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INTRODUCTION

The seismic analysis of a nuclear power plant 1s required as one of the conditions for the design and
consfruction approval. NPP seismiic problems derive from the fact that plant design is strictly
dependent by the seismic hazard and safety aspects, related to the external events, possible m the
site. Seismic risk resulis from the interaction among seismic hazard, vulnerability of structures and
social-economnical effects. ,

In order to improve the design of new NPPs, the vulnerability related to the dynamic behavicur of
structures subjected to critical seismic excitations that may occur during their expected service life
must be evaluated.

This paper concerns the isolation methodological approach in order to gain a further reduction of
respouse spectra at each floor along the height of the structure. |
Recently, many countries have been trying to apply seismic base isolation technology fo their
nuclear power plants, especially when liquid metal reactors such as EFR in Europe, DFBR in Japan
are concerned f1].

The use of innovative anfi-seismic fechniques, such as seismic isolation (SI} and passive energy
dissipation (ED), seems able to ensure the full integrity and operability of important structures in
very severe seisunc conditions: this approach could be necessary for both new constructions and
retrofit of existing buildimgs. Seismic base isolation can give a significant reduction in seisinic
response and provide an economic asersmic design benefit.

The main objective of this repot is fo establish relationship between the ground motion and the
effects on the isolated relevant structure (in term of seismic demand parameter) and to contpare the
isolated to not isolated LFR reactor response, with reference to the ELSY next generation reactor, in
order to gain preliminary mformation/data on the isolation technique effectiveness in this specific
case.

The ELSY general project (CEE-6 Framework Project) objective auns to demonstrate the feasibility
of a competitive and mnovative safe lead-cooled fast reactor design based on simple technical
engineered features. This general objective should be complemented by an anelytical effort to
assess the existing knowledge base in the field of lead-alloy coolants (i.e., lead-bismuth eutectic-
LBE- aund also lead/lithiman) m order to extrapolate the already available knowledge base fo the use

of pure lead, that achieves all of the GEN IV goals and gives better assurance of investinent

protection.




An efficient use of fissile fuel resources together with the ability to bun its own high-level wastes
and also the ones coming from Light Water Reactors (LWRs) are primary design goals of several
new reactor designs developed mnder the auspices of the mentioned Geperation I'V initiative [2].

In the course of the safety anmalyses, seismic input data attention should be focused on the
procedures and methods to be used. Accordimg to the present Regulations (e.g. US.NRC ones) the
seismic response spectra are applied and determined i correspondence of the main components
reference points,

As for the mentioned purpose of NPPs design, a strong earthquake with a very siall probability of
occurrence is postulated to investigate the seismic isolation capability and to show the seismic
isolation performance and the seismic safety margins. To establish the effects of earthquakes and
proceed with destgn of earthquake resistant structares as well as to analyze existing structures, the
first step is fo develop represenfative models of real NPP structures to closely simulate their
dynamic response behaviours as completely and as accurately as possible.

The analysis method 1s based on a defenninistic seismic assessment which is made possible by
means a numerical evaluation of wave propagation along thie considered structure. Therefore in
general deterministic numerical prediction of structural response has to be set up and accomplished
by means of a finite element approach. Nuclear power plants are always composed of a number of
adjacent structures, so in order to ensure adeqguate freatment of interaction effects the main
buildings should be considered.

For instance, all relevant reactor structural components are present in the following proposed
example model, with their real geometry and material characteristics.

To the purpose of this study a system (Figs.1) constituted with some mutually interacting
components was considered: the reactor vessel containment building, the Safety Vessel (SV) and
Reactor Vessel (RV) wifh its internal and metal coolant.

The problem of optunal modeliing of coupled structures with different characteristics and also the
adequate modelling of main buildings on a common base mat as well as the coupling due to the
mteraction with the soil structure had to be considered.

It 1s worthy to stress that the numerical isolated systemn model, that seems to be the most
sophisticated available so far, for the chosen detail simulation, was derived in the saime way/eriteria
as the not isolated case, therefore the calculation results obtained for the two structures may be

compared more easily.



