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Abstract 

The seismic analysis of a complex 
structure, such as a nuclear power plant, is done in various 
steps. An overview of the methods, used in each of these steps 
and widely described in reference [1], will be given in the 
following chapters : 

- Seismic analysis of the buildings talcing into account 
structures with important mass or stiffness. The input to 
the building analysis, called ground motion, is described by 
an accelerogram or a response spectra. In this step, soil 
structure interaction has to be taken into account, various 
methods are available : impedance, finite element. The 
response of the structure can be calculated by spectral 
method or by time history analysis ; advantages and 
limitations of each method will be shown. 

- Calculation of floor response spectrum which are the data for 
the equipment analysis. Methods to calculate this spectrum 
will be described. 

- Seismic analysis of the equipments. Presentation of the 
methods for both monosupported and mul^isupported equipment 
will be given. In addition methods to analyse equipments 
which present non-linearities associated to the boundary 
conditions such as impacts, sliding will be presented. 
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I - BUILDINGS -

The first phase of the seismic analysis for 
a nuclear power plant is related to the building analysis. For 
each building, the modelisation, generally performed by finite 
elements, represents the main parts of the buildings that is to 
say those which contribute to the overall behaviour (important 
mass or stiffness). In this step, the soil-structure 
interaction has to be taken into account. 

For isolated building (which means that 
there is no structure soil-structure interaction), various 
methods are available and are used currently for the design of 
NPP building in France. They can be classified in two series on 
which comments will be given after a short description. 

Impedance method -

This method which is the simplest and the 
most usual one makes the hypothesis that the behaviour of tha 
building can be calculated taking into account the stiffness, 
the damping and the mass of the soil and forces applied only on 
the building equal to - f0 M U. 
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]4 The soil influence on the building can be, 
in fact, replaced by impedances that is to say relations 
between forces and displacements at the foundation. 

— — — '•" — b 

These impedances depend on frequency but 
generally in the calculation they are supposed frequency 
independent. 

Some formulas are available in literature 
for homogeneous soil and circular or rectangular basemat [2], 
[3]. In addition, corrections for taking into account two 
layers of soil or embedment can be found. 

For more complex situations analytical 
calculations have been developed by Prof. LUCO [4] and have 
been introduced in the computer code C1ASSI. 

In D.E.H.T., a method to calculate the 
impedance has been developed for 2D geometries (plane or 
axisymetric geometry) and layered soil. This method is 
described in references [5], [6]. To determine the impedance, 
the response to an impulsional excitation applied to the 
foundation is computed. The choice of an impulsional force 
presents the advantage of a short calculation time : the 
computation is stopped when the foundation commes back to its 
initial position. 

3 -X *-Mj 
—» -vJ 

Kf : stiffness 

Cf : damping 

- If P(t) is the excitation and U(t) the foundation time 
history displacement, for each frequency the complex 
impedance is given by the following ratio : 

FT(VM10) " VLu*) 

where P (OJ) and U (u) are the Fourier transforms of 
excitation and displacement. 

- The impedance can be split into real part and in; jinary part 

K (L4 - k (ui) + i h (u)) 

- The real part can be represented by an equivalent spring ; 
for u)» 0, we find the static stiffness k 0 which can be 
obtained also by a static calculation. 

- The imaginary part has a damping meaning. The equivalent 
viscous damper is given by : 

cc«v- *- ft (-) 
- This equivalent damper comes from the combination of internal 

damping and radiation damping. Internal damping is a data of 
the underlaying soil while radiation damping is 
characteristic the loss of energy due to wave propagation in 
infinite medium. It depends on the foundation radius, tne 
wave relfexion on different layers ... 

- An example of the equivalent damping and stiffness calculated 
for circular foundation by this method is given in Figure 1 
for swaying on an homogeneous soil and in Figure 2 for 
rocking on a layered soil. 

- This method has baen successfully compared '„c CLASSI 
impedance calculation [7], 
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FIG. 1. Impedance for homogeneous soil. 
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The main advantages and limitations of the 
impedance method are the following ones : 

- simplicity, 
- limitation to linear analysis, 
- limitation to frequency independent springs when using modal 

combination to calculate the seismic response. 

In addition, generally this method is 
applied for non deformable foundation. In case of deformable 
foundation, a stiffness matrix must be taken into account ; it 
couples the motion of the various nodes of the foundation. Of 
course, when the building model is a stick model, the 
foundation is supposed to have no deformation, but when taking 
a more sophisticated model (axisymetric, 30) one have to pay 
attention to the foundation stiffness [8], 

Finite element method -

An other method to take into account SSI is 
based on finite element aodelisation for the soil and the 
structure. The calculation, performed in function of time or of 
frequency, is divided in two steps : 

- deconvolution : to obtain the motion at the base of the model 
- calculation of the soil and the structure motion. 

