shaking wave Sine, Random, Earthquake
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Table 2 Measurement System Table 3 Test Case

Total Pres Support Excitation
Measurement Position Number Case I

Number (KP Gap Type Method

i6cceieration 34 Base I
Frame structure 4 A 0 0 F.Rest. Four Ex 

shaking table 8 Ap 4 90 0 F.Rest. Four Ex.

Piping 21 B 0 t2 F.Rest. Four Ex.

Bp 490 t2 F.Rest. Four Ex.
Displacement 6 Shaking table 4 C 0 0 M. Snub. Four Ex.

Piping 2 D 0 t2 M.Snub. Four Ex.

Strain 16 Piping 16 D p 4 90 tZ M. Snub. Four Ex 

X 0 no I no Two Ex.
Pressure 2 Piping 2

Reaction la Shaking table 4 F. Rest. Frame Type Restraint all

Piping 6 M.Snub. Mechanical Snubber at 

Video 4

�VTI-1' six

Y 24 CC

x 3 Y

ASX
ACT1 S3X

P-��S3Lk

S6Y S6LA S3LB
/S6LB 0 Part 'A'

S6x Oz q,� A7Y

JA6 R

S2X
A14X S4X A6Z

S4Z A8Y
A AIIX '

A13Y ��iF 2R VT2X

z SFX

2
7T

Anchor STn Shaking Table

ACTnD Actuator displacement
Restraint ACTnL Actuator reaction force

ACT3L -�6,s S8x VTnXZ Table acceleration
F2L 0 (XZ-direction)

IL 0 D-n Pipe displacement
SSLA SnXZ Pipe bending strain

SnLAB Elbow hoop strain
s9z P-n Pressure

<25 AnXYZ: Pipe acceleration

(XYZ-direction)

ACT4D Rn Restraint point
ACT4L

Fig. 2 Piping System and Measured Points
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3. TEST RESULTS

3.1 The Effect of the Internal Pressure

The response of the displacement and stress due to the seismic excitation was

decreased by the effect of the internal pressure as shown in Fig. 3 It could
be supposed that the internal pressure makes the piping more stiffen. The

internal pressure was variable according to the acceleration response of the

piping and those values were distributed within 200-500 Kpa in seismic test.

3.2 The Effect of Different Phase Excitations

In the two sinusoidal excitation test, it was observed that the response of

piping was fairly influenced by the phase of the excitation wave at each

support as seen from Fig. 4 However, actual response of piping systems will

be more complicated because of lots of supports and the earthquake input. To
investigate the effect of the input phase during the seismic events, the

simultaneous excitation test and the time delayed excitation test were
conducted using the same wave. Fig. shows typical time history traces. In
the simultaneous excitation test, the effect of inertia force was dominant as

compared with that of relative anchor movements. In the time delayed

excitation test, this tendency was opposite.
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3.3 The Effect of the Support Condition

The acceleration response of piping with snubber is smaller than that of the
frame restraint as shown in Fig. 6 In the uniform seismic excitation test,
these tendencies could be observed in the stress and acceleration response
distinctly. In the multiple seismic excitation tests, there was no remarkable
difference in the response.

T*.t I.P.t .- I.Pt -1
c... (gal) 62 50 12 500 18750 25000

1 2 3 4

ELMS 1234 30 20 10 10

BP ELMS 1234 60 40 20 20

RAN20 2 2 2 2 a 8 a a

S2M6.5 1234 12 & 4 4

S2K6.5 1234 24 16 8 8

ELMS 1234 30 20 10 10

DP ELMS 1234 60 40 20 20

RAN20 2222 a a 8 a

S2M6.5 1234 12 8 4

S2M6.5 1234 24 16 8 8

Fig. 6 Effect of Support Condition on Acceleration

4. ANALYTICAL RESULTS

4.1 Analytical Model and Condition

The analysis of the two support excitation test was presented. The f inite
element model of the piping system consisted of 56 elements and 56 nodes. The
piping was supported at node 1, 12, 24, 25 and 29. The acceleration was input
at node 1, 24 and 25 in the horizontal direction. The simulated valves were
defined as the concentrated mass. The spring constants were used at the anchor
points and the support points.

4.2 Natural Frequency

The natural frequencies both measured and analytical results are listed in
Table 4 The analytical results are in good correspondence with the measured
one at the lower frequency modes. The discrepancy of 6-th mode was about .
From the comparison, the analytical model was accurate enough to simulate the
test results.

Table 4 Natural Frequencies and Participation Factors

Mode Predicted Measured Participation

No. (HZ) (HZ) factor W

1 2.26 2.36 - 0.803

2 3.89 3.86 - 0.810

3 6.08 6.20 0.095

4 6. 9 3 7. 2 3 - 0.075

5 7.93 8.39 - 0.040

6 11.68 10.74 0.108

7 13.49 13.67 0.161

8 1 S. 2 4 4 6 - 0.006

9 17.33 17.68 0.032

10 18.10 18.26 - 0.063

11 19.45 19.68 - 0.066

12 21.79 20.54 - 0.025

13 28.53 28.86 0.014
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4.3 The Damping Ratio

The test results show that damping ratios in lower natural frequency modes are
higher than that of higher frequency modes. Piping system damping was observed

to range from aout 3 to 9 of critical, varying with support type. The

observed damping was at least twice the two percent used in JAPAN design
practice. To confirm the damping value in the analysis, two different damping

cases was performed. One adopts the damping value h=2.0 for all modes based on

the design practice. Another uses the damping values based on the test
results, as 3 for lst and 3rd, 9% for 2nd and 2 for other higher modes. To
simulate the test results, the analyses are performed using 13 natural modes

under 33 Hz. The comparison of the results is shown in Fig. 7 The results
using the damping ratio based on the test are in good correspondence with the

measured one. in the modal time history analysis and the multiple response
spectra analysis, the measured damping ratios are used.

4.4 Time History Analysis Method

The accelerations recorded at each exciting shaking table were used as input

data to except the dynamic effects of the framed structure. The time step of

the numerical integration was set 0.005 second as same as the sampling time in
the test. This time step was small enough to represent the response of the
piping system.
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5. INVESTIGATION OF TEST AND ANALYTICAL RESULTS

In order to confirm the accuracy of the computational methods for the multiple
support excitation problem, the analytical results were compared with the test

ones.

5.1 Time History Analysis

The modal time history analysis was used. Because it was easy to compare with

the test results and to estimate the contribution of modal dampings. The time
history traces of the measured and calculated response at typical points are

shown in Fig. 8 9 and 10. It is shown that the correspondence between the
test and calculations was fairly good except the response of vertical direction.
The maximum response obtained by the test was in good agreement with calcu-

lated one as shown in Fig. 11. Several observations may be made regarding

the response in the vertical direction. A possible reason to the discrepancy
of the response in the vertical direction could consist of the following:

1) the vertical movement of the shaking tables was not considered in the
analysis. 2) mdal damping was overestimated for high frequency modes.

3) high frequency modes above 33 Hz was neglected. Time history analysis

method was available for these multiple support excitation problem.
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5.2 multiple Response Spectra Analysis

The multiple response spectra method is used widely in the design of the piping

systems of the multiple support excitation. From the comparison of maximum
responses shown in Fig. 11, the multiple response spectra method using the SRSS

combination was in good agreement with the time history analysis. It was noted

that the discrepancies of the measured results and the calculated responses
were apt to arise near the support points, especially in acceleration. It is

because the natural modes at the support points are always zero.

5.3 Uniform Response Spectra Analysis

For the uniform response spectrum method using the envelope spectrum, the
results using the SRSS method almost covered the test results. This method did

not give so conservative results than that of the multiple response spectra
method with 10% method for closed space mode evaluation as seen from Fig. .
From the investigation, it would be concluded that this method is available for

the multiple support excitation problem excepting the acceleration response

near te support point.
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6. CONCLUSIONS

The following remarks are obtained from this study.

1. The effect of the internal pressure and the phase of excitation were not
negligible small on the response of the piping system.

2. The observed damping was at least twice the two percent used in JAPAN
design practice.

3. The SRSS method offers the reasonable results to the response of the
multiple response excitation problems. The 10% method to the closely
spaced modes is conservative for the flexible piping response used in this
test.

4. The acceleration response near the support points are always underestimated
because the natural modes of the analysis are zero at these support points.
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SUMMARY

CREYS-MALVILLE reached full power in december 1986 and is presently the largest
sodium cooled reactor in operation. Well established procedures of safety eva-
luation have been used for the design but for a large size reactor special at-
tention must be paid to the effects of seismic disturbances.

This paper describes the seismic protection and monitoring system of the plant,
the core behaviour which is specific to fast reactors and the test performed to
verify the analyses.

Finally the seismic impact on the construction can be established as an indica-
tion for future plants.
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1. REFERENCE GROUND MOTION

The CREYS-MALVILLE plant (figure 1) is situated 50 km east of LYONS in a class
VI seismic zone on the MSK scale. The known seismic activity of the area is low
and at the early phase of the construction an intensity of VII was considered
adequate for the maximum credible earthquake to be expected during plant life-
time. For the safe shutdown earthquake (S2) an intensity of VIII was required
according to the rules set by the licensing authorities.

For the design specifications it was decided to follow the rule already in use
for the 900 MWe PWR standard plant, like BUGEY 32 km downstream on the Rhone
river that is : EdF spectrum with a zero period acceleration of 02 g in the
horizontal direction. Two independent orthogonal componentsare taken into ac-
count. The vertical component is 23 of the horizontal.

Later detailed s4smotectonic studies were completed and two spectra were defi-
ned for the site S2 level 

- earthquake just below, intensity VIII focal depth 12 and 25 km,
- earthquake 15 km from the site, intensity VIII-IX.

They were used only for the verification of the most critical points.

2. SAFETY AND FUNCTIONAL REQUIREMENTS

The S2 earthquake is used in the evaluation of the safety of the plant.

The same general criteria are applied for external or natural hazards explo-
sion, missile, airplane crash, flooding, extreme climatic conditions

- reactor safe shutdown and decay heat removal '
- limitation of the release of radioactive substances.

Therefore functional requirements are

-reactor shutdown,
-core support,
-decay heat cooling
-radiation monitoring,
-confinement,
-protection againt sodium fire.

For the SI level or half the S2, the structural damage must be limited to allow
for a safe restart after repairs. Therefore components which are not accessible
for inspection and repair must be specially classified in the upper category.
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3. AUTOMATIC REACTOR SHUTDOWN SYSTEM

The system automatically shuts the reactor down when seismic sensors detect a
base motion greater than a preset level.

This system has been requested by the licensing authorities as it already
exists on the PHENIX reactor at MARCOULE. The justification can be found in the
high sensitivity of the reactivity to the core geometry and in the fact that
during normal operation the core is not in its most reactive configuration.
This will be clarified below when dealing with core seismic behaviour.

The reactor scram system is entirely duplicated from the measuring point to the
control rod assembly. It can be activated by the following parameters (figure
2) :

-neutron flux,
-period,
-reactivity,
-sodium temperature rise across the core,
-core inlet temperature,
-loss of off-site power (more than 3s),
-primary pump seizure,
-power/flowrate ratio (I system),
-primary pump maximum sodium temperature (1 system),
-earthquake,
-burst clad detection in the hot plenum,
- -�f ray activity inside the dome.

Each scram system AUl or AU2 operates on a 23 logic.

AUl earthquake detectors comprise three sets of triaxial accelerometers, which
are located in the control building raft.

AU2 earthquake detectors are located in the reactor building base-mat at three
different locations.

The detectors use accelerometer of the force balance type from two different
manufacturers. Depending on the frequency range a limit is set on the velocity
or on the acceleration.

Each detector is of the fail safe type and can be tested manually with a sinu-
soidal signal.

4. SEISMIC MONITORING OF THE PLANT

The seismic monitoring system is used to give information to the plant operator
and is not a safety system.

Three sub-systems are used.
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l/ Tri-axial accelerometers (Kinemetrics)

- three in the reactor building 2 on the base-mat and one at a upper level
- two in the steam generator building one on the base-mat the second at

upper level,

Triggers are provided in each building

- an independent accelerometer is placed on the free-field with a recorder.

21 Differential displacement transducers

They measure the differential displacements between reactor and steam gene-
rator building at a single level (two locations SG building C and SG
building E) (figure 1).

The control and recording of the instrumentation is centralised in the
control building with a software for the in-line analysis of the record.
Power is provided by batteries ensuring 24 h autonomy, and if necessary on
auxiliary diesel.

The trigger level is set at 0.01 g on any direction.

In case of triggering of the accelerometers on the reactor base-mat an alarm
is transmitted to the control room and an indication of the maximum accele-
ration for each of the three directions of measurement is available in the
control building.

3/ Mechanical triaxial peak accelerographs

Three sets has been installed, they record the peak acceleration

- in the reactor building, at two levels,
- in the control building, at a single level.

The range of measurement is 002 g - 2 g.

This instrumentation follows the rules set by the licensing authorities
(RFS 13 b).

5. SEISMIC BEHAVIOUR OF THE CORE

As already stated, the reactivity effects induced by a seismic excitation is an
important motivation to scram the reactor in case of seismic disturbance.

A complete redundancy is provided by the instrumentation, however the behaviour
of the core has been studied and no credit of the early shutdown has been taken
for the qualification of the control rods or the design of the internal
structures.
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5.1 Core reactivity variation

There is a superposition of three effects. The first results from the differen-
tial displacement of the control rods inside the reactor. The drive mecanisms
are fixed to the roof-slab which is flexible and moves at a frequency of around
5 Hz. The second effect is the deformation of the core itself under horizontal
excitation. In the case of SUPERPHENIX the core is not restrained laterally and
at time may become more compact. This effect has been evaluated using the re-
sult of a non linear calculation of a single row of fuel elements extrapolated
to the whole core. The horizontal effect is the most important.

The global seismic effect is obtained by using the quadratic superposition rule
for two horizontal and one vertical direction.

The third effect is the settlement of the U02 pellet inside the fuel rods, it
is potentially as important as the horizontal effect and assumed constant.

5.2 Core seismic response

The transient non linear core response has been calculated using as input a
sinusoidal variation of reactivity at a frequency of Hz.

For the S2, the power oscillates and reaches a peak of around twice the normal
power. After a few seconds the average power is increased by only 15 %. The
sodium core outlet temperature is increased by 25 'C.

By itself this power variation would rapidly scram the reactor, three protec-
tion channels are involved 

- reactivity variation, after 04 s,
- power after 025 s,
- ratio power/flow rate after 12 s.

From this study it can be concluded that the neutron flux measurement provides
a redundancy to the direct seismic protection and has approximately the same
sensitivity.

6. DYNAMIC AND FUNCTIONAL TESTS

Due to the large size of the reactor vessel it was not feasible to measure the
dynamic response of the reactor block under a significant horizontal excita-
tion.

However extensive measurement were made in air during preoperational tests on
components and internal structures.

The main objective was the determination of vibration characteristics of the
primary circuit for the understanding of the signals recorded during normal
operation by the permanent instrumentation.

For the internal vessel it was assumed that an accurate model could be derived
from measurements in air, the effect of sodium being calculated separately by a
finite element method. The agreement has been satisfactory /_ T.
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Before delivery to the site each pump has been tested in a water loop. Then a
dynamic model has been developped and used in the seismic analysis.

- More data has been collected during the startup tests, for example

the first frequency of the intermediate heat exchanger can easily be detec-
ted by strain-gage welded on the support skirt. The value measured is
within 10% of the calculated value /-2-7.

the above core structure has a frequency of Hz for the horizontal motion,
the same value has been calculated in the seismic model where fluid struc-
ture interaction is only approximate.

the first horizontal frequency of the internal vessel is calculated at
0.7 Hz. This frequency is found to be dominant in the response of strain-
gages welded to the bottom head when the flow in the hot plenum is distur-
bed.

- Fuel element frequencies has been measured and are, close to values of the
seismic model derived from non linear calculation /-4-7.

Functional tests were made on two components of the primary system important
for the safety.

I/ The reactor shut down system 21 m high, in a vertical test rig /_3 7.

21 The pump shafts and bearings at ENEA Brasimone Center and also in the DEMT
laboratory at Saclay.

Standard methods has been used ' for testing the electrical components,
control cabinets and instrumentation raks.

The same technique has been applied to the sodium electromagnetic induc-
tion pump of the fuel failure detection system.

7 MODIFICATIONS INTRODUCED DURING THE CONSTRUCTION

The seismic loadings were finalized during the early phase of the construction
and they influenced the design of many components. A brief description is given
of the most significant modifications.

l/ Intermediate heat exchanger

The support has been redesigned to reduce the stresses and increase the
flexibility. Furthermore the influence of the roof slab deflection under
vertical excitation had to be taken in the calculation.

2/ Core support structure

Heavy reinforcements were made to accomodate the horizontal seismic effect
and to prevent buckling. Local stiffeners were added and the thickness of
some plates was increased.
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3/ Internal structures

Stiffening rings were welded to the "baffle Bl" and the thickness of the
weir cylindrical shell was increased at its upper part.

4/ Above core structure

The thickness of thermal shield could not be reduced despite the adverse
effect on thermal stresses.

5/ Fuel storage tank

The storage drum which supports the fuel elements has been completely rede-
signed for greater resistance and stiffness.