Fig. 1 - ELSY reactor vessel containment building elevation view

1. MODELS ANALYSIS CHARACTERISTICS

The dynamic responses of a nuclear liquid metal sforage fauk, like the reactor vessel, to a seismic
motion differ from those of general structures such as buildings mamnly due to the effect of
hydrodynamic pressure on stinctures generated by the heavy metal coolant motion coupled to its
interaction with the flexible RV wall.

The present prelimunary analysis focused on the seismic effects is intended to evaluate the influence
of the dynamic loads on the ELSY next generation reactor internals structures, accounting for their
contribution to the overall damnping of the system. The seismic response evaluation of isolated
buildings and structures is performed to determine seismic forces and the in-structure mput motion
for systems and components in presence of 1solator under the foundations.

The scope of this safety evaluation process is determined by the seismic capacity of as-built
structures systems and components in the event of the Safe Shutdown (SSE).

The ELSY reactor type in comparison with LWRs is charactenized, from a mechanical pomt of view
by the relevant flind weight and by the reduction and simplification of the primary system. The
pool-type, instead of the loop-type configuration, was chosen for ELSY because of the possibility to

contain withiu the main vessel all the prinary coolant components.




An example of an improved scheme to be evaluated as a starting point for the ELSY primary
systein 1s the cylmdrical inner vessel concept represented in Fig. 2.

The Reactor Vessel (RV) consists of a eylindrical shell with a hemispherical bottom head, without
nozzle for out-of-vessel primary coolant circulation, and supported by an annular Y-shaped support
strucnire.

The RV 1s characterized by 2 fixed roof with an annular central parf to accommodate the extension
of cylindrical inuer vessel and contains two water-air decay heat removal systems (WA-DHR) and
also eight internal primary pumps coaxially assembled in the stearn generators (SG) [3].

The steam generator (SG) and prnimary pump (PP) assemblies are an integral part of the primary
loop inmersed in the cold pool that is arranged m the annnlar space between the cylindrical inmer

vessel and the reactor veasel.

Fig. 2 — Overview of ELSY initial preliminary scheme

Moreover the RV is comnected by means the mentioned “Y forged piece” at the Safety Vessel (SV),
which Is supported by and hangs from the Annular Boxed Structure {ABS), which is therefore the
common support of both vessels. The upper part, already indicated as “Y forged piece”, should

trausfer the whele weight of the RV/SV to the annular support and bear as well as sustain the

Reactfor Roof and the joined components,



The Safety Vessel (SV) is made of a SS cylindrical shell and is characterized by an upper
cylindrical and bottom hemispherical shaped parts. The Reactor Roof ensures component support,
reactor cover gas confainment and the biological protection. Furthermore materials used in
modelling ELSY nuclear reactor componenté are type 304L and 316L SS, whale the choice of lead,
as primary coolanf, 1s motivated by good nuclear properties and thus, no imfermediate coolant loop .
it is needed.

The proposed methodological approach to perform the isolation of a rather complex system is based
on the mereasitg of fotal energy dissipation of NPP buildimgs and structures.

The main idea of {his preliminary analyses approach is to use general systems and subsystems, in
form of springs coupled to dashpots to simulate rubber bearing behaviour components (isolators),
which can independently move under the effect of external loads.

To the purpose of the assessment in this preliminary study a system constifuted by the following

main and mutually interacting sub systems was considered, as the followings:
< Safety Vessel with its annnlar box sfructure;

% Reactor Vessel and its support system;

In order to ensure adequate treatment of mteraction effects and account for an adequate
representation of the favourable isolation effects, the same 3D finite element model of the RV
containment building structure (Figs.3) was used to provide the in-strucfure response spectra at the
samne reference location or subsystem supports.

To set up RV containment building FEM model, its most important characteristics were taken mto
account in order to reproduce as accirate as possible the mam ELSY plant features.

For that reason the separation between safety related and non safety related systems was
represented, considering that the ELSY comtamment building structure design incorporates and
sutrounds the main nuclear system components such as the éafety and reactor vessel.