— • r • i i • 
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The finite element method, which is well 
known by the code FLUSH [9], has been developed in the computer 
code of C.E.A./D.E.M.T. The description of the methodology, 

( 

particularly of the boundary conditions and the sources, is 
given in [10], [11]. The solution of the equilibrium equation 
is performed in the time domain and not in the frequency 
domain. An application has been performed for a 2D model of SPX 
reactor building (Figure 3). Comparison of transfer functicn 
obtained from impedance method and F.E. method is shown on 
Figure 4. Application to a non linear behavior of the soil has 
also be performed ; the calculated displacements, floor 
response spectrum and plastic deformation are given on Figures 
5, 6, 7. 

FIG. 3. Building and soil model. 
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Of course, for time domain calculation, a 
time history of the accelerogram is needed while the usual free 
field data is the spectrum. Synthetic time history can be 
calculated by linear combination of independent sinusoids [12], 
[9]. The application of such a method for the R.G. spectrum is 
given on Figure 8. We must recall that it is necessary, when 
applying such a method, to pay attention to the frequencies 
which are used for comparison between the given spectrum and 
the spectrum of the synthetic accelerogramm. These frequencies 
are generally equal t- the frequencies used for the ajustment 
of the sinusoid amplitudes, but their number must be sufficient 
to avoid unacceptable discrepancies between the two spectrum 
outside the frequency mesh. 

This finite element method,which is more 
expensive to apply than the impedance method due to the number 
of elements, time step of the dynamic calculation, number of 
time histories to take into account, has the great advantage to 
represent : 

- any shape of the foundation, 
- any deformation of the foundation, 
- non-linearities of the soil or of the structure. 

But, generally, the applications are limited to 2D geometries. 

For non isolated building, impedance matrix 
which couples the motion of the various building foundations 
has to be calculated. It can be done by codes such as CLASSI 
and by the impedance calculation method described previously. 

Finite element method takes automatically 
this coupling when the various buildings are represented. 

VRC spectrum 
Synth* tic acc«lt-
royrim 

FIG. 8. Spectrum of synthetic accelerogram adiusted on NflC spectrum 
(damping 2%). 

II - FLOOR RESPONSE SPECTRUM -

The seismic analysis of the building give* 
the response of the building that is to say displacements, 
accelerations, forces... An other very important result for the 
equipment analysis is the floor response spectrum. 



During many years, the calculation of these 
spectrum has been performed from time history calculation 
though it \%more expensive than the modal combination with 
spectrum usually applied for the building response calculation. 

Direct method of floor response spectrum 
calculation are now available [13], [14], [15]. They are based 
on stochastic hypothesis on the seismic input and they lead to 
rather simple calculation. Their data are the modal 
characteristics of the building (frequency, modal mass, 
participation factor) and the PSD (Power Spectral Density) of 
the soil motion or the soil spectrum. 

A similar method has been developped at 
C.E.A./D.E.M.T. and has been successfully compared to time 
history calculation [12], [16] (See Figures 9, 10, 11). 

Ill - EQUIPMENT ANALYSIS -

Monosupported equipment -

Due to the differences between modal base 
of the equipments and of the buildings, it is necessary to 
present some comments about modal combination for the 
equipment. 

When modes of a structure are well 
separated, the SRSS method gives an acceptable estimation of 
the response. Nevertheless, it is necessary to pay attention to 
the truncation of the modal base ; but this effect can be taken 
into account very simply from a static calculation of the 
structure. 
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The maximum response, R, can be written 

R 2 = ]T Ri 2 + p 2 

R^ is the contribution of the mode which frequency is inside 
the amplification zone of the spectrum (R̂  is proportional to 
the spectrum at the mode frequency). 

p is the truncation correction. 

In case of closely spaced mode for the 
equipment, a good approximation of the response is given [17], 
[18] by a formula similar to the R.G. 1-92 ROSENBLUETH formula 
[19] and called DSC rule in the reference [18] 

R 2 = ^ R i Rj Pij + p 2 

P̂ -: is given in the R.G. and decreases with the frequency 
difference f^i - Uj) . 

In this term, one must take into account 
the signs of the modal contribution (R^). 

Comparison of the previous formula to time 
history results is shown on Figure 12. On this figure, one can 
notice the good agreement between DSC formula and time history 
calculation when the two modes are closely spaced. When their 
gap is greater, the discrepancy is not related to the coupling 
term, because it is negligable. The same discrepancy, which is 
lower than 20 *, will be obtained when using SRSS formula. 