8 CONCLUSIONS

The seismic design of CREYS MALVILLE raised some new problems (due to the size
of the components and to the fluid structure interaction).

Which were solved by an increase of the stiffness of some structures with
minimal modifications of the thermal stresses.

For future reactors great care must be taken to accomodate dynamic loads in the
early phase of the design and to make the best compromise between seismic and
thermomechanical problems, with the aim of achieving the lowest possible costs.
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SUMMARY

A group of steel and reinforced concrete scaled structures with intentionally
reduced seismic strength to 13 to 112 were constructed in 1983 for long term
observation in order to collect precise data of earthquake response and grasp
failure mechanisms during earthquakes. A monitoring system was installed in the
structures as well as in the surrounding soil. Some reliable data have been
successfully recorded since then, which can be available for verification of
analytical models.
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1. INTRODUCTION

Recent progress in earthquake engineering clarifies seismic behavior of various
structures and reduces disasters caused by earthquakes. There are, however,
still many problems to be solved to perfect countermeasures against earthquakes,
as we often experience disastrous damages in strong earthquakes. One of the most
important themes to be urgently solved is the failure mechanism of structures on
the ground and under the ground surface. It is well known that complex vibration
occurs in structures and their foundation during earthquakes and that this
behavior has a great impact on the failures. Thus, to obtain the true solution
to these problems, there is a pressing need to collect actual data by directly
observing ground motions, response of structural systems and their interaction,
though the response behavior is to be predicted to some extent by theoretical
analysis, by model tests and by analyzing damages due to earthquake disasters.

The collected data are useful for analysis of the actual behavior of soils and
structures. In addition, the data are very effective in verifying and developing
theoretical analysis. From this point of view, the Institute of Industrial
Science set out a project for research on the response and failure mechanism of
a ground-structure system under real earthquakes. This research project is
mostly conducted at the Chiba Experiment Station in Chiba City, 31 km east of
Tokyo. This research comprises the observation of ground motion by the very
dense array network of 36 three-component seismometers, the earthquake response
observation of structures with intentionally reduced the seismic strength which
may be damaged even by moderate earthquakes, the observation of the instruments
with a base isolation device installed on the floor of the reinforced concrete
observation tower and the observation of the soil-structure interaction of the
observation tower. For these observation more than 500 response data can be
recorded simultaneously by the data acquisition system.

There are a lot of response data to a number of earthquakes already obtained
since 1983. Most of such earthquakes are "small", but a few should be called
"moderate". Among them, the shock on October 41985, was announced the strongest
in 56 years in Tokyo. Its intensity was assigned to the grade V of JMA. The
epicenter was located 30 km north of the Chiba Experiment Station where the
observation is continued. The schematic map of the locations of these places is
shown in Fig.l.

During the earthquake mentioned above, the ground motions were successfully
recorded. The maximum acceleration amplitude recorded at the surface of the
ground was around 800 mm/s/s . The response observation of the structures with
low seismic strength was also successful. Two of them are reinforced concrete
frames, the columns of which were slightly damaged. Numbers of flexural cracks
were observed on the columns. These observation records are presented and dis-
cussed elsewhere [ ]. In this paper the observation records of another two
structures, braced and unbraced steel frames, are discussed in detail.

2. STRUCTURE MODELS AND INSTRUMENTATION

The two structural steel models were constructed on the actual ground. Each
model is described as follows:
(1) Model No.1
A three-story moment resistant frame composed of H-shaped columns (H-
125xl25x6.5x9) and H-shaped girders;the x and y directions shown in Fig.2 coin-
cide with the weak-axis and the strong axis of the H-shaped column section,
respectively.
(2) Model No.2
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A three-story bra�ed frame composed of H-shaped columns (H-l5Ox5Ox5x7), H-shaped
girders, and braces; the braces in the x-direction are composed of rectangular
section (plate 6x1Ox40O) connected to angles (L-75x75x6) in a part, and the
braces in the y-direction are composed of angle members (L-75x75x6). The y-
direction braces are installed for preventing catastrophic collapse due to
twisted movements after buckling of the x-direction braces which causes the
unbalance in horizontal rigidity. The yield base shear force of the x-direction
is 9 of the total building weight, and this strength is less than one-third of
the design practice in Japan. The reinforced concrete basements (5 meters
square) were installed directly on the surface of the Kanto loam after the top
soil was removed. The shapes and the dimensions of the two models are shown in
Figs. 3 and 4 and the fundamental parameters are summarized on Tables I and 2.

Various types of transducers were installed on the models to measure the fol-
lowing data:
1) Accelerations of each floor; 3x3 components per model.
2) Accelerations of basement; 3 components per model.
3) Inter-story displacement including rotation; 43 components per model.
4) Flexural strains of the Ist story column and the axial strains of the braces;
32 components per model.
Additionally the underground accelerations at the depths of I meter, meters,
20 meters, and 40 meters are recorded simultaneously. The data acquisition is
automatically started once 10 mm/s/s is sensed at the depth of 40 meters, and
the data are converted into the digital form with the sample time of millise-
conds.

3. SUMMARY OF RESPONSE OBSERVATION

The earthquake described herein occurred at 926 p.m. on October 4 in 1985.
According to the announcement of Japan Meteorological Agency, the magnitude of
this earthquake is 62 and the epicenter is located at Lat.35 53' N. and
Long.140 9 E. on the boundary of Chiba and Ibaragi Prefectures, 30 kilometers
distant from the observation site. Fig.5 shows the time histories of accelera-
tion records in each directions, x and y, of the two steel models. It is found
that the considerable magnification of acceleration is induced in the upper
parts of soil within 10 meters in depth. The peak values of observed responses,
such as accelerations, story shears and drifts are summarized in Table 3 Story
shear coefficients (story shears divided by the sum of the upper floor weights)
are also shown in parentheses in Table 3 The 1st story shears in all the models
reach more than of total weights. High acceleration and story shears are
observed in the y-direction of the model No.2 This is explained by the eviden-
ce that the natural frequency of this direction coincides with the dominant one
of the excitation wave. There are no damages in this direction, however, because
the model is sufficiently strengthened by the angle braces. On the other hand,
the weak braces in the x-direction of the model No.2 experienced buckling and
considerable yielding. The peak value of drift at the 1st story is 46 mm and
the permanent deformation of 2 mm remain. The responses of the model No.1,
designed stronger than the model No.2, remain in elastic ranges.

4. INELASTIC BEHAVIOR OF BRACED FRAME

In the x-direction of the model No.2 the 1st story braces experienced buckling
and considerable yielding. The base shear vs. drift relationship and their time
histories are shown in Figs. 6 and 7 After several reversals in elastic ranges,
the buckling occurred and the maximum strength of the 1st story (point A shown
in Figs. 6 and 7 was observed. In this moment the tension bars seemed to be
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yielded already. The softening of the initial stiffness was observed. It is
recognized by the calculated initial stiffness (broken line in Fig.6) obtained
by assuming that the both-side bars are completely effective, where the initial
stiffness k is evaluated by the following formulas.

k = 2 NE A Q (COS 2/ L

where E Young's modulus
L b total length of the brace

& the angle between the axis of bars and the horizontal line
N number of pairs of bars

A equivalent sectional area of brace composed of two kinds of
members, calculated by

L t>
A - = �- -

L + L (2)
A A

where L i L : length of two different members
Al A2: sectional area of two different members. Subscript

1 and 2 correspond to the plate 6x1Ox4OO and the
angle members L-65x65x6, respectively. As for A2,
the half area of one leg is ignored.

The unloading stiffness after yielding can be evaluated by the half of Eq.(1),
also shown as the broken line in Fig.6 . Other components of stiffness, such as
column stiffness and the decrease in stiffness due to so-called P- effects, are
so much smaller than the brace stiffness as to be ignored in the evaluation.

The maximum load-carrying capacity Pmax (point A in Fig.6) can be evaluated by
the sum of the buckling load in compressive bars and the yield load in tension
bars:

P N A a A i ) CO 8 (3)

where a - Euler's buckling stress
(y yield stress

In the evaluation of the buckling stress, it is assumed by considering the bar-
end conditions that the effective buckling length is 60 of the clear length.
Calculated Euler's buckling stress is about 98 MPa. In the evaluation of the
yield stress, the strain-rate effects on yields stress should be considered.
Fig.8 shows the results of tension tests on the brace materials. As is often
experienced, under the higher strain rate the yield stress slightly increases.
The duration of yielding from the point A to the unloading point shown in
Fig.6 is very short time of 0.1 seconds, and the averaged strain rate reaches
0.12 per second. Although this is beyond the ranges of the tension teststhe
extrapolated value 343 MPa is assigned to the yield stress. The evaluated load-
carrying capacity is also plotted in Fig.6 .

5. SPECTRAL ANALYSES AND NATURAL FREQUENCIES

Since the effecient algorithm of the fast Fourier transform was presented by
Cooley and Tukey in 1965, the finite Fourier components of discrete time series
can be rapidly and easily computed by many researchers and engineers. Also in
this report the FFT techniques are utilized in order to identify the spectral
characteristics of the soil-structure interaction systems. The data processing
in the system identification was carried out in the following way 2:
(1) Consider the unknown system, whose input and output time series are denoted
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by x(t) and y(t), respectively. The Foureir transforms of these time series,
X(w) and Y(w), can be approximated by the finite complex Fourier components in
the FFT computation. The data length used is 40.96 seconds and the data size is
8192.
(2) The energy spectrum or the Fourier square amplitude spectrum of the input
time series, denoted by Sxx, and the cross spectrum of the input and output time
series, denoted by Sxy, are calculated under the following definitions:

S. X X (4)

S X Y (5)
where X*((o) denotes the conjugate of X(-).

Evidently Sxx and Sxy indicate the contribution of each spectral component to
the two integrals J _ X ( t ) 2dt and f _ x(t)y(t)dt , respectively.
(3) The FFT techniques have high resolving capacity, but the computed spectral
values often shows abrupt changes, which may be caused by some errors included
in the data. In order to remove these unstable changes and to pay attention to
slowly changed essentials, some smoothing techniques are applied to the spectral
values. In this report, the computed spectral values, Sxx and Sxy, are smoothed
by a rectangular spectral windowthe band width of which is set to 03 Hz. This
smoothing process makes no change in the original values of the two integrals
f '. (x(t))2dt andf _ x(t)y(t)dt . The smoothed energy spectrum and the

smoAhed cross spectrum are denoted by S�_.and S _, respectively.
(4) The system function of this input-output system, denoted by H((-)), is defined
as a complex function, which satisfies the following equation:

Y (w = H (w ) X (w (6)

The system function H(w) can be identified by

H ( w = �, / S__ __ (7)

In this report four kinds of observed acceleration records, which are recorded
at 1) the position of 40m depth in the soil, 2 the position of 1m depth, 3 the
basement, 4 the roof are chosen to identify three kinds of input-output
system, from 1) to 2, from 2 to 3, and from 3 to 4. The smoothed Fourier
amplitude spectra of the above four kinds of records and the three system gains
are shown in Figs. 9 to 12 for each directions of the two models. In Figs. 9 to
12, the square root values of the smoothed energy spectra are plotted as the
smoothed Fourier amplitude spectra, and the absolute values of system functions
identified by E.(7) are plotted as the system gains.

In the system gains the position of 40m to 1m in depth, three peaks at 2 Hz, 5.5
Hz, and 8.5 Hz are commonly observed in four cases. As for the system gains from
the position of Im depth to the basement, the gains for the frequencies less
than Hz can be regarded as almost unit except in the y-direction of the model
No.2. In other words, except in the y-direction of the model No.2, the basements
and the soil of meter depth show almost the same motions at least for the
components of frequencies less than Hz. The gains decrease for the frequencies
greater than Hz, and the systems behave as so-called low-pass filters. One of
possible explanations for this phenomenon is the following one: When the motion
of the soil surface consists of different phase components and the basement
restrain them, the highcycle components, the wave length of which is shorter
than the size of the basement ' will be cut off in the motion of the basement
131- In the y-direction of the model 2 the gain of 45 Hz is dominant, and this
frequency coincides with the dominant frequency of the upper model. This fact
shows the existence of the interacted motion between the basement and the upper
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structure, such as rocking movements.

The system gains from the basement to the roof response are characterized with
natural frequencies peculiar to each models. The Eigen value analyses on simple
vibrational models shown in Fig.13 were made to explain the natural frequencies
observed in the system gains. The values of the story stiffness used in model A,
B, C, and E (Fig.13) are the elastic ones derived from the observed story shear
vs. story drift relationship in each directions of the two models. In the model
D, the Ist story stiffness in the model C is substituted by the softened stiff-
ness after yielding (see Fig.6). In these models, the supporting conditions are
assumed to be fixed. In the model F, the upper structure is assumed to be rigid,
and the rocking of the basement is considered. As for the rocking stiffness
denoted by K, the following approximate solution 41 for the semi-infinite
elastic soil under the assumption of the triangular stress distribution shown in
Fig.14 is used:

K 1 513 7r b 3 V 4 (8)
2 0- v

where P: density of soil
b: length of basement side

V : shear wave velocity
v: Poisson's ratio of soil

Calculated natural frequencies based on these vibrational models are summarized
in Table 4 These calculated frequencies are also marked in Figs. 9 to 12. It is
found that the above vibrational models well explain the identified natural
frequencies.

6. CONCLUDING REMARKS

(1) An outline of the elastic and inelastic responses due to October 4 ear-
thquake have been described. The data acquisition system works well, and espe-
cially, inelastic responses of steel structure accompanied with buckling and
yielding of the braces have been successfully recorded.
(2) System identification techniques using Fast Fourier Transform are applied to
the observed acceleration records. Identified natural frequencies of the upper
structural systems fairly agree with theoretical frequencies based on simple
vibrational models. Identified system gains from the underground of m depth to
the basement are found to behave as low-pass filters. These results can be used
in the further study on the modelling of soil-structure interaction system.
(3) The model No.2 was slightly damaged beyond its elastic limits. Considering
the spectral characteristics of the observed excitation, this damage is found to
be predictable. The observed strain rates of the tension bars reached to 012
per second, and the effects of strain rates on yield stress should be considered
if precise prediction of the load-carrying capacity is needed.
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Table I Parameters of model No.1

Stories 3
Area of each floor 25.1 m
Weidth of each floor 124 KN
Steel grade JIS SS41

1' 25xl25x6.5x9
Steel members sed [1H:'OOxlOOx5.5x8

Brace:L-65x65x6*

Installed during maintenance work and storms

Table 2 Parameters of model No.2

Stories 3
Area of each floor 25.1 m
Weight of each floor 172 KN

Steel grade JIS SS41
2:H-lOOx5Ox5x7

Steel members used G2:H-25Ox75x6x6
B :PL-6xlO
Brace:L-65x65x6*

Table 3 Peak values of response observed

model No. No. 2

direction x(weak) y (strong) x (weak) y (strong)

-40m 200 180 190 200

-20m 290 210 250 260

-10m 360 280 330 330

acc. -lm 880 770 840 860

(mm/ Basement 860 630 710 730

sec2) 2 Fl. 1640 1380 1710 1330

3 Fl. 1310 1280 880 2590

R Fl. 1800 1390 1650 3520

lst St. 29. 4 (0.08) 35. 3 0.09) 47. 0 0.09) 128 025)story
shear 2nd t. 27.4 (0.11) 23. 5 0.09) 44. 1 0.13) 108 031)

(KN) 3rd t. 22. 5 (0.18) 17. 6 0.14) 29. 4 0.17) 61.7 0.36)

story lst St. 12.0 5.6 4.6 1.2

drift 2nd t. 11.1 4.0 1.1 0.8

(mm) 3rd t.. 8.8 2.8 0.6 0.4

* Values in parenthesis indicate story shear coefficients.
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Table 4 Calculated natural frequencies

1st 2nd 3rd 1985 6
1014 

A 1.0 2.8 4.1 Tokyo Chiba
Experiment

B 1 6 4.4 6.3 Station

C 3.6 10 .0 14 6

D I 7 8.4 14.i
35

E, 5 3 14 21
139 140 141

F 7 .0 - -
Fig. I Map of locations of

(Hz) experiment station and
epicenter of earthquake

No.2 Steel
mod I No.1 Steel

odel

6

Direction
of Epicente y

(Oct. 4- X X
.... ..... .I e

R/C .... . . ....
mode

R/C Tower

Fig. 2 Locations of steel structural models with reduced strength
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SUMMARY

In the present article, new trends and development of ISMES

tecniques and methods relating to the seismic surveillace

of nuclear power plants, are described.
The experience gained in this field is described, and

particular attention is paid to the new trend in surveys
and instumentation design criteria (from both the hardware
and software point of view).
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1. FOREWORD

To guarantee the safety of the structure, modern
criteria i planning as well as refined methods in

structural computations must be used. In spite of

the advanced technical knowledge and the growing
experience i panning and construction, it is

still ecessary to install a automatic seismic

surveillance system in the plant, because the plant

may be influenced by high stress during a seismic

event. The surveillance system must be capable, if
required of switching the reactor off or supplying

at least the necessary iformation i order to

maintain safe operating conditions, in case of a

seismic event or seismic activity affecting the

structure, exceed the expected level in project

phase.