The cylindrical contaimnent building structure is assumed to be characterized by a hemispherical
shepe roof and to be based on a rigid foundation, which 1s the inferface between the building
structure and the soil.

The isolators type was clhiosen taking mto account of the fact that in general, flie response
acceleration decreases as the isolation frequency is lowered, wlile the relative displacement

increases.
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Figs. 3 - ELSY building FEM model section views

It 1s worthy to note that the isolators frequency must be far from the first one of the liquid metal
cooled reactor (generally less than that of a fraditional LWR due to the heavy metal coolant mass)
in order to avoid a dangerous coupling between the mentioned RV and isolators.

In order to obtamn a suitable three-dumensional base isolation system, a combination of base
horizontal and vertical isolation components were considered into the mentioned complete model
assumming some hypotheses and performing a preliminary non linear analysis approach. Moreover,
the 1solation devices were mainly placed on a commion foundation at under ground level.

To accommodate also lateral movements of the isolated building, a clearance space, or “seismic
gap,” was provided around the perimeter of the base. At this preliminary stage, this pap space

should be adequate to agsembling, inspection and maintenance, etc. needs.

1.1 CRITERIA TO SELECT ISOLATORS

Besides the positive effects of controliing the overall system frequencies isolators energy
dissipation characteristics play a positive role that results in a reduction of response levels of
structures during dynamic extreme loads such as earthquake, efc. The energy dissipation leve! of
NPP buildings and structures can be largely increased by a suitable system like isolators which



could bring significant positive effect in decreasing the overall structire dynainic response in terms
of accelerations.

The rubber bearing seismic isolation devices can support the heavy weight of the superstructure and
dissipate the liorizontal seismic input energy within stable horizontal deflection. Since the rubber
bearing is the main element for shear deflection, the understanding of its mechanical response
behaviour can provide an insight view into its behaviour.

Due to the large difference between the typical isolators and the system structures stiffness and
damping characteristics, the preliminary isolation fype evaluation may be done by means of a

simple spring-mass-damper system that looks very much like the one in the picture (Fig. 4).
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Fig. 4 — Scheme of simple spring-mass-damper isclation system

More generally, however, the spring mass system is used to represent a complex mechanical
system. In this report, the preliminary seismic analysis of the isolated RV containment bwlding
structures subject fo a Safe Shutdown Earthquake 1s discussed and, the isolation ‘efficiency’, in

term of maximun acceleration ratio between the systems with and without dampers has been

determined {4-5].

The applied methodological approach may be characterized by the following main three steps
(Fig.5):

. Definition of the peak ground acceleration of the input earthquake, since effective isolation

characteristics would be obtamed by the chosen arfificial seismic waves;

2. Definition of type and number of isolators based on a prelimmary fixed frequency;



3. Determnation of the dynamic behaviour as well as the response of the RV building isolated

system, In term of acceleration and displacement.

To the purpose of determining a preliminary appropriate number of isolators fo be integrated in the
systemn, the maxinum allowed isolator displacement might be calculated in order to adequately
identify the isolation characteristics suitable assure the required spectral displacement. For a PGA

of 0.3 g (with a 5% of damping), the mentioned displacement was determined as follows:

Ss=—5 (1

Where S4 and S, are the spectral displacement and acceleration respectively, while ® is the
frequency. Substitufing the acceleration value (S,) corresponding to the period T =2 s (f= 0.5 Hz),

the maximum aliowed displacement results:
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Fig. 3 — Scheme of isolation approack

With tlus displacement and the known total RV building mass 1t 1s possible to choose the stiffness
of each isolator, Kag;, e.g. in an industry list of available isolators, and fo determine the necessary

nmnber of isolator according to the stmplified formula (that refers to a 1 DOF system){6]:



f= 1 K 5 ra (2)
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where Kapis the structural global stiffness, Mg is total mass of the containment building structure,
roughty assumed equal to 7.232*%107 Kg; £ is the chosen isolation frequency preliminarily assumed
equal to 0.5 Hz. Substititing the above values, the necessary global stiffness resulted to be
7.1302*10° N/m.

