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ABSTRACT. This paper gives an overview of various topics related to the seismic
analysis of nuclear power plants which are soil structure interaction, analytical
methods for equipment analysis with linear or non linear behavior. In addition
comments on piping system behavior and experimental analysis will be given.

The research which is undertaken in CEA/DMT on these topics will also be
described.

1. Introduction

While seismic activity in a country such as France is not very important, the seismic
behavior of nuclear power plants has to be studied in details and this leads to
important research programs.

Due to the complexity of structures, such as a nuclear power plants (PWR or
FBR type) the seismic analysis is done in various steps.
- Seismic analysis of the buildings taking 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.

The response of the structure can be calculated by spectral method or by time
history analysis.
- Calculation of floor response spectrum which are the data for the equipment
analysis.
- Seismic analysis of the equipments considering the support conditions
(monpsupported or multisupported equipment). In addition, non linearities
associated to the boundary conditions such as impacts, sliding may have to be taken
into account.

The research programs which have been undertaken in CEA-DMT since
many years, in support of seismic analysis of nuclear power plants, are associated to
these various steps and will be presented in the following chapters (see also
reference 1 where various methods applied for seismic analysis are described in
details).



2. Buildings

The first phase of the seismic analysis for a nuclear power plant is related to the
building analysis. For each building, the modelization, generally performed by finite
elements, represents the main parts of the building 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.

2.1. SOIL STRUCTURE INTERACTION

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 buildings. They can be classified in three series on which comments will be
given after a short description.

The coupling by the soil between neighbouring buildings may have to be
taken into account ; in this case, there are less available methods but they can be
classified in the three previous series.

2.1.1. Description of the impedance method. This method which is the simplest and
the most usual one makes the hypothesis that the behaviour of the 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 - If0 M C.

Free field Building
(Absolute motion)

Building
(Relative motion)

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. These
impedances depend on frequency but often, in the building calculation, they are (or
at least the stiffness) supposed frequency independent.

c/cl JJT *H
Kf : stiffness
Cf : damping



2.1.2. Impedances for isolated and rigid foundation. Some formulas are available in
literature for homogeneous soil, isolated rigid 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 CLASSI. In
D.M.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 comes back to its initial position.

Due to the limitation of the soil domain which is modelized, it was necessary
to develop boundary elements. Viscous elements have been introduced, and for
axisymmetric geometry, they are based on generalization of WHITE elements.
- 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 ( U ( V - M U(u0

where P(w) and U(tu) are the Fourier transforms of excitation and displacement.

- The impedance can be split into real part and imaginary part

ih u>

- The real part can be represented by an equivalent spring ; for cu= O, we find the
static stiffness kQ which can be obtained also by a static calculation.

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

C(U)) = h(u3)/CxJ

- This equivalent damper comes from the combination of internal damping and
radiation damping. Internal damping is associated to underlaying soil while radiation
damping is characteristic the loss of energy due to wave propagation in infinite
medium. It depends on the foundation radius, the wave reflexion 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 been successfully compared to CLASSI impedance
calculation [7] and has also been applied for embedded foundations [11].



The main advantage of the impedance method is its simplicity but it is limited
to linear analysis, and to frequency independent springs when using modal
combination to calculate the seismic response.

This method, though very general, has not been up to now applied for 3D
geometry (rectangular foundation and homogeneous or layered soil) because the
boundary elements have not yet been developed.

2.1.3. Impedances for isolated and flexible foundations. In case of flexible foundation,
an impedance matrix has to be calculated (no formulas are available). The previous
method can be applied : the force is introduced successively to all the nodes of the
foundation and for each force the displacement of all the nodes are analysed.
The motion of the various nodes are coupled by the soil.

Two comments are important before using this method :

- The foundation mesh has to be coherent with the building model. By example, it is
not possible for the reactor building to take into account the basemat deformation
using a stick model of the building. Inversely, when using a sophisticated model
(axisymmetric, 3D) one has to pay attention to the foundation stiffness [9].

- It is rather easy to determine the stiffness matrix but the estimation of damping
matrix can be more difficult because of numerical problems.

2.1.4. Impedances for coupled foundations. As it has been mentionned, due to the
lack of boundary elements for 3D geometry it is not, up to now, possible in DMT to
apply the proposed method for the determination of the impedance matrix taking
into account the coupling of rigid or flexible foundations.

2.1.5. Finite element method. An other method to take into account SSI is based on
finite element modelization 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.

*> •0-3
The finite element method, which is well known by the code FLUSH [10], has

been developed in the computer code of CEA/DMT. The description of the
methodology, particularly of the boundary conditions and the sources, is given in [8]
and [11] for 2D geometry (plane or axisymmetric). Up to now the development for
3D geometry has not been undertaken, but it will lead to very important
computational time.

The coupling between building can be studied if a plane model can be
adopted. To define such a model some work has to be done because, while it can be
shown that equivalent plane models are available for isolated buildings with rigid
foundation (equivalent foundation is defined), there are no data for the case of
coupled foundation.



As the method developed in DMT works in the time domain, the non linear
behavior of the soil of the structure or of the interface (uplift) between the soil and
the structure can be taken into account without approximations.

An application has been performed for a 2D model (plane) of SPX reactor
building (Figure 3). Comparison of transfer function 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.

Of course, for time domain calculation, a time history of the accelerogram is
needed though the usual free field data is the spectrum. Synthetic time history can
be calculated by linear combination of independent sinusoïds [12]. 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 accelerogram. These frequencies are generally equal to the frequencies
used for the adjustment 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 embedment of the foundation, deformation of the foundation and
non-linearities of the soil or of the structure. But up to now as already mentioned,
the DMT applications are limited to 2D geometries.