The recording of the seismic event and the conse-

quert structural behaviour of the plant, are compi-

led by the surveillance system, allowing for a

prompt location and evaluation of the earthquake
effects. In fact a proper kowledge of the seismic

effect could for example, reduce the time required

to reactivate the plant. A proper evaluation of the
seismic effect, also plays an important role in ve-
rifirg the project assumptions and the alculation

schemes adopted. The traditional surveillance Sy-
stems, istalled or. nuclear power plants are based

on analog data recording methods and for this rea-

sop the real time execution of seismic phenomena

evolution control is limited. Such a system allows

only to verify if the expected maximum acceleration

peak at ground level has been exceeded. The availa-

bility of digital analysis and recording instrumen-

tation, makes possible the effective real-time sur-

veillance of the plant. ISMES experience in this
field will be illustrated here.
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2. ISrIES EXPERIENCE

ISMES knowledge in seismic surveys is based on two

fundamental experiences, that can be considered as

evolutionary stages towards the control of seismic

risk in nuclear power pants. Such experiences come

from real application in working plants as well as

from research and studies carried out for future

p a n t s .

The aorso seismic surveillance system represents

the first step. This is an important achivement in
the evolution process, since for the first time the
analog recording statement of accelerometric si-

gnals has been overtaken. This, thanks to the in-

troduction of a system for the acquisition, digital

recording of signals and the calculation of the re-

sponse spectra.

The basis of the other stage is the experience, in

the project phase, which represents the new SMES
proposal or those plants still i their completion

phase. Innovation is obtained when ew methods in

seismic control are itroduced. The ew methods
consist put oly i observing the earthquake ad

seismicity effects on the structure, but also in
determining typical parameters of the dynamic beha-
viour of te structure itself and te variations of

the parameters as a idex of possible damages.
Following innovations are referable to te Pew e-
velopment of digital hardware wic alows to set

up subsystem modules specialized i acquisition,
recording ad calculating functions to be produced
according to the standards presently emerging on

the market.

2.1 Caorso seismic survey syste

The seismic survey system Pow installed at te Ca-

orso nuclear power pant [11, has been designed as
a completion of a previous one.

The previous system was based on magnetic tape ana-
log recorders. Te recorders were activated by a
common trigger signal, from a free-field sensor;

they allowed the simultaneous recording of oscillo-

gramms of response from different reactor parts. As
for the control expectations, this system had the
following limits:

313



- loss of information regarding the initial stage
of the phenomenon, due oth to the starting time
of the tapes and the period in which the seismi-
city, though present, wasn't strong enough to re-
ach the trigger threshold given.

- impossibility of real time data elaboration as
the spectra oputation occurred Orly after
playing bacK the recordings on tape.

- alarm signals which is activated only when the
given acceleration level, i correspondence of
the free-field, is excedeed.

The Pew system allows to overcome the drawbacks ju-
st mentioned, being based on digital technologies.
The previous system has been kept running as a re-
dundant system and spare system in case of failure
of the digital

Hereunder are outlined the design criteria of te
new system ad are described the peculiarities of
the sensors, the acquisition and recording system,
the algorithm for a real time calculation of the
response spectra.

2.1.1 Sensors

Sensors for vibration surveys, consist of 15 servo-
accelerometers placed as per Table 

F.EE FIEID

E�El

TABLE I CAORSO NUCIFAI I'fAVI

ACCEIEROWTERS LA� OUI
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The chosen positioning allows to determine:

- free-field acceleration components

- components of the motion at the reactor base

- the reactor response and, through further elabo-

ration, the dynamic features of the reactor -

tself, considered as a rigid structure.

2.1.2 Recording and acquisition system

The system (see Table 2 is based on a lb-bit mini-

computer supplied with floating point hardware, in
order to accelerate the calculation. The main peri-

pheral connected to the computer is a multiplexer
and analog to digital converter unit capable to ac-

quire analog data coming from accelerometers and to
convert them in a digital form with a 12-bit reso-

lution (equivalent to the resolution of a part on
4 9 6 

The convertior and the following digital recording

assures high dynamics 72 d) necessary for the a-

celerometric signal elaboration (response spectrum
calculation, modal aalysis, etc.) For these rea-

sons the sampling period of the analog signals has

beer chosen in 0.01 sec. as to avoid aliasing phe-
nomena and to minimize the possibilities of errors
in spectra calculation.

TRANSDUCERS IRE-EXISrEOVI hVSTRj)A4EVrA Tin'

REC RDI.G A.0
�LAV BACK

SISTEM

DIGITAL MONITORING SYETEM

--------------- --------

---- FD1G1T AL-1
2. ---- j_LEC0RDER j

CE111IR-L
UNIT

TABLE 2 CAORSO NUCLEAR PLANr -
BLOCK DIAGRAM OF THE SEISMIC MONITORING SYSTEM
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The analog sgnals coming from accelerometers are

previously processed before going through he mul-

tiplexer and converter unit. An amplifer set allows
both the galvanic insulation between the acquisi-

tion system ad the sensors (on-field) ard the am-
plification of the input signals, so as to reach

the full scale in voltage of the A/D converter, u-

sing the high dynamics of the system.

The following step is te analog filtering in order

to eliminate all udesired spectral components from

the accelerometric sgnals (high frequency Poise,

aliasing, e.).

Finally a simultaneous sample ad hold uit, allows

the simultaneous acquisition of data coming from

all the sersors without producing phase-shift. Tis
is in fact of great importance since it enables to

carry out correctly the following modal analysis of
the structure. The data storage peripheral s made

of magnetic cartridge digital recorder able to re-
cord up to seismic events.

2.1.3 Control software

The control unit, performs the following functions

(TaDle 3.

- acquisition of accelerometric signals, cming

from accelerometric sensors placed on the reactor

building and on the free-field. The acquisition
is made as to record also the acceleration signal

immediately before the seismic evert
(pre-trigger)

- real-time calculation (that is to say, during the
seismic evert) of the response spectra of the -
celeraciors acquired on one free-field charnel.

- calculation of the spectra response regarding he

other accelerometric channels.

- comparison between calculated spectra and desi-

gned spectra.

- signaling of a possible excedirg of the maximum

expected spectra. In this case the system prints

the calculated spectra and the reference spectra,

pointing out te spectral components exceeded.
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Another ISMES innovation is the algorithm developed

to calculate the response spectra. This calculation

can be extremely expansive if carried out with tra-
ditional algorithms. As to ward off this drawback,

which could be detrimental for a real-time elabora-

tiop of the spectra, ISMES developed an algorithm

which considerably reduces the time required for
the spectra calculation (if compared with the tra-

ditional methods) thanks to a digital filtering me-

thod (covariance/invariant).

To estimate the precision of this new algorithm and

its advantages in calculation time, ISMES has car-

ried out a number of response spectra elaborations,

taking into consideration different time-histories
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of earthquakes. It has beer established that the

mean square deviation among the spectra calculated

by means of traditional integration (Table 4 and

by means of the "covariance-invariant" algorithm,
ranges between 3 and 6 and it obviously varies,

according to the "time histories" under examinatio-

r1. As to the time required for the calculation of

the spectra, research has proved that the
covariance-invariant algorithm is on the average

ten times faster than the traditional one

(Piece-wise linear).

MA

3.0

.0 2.5 6.0 to.41 20.0 M.0

01.1

TRADITIONAL ALGORITHM "PIECE WISE LINEAR

10.0

2.0

9.0

:,Do �AA
2

A

z 4.0

1.0 0.0 to. W.0

C 1 R ALGORITHM

TABLE 4 RESPONSE SPECTRUM ALGORITHMS COMPARISON
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2.1.4 Alarm criteria

The alarm signal is activated by the system when at
least one of the sensor signal is subdued by one of

the following conditions:

a - the calculated spectra has to exceed, at least

in I analysis frequency, by 10% of the

reference spectra;

b - the calculated spectra has to exceed the

reference spectra, in at least in 3 analysis

frequencies.

2.2. Latest ISMES proposals on seismic survey

New proposals have been developed in order to meet
the need of seismic surveillace, of those plants

still under construction or completion, such as PEC
and Montalto di Castro. This proposal is based on a
new planning of seismic control, divided ito 2

main functions:

- SEISMIC UEILLANCE

- SEISMIC MONITORING

SURVEILLANCE must supply information concerning
seismic phenomena, in order to establish, on based

existing procedures, the intervention needed to be

performed on the plant. This consists in the acqui-

sition of the accelerogramms on free-field and also

on some significant positions of the plant, signal-
ling if he fixed threshold values have been excee-

d e d .

MONITORING must supply enough information to be a-
ble to verify if stress level of the equipment ad

components, haven't exceeded the OBE values. Such a

function is based on two digital processings of the

signals, the first on-line and the second off-line.

The on-line processing carried out on place, consi-
sts in the calculation of the response spectra, in

all measurement points and in the comparison with

the reference spectra, outlined during the design
phase. More complex processing carried out out-line

in laboratoriesreading the recorded data, give the

following results:
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- verifying the assumption that the structure has a

rigid behavior.

- calculation of the response spectra in other par-

ts of the reactor building specifically at

mid-height and at areas where it was not possible

to install instrumentations, but which still are

of interest for studirg the structures and its

components.

- execution of spectral analysis of the acquired
signals as to obtain information, though partial,

on te upper vibration modes of te building and

in particular on the damping values and on the

features of the iteraction with the ground.

- evaluation of the structure response by means of

an available structural model, starting from the

recording of the free-field earthquake. Compari-
SOP between calculated response and the response
directly measured.

2.2.1 Surveillance instrumentation

Surveillance instrumentation are of the following
k i nd:

a - passive mechanic instrumentation enabling

permanent ad visible recording of the

acceleration peaks on one or more frequency
bands. The peak accelerograph and the response

spectra recorders fall in this category. Such
instruments do not require a power supply.

b - Seismic switches made of triaxial

accelerometers with electronic circuitry
regulated so as to switch off the relay when

the seismic events exceeds the fixed level.

c - recording centralized instruments made of tria-
xial accelerometric sensors placed i important

parts of te structure and also made of a re-
cording system on magnetic tape.

2.2.2 Monitoring instrumentation

Monitoring instrumentation can be divided as follo-

ws 

- sensors
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- digital equipment for the acquisition, calcula-
tion and recording 

Sensors are the same used in accelerometric net for
the surveillance function. In consideration of the
reasearCh carried out and the developed models, so-
me others triaxial accelerometric sensors could be
placed at different levels on the reactor building
or on the surrounding buildings and on some plant
components.

When talking about digital acquisition, calculation
and recording istrumentation, we have to underline
the development of digital hardware ad the launch
of specialized modules DSP (Digital Signal Proces-
sing), on the market allowing new solutions.

Considering the digital system installed at the Ca-
orso plant, the idea of a single computer heading
all functions is obsolete; new solutions enabling
modularity, reliability ad redundance concepts
tend to be introduced. The system is in this way
configured with modules having a specific function
to assure expansion capability and redundance to
the system. Table shows the system architecture
underlining the different modules divided according
to their main functions.

b- --- md Cr-

L

r

TABLE 5MOOULAR SEISMIC MNIrOPING SY5rEM-
BLOCK DIAGRAM
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By and large we can identify the following modules:

- ANALOG/DIGITAL CONVERSION AND BUFFERING MODULE.

Such a module in its 12,3 channel versions, accor-

ding to the sensors to which it's connected, ga-

thers the following functions: galvanic insulation
and analog amplification, analog filter, simultane-

ous sample and hold, aalog to digital conversion
and signal buffering during the expected seimic e-

vert (pre-trigger and post-trigger).

- SPECTRA CALCULATION MDULE

Such specialized module calculates the spectra of

the channels to which it's connected (channel
1,2,3) through a firmware algorithm.

- ALARM LOGIC EVALUATION MODULE
It receives the exceeding threshold signal of oe

or more channels from the spectra calculation modu-

les and causes the alarm signal, according to the

previously defined logic.

- TEST MODULE

The transducers module test and instrumentation mo-
dule test, fall in this category. The transducer

modules test are arranged as to control the sensors
able to send test signals and receive the response-

s. The instrumentation modules test are arranged

for the acquisition and calculation chain test and

allow to generate one or more test earthquakes who-
se wave and spectra are known. Comparison witn ac-

quired and elaborated data, give the correct fun-

ctioning instrumentation index.

- TAPE RECORDING MODULE

It records acquired signals on magnetic support.

All conversion and buffering modules of the system

are headed here.

- DISPLAY AND PRINTER MODULE

It reproduces on paper and on display, test resul-
ts, spectra calculations and diagnostic informatio-

n 

- PANEL ALARM MODULE

It activates local lights and/or acoustic signals
and returns alarm signals in the control room, even

during simulations and tests.
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3. CONCLUSIONS

New ISMES technologies in planning and construction

of seismic control systems, are based on monitoring
and surveillance concept and also on the use of di-

gital equipment.
The main advantages can be summarized as follows:

a - Higher precision in information, if compared

with information collected with the traditional

analog system.

b - Higher rapidity and effectiveness of the alarm

signal.

c - High reliability thanks to modern components

and electronic systems.
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SUMMARY

Two different seismic systems are foreseen in the case of PEC: the seismic

safety system, that provides the automatic scram, and the seismic

monitoring system.
During an earthquake, three triaxial seismic switches are triggered if a

threshold value of the ground acceleration is exceeded. In this case, the

signals from the seismic switches are processed by the afety system (with

a 23 logic) and the shutdown system is triggered.

Peak acceleration is the parameter used by the safety system to quantify

the seismic event. This way, however, no information is obtained with

regard to earthquake frequency content. Thus, reactor safety is guaranteed

by adopting a threshold considerably lower than the Z.P.A. of the Design

Basis Earthquake.

Furthermore, in the case of significant earthquakes, the seismic motion is

measured by about 20 triaxial accelerometers, located both in the free

field and on the plant's structures. Data are digitazed and recordered by

the seismic monitoring system. This system also elaborates the recoredered

time-histories providing floor response spectra and compares such spectra

to the design values.

The above-mentioned elaborations and comparisons are performed in short

time for two triaxial measuring positions, thus allowing the Operator to

immediatly get a more complete information on the eismic event.

The complete set of data recorded by the seismic monitoring system also

allows the actual dynamic response of the plant to be determined and

compared to the design values. On the basis of this comparison the

necessary safety analysis can be carried out to verify whether the design

limits of the plant were respected: in the positive case the reactor can be

restarted.
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1. INTRODUCTION

Great care is devoted to the seismic design of Nuclear Power
Plants. In general two reference earthquakes, and S2, are
defined: represents the normally acceptable earthquake with a
"return time" comparable to the plant's life. For this
earthquake (e.g. American OBE, French SB) the plant shall be
capable to be safetly operated. S2 is the maximum earthquake
which is considered to be possible at the specific site. For
this earthquake (e.g. American SSE, French SM) structures,
systems and components necessary to shut down the reactor and
maintain it in a safe condition, shall be capable to perform
their safety functions.
Input ground motions are defined, after detailed geological and
seismotectonic studies of the site are performed, by using a
spectral quantity (e.g. response spectrum, power spectral
density) or by a set of accelerometric time-histories.
Mathematical models of structures and soil-structures
interaction phenomena are developed in order to determine:

a) the seismic response of structures to the ground motion;

b) the input motion of components to be qualified by test or
analysis.

If an earthquake occurs whose level is equal or greater than SI,
the plant shall be shut down. Two different intervention
approaches are usually adopted. The first foresees that the
Operator shall actuate the shutdown on the basis of information
immediately available in the control room. The second foresees
that an automatic shutdown of the plant shall be carried out by
the seismic safety system.
The first philosophy is based on the conviction that seismic
design is reliable enough to guarantee plant safety and that
even in the case of component failure due to the earthquake, the
plant will be shut down by normal safety systems. In any case,
the Operator has time enough to decide whether or not the plant
should be shut down.
This is the philosophy that is adopted in the most recent
Italian nuclear power plants (Caorso, Alto Lazio, and the
reactors of the Unified Nuclear Project), according to licensing
staff position.
The second philosophy has the advantage of a more rapid
achievement of plant safe conditions, without requiring the
direct intervention of the Operator. The traditional criterium
adopted is to shut down the nuclear plant at a predetermined
ground acceleration. But the ground peak acceleration alone is
not sufficient to describe the seismic event. So, in order to
defend the plant against earthquakes characterized by particular
frequency contents (for instance near-field earthquake), it is
often necessary to lower the threshold acceleration value. That
is in contrast with the need of avoiding spurius scrams.
Beside the instrumentation necessary to perform the automatic
scram or that foreseen to enable an early determination of the
earthquake severity to be made by the operator, additional
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seismic instrumentation is usually available on nuclear plants.
This instrumentation is adopted to measure and record the
vibratory response of representative structures and components.
In fact, either the plant has been shut down during (or
immediatly after) the earthquake or not, detailed studies might
be necessary to evaluate the actual response of safety-related
structures and components. It is important to investigate
whether design limits are exceeded or not and to determine the
eventual long term effects of the seismic motion. The data
collected by this seismic instrumentation (i.e. time-history
accelerometers, response spectrum recorders, peak
accelerographs, etc.) are also useful to verify hypoteses and
modelizations used in the seismic design.
This paper deals with the description of the seismic systems
that are foreseen on PEC reactor: the safety and the monitoring
systems, their roles and main features.