In the considered application (T= 2s, £ =0.5 Hz) 109 1solators (SI-N/1000(mumn-diameter)/168 type,
15% damping), are required to represent the ELSY isolated containment building.

The isolators properties were (with reference to [6]). Therefore according to the previons
hypotheses, as it was already indicated, a simplified FEM model was set up by means a system of
springs coupled to dashpot.

This isolator mode! is characterized by:

W7
e

Rubber diameter: 1000 mm;

< Maximum vertical load under seismic event: 14050 KN;

»,

% Maximum horizontal load: 22590 KN;

Y
"

Horizontal stiffness: 6,55 KN/mun;

Vertical stiffness: 4254 KN/inm:;

»
o

Moreover this number in the proposed application example seemed to be adequate to support the

AB system mass and meet the global stiffness requirements.

An example of plant layout employing the isolation devices suttable for the updated ELSY plant

design is shown in Fig. §.

To study the effectiveness of the damping system i mifigating the seismic response of the

buildings (represented through detailed discrete spatial models) the maximum accelerations and

to




displacements of the considered structures were obtained from the results of each analysis at the
same reference points, chosen for not isolated structures analysis.

As already mentioned, base isolation is expected to reduce the overall dynamic loadings therefore
allowing to upgrade the design of the structures, equipment, and piping that might be significantly
standardized.

In order to understand the dynamic response of the building and to evaluate its dynanic
characteristics an mput ATH was applied at the base of the 1solation system of the nuclear power
plant structure.

The iput accejeration data in form of ATH ones were derived from the response spectra referring
to the Landers Earthquake event and caleulated (U.S. Geological Survey) according to the
Regulatory Guude US NRC 1.60, for an appropriate damping as in the case of the calcwlation

performed for the nof isolated system.
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Fig. 5 — Isolated IRIS AB FEM model

Therefore seismic excitation was represented by an artificial time history compatible with the given
free-field spectra (Figs. 6) applied at the base of the nuclear island as an excitation which represents
the ATH of a Safe Shutdown Earthquake at a hypothetical embedment in stiff rock.
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The vertical acceleration (indicated in Fig.6 (b) like Ay) was taken equal to 2/3 of the horizontal

one in the entire frequency range.
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Figs. 6- Seismic free-field spectra PGA=0.3g (a) and artificial time histories (b)

As already mentioned three dimensional (3D) seismic isolation devices have been considered for
the base isolation of heavy building like a mnclear reactor building; besides for the practical
application to the present case, the characteristics and performances of the integrated three-
dimensional seismic isolation system were verified assuming that the isolated system could be
represented by a single degree of freedom schematization composed of mass, springs and dashpot.
After having perfoimed the analysis, the required comparison between the two ELSY models, with

and without isolators, was catried cut in order to determine the isolation efficiency.
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2. NUMERICAL RESULTS

The used methodology, nmplemented on the MSC MARC FEM Code, allowed to assemble the
mass, stiffness and damping matrices and solve the equations of dynamic equilibrivug at each point
and thue step. Before the development of the dynamic fransient analysis, a modal analysis was
carried out to evaluate the natural frequencies and modes of all the most relevant components of the
considered system.

A preliminary modal analysis, that provided information about the total nuclear island significant
response modes, should be performed to establish that a sufficient number of discrete mass degrees
of freedom have been meluded in the dynamic mode! to predict the natural dynamic behaviour of
structures with a sufficient niunber of modes.

After the mentioned sunplified prelininary enalysis, three-dimensional dynamnic apalyses of the
mentioned structures have been done (with high computational demands and memory
requurements}, with the available computational capability that allows to describe and analyze the
main relevant structures of the ELSY systein.

The first step in the solution of seismic analyses, applying either modal superposition or direct
mtegration methods coupled to the tume history and substructore approaches; corresponds fo the
evaluation of frequency domam (modal analysis) which has to be considered also to evaluate the
damping of structures.