Multisupported equipment -

When the structure has different input 
motions at the different supports, the analysis is slightly 
different [20]. 
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27 The response of the structure can be 
separated in two parts : a relative motion to the support, D, 
and a pseudo static notion, D e . This pseudo static notion is, 
at each tine step, the static response of the structure to the 
input motions and gives some non zero stresses. They are 
generally supposed to be secondary stresses. 

The equations are : 

with : 

K : ttre stiffness matrix of the structure fixed at the support. 
M : the mass matrix of the structure 
y : the input notion vector 
R : reaction forces at the nodes where the notion is imposed. 

The relative displacenent, D, is calculated 
by using modal base calculated with fixed boundary conditions 
and the amplitudes of the modes are given by : 

« 1 « I ft. ̂ui. - u>\ «* - ̂ kl W " M 

O -- L «- "&>. 

where F n is the reaction force of the node n. The relative 
displacement can also be written : 

D s L. L. *.. c^ ix 

These equations show an important problem 
for multisupported structure : how to combine the different 
motion contributions ? 

- The absolute combination is conservative. 
- The quadratic combination is only available for support on 

independent buildings. 

Some approximations are generally necessary 
as, in most cases, no information about support motion phases 
is given [21]. 

The combination of modes is done by SKSS. 

Equipment with non linear boundary conditions -

Equipments can have non linear boundary 
conditions due to sliding conditions, gaps ... The gaps are 
introduced because of thermal conditions but, during the seism, 
they introduce impacts. 

To taK4 into account nost of these non-
linearities it is, up to now, necessary to perform tine history 
non linear calculation, though work on equivalent linear model 
is in progress [22]. 

and : 

«„ 
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A very efficient method consists to use the 
modal base of the free structure and to write the non linear 
motion on this base. External forces which represent the non-
linearity (impact force ...) are then added [23]. 

This method presents the advantage to allow 
non linear calculation on a small number of uncoupled 
equations. It has been widely applied for core analysis [24]. 

Seismic tests -

For equipments, the seismic design is not 
necessarily done by calculation but can be done by 
qualification tests. Tests can also be performed in order to 
validate the methods or the model when the structure is complex 
[251. 

An usual tool for seismic tests is the 
shaking table and, depending of the available facilities and of 
the equipment, the tests are performed on ID, 2D or 3D shaking 
table. A presentation of the C.E.A./D.E.M.T. seismic facility 
is given in [26] and is drawn on Figure 13. 

By example, validation tests for fast 
breeder reactor core and qualification test for shutdown system 
were performed [27], [28]. For the core a representative mocK 
up was tested with a ID excitation (Figure 14). The test 
results were compared to non linear calculation taking into 
account shocks between the core assemblies (Figure IS). 
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CONCLUSION 

An overview of the methods for seismic 
analysis has bean praaanted (see also [29]) fro* the simplest 
related to linear behavior up to more complex methods which 
allow the representation of non-linearities (material non-
linearities - r.on linear boundary conditions). Some aspects of 



the seismic design thich have not been presented, such as the 
current practice and the regulations, are detailed in other 
papers such as [30]. 
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Abstract 

For the determination of the seismic response of a structure 
the soil-structure interaction in most cases is modelled by 
a mass-spring-damper-system. Normally design concepts for 
components and piping are based on linear calculations and 
stresr limitations. 
A concept for a reactor building for the KTP. 100 consisted 
of a relatively high structure compared with the dimensions 
of the foundation. The structure was comparatively deep 
embedded in the soil, so hore the embedment influences 
significantly the soil-structure interaction. The assembly 
of reactor vessel, heat exchanger and circulators has a 
height of about 37 m. Supports are arranged at different 
levels. Due to temperature deformations if the vessel and of 
the support constructions small gaps at the supports may 
only be avoided by complicated constructions of the 
supports. 
During the last year:, more and more nonlinear behaviour has 
been examined for the determination of seismic response of 
components. If ncnlinearities result trom friction and 
plastifications ronlinear analysis leads to a more economic ^ 
design. If gaps tor instance at supports have to be jl 
considered then • nonlinear analysis might be necessary in f& 
view of safety aspects. Embedment of the foundation 
increases the spring and damping coefficients significantly. 
3ut there are publications that indicate that coefficients 
published in literature may overestimate the increase of 
stiffness and damping for embedments considerably. 
Nonlinear analyses were performed for soil, building and 
component with all supports. The finite element analyses 
used time histories. In order to describe the radiation 
damping the hysteresis of the soil with 1 percent material 
damping was considered. Nonlinearitles in the interface of 
soil and foundation and due to gap> and friction at the 
supports were taken into account. The stiffness of the 
support constructions influences reactions and accelera
tions to a hijh extent. Pioperly chosen stiffnesses of the 
support constructions lead to ^ behaviour similar to linear 
elastic beaav^u'. . 