2. THE PEC SEISMIC SAFETY SYSTEM

2.1 General remarks

In the case of PEC, earthquake S2, called TSS ("Terremoto di
Sicuro Spegnimentoll),is defined by Housner-type response spectra
with a maximun ground acceleration of 03 g 294 m/s2) in the
horizontal directions and 02 g 196 m/s2)in the vertical
direction. Earthquake S1, corresponds to the so-called 12 TSS.
it is characterized by design spectra equal to 0.5 times those
of TSS [1] . The PEC reactor safety criteria require that the
plant shall be automatically shut down by the Seismic Safety
System in the case that the 112 TSS is exceeded.
This choice is due to both hysterical reasons and reasons
depending of the plant features. In fact, when the Preliminary
Safety Report was licensed 1974), the licensing staff position
was that an automatic shutdown system had to be available in
order to put the plant in a safe shutdown condition as soon as
possible. This was due to the new reactor concept and also to
the fact that seismic analysis methods were not advanced enough
at that time.
In addition, in the case of PEC the neutronic - seismic
interaction effects (due to the core volume variations and
control rods extraction) are not negligible. So, even if the
analysis has demonstrated that after the core design
modifications (thicker pads and higher hexcan stiffness of fuel
elements and reduced pad thickness on neutron shielding
elements), the thermal effects due to seismic reactivity
insertion are acceptable [11, a scram during the initial part of
a large earthquake can drastically reduce such thermal effects.

2.2 main features of the system

The main functions of the automatic scram system of the PEC
reactor are:

a) To detect, by means of three triaxial seismic switches,
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if a preset acceleration threshold has been exceeded on
one of the three axes fyz, owing to a seismic event.

b) To provide the necessary data to the reactor safety
system, that elaborates digital signals related to each
axis (as generated by seismic swithces) with a 23 logic.
After this elaboration the safety system actuates the
automatic scram if the threshold value is exceeded at
least in one direction.

The simplified logical diagram of the system is shown in fig. 

2.3 Description of the system

Three triaxial seismic switches are present in the PEC scram
system. These are located in three different detection
positions, that consist of renforced concrete blocks embedded in
the soil of the plant site.
The localization of the three positions was defined according to
criteria described in 2.4.
Electrical supply is independent for each of the three triaxial
seismic switches, and is derived by three different supplying
sources (ABC in fig. 1) equipped with accumulators and
inverters.
The associated electronics consists of:

- Power supply units

- Local signalings

- Test units to verify circuit integrity and seismic
switches functionality

- Interface units with the reactor safety system (digital
signals of the seismic swithces reach these units,
together with signals related to detected failures and
test state of circuits and switches). The function of the
interface units is also to automatically put the system in
a state of "request of intervention" in the case of
detected failure or test state. After reaching this state,
according to the signals provided by one of the units, the
system is ready to shut down the reactor on the basis of
signals from only one channel, belonging to a different
seismic switch and related to the same axis.

The equipment costituting the system will be qualified according
to IEEE standards.

2.4 Localization of the sensors

Because of the geomorphology of the PEC site (a valley, with
various different stratigraphic conditions) a detailed analysis
was performed by ISMES (on behalf of ENEA) in order to define
the best locations of the sensors. In fact, the ground input
motion for the seismic analysis is defined for PEC at the
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free-field, on the soil surface. So, it was necessary to fix
different positions, at sufficiently large distances from
buildings (in order to represent the free-field condition) and
also from one another (in order to avoid common local disturbs);
in addition, these positions had to correspond to suitable
geomorphologic conditions (to prevent local modification of the
seismic motion) and to stratigraphic conditions as similar as
possible to those characterizing the foundations of the main
buildings. Fig. 2 shows a general view of the plant with the
location of the three triaxial seismic switches.

2.5 Threshold level

In spite of the fact that the PEC reactor has been designed so
as to operate in safe conditions up to an earthquake level equal
to that of 12 TSS, the threshold value for automatic scram has
been fixed to a ground peak acceleration corresponding to the
ZPA of 14 TSS 0075 g for horizontal components) This was
done considering that such an earthquake level is already rather
high and that the recent studies on the site showed that its
occurrence during reactor life is improbable enough, and also
according to the discussion of Chapter with respect to the
limits of peak values to describe earthquakes (earthquakes could
in principle occur with ZPA lower than 0.15 g, but with spectral
amplitudes larger than those of 12 TSS for some frequency
values).
Obviously, the lowered threshold level further enhances the
already high degree of safety of the plant in an earthquake. In
particular, in the very improbable case of an earthquake
comparable to TSS, the reactor will be shut down in the initial
part of the quake.

3. SEISMIC MONITORING SYSTEM

3.1 General remarks

As mentioned in Chapter 1, seismic instrumentation is usually
adopted in nuclear plants to measure and record the seismic
input motion and the response of structures and components.
Digital instrumentation, in comparison with analogue
instrumentation used in the past years, has the main advantage
to provide the needed information to the Operator in a directly
usable form and with a higher precision.
Furthermore, a digital system also allows response spectra from
some accelerometric signals to be directly evaluated and
compared to the design values. This feature is very important:
in this way, in fact, a more complete characterization of the
seismic event can be obtained in a short time with respect to
that based on a comparison between peak accelerations.
As mentioned, to better defend the PEC plant against earthquakes
characterized by spectra of different shape with respect to the
design values, the threshold for the automatic scram was lowered
from 0.15 g to 0075 g: however, in the case of scram the
Operator does not receive any information from the safety system
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about the actual degree of severity of the earthquake, and thus
on the loading conditions actually applied to the plant. In
particular, he cannot get to know if an earthquake larger than
1/2 TSS really occurred and thus, whether or not the plant
design limits have been exceeded.
The availability of actual earthquake spectra at appropriate
positions in the plant and their comparison with the design
values in a short time, is certainly very useful to raduate the
operations necessary after reactor scram according to the
earthquake severity.
Obviously, the optimum solution would be to have a safety system
performing automatic scram based on comparisons between actual
and design spectra. However, the problems related to the
reliability of computerized system in the case of earthquake
have not completely been solved, yet; furthermore, the time
needed for reactor shutdown would certainly increase.

3.2 Description of the system

The PEC seismic monitoring system aims at detecting and
processing the seismic motions induced by an earthquake on the
plant.
Thus, the system functions are following:

a) To detect and transmit the components of seismic
accelerations by means of triaxial accelerometers. These
are mounted in the most significant positions in the plant
and in free-field.

b) To permanently record on tape-cassette these
accelerometric signals in order to allow a comparative
analysis to be later performed between the actual
earthquake response of the plant and that estimated in the
design phase.The recording is performed in digital form to
obtain a better signal definition and is equipped with a
reference clock.

c) To start recording of accelerometric signals as soon as
the triaxial seismic triggers show that the predetermined
acceleration threshold has been exceeded. These adopt a
1/2 logic and actuate the start-up of sampling and data
processing system.

d)To continuously store on buffer memory the accelerometric
signals for a predetermined period of time, before the
real start-up of the recording system (per-event memory).
This avoids loss of information concerning the initial
phase of the event, that would occur as consequence of:
- the dead time related to the recording cassette
start-up;
- the period in which the seismic signal is lower than
trigger threshold.

e) To continue recording the accelerometric signals for a
predetermined period of time after the seismic signals are
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again below the trigger threshold (post-event memory).

f) To print on paper the time-histories of previously
recorded acceleration components. This printing also
contains the reference clock, the identification code of
the accelerometer under consideration, the date and time
of the recorded event.

g) To directly calculate in a short time response spectra
using the signals transmitted by two triaxial
accelerometers, selected among those available on the
plant. The algorithm adopted for the calculation includes
the possibility of assigning the damping value.
Furthermore, the computing unit compares the measured
spectra to the corresponding design values, prints the
compared set of spectra as well as the date, the time of
the recordered event and the identification code of the
accelerometer under consideration. An alarm is produced by
the computing system in the case that some limit
conditions are exceeded in te comparison between measured
and design spectra.

The electrical supply derives from a source equipped with
accumulators and inverters.
Finally, the seismic monitoring system also includes some
mechanical transducers, not electrically nor pneumatically
supplied, and a test system for the periodical verification of
loops' integrity.

3.3 Transducers locations

The positions of the various transducers were defined using the
results of the on-site experimental analysis and the related
numerical studies described by refs. 2 and 3 These studies
allowed the modal shapes of the reactor building to be determine
in detail, and some information to also be obtained for the
adjacent buildings. Thus, it was possible to optimize the
transducer positions so as to enable the best possible
information to be obtained on the whole reactor response (and in
particular on modal shapes) in the case of a real earthquake.
The transducers of the seismic monitoring system are foreseen
not only on reactor building floors but also in the free field
(together with the switches of the automatic scram system), as
well as on the safety-related adjacent buildings and the
supports of some of the main components.
Fig. 3 shows the transducer positions and types. As far as
instrumentation of reactor building foundations is concerned
(item n'l of fig. 3 we note that two triaxial transducers are
foreseen in order to accurately evaluate the rocking motion of
these foundations.
Fig. 4 shows a perspective view of the plant with the sensors'
positions.
The positioning of transducers had to take into account
accessibility problems as well as temperature and radiation
conditions, since the operability of the system and its
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maintenance feasibility have to be guaranteed during the whole
reactor life. Thus, it was not possible to foresee
instrumentation on reactor-block components, whose motions with
respect the supporting floor are large for a fast reactor such
as PEC, in comparison to those possible in a thermal reactor.
Anyway, a wide-ranging and very detailed experimental and
numerical programme was carried out in the framework of te
seismic verification of the PEC reactor-block [1], that led to
the validation of accurate numerical tools.
Finally, it is worth pointing out that the rather exstensive
instrumentation adopted is due to the purpose of using the PEC
experience in the framework of development studies on seismic
monitoring systems in Italy, whose utilization is obviously
independent of the fact that PEC is a fast reactor.

4. CONCLUSIONS

The main features and the role of the PEC automatic scram system
(constituting the seismic safety system) have been described,
together with those of the foreseen seismic monitoring system.
It has been shown that automatic scram system is adequate for
PEC reactor safety, taking into account the severe design rules
adopted, the advanced seismic design and also the relatively low
threshold of seismic switches. However, the seismic monitoring
system can provide useful information for the operations after
reactor shutdown and has the advantage of a more correct
description of the seismic event. Furthermore, the present
licensing staff position for the most recent Italian nuclear
power plants is that automatic scram is not necessary, but the
reactor shall be shut down by the Operator basing on alarms from
seismic monitoring system.
The seismic monitoring system, under development for PEC, should
contribute to the assessment of improved concepts applicable to
Nuclear Power Plants, with regard to both data processing in
short time and improvement of system reliability 4.
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LOCATION SENSOR FLOOR LEVEL

1 Reactor building ounda-tion 2 triaxial accelerometers, -12750
trigger, spectrum recorder

2 reactor building containment triaxial accelerometer +19000
structure

3 vessel supporting floor triaxial accelerometer - 770

4 vessel rotating plug peak accelerograph - 770

5 roof of maintenance bay triaxial accelerometer + 18000

6 transfer cell floor triaxial accelerometer + 6000

7 Polar crane supporting ring triaxial accelerometer + 19000

8 Sodium building Tou-nUa-tion triaxial accelerometer -3500

9 expansion tank support triaxial accelerometer + 6200

1 0 secondary pump support triaxial accelerometer + 6200

1 1 air-sodium heat exchanger peak accelerograph +14000
support

1 2 free field n 2 triaxial accelerometer -

1 3 principal cell floor triaxial accelerometer

1 4 Diesel building foundation triaxial accelerometer 100

1 5 control room floor triaxial accelerometer + 6000

1 6 free feld-nl �1 � triaxial accelerometer, trigger -

1 7 freefield n 3 triaxial accelerometer

1 8 control and service building peak accelerograph -
foundation

9 fuel handling control room floor peak accelerograph + 10750

2 sodium building roof triaxial accelerometer

I I

Fig. 3: Instrumentation of the PEC seismic monitoring system
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SUMMARY

Soil-structure, interaction (SSI) research at the Electric Power Research
Institute (EPRI) is focused on validating modeling and computational
procedures.

A data base has been obtained with instrumented scale models of stiff struc-
tures founded both on unsaturated alluvial soils and on rock. Explosives were
used to induce strong ground-motion for two experiments, one on rock and the
other on alluvium. A third experiment, a one-fourth scale containment
structure on saturated alluvium, relies on earthquakes as the energy source.
Analysis of the explosion-induced SSI data shows a marked shift in the funda-
mental frequency of the soil-structure system to a lower frequency. The
magnitude of the shift is a function of foundation conditions and level of
excitation. Analytical simulation was found to require more sophisticated
soil constitutive models and computer codes than are used in current practice.

The current phase of the program concentrates on evaluating SSI models used in
current deisgn practice by comparing predicted with recorded data at points in
the soil-structure system.
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1. INTRODUCTION

During a strong motion earthquake, the dynamic coupling between massive
buildings and their underlying soil significantly influences the responses of
structures and hence components, piping, and equipment. In design analyses,
the translation of the free-field ground accelerations to input motions to the
building foundation is accomplished through soil-structure interaction (SSI)
models. The USNRC's Standard Review Plan (SRP) 37.2 specifies a conservative
enveloping of existing models since there is a lack of data to support a more
realistic approach. The objective of EPRI's SSI research is the generation of
an experimental data base to validate SSI models, particularly encompassing
nonlinear behavior under strong ground-motion.

EPRI has sponsored three series of strong-motion SSI experiments using buried
explosives. The first and second series of tests 121, also called
SIMQUAKE I and SIMQUAKE II tests, were conducted on a soft soil site near
Albuquerque, New Mexico; and the third series of tests 13], called
SIMQUAKE III, cosponsored by Niagara Mohawk Power Corporation, was performed
on d rock site near the Nine Mile Point (NMP) nuclear power station.
Currently, EPRI with the support of the Tiwan Power Company (Taipower is
collecting earthquake induced SSI data in Lotung, Taiwan on a 1/4- and 1112-
scale PWR type containment structure 4.

The paper will provide a summarized description of these experiments,
including discussions on major technical findings and the application of
experimental data to validate SSI analysis methods and procedures. The final
section of the paper will briefly describe other on-site earthquake monitoring
efforts being sponsored by EPRI. These research efforts tie directly to SSI
investigations in addressing free-field ground motion input and soil dynamic
behavior for water-saturated cohesionless soil layers.

2. SIMQUAKE I AND II EXPERIMENTS

The SIMQUAKE experiments were carried out in the spring of 1977 at the
University of New Mexico's McCormack Ranch Test Site near Albuquerque, New
Mexico 121. These tests, conducted by the university, Civil Systems, Inc.,
and Anco Engineering, Inc., were specifically designed to measure soil
response to ground-motion and the interaction between the soil and a structure
during strong ground-motion induced by the detonation of high energy buried
explosives. Model structures of diffierent sizes were constructed and
embedded to varying depths in different soil types. The motion produced in
the soil at a distance from the model structures and near as well as on the
structures was monitored to assess SSI.

2.1 SIMQUAKE I Test and Results

The first of these experiments consisted of three events: mini-SIMQUAKE,
SIMQUAKE IA, and SIMQUAKE IB [1]. Mini-SIMQUAKE was a small-scale experiment:
450 pounds 204 kg) of explosives rranged in two arrays were fired to
evaluate the use of explosives in sequence to extend the duration of the
ground motion. This test, a verification of the procedure before the main
test, was fired on March 8, 1977.
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The main SIMQUAKE event was a large-scale experiment consisting of two arrays
of explosives that totaled 70 tons 63,490 kg). Each array was 200 feet
(70 m) long, 75 feet 23 m) deep, and its center 62.5 feet 19 m) below ground
level. The arrays were 100 feet 30.5 m) apart, and the front one was about
120 feet 37 m) from the closest structures. The front array was to have
fired 1.5 seconds after the back but did not because of a firing system
malfunction. The back array of 40 tons 36,500 kg) was fired at the scheduled
test time on May 17, 1977, and this event is called SIMQUAKE IA. The front
array firing -- called SIMQUAKE IB -- occurred on June 22, 1977. The two
firings resulted in complete sets of data on two different levels of ground-
motion measured with accelerometers and velocity gauges at various ranges and
depths.

These explosive tests were carried out on five model structures, Figure 
The largest one, 1112 the size of a generic concrete containment vessel, was
embedded to 25% of its height in recompacted dry alluvium native to the
area. Three of the structures were 1124 the size of a containment
structure. Of these, one was buried under an amount of soil equal to its
height. The other two were embedded to 25% of their height, one in native
soil and the other in sand. The fifth model was 148 scale and buried to 25%
of its height in the native alluvium.

The explosions created strong ground-motion, which caused several of the
structures to respond nonlinearly. The formation of cavities or voids in the
soil was one of the major causes of strong nonlinear response. This occurred
when the motion of the structure beat the embedding soil back, breaking the
contact between the structure and the soil. This nonlinear SSI reduced the
1/12-scale model structure's low-amplitude frequency (obtained through forced
vibration tests) severalfold, from 16 Hz to 5-8 Hz in SIMQUAKE IA, which
produced about I G excitation, and to 24 Hz in SIMQUAKE IB, which produced
about 25 G excitation. These findings are significant for defining reactor
floor response to strong motion.