All seismic transient analyses were perforired assuming a proportional damping for each structure,
according to the equivalent Rayleigh damping. Mass and stiffhess damping may be used to
represent the energy loss due to the impact forces (if any) and the rate of deformation,

Damping values used for fhe internal component are 5 and 7 % of critical ones, respectively for
welded steel and reinforced concrete structures (NRC Regulatory Guide 1.61 USNRC, 1973). It is
wortlyy to note that for base isolated nuclear plants, the effects of simultaneous hornzontal and

vertical shaking needs to be studied to adequately highlight the influence of vertical acceleration.
2.1 Modal Analyses Resul{s

As previously mentioned, a modal analysis was carried out to evaluate the natural frequencies and
modes of alf the most relevant components of the considered system to predict/desctibe the natural

dynamic behaviour of structures. The natural frequency values and modal shapes provided

information about the nuclear island seismic responses characteristics such as earthguake

13



amplification factors, which are strictly related to the dynamic characteristics of each considered
material.

The response of a system to dynamic loads is a function of the amount and type of damping existing
in the system; the energy absorbed by the structure is dependent on both the forcing and the natural
frequencies, and such dynamic characteristics of the sfructure affect the respouse of the sfructure
under seismic excitation.

The change of the natural frequency is of the struciure results in 2 variation of the amount of energy
being transferred to the system. In the present work the 3-D finite element models were used to
evaluate the main modes and frequencies of the RV contamment building structures, whose
deformed shapes are shown in Figs. 6 and 7(a) (b} (¢), comresponding respectively to the calculated |
2™ and 3™ modes in the translational horizontal directions (along z and x axis) and 1% one is
observed to be a torsional mode, for the isolated and not 1solated structure.. .

The effect of the non-structural components, such as interior partitions or the coolant inventory did
not add any significant contiibution to the mentioned structure modes/frequencies, but they would
add some initial mass and stiffness to the building. The modal analysis frequencies results obfained

from the isolated reactor vessel contaimment structure confirms that the design objective might be

reached.

(@
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2.2 Tranpsient Analysis Resulis

The mentioned modal analysis results were used to calculate the damping ratic necessary for {he
structures dynamic analysis development as well as for the time histories evaluation.

Structural performance is usually specified in terms of structural response quantities, such as strains
and displacements, stresses and forces.

In order to analyze the effects of a SSE on the present by assumed nuclear island buildings type and
to obtamn the amphfication or decreasing factor which may infiuence the seismic response
accounting for the isolators characteristics, faurther m depth analyses have been carried out.

The isolated structural model was coupled with the free-field input motion (in time dowmain) by
using the mentioned Time History approach to obtain the transfer function in terms of acceleration
and displacement. As for the seismic demand of the major components, it is necessary to analyse
the propagation of dynamic loads from the fiee field for a rather “severe” earthquake, characterized
by peak ground accelerations equal to 0.3 g.

For this purpose the previously mdicated (Fig. 6(b)) three different iuput acceleration fime histories
were considered.

The mput motion, 1 term of acceleration time history, was applied with all the three acceleration

components In the three mutually orthogonal directions - two lorizontal and one vertical - at the

17



isolators bases in order to obtain thie propagation of setsmic waves from the ground level up to the

RPV skirt restraints and the internals components suppotts.

For isolated nuclear plants, the effects of simultaneous horizontal and vertical shaking were studied
to adequately capture also the influence of vertical acceleration. To study the effectiveness of the
damping system in mitigating the seismic response of the buildmg, the maximum accelerations and
displacements of the considered structures at chosen reference points (corresponding to different
structutes and elevation inside the reactor vessel contaimnent), were obtained from the results of
each analysis carried out on a suitable3-D model of the stracture.

The cutput position of ELSY reactor vessel confainment model might be used for design loads and
further detailed structural analyses as well as necessary data fo determine the fragility curve for the
considered PGA.

In the performed analyses the obtained results lughlighted that the whole stmcture body is
characterized by an almost rigid motion (as a I DOF system).

Qverviews of obfained displacement and acceleration values propagated imside the auxihary
building are shown i the following graphs {from Figs. 8 to Figs. 11) for the three mentioned
frequencies and for the three mentioned input ATHs.
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The results have highlighted an evident “similarity” for all the points inside the auxihary buliding,
due to the mentioned almost “rigid” behaviour of the structure; therefore the seismic waves might
considered to be propagated in the same way inside the reactor vessel containment.