2.2 SIMQUAKE II Test and Results

To find out how the models responded to multiple ground motion cycles and to
cycles of extended duration, a second experiment called SIMQUAKE II WdS con-
ducted 2 The SIMQUAKE II test included a larger model structure (1/8-
scale). Also tested in the SIMQUAKE II were a model structure filled with
water for fluid-structure interaction monitoring, a model structure equipped
with seismic iolation pads for seismic isolation study, and two model struc-
tures installed close to each other for investigating interaction between
structures.

The array sizes and explosive amounts were bout the same as those used in
SIMQUAKE IA nd IB. However, special precautions were taken to ensure that
both arrays would fire at the required time. For the largest model, the 1/8-
scale, SIMQUAKE II produced a G excitation and reduced the rocking frequency
from 12 Hz to about 2 Hz.

2.3 Experimental Data and Analytical Correlation

In both the SIMQUAKE I and II experiments, instruments were placed in the free
field, near field, and on the structures. The free-field measurements were
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horizontal, vertical, and transverse ground-motion acceleration and
velocity. Figure 2 is the comparison of SIMQUAKE spectrum and the
appropriately-scaled prototype spectra based on 3 It shows that the
simulated motion duplicates many of the dominant frequencies and provides a
reasonable input to simulate earthquake-induced strong ground-motions. Near-
field measurements included these as well as angular displacements and
stresses on the front, rear, and base faces of the structures. A few soil
stress measurements were taken in the near field as were acceleration and
velocity. Array detonation, structure motion, and fluid motion were also
recorded by means of documentary fast photography.

These simulated ground motion experiments have yielded important information
by which nonlinear SSI behavior and parameters can be identified and better
understood. Both 1/8- and 1/12-scale data have been used to qualify the
STEALTH-SEISMIC 141 code for nonlinear SSI analysis 15,61, Figures 3 through
8.

Comparison between the analyses and experimental measurements confirms the
validity of the STEALTH-SEISMIC analytical approach. This approach includes
(1) soil island input, 2 kinematic cap soil constitutive model, 3 soil-
structure interface model (bonding and debonding), nd 4 the STEALTH
explicit integration algorithm. Good agreement between analyses and measure-
ments is achieved for all aspects of measured structural response including
horizontal and vertical translation, rigid body rocking, and interface stress
measurements on both the sides and bottom of the structure.

3. SIMQUAKE III EXPERIMENT

The SIMQUAKE III experiment was jointly sponsored by EPRI and the Niagara
Mohawk Power Cooperation (NMPC). The major difference between the SIMQUAKE I
and II experiments 121 and the SIMQUAKE III testing 71 is the soil founda-
tion prope�ty. In the SIMQUAKE III testing, model structures were constructed
with their foundations set in rock sockets.

3.1 Model Design and Forcing Input

The two rectangular structures tested (1/10- and 1/20-scale) were designed

based loosely on NMPC1s Nine Mile Point Unit Containment building and the

two cylindrical models were similar in design to those used in the SIMQUAKE I

and 11 experiments. The latter two were tested to provide data for different

site conditions.

Both forced vibration and explosive induced ground-motion tests were performed

on four model structures. Three planar arrays of buried explosives (a total

of 8700 lb which is equivalent to 9400 lb TNT) were detonated sequentially

to create the strong ground-motion input. The structures and surrounding rock

were instrumented, similar to SIMQUAKE I and II experiments to furnish data

for analytical correlation.

3.2 Test Results

Unlike the SIMQUAKE I and 11 test rsults, which show significant frequency

variations, the structure frequencies observed during the explosive test

(strong ground-motion) in SIMQUAKE III correspond reasonably well with those
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reported for the forced vibration tests (low level excitation) as shown in
Table 1. The explosive test frequencies tend to be on the low end or slightly
lower than the ranges of sine dwell test frequencies. With the exception of
the 1/20-scale rectangular structure, all of the structures exhibited approxi-
mately 10% damping on the ring-down of the explosive test as given in
Table 2 This is somewhat higher than the 35% to 7 damping obtained from
the forced vibration tests. The 1/20-scale rectangular structure damping was
found to be approximately 35% for both the explosive test and most of the
forced vibration tests.

Overall, the SIMQUAKE III test results show small SSI effect for the rock
sites. The data base supplements the SIMQUAKE I and 11 data base for
providing variations needed to benchmarking computer simulation procedures for
SSI analysis.

4. LOTUNG EARTHQUAKE EXPERIMENT

In the simulated earthquake experiments discussed in the above, the detonation
of vertical arrays of explosives propagated wave motions through the ground to
the model structures. Although such a simualtion can provide information
about dynamic SSI characteristics in a strong motion environment, it lacks
seismic wave scattering characteristics for studying the effects of different
kinds of wave composition to the soil-structure response.

4.1 Model Structures

To supplement these simulated earthquakes and address their inadequacies,
EPRI, with the cooperation of Taipower, designed and constructed 1/4-scale and
1/12-scale reinforced concrete containment structures in Lotung, Taiwan, for
actual earthquake-induced response monitoring [8]. The model structures are
located in a sesimically active area, where the University of California at
Berkeley in 1980, under a National Science Foundation grant and under the
direction of Professors B. Bolt and J. Penzien, deployed a two-dimensional
strong motion array (SMART 1) 91 to collect seismological data. The soft
soil site conditions at Lotung are expected to result in a significant amount
of SSI.

The 1/4-scale model is cylindrical in configuration, Figure 9 Its size and
shape was selected on the basis of cost and seismic response considerations.
One of the major considerations in designing the 1/4-scale model was to have
maximum amplifications under actual earthquake-induced strong motions. Since
the dominant frequencies of earthquakes in Lotung based on data collected by
SMART are in the range of 3 to Hz, the 1/4-scale model was therefore
designed to have a fundamental frequency in the same range. For internal
component response monitoring, a mocked-up steam generator and a pipe run were
included within the model, Figure 9.

The 1/12-scale model also hs a cylindrical configuration, and is essentially
the same as the 1/12-scale models tested in the SIMQUAKE experiments. The
purpose of installing the 1/12-scale model was to obtain actual earthquake-
induced data that can be directly compared with data from the SMQUAKE experi-
ments. Recognizing that the Lotung soil conditions are different from soil
conditions of the SIMQUAKE tests conducted in New Mexico and New York, analy-
tical studies will be required to evaluate causes of similar and dissimilar
dynamic response.
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TABLE 

COMPARISON OF FIRST MODE FREQUENCIES FROM
EXPLOSIVE AND FORCED VIBRATION TESTS

Frequency (Hz)

Forced
Explosive Vibration

Structure Test(I) Tests(2)

1/10-Scale Rectangle 36 37.8 - 45.0

1/20-Scale Rectangle 74 83.0 - 90.0

1/12-Scale Cylinder 36 34.4 - 36.0
Without Rock Bolts

1/12-Scale Cyliner 39 40.0 - 43.6
With Rock Bolts

(1) Derived from transfer functions of explosive test data.

(2) The range of frequencies derived from the various tests with the same
backfill conditions as reported 7.

TABLE 2

LOG DECREMENT DAMPING VALUES DERIVED
FROM THE EXPLOSIVE TEST DATA

1st Mode
Response
Amplitude Damping

Structure (g) %

1/10-Scale 2.5 10
Rectangle

1/20-Scale 6 3.5
Rectangle

1/12-Scale 4 10
Cylinder Without
Rock Bolts

1/12-Scale 1.5 10
Cylinder With
Rock Bolts
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4.2 Data for Analytical Correlation

Both the free field, the near field, and the models were instrumented as shown
in Figures 10 and 11. The free-field instrumentation has three linear surface
arrays radiating out approximately 150 feet 45 m) 41/2 diameters of the
1/4-scale model) from the 1/4-scale model and two downhole arrays to depth
approximately 150 feet 45 m), one of the downhole arrays adjacent to the
model nd the other in line with the outer edge of the surface array. Strong
motion accelerometers were installed on the basemat and on the containment
wall.near the top of the 1112- and 1/4-scale models to record the foundation
basemat motion and dynamic structural amplification. Also installed at the
interface of the basemat and soil as well as the embedded portion of the wall
and soil are pressure cells to monitor uplifting and bonding-debonding between
soil and structure during strong motion earthquakes. Since the models are
located within the SMART strong moticn array, seismological data and studies
carried out on the SMART data for the Lotung region will provide valuable
information for characterizing the seismic environment in which the models are
located.

Construction of the two model structures was completed and data collection
started in September 1985. By July 1986, twelve major earthquakes ranging

from Richter magnitude 53 to 65 were recorded. The maximum peak ground

acceleration recorded was bout 03 g.

Data will be recorded continuously for a period of no less than five years

with the option to extend if such a need is deemed appropriate. In addition

to the earthquake data described in the above, experiments were performed to

obtain site geological profiel, in-situ geological properties (e.g., plane and

shear wave velocities), nd laboratory soil test data (e.g., resonate column

test, triaxial test, etc.). This information is required for I modeling and

analysis. The USNRC and EPRI also jointly sponsored the forced vibration

tests on the 114- and 1/12-scale models to complement the earthquake data for

linear and nonlinear SSI investigation.

4.3 SSI Mehotd Validation

EPRI, RC and Taipower are currently sponsoring SSI method validation using

the Lotung data. Although each funds its own studies, close coordination and

cooperation re maintained. Under the technical exchangement, the Tokyo

Electric Power Company (TEPCO) is also sponsoring the Japanese industry in

utilizing the Lotung data for SSI method validation.

The methods selected for evaluation by EPRI and NRC include the lumped-

parameter spring-dashpot approach, direct method using the finite element code

FLUSH, nd substructuring impedance techniques by the CLASSI and SASSI

codes. Each method will be used to make blind predictions (recorded responses

not available to predictor) of the site, building, and equipment response to

the given input.

The validation program involves simultaneous independent efforts by each

analyst. The essentials of the validation program consist of the following

four major elements:

354



N

Arm

20'
Accelerograph

Ax 3

(a) Surface Instrumentation Arrays

ISO,

h-sa&le
MDdel

a AL
20 1 VN�' 20.

36' -4-1 161
561 _+

20,

254'

(b) Downhole Instrumentation Arrays

Figure 10. Location of free-field instrumentation

355



N

0

(a) Location of Pressure Cells

N

(b) Location of Accelerometers

Figure 11. The 14 scale model instrumentation

356



- Given soil, structural, and geological information typically available
to a nculear plant design, construct a best estimate analytical model
and perform blind prediction of response to forced vibration tests.

- Compare the predictive calculations with the forced vibration measure-
ments and develop an improved soil-structure model by correlating
dynamic response characteristics between test and analysis.

- Given earthquake control motion at the free-field ground surface,
perform blind prediction of site and structural responses by using
common industry SSI practice, which considers soil parameter variations
and vertically propagated shear waves. At least two models are to be
used in these predictive calculations. One is the original best-
estimate model, and the other is the forced-vibration correlated model.

- Compare prediction results with recorded earthquake response data for
both original and modified models. Conduct an engineering assessment
of modeling technique and analysis method used.

5. OTHER ON-SITE EXPERIMENTS

In cooperation with the California Strong Motion Program, EPRI has initiated
an experiment near the Parkfield segment of the San Andreas fault in central
California. During the past 150 years, the Parkfield segment has ruptured on
the average of every 22 years causing an earthquake of Richter magnitude or
greater. The last earthquake was in 1966. On the basis of past earthquake
occurrences, a long-range prediction has been made with high probability for
1988. EPRI has designed and installed a dense array of 13 surface and 
downhole accelerometers which are located about 7 km from the San Andreas
fault. The array is designed to measure the incoherency (i.e., spatial
variability) of ground motion over distances comparable to the dimensions of a
nuclear power plant. Reduction in structural response due to incoherenc of
input motion has been postulated in past licensing applications, but a high
quality data set to test the phenomenon has been lacking. Free-field measure-
ments of incoherency on firm ground have never been made over the distances of
interest for nuclear plant design.

In cooperation with the USGS, EPRI is conducting a soil dynamics experiment at
a site 0.5 km from the Parkfield section of the San Andreas fault, where
water-saturated, cohesionless soil layers are near the surface. The objective
is to measure simultaneously, at various depths, the buildup of pore-water
pressure and the time-history of ground acceleration. These data will be
critical for validating predictive models of soil response to strong ground
shaking.

At Lotung, the same type of soil dynamics experiment is being performed by the
University of California at Davis under the sponsorship of the U.S. National
Science Foundation and the National Taiwan University under the sponsorship of
the National Research Council of Taiwan, Republic of China. EPRI is supple-
menting these efforts by installing addition pore pressure gauges and soil
settlement gauges.
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6. CONCLUDING REMARKS

The on-site experimental program for seismic verification at EPRI provides
data needed for the validation of SSI methodologies. A workshop on Loting SSI
analysis is planned in which all the results and findings will be presented
and discussed. These results and findings will contribute significantly to
the assessment of current industry SSI practice and regulatory SSI acceptance
criteria.

The ground motion and soil dynamics experiments near the San Andreas fault and
Lotung (including SMART 1) will provide further data on nonlinear response of
soils in strong earthquakes and will allow validation of current practice to
predict these phenomena.
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REVIEW OF SEISMIC TESTS FOR QUALIFICATION OF COMPONENTS AND

VALIDATION OF METHODS

P.Buland*,F.Oantenbein* , R.J.Oibert *A.Haffmann*,J.C.Quevel

CEA-CEN SACLAY-DEMT
9 1 1 91 GI F SUR YVETTE EDEX FRANCE

samm&-y

Seismic tests are performed in CEA-DEMT since many years in order
to demonstrate the ualification of components
to give an experimental YalidBtion of calculation methods used for seismic design of

components
The paper presents exemples of these two types of testsa description af the existing facilities

and details about the new facility TAMARIS under construction.
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I INTRODUCTION

Seismic tests are performed in CEA-DEMT since many years in order:
to demonstrate the qua] if cation f components
to gve an experimental validation f calculation methods used for seismic esign of NPP

components
The paper presents exemples of these two types of testsa description of the existing facilities

and details about the ew facility TAMARIS uder construction.

2 QUALIFICATION TESTS

These tests are performed to prove that electrical or mechanical equipments are able to sustain
seismic excitations while maintaining their safety functions.
The standards which are most commonly applied in France are:
- IEEE 34-75: Recommended practices for seismic qualification of class I E equipement for

nuclear generating station.
-UTE-C20-,420.
Both standards recommend to perform sine befft or accelerogram tests. In this later case the
laboratory has to reproduce on its shaking table a Required Response Spectra (RRS). Usually a
synthetic accelerogram is used. The Test Response pectra (TRS hs to be close as ssibl to
the RR.S. In order to be as realistic as possible it is recommended to perform multiaxial testing.
As there is no large scale three dimensionna saking table in France tests are limited to
vertical and one horizontal directions. Therefore it is necessary to rotate the specimen. A full
seism ic qual if cation sequ;ence is the fo low ing:
-sine sweep test (0 I g) for each axis individually in order to obtain the frequencies f the
specimen.
-S GBE XZ axis
-rottation
-50BE Y-Z axis
-I SSE YZ axis
- rotation
-I SE X+ Z axis
All kind of specimens have been tested on shaking tables. They can Yary from a small
seismometer weighing sme Kg to a 18000 Kg steam relief valve. The facilities must be
adaptable to this great variety of specimens, For small specimens table acceleration noise is of
prime importance (typically: 0. I g). For bigger specimens table stiffness is the principal
characteristic.

Among the various secimens which hve been tested we can quote-.air conditioning
filtersyalyes paced on pipesneutron charnbersseismometersplant computersSuper Phenix
primary pump frydrostatic bearingbase isolation systems:hooped neoprene pads (Ref I )and
cross rollers system, relayssnubbers....

Some tests require external sy,3tevis to be performed. In the cse of the seismic qualification of
a PWR low pressi re safety injection pump it has been necessary ti) built a complete water loop
in order to test the pump under running condition (pump mass: I Twater flow:880
M3/houtlet pressure. 16 Bars, electric motor power:550 KW).(Ref 2,Fig I
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3 VALIDATION OF CALCULATION METHODS (R&D TESTS)

Seismic qualification for bigger components is generally made by calculation .-therefore the aim
of seismic tests is the alidation of the model in cow of complex geometries or validation of the
calculation method as uncertainties can be numerous U to fluidboundwy conditionsnon
linearities as shocks or plasticity .....

3 .1 "le

Due to the size of the components these R&D tests are commonly performed at rduced sBle.The
mock up material is the same as for the prototype and a scaling low conserving the elocity and
the stresses is taken;the frequency range a; aceleration have to be multiplied by the inverse of
the scale factor ( Ref 3)

3.2 Pm_-ioP&7 of y&-ioiat8sts

Among the arious tests performed at DEMT we can quote:
-tests on concrete structures wch as beams and frames up to the rupture.A non linear

concrete model was used to interpret these tests.( Ref ,Fig I
-tests on PWR components

-steam generator bundlescBle I 3,with impacts of the support plates on the shroud
(Ref 5)

_6Mamic bucklingof storage tanks sle /10(Pef 6-Fig 2)
-PWR fuel elements mpacts of elements at full and reduced scale (Ref 7,Fi 3)
-piping system with various supports
-impact of a steam generator YesselscBle 1/6(Ref 8)

-tests on LMFBR components
-6yrmic buckling of hmispherical and cylindrical shells sle I (Ref 9)
-LMFBR reactor core sle 1/3,an extensive programm on the mock up RAPSODIE

has been crried out (Ref 1 0 I I ).An optical measure system supplies a carthography of the
displacements in bath horizontal directions of the head of subassemblies.(Fig 4)

-control rod and We system ( Ref I 2,F ig 5)

3.3 iykulation

The test results we interpreted try the EA finite element calculation code CASTEM (Pef 13)
which can deal with linear and non 11!new static or ynamic clculation. The seismic calculation
con either be performed with the uswl spectrum method, direct integration of the omplete
equation system or recombination of model responses during time (method which is suitable
to Comic analysis with linear material behaviour and nn linearities due to shocks)(Ref 1)
Accurate rrelations are seldom obtained at the first trial.Most of the time it is necessary to
perform elementary tests to tune the calculation model.

Inertia properties of the -specimen massposition of dgmoments f inertia) must be checked.
Static tests help to verify the validity of the stiffness matrix. AO ustments are often necessary to
take into acount some localized softnesses located at the onnections between different parts of
the specimen. Static tests can also deliver the nonlinear behaviour of materials.
In the cse of specimen with gaps elementary impact tests low to get the locailized shocks
stiffnesses to be introduced into the calculation model.Snapback tests will deliver the first
frequencies and their dmping ratios.Thess parameters can also be obtained by sine sweep tests
performed by shaking table or electrodynarnic shaker.Sine tests will also give mode shapes and
therefore modal participation factors.In case f nuid structure intv-action sine sweep tests will
allow to check the value of calculated added mom.
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After all these verifications &W adjustments the seismic calculation can be performed. It is
ecessa; y to use the accelerograms which have been recorded during the tst. This is a

requirement as tere is always sme difference between the drive signals and the recorded
arcelerograms.
After all these steps it is reasonable to hope to obtain some god rrelation between test and
calculation results. The computer model being validated on reduced sale Wing can afterwards
be applied to full scale structure with sme confidence.

4 3EISMICFACILITIESATCEA-DEMT

4. 1 Sme history

The first shaiking table at EA-Saclay was Dmmissionned in 1969. At that time the ESUVE
shaking table was moved by springs which were compressed by hnd and suddenly released it
was guided by rails and casters. Earthquake simulation was therefore very approximatiye. Since
this early period several improvements and extensions have been performed

The YESLNE table (Fig Owas equipped with a 350 KN hydraulic shaker and a better guiding
system able to whistand large overturning moments.

in 976 the blaxial (H+Y) TURNESM (Fig 7 shaking table was added in order to cmply
with the new seismic qualification standards.

In 1983 in order to perform reduced scale testing the MIMOSA shaking table was
commissionned. This table is an horizontal uniaxi8l table actuated by a sort stroke hydraulic
jack able to go up to 300 z.The same year was also oDmmissionned the VESUBIE facility (Fig
8)which was designed to perform seismic tests on slender structures like full scale 2 m)
Super Phenix ntrol rod ad drive mechanism. Three 25 KN actuators simulate various seismic
motions at different elevations.
A specific testing rig named BLEUET was also designed and used W the seismic behaviour of

tr&aulic and mechanical nubbers. This facility is actuated by a 500 KN long stroke actuator.
All these facilities are powered by a 840 I/mn 2 Bars power ack. Data acquisition and
control of the tables are performed try a minicomputer which can digitize 6 channels at the rate
of I 00 Hz per channel simultaneously.

The main features f 11 the E.A existing facilities are presented in table I 

4. 2 T41'WIS

The present capabilities of existing shaking tables in France are limiting sizes and weight of the
specimens to 3m*3m and 20T. in sme for qualification testing these capabilities are too
small (diesel generstorsreprocessing plant equipments). For R&D tests these limits are
imposing ery small reduced scale. In that case representatively of the models is always
questionnable. For xample it is not possible at the present time to test a rep, ese, tative rw of
full scale PWR fuel elements.

These various limitations have motivated WDEMT to start in 1985 the study and design of a
new seismic laboratory: TAMARIS (Fig 9.

This ew laboratory will be located on the Saclay site. The existing facilities will be transfered
to the new building and two new facilities will be added: AZALEE (Fig I ) and IRIS.
The A2alee shaking table (6m*6m) will allow seismic simulation for specimens weighing up to
I OOT. This table will be, at the beginning, a 2 D (X+Y) shaking table actuated y four 600 KN
hydraulic jacks 2 per axis). Four vertical rods with swivels will provide guiding f the table
to cnstrain vertical movement and overturning moments. These rods can be replaced later by 4
hydraulic jcks to transform this table to a 3 D facility. This table will have high performances
as it will be able t reach I g and 1 m/s for a I 0 T specimen (see table 2).
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The Iris facility is a 15m deep hexagonal pit(4m*4m) which has been designed for excitation
of very long specimens. It is a modular facility where ydraulics jacks can be anchored at ay
level and in arty direction (X or Y). This facility will replace 65ubie
All the shaking tables will be grouped on a single 2700 T raction mass. This mass will be

suspended try helicoidal springs and vissmis dampers at a very ow frequency in order to prevent
transmission to the environment A 4m high reaction wall will also be constrLicted on this
reaction mass to allow for specific tests.

All the tables will be energized by a 2150 /mn power pack composed of 6 Waulic pumps.
The facilities will be grouped in a rew building housing a 6 m high 760 m2 testing hall ad
860 m2 offices and workshop for the personnel. The pumps will be located in a special room in
the basement of the building.
Constructionofthenewbuildingstartedbyjune86. ItissdvmledtostartoperatingT&maris

at the beginning of 988.
After cmpletion Tamaris will greatly increase the seismic simulation capabilities in France.

Tests on some large mechanical equipements will become feasible and more representative
reduced scale specimens can be considered
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SUMMARY

Simulated earthquake tests were conducted on centrifuged model structures
embedded in dry ad saturated sand foundations. Accelerations and porewater
pressures were recorded at many locations during the test. Model responses were
analyzed sing the program TARA-3 which incorporates a procedure for nonlinear
dynamic effective stress analysis. Computed and measured responses agreed quite

closely.
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I. INTRODUCTION

The analysis of seismic soil-structure interaction is one of the more complex and
controversial problems of earthquake engineering. At present such analyses are
usually conducted using equivalent linear finite element analyses in the
frequency domain. There has been little verification of these methods because of
a lack of adequate field data.

There are certain important phenomena in soil-structure interaction outside the
scope of conventional frequency domain analysis. Typical examples are uplift
during rocking, permanent deformations, the effects of seismically induced
porewater pressures, hysteretic behaviour and stick-slip behaviour at interfaces
between structures and foundation soils.

Finn et al. 1) developed a nonlinear dynamic effective stress method of analysis
to cope with such problems which they incorporated in the computer program

TARA-3. The United States Nuclear Regulatory Commission (NRC) through the U.S.
Army Corps of Engineers sponsored a series of centrifugal model tests to provide
data for verification of TARA-3. The tests have been conducted intermittently
since 1983 on the large geotechnical centrifuge at Cambridge University in the
United Kingdom. Some of these tests have been described previously by Finn 2]
and Finn et al. 34,5,61.

Two of the NRC tests which model the response of heavy two-dimensional structures
embedded in both dry and saturated sand foundations to seismic excitation will be

described here. Dynamic responses were also calculated by TARA-3. The measured
and computed responses are compared to allow an assessment of the capability of
TARA-3 to model soil-structure interaction during earthquakes.

2. METHOD OF ANALYSIS BY TARA-3

An incrementally elastic approach has been adopted to model nonlinear behaviour
using tangent shear and bulk moduli, C and respectively. The incremental
dynamic equilibrium forces AP} are given by

[M][Ax} + [C](Ak} + [K]{Ax} = API

where [M), [C] and J�j are the mass, damping and stiffness matrices respectively,
and {AX , (Ak} , f6x} are the matrices of incremental relative displacements,

velocities and accelerations. The viscous damping is of the Rayleigh type and
the stiffness matrix is a function of the current tangent moduli. The use of
shear and bulk moduli allows the elasticity matrix [DI to be expressed as

[DI = Bt[Q1 I + Gt1221 (2)

where II and 1921 are constant matrices for the plane strain conditions usually
considered in analyses. This formulation reduces the computation time for

formulating [D] whenever Gt and change in magnitude because of straining or
porewater pressure changes.

2.1 Stress-Strain Behaviour

The behaviour of soil in shear is assumed to be nonlinear and hysteretic,
exhibiting Masing behaviour 7 during unloading and reloading.

The response of the soil to uniform all round pressure is assumed to be non-
linearly elastic and dependent on the mean normal stress. In this deformation

mode, hysteresis is neglected.
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The relationship between shear stress T and shear strain for the initial load-
ing phase under either drained or undrained loading conditions is assumed to be
hyperbolic and given by [8]

T f(Y) = Gmax Y (3)

(1 + (Gmax/Ta,) _YD

in which max maximum shear modulus and TMax = appropriate shear strength.
This initial loading or skeleton curve is shown in Fig. l(a). The unloading-
reloading has been modelled using the Masing criterion. This implies that the
equation for the unloading curve from a point (Tr)yr ) at which the loading

reverses direction is given by [81

T-Tr Gmax(y-'Yr)/2 (4)

2 1 + (max/2 Tmax) IY-YrI

or
T-Tr f(Y-yr)- = , (5)

2 2

The shape of the unloading-reloading curve is shown in Fig. l(b).

Finn et al. [8] proposed rules for extending the Masing concept to irregular
loading. They suggested that unloading and reloading curves follow the skeleton
loading curve when the magnitude of the previous maximum shear strain is
exceeded.

The stiffness matrix [K] in Eqn. is determined using the appropriate tangent
shear modulus, Gt, derived from Eqn. 4 and the bulk modulus, from

G
Bt KbPa () (6)

P
a

Tmax. TMOX

e (Tr Yr)

max Gmax

T

+ Gmaxy GMGX
TMOX

C

Fig. 1 (a) Skeleton loading curve; (b) Unloading-reloading curves.

371



in which K b is the bulk modulus constant, Pa is atmospheric pressure, a. is the

current mean normal effective stress and n is a constant for a given soil type.
Kb and n are determined by triaxial tests 9.

Both G and depend on the current mean-normal effective stress and must tere-

fore be continuously modified for the effects of seismically induced porewater
pressures. These are computed using the Martin-Finn-Seed 101 porewater pressure
model modified to include the effects of initial static shear stresses.

2.2 Residual Porewater Pressure Model

During seismic shaking two kinds of porewater pressures are generated in satur-
ated sands; transient and residual. The transient pressures are due to changes
in the applied mean normal stresses during seismic excitation. For saturated

sands the transient changes in porewater pressures are equal to changes in the
mean normal stresses. Since they balance each other, the effective stress regime

in the sand remains largely unchanged and so the stability and deformability of
the sand is unaffected.

The residual porewater pressures are due to plastic deformations in the sand
skeleton. These persist until dissipated by drainage or diffusion and therefore

they exert a major influence on the strength and stiffness of the sand skeleton.
Both the shear and bulk moduli are dependent on the effective stresses in the
soil and therefore during an analysis excess porewater pressures ust be continu-

ally updated and their effects on the moduli taken continuously into account as
described in Finn et al. [8]. Two porewater pressure models are available; the
1975 Martin-Finn-Seed model and the Finn-Bhatia [11] endochronic model. The
M-F-S model was used in the subsequent analyses to generate the residual
porewater pressures. Therefore computed porewater pressure records will show the
steady accumulation of pressure with time but will not show the fluctuations in

pressure caused by the-transient changes in mean normal stresses.

In the Martin-Finn-Seed model the increments in porewater pressure AU that
develop in saturated sand under seismic shear strains are related to the
volumetric strain increments AEv d that occur in the same sand under drained

conditions with the same shear strain history. This model applies to level
ground so that prior to the earthquake, there are no static shear stresses acting
on orizontal planes. The porewater pressure model is described by

AU = Er Cvd (7)

in which one-dimensional rebound modulus of sand at an effective stress a'.r v
Under drained simple shear conditions, the volumetric strain increment AE vd is a

function of the total accumulated volumetric strain d and the amplitude of the
current shear strain , and is given by

2
AE:vd = Cl(y-C2E:vd) + C3E:vd (8)

Y + C4E:vd

in which C " C2' C 3 and 4 are volume change constants that depend on the sand
type and relative density and may be determined experimentally by means of
drained cyclic simple shear tests on dry or saturated samples.

An analytical expression for the rebound modulus Er, at any effective stress

level , is given by Martin et al. [10 as

Er = dav K2(uv' )n-m, (9)

devr
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in which avo is the initial value of the effective stress and K2, m and n are
experimental constants derived from rebound tests in a consolidation ring.

2.3 Determination of Porewater Pressure Constants in Practice

The direct measurement of the constants in the porewater pressure model requires
cyclic simple shear equipment which is not yet in common use. Therefore, for
using the program TARA-3 in practice, techniques have been developed to derive
the constants from the liquefaction resistance curve of the soil. The
liquefaction curve may be determined from cyclic triaxial tests and corrected to
simple shear conditions as described by Seed 121 or derived directly from
Standard Penetration Test data 131. In the latter case the constants are
derived by a regression process to ensure that the predicted liquefaction curve
compares satisfactorily with the field liquefaction curve using te program
SIMCYC 141. If the liquefaction curve has been derived by laboratory tests te
rate of porewater pressure increase is known. Then a regression analysis is used
to select constants that match both the rate of porewater pressure generation and
the liquefaction curve.

This process has been adapted to the TARA-3 model to include the effects of
static shear by deriving the constants from the appropriate liquefaction
resistance curves and the rates of porewater pressure generation corresponding to
various levels of initial static shear stress.

2.4 Features of the Analysis

Dynamic analyses are conducted in current engineering practice without including
the effects of gravity or previous strains. Initial static analyses are
conducted only to determine the initial stress conditions so that appropriate
initial moduli may be selected. However as strength and stiffness degrade during
seismic excitation because of increasing porewater pressures, the structure
deforms under the gravitational forces. This effect is taken into account in
TARA-3. TARA-3 also has the capability to begin the dynamic analysis from a zero
strain condition as in current practice or from the initial state of strain under
static loading. The latter procedure leads to the most appropriate modelling of
plastic deformations.

For analysis involving soil-structure interaction it is important to model
slippage between the structure and soil. Slip may occur during very strong
shaking or even under moderate shaking if high porewater pressures are developed
under the structure. TARA-3 contains slip elements of the Goodman type [15 to
allow for relative movement between soil and structure in both sliding and
rocking modes during earthquake excitation.

3. TEST ON CYLINDRICAL STRUCTURE EMBEDDED IN DRY SAND

A centrifuge model of an embedded structure and foundation is shown in Fig. 2.
The foundation layer is 110 mm deep and the width perpendicular to the plane of
the figure is 480 mm. Construction of the foundation using Leighton-Buzzard sand
with a nominal relative density Dr 64%. The gravity structure was modelled by
an aluminum cylinder 150 mm in diameter and 100 mm high, embedded 30 mm in the
foundation soil. Centrifugal acceleration was nominally 80 g. The model, there-
fore, simulated a structure approximately 8 m high and 12 m in diameter embedded
to a depth of 24 m in the soil. Average contact pressure of the structure on
the soil was 220 kPa.

Since the test was conducted to see whether TARA-3 could model interaction
effects, the accelerations will be reported only for accelerometers mounted on
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Fig. 2 Centrifugal model of structure embedded in dry sand.

the structure except for ACC 2036 on the base which recorded the iput otion

(Fig. 3 Accelerometer locations are shown in Fig. 2 ACC 2033 easures

horizontal acceleration and ACC 728 and 734 record vertical accelerations due to

rocking. The computed and measured horizontal accelerations at the top of the

structure at the location of ACC 2033 are shown in Fig 4 They are very silar

in frequency content, each corresponding to the frequency of the input motion at

ACC 2036. The peak accelerations agree very closely.

The measured and computed vertical or rocking accelerations are shown in Fig.

5. Again the records are very similar and the peak accelerations are predicted

very closely. Note that the frequency of oscillation is now much higher tan

that of the horizontal accelerations at te top of the structure or than that of

the horizontal input motion. This occurs because the foundation soils are uch

stiffer under normal compressive stresses due to rocking than under te shear

stresses induced by the horizontal accelerations.

ID -

20.9

- V
21.0

10
Time (see)

Fig. 3 Input motions for centrifuge test.

4. MODEL STRUCTURE EMBEDDED IN SATURATED SAND

A schematic view of the model structure is shown in Fig. 6 It is made from a

solid piece of aluminum alloy and has dimensions 150mm wide by 108mm high in the

plane of shaking. The length perpendicular to the plane of shaking is 470mm and

spans the width of the model container. The structure is embedded a depth of

25mm in the sand foundation. Sand was glued to the base of the structure to

prevent slip between structure and sand.
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Fig. 6 Centrifugal model of 2-D embedded structure.