These results may be fthus useful for the possible determmation of the fragility curves for the
considered PGA.

Moreover, in the perfonned preliminary analyses the horizontal accelerations increase as well as the
displacements decrease with the first isolated system frequency, while the vertical component of
acceleration still remains unchanged. In fact the value of vertical accelerafion results to be equal

about to 2 w/s®, at the SV restraints reference point, even if generally it was amplified along the

20



reactor vessel containment height, reaching at the base of roof (refueling machine position) a value

of about 2.5 m/s>.

It is worthy to note that if the isolators damping coefficient could be increased up to about 20% the

displacement could be reduced by about 5%.

For not isolated reactor vessel contamment structure different behaviowrs among the tluree
acceleration and relative displacements components were observed depending on the effects of the

building flexsbility (from Figs. 12 to Figs. 15).
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Figs. 15 - Vertical acceleration (along y axis} components for net isclated XV containment

The obtained resuits for both contaivment structures highlighted an amplification of acceleration

along the contaimment structure height up to 3.5 m/s* and a decreasing of about 50% in comparison

to the mput one (0.3g), at the refuelling machine position, respectively for the not isolated and

isolated RV contamnment structures.

Moreover 2 comparison between the shown calculated accelerations has been done in order to

mdicate and confirm the favourable effects of 1solation system in terms of the seismic acceleration

propagated from the ground to the considered levels inside and along the ELSY containment

structure (Figs 16).

Acceleration x (m/s 3

not isofated

15 20 25
Time (s)
isclated

23



Acceleration y (m/s?)

0 5 W 16 260 26 30
Time {s}
not isolated - = = B0lEted

Acceleration z {m/s %

Time (s}
e 10l isolated waee is0iated

Figs. 16 - Accelerations comparison between isolated and not isolated RV containment

structure at the SV anchorage reference position

It is worth to stress also that the isolated ELSY confammnent dynamic response, in term of the

propagated acceleration as well as the calculated relative dispiacement, is strictly depending by the

SSE intensity i forin of the mput ATHs.
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CONCLUSION

The preliminary seismic analyses were carried out using the Time History method coupled to the
substructure approach applied to a hypothetical ELSY nuclear island design, represented by the
reactor vessel containment, safety vessel, reactor vessel 3-D FEM models, m order to evaluate the
seismic response of the structures and internal components that are particularly sensitive to the
seismic events due fo the large coolant mass in LMFR.

On the base of the obtained preliminary analyses results on not isolated structure, it is worth to note
that the seismic accelerations resulted to merease along the beight of reactor vessel confaimment
building, reaching at the elevation of +30 11 a value almost equal to 0.35 g.

An approach for essential reduction of structures’ dynamic responses under SSE extreme external
events was investigated by means of isolator devices application.

Preliminary dynamic analyses on the same isolated contatmnent building were performed with the
same input earthquake characteristics using a simplified 1solation system, based on springs and
dashpots i order to highlight the isolation system favourable effect.

A comparison of obtained results in term of acceleration, displacement and response specira
highlighted the effectiveness of the damping system, in mitigating the seismic response of the
building.

It 1s worthy to note that the necessary number of isolators depends roughly on their isolation
frequency as follows (e.g. with reference to the FIP supplier catalogue data [6]): for a chosen value
equal to 0.5 Hz 109 isolators (I, = 6.55 KIN/mm, K, = 4254 KN/mm, &= 1000 mm, Dagwavie = 300
mm} are required to isolate ELSY RV containment building,

The results highlight also that, as 1t was foreseen, the isolated system response results considerably
smaller m term of maximum acceleration values {e.g. in correspondence of the SV anchorage
restrainis the horizontal acceleration value along x axis was equal to 1.47 /s’ in the place of 2.89
m/s?) and larger in term of relative displacement (e.g. in correspondence of the SV anchorage
restraints the horizontal displacement vatue along x axis was equal to 14.5 cm in the place of about

I mm) fhan in the not 1solated case for the same corresponding pomts 11 the considered system.
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