The foundation was constructed of Leighton Buzzard Sand passing British Standard
Sieve (BSS) No. 52 and retained on BSS No. 100. The mean grain size is therefore
0.225mm. The sand was 'placed as uniformly as possible to a nominal relative

density Dr 52%.

During the test the model experienced a nominal centrifugal acceleration of 80 g.
The model therefore simulated a structure approximately 8.6m high by 12m wide
embedded 2m in the foundation sand.

De-aired silicon oil wit a viscosity of 80 centistokes was used as a pore fluid
in order to model the drainage conditions in the prototype during the earthquake.

If the linear scale factor between model and prototype is N, then excess pore-
water pressures dissipate approximately N2 times faster in the model than in the

prototype if the same fluid is used in both. The rate of loading by seismic

excitation will be only N times faster. Therefore, to model prototype drainage
conditions during the earthquake, a pore fluid with a viscosity N times the
prototype viscosity must be used. This viscosity was achieved by an appropriate
blending of commercial silicon oils. Tests by Eyton 161 have shown that the

stress-strain behaviour of fine sand is not changed when silicon oil is
substituted for water as a pore fluid.

In the gravitational field of 80g, the structure underwent consolidation settle-
ment which led to a significant increase in density under the structure compared
to that in the free field. This change in density was taken into account in the
analysis.

The locations of the accelerometers (ACC) and pressure transducers (PPT) are
shown in Fig. 7 Analyses of previous centrifuge tests indicated that TARA-3 was

capable of modelling acceleration response satisfactorily. Therefore, in the
present test, more instrumentation was devoted to obtaining a good data base for
checking the ability of TARA-3 to predict residual porewater pressures. As may

be seen in Fig. 7, the porewater pressure transducers are duplicated at
corresponding locations on both sides of the centre line of the model except for
PPT 2255 and PPT 1111.

The purpose of this duplication was to remove any uncertainty as to whether a
difference between computed and measured porewater pressures might be due simply
to local inhomogeneity in density.

The porewater pressure data from all transducers are shown in Fig. 7 These
records show the sum of the transient and residual porewater pressures. The peak

residual pressure may be observed when the excitation has ceased at about 95
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milliseconds. The pressures recorded at corresponding points on opposite sides
of the centre line such as PPT 2631 and PPT 2338 are generally quite similar
although there are obviously minor differences in the levels of both total and
residual porewater pressures. Therefore it can be assumed that the sand
foundation is remarkably symmetrical in its properties about the centre line of
the model. Hence measured and computed porewater pressures are compared only for
locations on one side of the centre line of the model only, the right hand side.

5. COMPUTED AND MEASURED ACCELERATION RESPONSES

The soil-structure interaction model was converted to prototype scale before
analysis using TARA-3 and all data are quoted at prototype scale. Soil proper-
ties were consistent with relative density.

The computed and measured horizontal accelerations at the top of the structure at
the location of ACC 1938 are shown in Fig. 9 They are very similar in frequency
content, each corresponding to the frequency of the input motion given by ACC
3441 (Fig. 8). The peak accelerations agree fairly closely.

ACC 138 Test RSS111/9Q1
20

0 1: 16.4

A
Z
28 -10 -16.9

V

to 20
Ld nwp�a

10 16 1

I�A A'VV
go V V -16 3

.201
-C 0 1 2 3 4 5 6 7 a 9 10

Time (sec)

Fig. 9 Recorded and computed horizontal accelerations at ACC 1938.

The vertical accelerations due to rocking as recorded by ACC 1900 and those
computed by TARA-3 are shown i Fig. 10. Again, the computed accelerations
closely match the recorded accelerations in both peak values and frequency
content. Note that the frequency content of the vertical accelerations is much
higher than that of either the horizontal acceleration at the same level in the
structure or that of the input motion. This occurs because the foundation soils
are much stiffer under the normal compressive stresses due to rocking than under
the shear stresses induced by the horizontal accelerations.

6. COMPUTED AND MEASURED POREWATER PRESSURES

The porewater pressures in the free field recorded by PPT 2851 are shown in
Fig. 11. In this case the changes in the mean normal stresses are not large and
the fluctuations of the total porewater pressure about the residual value are
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Fig. 10. Recorded and computed vertical accelerators at ACC 1900.
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Fig. 11. Recorded and computed porewater pressures at PPT 2851.

relatively small. The peak residual porewater pressure, in the absence of

drainage, is given directly by the pressure recorded after the earthquake

excitation has ceased. In the present test, significant shaking ceased after 7

seconds. A fairly reliable estimate of the peak residual pressure is given by

the record between 7 and 75 seconds. The recorded value is slightly less than

the value computed by TARA-3 but the overall agreement between measured and

computed pressures is quite good.

As the structure is approached, the recorded porewater pressures show the

increasing influence of soil-structure interaction. The pressures recorded by

PPT 2846 adjacent to the structure (Fig. 12) show somewhat larger oscillations

than those recorded in the free field. This location is close enough to the

structure to be affected by the cyclic normal stresses caused by rocking. The

recorded peak value of the residual porewater pressure is given by the relatively

flat portion of the record between 7 and 75 seconds. The computed and recorded

values agree very closely.
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Fig. 12 Recorded and computed porewater pressures at ACC 2846.

The recorded response of PPT 2848 (Fig. 13) has characteristics similar to tat
at PPT 2846. In this case the computed porewater pressures are somewhat less
than the recorded ones but the overall agreement is good.

Test RSS111/EQ1 PPT2846

Recorded
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... ... .......................

0

06 0-0-- 2'0 4'0 6,13 8.0 10.0
Time (sees)

Fig. 13. Recorded and computed porewater pressures at PPT 2848.

Transducer PPT 2338 is located directly under the structure near the edge and was
subjected to large cycles of normal stress due to rocking of the structure.
These fluctuations in stress resulted in similar fluctuations in mean-normal
stress and hence in porewater pressure. This is clearly evident in the porewater
pressure record shown in Fig. 14. The higher frequency peaks superimposed on the
larger oscillations are due to dilations caused by shear strains. The peak
residual porewater pressure which controls stability is observed between 7 and
7.5 seconds just after the strong shaking has ceased and before significant
drainage has time to occur. The computed and measured residual porewater
pressures agree very closely.

7. STRESS-STRAIN RESPONSE

It is of interest to contrast the stress-strain response of the sand under the
structure with that of the sand in the free field. The stress-strain response at
the location of porewater pressure transducer PPT 2338 is shown in Fig. 15.
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Fig. 14. Recorded and computed porewater pressures at PPT 2338.
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Fig. 15. Stress strain response Fig. 16. Stress strain response
under the structure. in the free field.

Hysteretic behaviour is evident but the response for the most part is not
strongly nonlinear. This is not surprising as the initial effective stresses
under the structure were high and the porewater pressures reached a level of only
about 20% of the initial effective vertical stress. The response in the free
field at the location of PPT 2851 Fg. 16) is strongly nonlinear with large
hysteresis loops indicating considerable softening due to high porewater
pressures and shear strain. At this location the porewater pressures reached
about 80% of the initial effective vertical pressure.
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8. CONCLUSIONS

The comparison between measured and computed responses for te centrifuged odels
of structures embedded in both dry and saturated sand foundations demonstrates
the wide ranging capability of TARA-3 for performing complex effective stress
soil-structure interaction analysis with acceptable accuracy for engineering
purposes. Seismically induced residual porewater pressures are satisfactorily
predicted even when there are significant effects of soil-structure interaction.
Computed accelerations agree in magnitude, frequency content and distribution of
peaks with those recorded. n particular, the program was able to model the high
frequency rocking vibrations of the model structures. This is a especially
difficult test of the ability of the program to model soil-structure interaction
effects.
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SUMMARY

In order to compute the motion induced by the design earthquakes
at the vessel supporting structure, a seismic response analysis
was performed for the PEC fast reactor, taking into account the
effects of soil-structure interaction by use of experimentally
determined soil parameters.

The main aim of the analysis was to evaluate the safety margins
present'in the design calculations.

A detailed 3D finite element model was set up for fixed base
analysis; from the results of the 3D model a simplified
equivalent model of the structure was then derived for
soil-structure interaction analysis.

The mathematical model was validated and calibrated by using the
results of the experimental dynamic tests performed on the
reactor building.

The results have shown the adequacy of the computation
methodologies, and in particular of those based on te use of the
equivalent model.

-----------------

Present address: ENEA-VEL, Bologna, Italy
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1. INTRODUCTION

As explained in refs. J1,2j, the geometrical and mechanical
features of the PEC reactor block are such as to considerably
amplify the seismic motion applied to the main vessel supporting
structure.

Because of the high level of the design earthquakes this leads to
quite severe excitations of the core diagrid. Thus, in order to
guarantee scram feasibility in an earthquake, relevant design
modifications of the reactor block and the core were necessary

I 

Furthermore, it was of interest to check the reactor building
design analysis, performed with a lumped-mass model in which
suitable assumptions were adopted to take into aount some
uncertain and complex aspects of the structural behaviour.

To this aim, an extensive on-site test programme was carried out
and detailed numerical studies were performed.

The paper deals with the numerical studies, while the
experimental part of the work is presented in ref. 121.

2. GENERAL DESCRIPTION OF THE STUDY

At first, preliminary studies were carried out to properly
address the final analyses.

The preliminary studies also provided useful information on the
structure behaviour even if the construction had not been
completed, yet, at the timei

In the final analyses, the numerical model was calibrated on the
basis of the results of the final experimental tests, in order to
define some uncertain parameters. In addition to the evaluation
of the seismic response, it was of interest also the validation
of a methodology based on the reduction of the dynamic behaviour
of a large 3D finite element model in a much simpler equivalent
model.

The final analyses were articulated in the following main steps:

- fixed base modal analysis, using a very detailed 3D finite
element model of the reactor building;
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setting up, using the results of the fixed base analysis, of
a simplified mathematical model suitable for soil-structure
interaction analysis;

calibration of the parameters of the soil-structure model, by
comparing numerical and experimental results;

seismic response analysis of the reactor building by means of
the calibrated model; computation of the motion of the vessel
supporting structure.

3. PRELIMINARY STUDIES

These studies were aimed at both giving a better understanding of
the preliminary experimental tests carried out on the structure
while building and verifying the feasibility of a reliable
equivalent simplified model.

By referring to the inal constructive drawings, a detailed 
finite element model was set up (see Fig. 2 Solid elements
were sed to model the foundation cradle and the central core;
the remaining geometries were modeled by plate elements.

The fundamental frequencies at fixed base were computed for two
different stages of the building work: structure built up to the
supporting floor of the vessel (construction phase on which
preliminary experimental tests were carried out in 1983) and
completed structure.

Notably higher frequencies were computed for the partial
construction condition with respect to the final one, as it is
shown below:

FIXED BASE FREQUENCIES (Hz)

Mode no . . . . . . . . . . . . . . . 1 2 3 4

Partial construction condition . . . 20.9 23.1 32.1 38.6

Completed structure . . . . . . . . 12.5 13.4 24.0 27.5

The results emphasized the strong influence of the highest
portion of the building (transfer cell) on the fundamental
frequencies. That was in agreement with what came out from the
experimental tests carried out on different construction stages.

The influence of the constraint conditions assumed for the
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circular lateral wall of the foundation cradle was also
investigated; analyzing the partial construction stage,
appreciable differences (about 20%) were noticed as for
frequencies computed for extreme boundary conditions.

The first vibration modes were found to lie in the fundamental
planes, with negligible coupling effects in the orthogonal
planes; that revealed it possible to reduce the 3D problem to
distinct plane analyses along the three main directions, without
remarkable approximations.

Finally, from the computed mode shapes useful information was
obtained for the design of the final experimental tests, in
particular for the selection of the most significant points where
measurement instruments should be placed.

4. FINAL ANALYSES

Finite Element Model

On the base of the results of the preliminary studies, the
following improvements were introduced into the 3D finite element
model of the reactor building:

- the highest portion of the building was better discretized,
because of its recognized important role on the fundamental
frequencies;

- by further investigations of the geometrical features of the
foundation cradle, a joint influencing the extent of the
possible contact between the rock and the lateral wall of the
cradle was identified and reproduced into the model.

The final 3D model is shown in Fig. 2.

Fixed Base Modal Analysis

The fundamental frequencies at fixed base were computed for
different constraint conditions of the lateral wall of the
foundation cradle: completely fixed, partially fixed and
completely free (see Fig. 3.

The modified cradle model showed a smaller dependence on the
assumed boundary conditions; for limit constraint conditions,
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differences of at most 7 were found for the frequencies within
the 030 Hz range (see Fig. 3.

For the case of constrained supporting base alone, eleven modes
were computed in the 040 Hz range; the first two vibrating modes
are shown in Fig. 4.

Equivalent Simplified Model

For soil-structure interaction analysis, the main dynamic
features of the 3D model of the structure were transferred into a
simplified equivalent model.

Analyzing separately the behaviour along the three main
directions, from the results of the fixed base analysis a model
consisting of a cluster of simple oscillators was derived for
each direction, each simple oscillator corresponding to a single
mode shape of the fixed base structure.

Mass, height and stiffness of each oscillator were determined so
that the dynamic global forces (shear and moment) transmitted to
the foundation by the oscillator were identical to those
transmitted by the real structure in the corresponding vibrating
mode (see Fig. 5).
The equivalent model is so capable to transmit to the foundation
the same dynamic forces of the real structure, during the seismic
excitation.
The analyst can choose how many and which modes are significant
for the response of interest and must then be transferred into
the equivalent model.

By joining the equivalent model of the structure together with a
suitable model of the soil, a model for soil-structure
interaction analysis is obtained.

It is important to point out that after having computed the
dynamic response of the soil-structure model, the response in any
point of the real 3D geometries can be obtained without any
further 3D analysis, through a suitable combination of the
different vibrating effects computed on the equivalent model (see
F i g .5 ) .

The applied procedure corresponds to the simplest version of a
mathematical procedure that enables, in its most complete
formulation, to reproduce all the dynamic features of a large 
model into a simplified model, without any hypotheses relevant to
the de-coupling of the directions.
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The main advantage of the equivalent model is the fact that, once
the fixed base modal analysis of a large model has been
performed, soil-structure interaction analyses can be carried out
quickly and cheaply; that enables to do parametric studies in
extensive manner, verifying the influence of the uncertain
parameters and of the computation techniques. Furthermore, the
model can be very easily adapted to different computer
programmes.

Rock Foundation Modeling

As described in ref 2 by processing the results of the
experimental tests the impedance functions reproducing stiffness
and damping properties of the rock foundation were determined.

Because of the small Lnfluence of the non-diagonal terms of the
soil impedance matrix, only the diagonal terms were taken into
account; besides, the dependence on the frequency was found to be
very slight.

Thus, a set of six concentrated constant parameters for stiffness
and damping was used for the modelling of the rock foundation.

Calibration of the Model

The fundamental frequencies of the soil-structure system were
computed; reduction up to 20% were noticed with respect to the
fixed base results (see Fig. 6). The first two frequencies were
found to be 97 and 99 Hz.

The computed modal shapes appeared very similar to the
experimental ones; notable differences, restricted to the
transfer cell in the highest portion of the building, were found
only in the second mode; in this mode comparable displacements in
both the two main horizontal directions were experimentally
determined, while in the numerical mode shape a much lighter
coupling between the two directions was found.

The computed frequencies were found to be higher than those
experimentally determined; the discrepancies were less than 10%
for the first frequencies, less than 20% for the subsequent ones.

The stiffness of the concrete structure was recognized to be the
parameter to be varied to obtain the best agreement between
numerical and experimental results.
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Using a 15% reduction of the structure stiffnesses, a good
agreement was achieved between the computed and the measured
frequencies; differences less than 2% for the first two
frequencies, less than 5% for frequencies over 20 Hz and less
than 10% for frequencies in the intermediate range, were obtained
(see Fig. 7 

Comp�jtation of the Seismic Response

The dynamic response of the building to the Safe Shutdown
Earthquake (SSE) was computed.

The design input motions and the corresponding response spectra
are shown in Fig. 8; the maximum acceleration is 0.34g in the
horizontal direction, 023 g in the vertical one.

The separate action of each single component of the seismic
excitation was examined; the design input motion was applied at
the base of the soil "springs" and the dynamic response was
calculated using the simplified equivalent model.
To validate the results of the simplified methodology, the
analysis was carried out also using the complete 3D model.

Futhermore, also the contemporary application of the three
components of the seismic excitation was analyzed, obviously by
means of the complete 3D model.

Computation Method

The seismic response was evaluated by a time history analysis
performed with modal superposition.

The uncoupled modal equations were integrated by Newmark method.

Each vibration mode was assigned a "weighted modal damping"
calculated according to the technique suggested by Roesset ([31)
in order to take into account the different damping values of the
soil and of the structure and the dependence on the frequency of
the soil radiation damping.

The soil damping values were given by the experimental tests.
The concrete building was given a 7 structural damping value for
SSE condition; to evaluate the influence of this parameter, the
analysis was repeated using a 4 damping value.
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The weighted damping values were obliged not to exceed 20% "cut
value"; however, only for the fundamental vertical mode a higher
value was computed (about 26%).

When operating upon the equivalent model, the time histories of
the motion of the foundation and of each simple oscillator were
calculated. The time histories of the motion in the points of
interest of the 3D geometries were obtained by a linear
combination of the motions of the oscillators, taking into
account the geometrical features, the fixed base modal
displacements and participation factors.

Results

The seismic motions and te corresponding response spectra were
computed in all the nodes of the vessel supporting area. For
completeness sake, the response was computed also in other
significant points.

The response spectra 2 of damping) of the responses computed at
different points, for North-South excitation, are shown in Fig.
9. The strong amplification effect of the highest portion of the
building is evident; at the top of the building the response
spectra have a maximum value higher than 6g.

Very similar responses were computed in the different points of
the vessel supporting area (see Fig. 9); in such area, the
computed acceleration response spectra showed maximum values of
about 2g and 2,2g in the two horizontal directions.

The 3D analysis concerning simultaneous 3D seismic excitation,
showed the following results:

- in the horizontal directions no appreciable differences were
present between spectra computed by separately or
contemporaneously applying the three components of the
seismic excitation, as a confirmation of the negligible
coupling effects among different directions;

- in the vertical direction the response spectra showed a ew
differences located at about 9 Hz, due to the contributions
induced by the horizontal vibrations; such contributions were
not computed in the separate analysis of each seismic
component, aimed at computing the response in the only
directions of the considered component.
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Comparison with Experimental and Design Analyses Results

As explained in ref. 2 seismic response spectra at various
elevations were also computed by directly processing the results
of the experimental tests.

With reference to the simultaneous 3D seismic excitation, a
comparison between numerical and experimental response spectra is
shown in Fig. 10 (vessel supporting structure), Fig. 11
(elevation 60, operating floor) and Fig. 12 (top of the
building); the response spectra computed in the design analyses
are also shown.

As far as concerns the seismic motion at the vessel supporting
area, the comparison reveals a good agreement among the numerical
results, the experimental ones and those computed in the design
analyses.

At elevation 600, the main differences with respect to the
design analyses results are in the vertical direction; they are
due to the vibrations in the vertical direction induced by the
horizontal motions. The same effect is evident at the top of the
building too, where rather large discrepancies are also noticed
in the horizontal directions between numerical and experimental
r e s u I t s .

Such discrepancies are due to the differences noticed between
numerical and experimental modal shape of the second vibrating
mode in the highest portion of the building, as it was previously
marked out.

5. CONCLUSIONS

The combination between numerical models and experimental tests
allowed the setting up of a model in which the experimentally
determined soil properties were introduced.

The theoretical behaviour was found to be close to the measured
one and a slight calibration of the stiffness parameters led to a
very good agreement between experimental and numerical natural
frequencies of the soil-structure system.

The seismic response spectra computed by means of an equivalent
simplified model were found to be practically identical to those
obtained by using the large 3D finite element model.

The seismic motion computed in the vessel supporting area, where
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a good agreement was found among numerical, experimental and
design analyses results, will be used for the final analyses and
verifications of the reactor core.

The work emphasized the interest for simplified models that
enable a reliable evaluation of the seismic response and are of
simple, flexible and cheap use; such characteristics are
particularly useful in those analyses, like soil-structure
interaction analyses, that might require many different cases and
hypotheses to be examined.
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FUNDAMENTAL FREQUENCIES AT FIXED BASE

(0-30 Hz range, uncalibrated model)
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MODE SHAPES AT FIXED BASE

(not constrained lateral wall)
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NUMERICAL AND EXPERIMENTAL RESULTS

(uncalibrated numerical model)
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NUMERICAL AND EXPERIMENTAL RESULTS

(calibrated numerical model)
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COMPUTED RESPONSE SPECTRA AT VARIOUS ELEVATIONS
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SUMMARY

As part of the earthquake investigations carried out by the

Karlsruhe Nuclear Research Center, Project HDR, at the HDR Test

Facility near Frankfurt/Main, high level shaker test were per-

formed during June/July 1986.

The purpose of these tests, supported by the German and U.S. Go-

vernments was to investigate full scale structural response in-

volving significant concrete and soil strain as well as strong

indirect excitation of vessels, pipes and other mechanical

equipment.

The calculational efforts included predictions of the building

and piping response including stress analyses.

Within these test series, the reactor building was brought to

its ultimate loading capacity.
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1. GENERAL OVERVIEW (Ref. 1)

The HDR Safety Program is carried out by the Karlsruhe Nuclear

Research Center (KfK) on behalf of the German Federal Ministry

for Research and Technology (BMFT). KfK is responsible for mana-

ging the technical, administrative and financial aspects of the

Project.

The experiments are carried out in a former 100 MW nuclear

reactor power plant, the so-called Superheated Steam Reactor

(HDR) (s.Fig. 1). The plant is located 40 km east of Frank-

furt/Main. It was an experimental and prototypical facility

built from 1965 through 1969 with the objective to improve the

economics of nuclea3� power plants by the nuclear generation of

superheated steam.

The reactor was shut down in 1971 after only some 2000 hours of

operation because of difficulties with the superheated fuel

elements and the simultaneous economic break-through of boiling

and pressurized water reactors. After extensive decommissioning

and conversion measures, the plant is fully available since

1975 for safety related technical experiments.

Fig. 2 is a cross section through the HDR plant showing the dry

containment subdivided into many compartments, enclosed of a

steel pressure shell 60 m high and 20 m in diameter and a 60 cm

thick concrete shell with an annulus of 60 cm. In the center,

the reactor pressure vessel is located with a height of 10 m and

an inner diameter of 30 m. On the left side of the reactor

building the crane and equiment tower, on the right side the

office and auxiliary building are to be seen.

By means of an electrically heated boiler of 4 MW as well as

boiling water as pressurized water conditions can be achieved in

the mechanical equipment.

Besides that, extensive facilities for measurement and data

acquisition were installed. This includes the measurement cable

protection system, which runs through the whole reactor buil-
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ding connecting the transducers with the central data acqui-

sition system in the control room. 400 fast (5 kHz) and 200 slow

(2.5 Hz) measuring channels can be sampled at the same time.

This measurement data acquisition system is connected through a

data link with a data base at the Project HDR in the Karlsruhe

Nuclear Research Center.

This data base contains besides the experimental data the re-

sults of analyses, which are performed for all experiments. Thus

a sound basis is formed for unique data evaluation and verifi-

cation of codes, mathematical modeling practices and assumpt-

ions of parameters and boundary conditions.

For purposes of planning and execution, the Project has been

subdivided into five Sub Projects (SP) (s. Fig. 3 This classi-

fication corresponds to the main activities as defined in the

Reactor Safety Research Program of the German Federal Ministry

for Research and Technology.

2. EARTHQUAKE INVESTIGATIONS

2.1 Objectives

Subject of this contribution are the earthquake experiments,

which were performed in June/July 1986. While during the first

ten years of this project the HDR reactor building and its me-

chanical equipment were subjected to many low and medium levels

of excitation (shaker, buried explosives, snapback, hammer),

h igh levels of excitation were applied in the 1986 test series

(SHAG, T.No. 40).

Their purpose was to investigate full-scale structural response,

soil-structure interaction, and piping and equipment response

under strong excitation conditions, i.e., under excitation le-

vels that should induce significant strains in the structure and

soil and produce nonlinear effects in the soil-structure system

and piping. As with all HDR experiments, the primary intent is

to use the SHAG tests to verify/validate calculational proce-
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dures and analysis methods. At the same time the experimental

data provide direct information on the response and performance

of structural systems, piping and equipment under high dynamic

loading, which may have direct applicability to understanding

the behavior of nuclear power plant systems.

The SHAG experiments were supported by the U.S. Nuclear Re-

gulatory Commission, Office of Research (NRC/RES). The NRC's

involvement is part of a program on the validation of seismic

calculational methods conducted by the Argonne National Labora-

tory (ANL) for NRC/RES. Additional participation in the SHAG

experiments included the Electric Power Research institute

(EPRI), the Idaho National Engineering Laboratory (INEL), and

German as well as U.S. industry.

2.2 Coast-down Shaker

The excitation system used in the SHAG experiments is a very

large eccentric-mass coast-down shaker designed by ANCO Engi-

neers, Inc., of Culver City, CA (Ref 2 Most of the design and

functional calculations of the shaker's dynamic behavior were

performed by the Fraunhofer Institut fUr Betriebsfestigkeit

(LBF), Darmstadt, FRG (Ref 3 Safety calculations for the

shaker, its mounting and the HDR soil-structure system were per-

formed by the Engineering Firms of Zerna-Schnellenbach in Bo-

chum, FRG (Ref 4 and Hochtief AG in Frankfurt, FRG (Ref. 5).

This shaker (s.Fig 4 which is mounted in a very stiff frame of

about x 8 x 3 m is installed in the reactor building on the

working platform 30 m above ground.

The shaker operates as follows: The two arms on a central shaft,

are symmetrically loaded with steel plates acting as eccentric

masses. Theoretically, a maximum of approximately 90 metric tons

of steel plates may be attached to it as eccentric mass (s.

Fig.5).

In the balanced state, the arms are raised to a preset final

frequency in accordance with a specific mass on the shaker
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arms. Immediately after decoupling the still balanced arms from

the drive system - which consists of two electric motors 220 kW

each), four hydraulic pumps and two hydraulic motors - an ex-

plosive bolt is fired, releasing the movable arm. Unbalancing

takes placewhile this movable arm swings around the central

shaft within parts of seconds and couples with the fixed arm,

forming now a large eccentric mass. When passing through the

building resonances at a declining frequency, this shaker

transfers its energy to the building and the mechanical equi-

pment installed. During this process the shaker is capable of

developing in excess of 1000 tons of force.

2.3 SHAG Exeriments

2.3.1 Tested structures

As stated in Ref. 6 and 7 the purpose of the SHAG tests was to

investigate full scale structure/soil, equipment and piping

response under strong vibrational excitation and to validate

predictiv analyses. While the interests of PHDR and NRC/RES

includes all aspects of the SHA G testing, most other partici-

pants focus primarily on the behavior of piping systems. In

particular the response of the VKL (Versuchskreislauf) piping

system with different multiple support (hanger) configurations

was of interest to all participants.

The VKL piping (s. Fig. 6 consists of a number of pipe runs

ranging in nominal size from 100 mm to 250 mm. It is attached to

the HDU vessel and associated manifolds and forms part of the

experimental piping system at the HDR. The top of the pipe runs

at about 28 m above ground level, just under the HDR operating

floor (where the shaker is located).

A total of up to 7 different hanger configurations (designed by

ANCO, EPRI/Bechtel, EPRI/Cloud, GERB, KWU, NRC/INEL) was tested

during the experiments, ranging from the very flexibleoriginal

HDR system to the typical, very rigid U.S. hanger system with

additional six snubbers and six rigid struts, (s. Fig. 7.
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Also, as part of the NRC/RES Equipment Qualification Research

Program, an 8" gate valve from the Shipping Port Reactor was

refurbished and incorporated into the VKL piping system (s.

Fig. 6.

All the alternative hanger designs of the VKL were motivated by

the desire to replace snubbers which have proved troublesome in

nuclear power plants. Therefore, the objective of these experi-

ments was to compare and evaluate the behavior of the VKL piping

system with the different support systems under identical loa-

ding conditions.

2.3.2 Instrumentation

Over 330 channels of instrumentation was planned by the HDR Cen-

tral Measurement Facility (ZMA), with acceleration and strain

being the primary measurements of structure and equipment res-

ponse. All essential parts of the facility were insrumented,

e.g., accelerations of the HDR building (structure) and ground

accelerations in two orthogonoal radial directions and at two

depths were measured. Also all piping systems of interest were

instrumented as were major components and vessels. Strain mea-

surement in the HDR walls, foundation slab, piping and vessel

were provided. Some of these measurements were intended as

safety checks as were some of the measurements of acceleration

and velocity at the VAK (Versuchsatomkraftwerk) installation.

The latter is a recently decommissioned experimental power

reactor which shares the same site with the HDR and is located

at a distance of about 100 m from the HDR (see Ref 7.

The HDR instrumentation was supplemented by more than 100 chan-

nels concentrated on the VKL piping system and the " U.S. Gate

Valve. This instrumentation was provided by INEL under the spon-

sorship of primarily NRC/RES with additional support from EPRI.

Again, accelerometers predominated, with some displacement, for-

ce and strain measurements. Specifically, acceleration of the

HDR walls at the points of VKL piping support attachment were

measured. These measurements are intended to serve as input to

post-test piping analysis calculations. Also the detailed
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response of the piping was measured as were all operating

parameters of the valve.

2.3.3 Test Parameters

Masses between 4 and 25 tons on each of the two shaker arms were

applied while the starting frequencies of the coast-down process

varied between and 16 Hz, respectively. Thus eccentricities

between 4700 kgm and 67.000 kgm and maximum forces of up to

about 11.000 kN (1100 tons force) were obtained (s. Fig. 8).

A total of 25 experiments were performed, 10 served to study the

structural behavior of the reactor building and of the soil,

while the other experiments were directed towards the VKL piping

system. Five of these tests were performed with the system in

pressurized water conditions (210'C. 70 bars).

3. FIRST OVERALL TEST RESULTS

This test ries was planned such as to provide the maximum pos-

sible loading for the HDR reactor buildin without global fai-

lure of the structure and the soil, while local damage was

acceptable. Both intentions could be fulfilled; without using

the technically highest possible shaker eccentricity and force

output, respectively, local damage occurred in the building such

as concrete cracking and interior masonry wall damage. During

the experiments exciting especially the rocking mode of the

building even in the soil cracking and subsidence could be

observed. Also, impact occurred between the HDR reactor building

and the equipment tower. The connecting bridge between reactor

building and office building was slightly displaced.

Fig. 9 is an example for the decay of the shaker force and fre-

quency during one test run with a starting frequency of Hz. As

can be seen from the horizontal accelerations in the two ortho-

gonal directions, the second global mode of the reactor building

is beeing passed after about 63 seconds, while the rocking mode

occurs after about 83 seconds.
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Fig. 10 shows the decrease of the rocking mode resonance fre-

quency from 14 Hz to 1.1 Hz as a result of the increase in

shaker excentricity or load, respectively. Reversely, the dam-

ping increases with increasing load quite clearly.

The VKL piping experiments included up to seven different

support configurations, which ranged from very rigid systems

using snubber and strut supports typical of U.S. nuclear power

plants to very soft configurations with mainly spring and con-

stant force hangers, typical of conventional piping systems.

Also included were energy absorbers, seismic stops and viscous

damper supports.

Fig. 11 (left) gives an impression of the indirect excitation

achieved for the VKLr piping system. The response spectra for the

floor and the ceiling of the VKL room for different shaker runs

are compared to the SSE-design response spectrum for modern nuc-

lear power plants in Germany. In the relevant frequency range 4

- Hz), the VKL loads obtained during the experiments are

close to the SSE design loads.

I

Fig.11 (right) shows the maximum nominal stresses in

tension/compression, bending and torsion measured at two of the

most highly stressed cross sections of the pipe for one series

of test runs with 7 different hanger configurations. In spite of

the high loads, the measured stresses are comparably low, not

only for the stiff NRC support system but also for the more

flexible systems without snubbers or viscous or plastic

dampers.

4. PRELIMINARY STATEMENTS AND CONCLUSIONS

While the detailed evaluation of the huge amount of experimental

and analytical data is in process, the following preliminary

statements can be given:

- The desired high excitations were achieved. They rank

between the intensities of 7 and on the modified Mercalli

scale, which is in the range of the strongest earthquake

possible in Germany.
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The load bearing limits of the reactor building were rea-

ched. The permanent settlement of the building structure is

7 mm, the remaining deflection at the top dome is 2 cm.

The floor and the building structure exhibited clear non-

linear effects. These gave rise to shifts in the natural

frequencies and an increased damping.

The calculations were proved to be on the conservative

side, with respect both to loads and stresses acting on the

reactor building and the mechanical equipment, and to the

propagation of vibrations in the ground.
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Fig. 1 HDR Test Facility

Fig. 2 Cross Section of HDR Test Facility
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SP 1 000 Nondestructive Testing
SP 2000 RPV and Piping Investigation
SP 3000 Blowdown Investigation
SP 4000 Earthquake Investigation
SP 5000 Leak-Rate Investigation

Fig. 3 Subprojects of HDR Safety Program

Fig. 4 Eccentric Mass Coast-down Shaker and Installation
on the 30-m-Floor of the HDR-Reactor Building
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Fig. Functional Principle of the Coast-down Shaker

VKL-Piping-System

- tested with upto seven different
multiple-Support (hanger) configurations

- ranging from very st ff to very flexible
support systems

Hanger-Configurations

1. HDR -Spring and constcnt-fo(ce
hangers two r gird struts
(flexible system)

2. KWU - Five rigid struts;
Eimplified design concept

3. USNRC - S x snubbers and s x rigid

St r at struts (st ff system)
4. FPRI/EA - Four Bech�e -designed

energy absorbers
Spring hanger 5. EPRI/SS - Six Cloud-des'qned

Constant seismic stops
force hanger 6. GERB - Two viscous dampers

des gned by Gerb
7. ANCO - '_�Ix md fled v scours

dampers

Fig. 6 VKL Piping System Fig. 7 VKL Hanger Configurations
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