2.1.6. Integral equations. An other method is under development in DMT to take into
account soil structure interaction ; it is based on Green functions and integral
equations [13], [14].

The detailed description of the method is not given in this paper but the
principles of the method are summarized hereafter.

The impedance matrix is calculated in the frequency domain from the Green
functions. The size of this matrix depends on the number of form functions used to
describe the foundation motion. So this method allows to take into account the
foundation deformation.

In the DMT application, the structure is represented by its natural modes and
continuity conditions are imposed at the soil structure interface.

In addition, the influence of the foundation shape on the source (free field) is
taken into account but up to now the applications are limited to 3D foundations on
layered soils.

This method allows to take into account without approximation the dynamic
characteristics of the soils (no hypothesis is done on the frequency variation of the
impedance).

Any shape of foundations can be taken into account (embedded or not) with
no hypothesis on inertial or cinematic interaction and without a finite element
description of the soil.

The most important disadvantage of the method is its limitation to linear
applications due to the use of the frequency domain.



2.2. BUILDING ANALYSIS

Seismic analysis of PWR buildings is generally made with simple models such as
beam model. So studies were made in DMT in order to check the validity of such
models for the reactor building of 900 MWe and 1300 MWe plant [15], [16].

The analysis was done in two steps :
- modal analysis of the concrete internal structures with a 3D model ;
- definition of an equivalent axisymmetric model.

This equivalent model was then introduced in an axisymmetric model of the
building.

The horizontal modes of the 3D model presented on Figure 9 were calculated
with thin and thick shell elements. The discrepancy is small on the first modes (8.9
and 10.3 Hz for thick elements and 8.4 and 10.5 for thin one). It was shown that the
first mode is a slab mode while the second one is associated to an overall motion of
the structure (see Figure 10). The other modes with frequencies lower than 15 Hz
correspond to slab modes.

The conclusion of this first analysis was that an axisymmetric model of the
internals is appropriate as the slab modes are exactly taken into account and the
overall motion of the 2nu mode can be correctly represented by axisymmetric model.
The mesh of the complete model of the structure is given in Figure 11.

Some additional work has nevertheless to be done in order to avoid the 3D
analysis of the internals to adjust the axisymmetric model.

Comparison of the results obtained with axisymmetric or beam model shows
a good agreement if the basemat is stiff. Of course, the beam model cannot, without
modifications, represent the foundation deformation.

3. Floor response spectrum

The seismic analysis of the building gives the response of the building that is to say
displacements, accelerations, forces ... But an other very important result is needed
for the equipment analysis : the floor response spectrum.

During many years, the calculation of these spectrum has been performed
from time history calculation though it is more expensive than the spectral method
usually applied for the building response calculation.

Direct method of floor response spectrum calculation are now available [17],
[181], [19]. 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 developed at CEA/DMT and has been
successfully compared to time history calculation [12], [20] (see Figures 12,13,14).



4. Equipment analysis

4.1 LINEAR BEHAVIOR

4.1.1. Monosupported equipment. Due to the difference between the modal base
associated to the equipments and to the buildings, it is necessary to present some
comments about modal combination for the equipment analysis.

When the 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.

The maximum response, R, can be written

Rj is the contribution of the mode which frequency is inside the amplification zone
of the spectrum (Rj 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 [21], [22] by a formula similar to the R.G. 1-92 Rosenblueth
formula [23] and called DSC rule in the reference [22]

R2 «2X R1- P1; + P2

*• " ' J J

PJ: is given in the R.G. and decreases with the frequency difference (u j - U •).
J In this term, one must take into account the signs of the modal contribution

(Rj).
Comparison of the previous formula to time history results is shown on

Figure 15. 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
negligible ; the same discrepancy, which is lower than 20 %, will be obtained when
using SRSS formula. It is related to the peak factor (ratio between the maximum
value and the standard deviation).

4.1.2. Multisupported equipment. When the structure has different input motions at
the different supports, the analysis is slightly different [24].

The response of the structure can be separated in two parts : a relative
motion to the support, D, and a pseudo static motion, D6. This pseudo static motion
gives some non zero stresses and is, at each time step, the static response of the
structure to the input motions. The pseudo static stresses are generally supposed to
be secondary stresses.

The equations are :

-(M
KD_-PTFR = 0
PD = y
KD6+ CD'+ MD" = - M D "



with :

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

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

oc 'L 4 a &„ <* In a,2,,
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where Fn is the reaction force of the mode n. The relative displacement can also be
written :

D - Z , . I1;

and:

These equations show an important problem for multisupported structure :
how to combine the different motion contributions to estimate the modal response ?
- The absolute combination is conservative.
- The quadratic combination is only available for supports on independent
buidldmgs.

Some approximations are generally necessary as, in most cas ̂ s, no
information about support motion phases is given [25] to the equipment designer.

The combination of modes is usually done by SRSS, as the signs of the modes
are usually lost due to the hypothesis done for the various support contributions.



4.1.3. Remarks. An overview of the methods which are associated to the equipment
analysis has been given and one must notice that the usual methods are rather
simple, but they can be erroneous in some cases.

Some improvments have been indicated but they always lead to more
complexity. By example, the uncertainties on the support structure is actually
automatically taken into account for the equipment analysis by broadening of the
response spectrum peaks (± 15 %) such as described in reference [26]. If support
motion phases are given as data for the multisupported equipment analysis, they will
be associated to one support model. It will then be necessary to give several support
phases associated to several models taking into account the uncertainties. For each
case it will be necessary to make the equipment analysis.

4.1.4. Fluid structure interaction. Some equipments (PWR vessel, FBR reactor block,
tanks) contain fluid which acts like an added mass or which couples various shells.
The equations of the fluid structure system can be written for mode calculations,
when neglecting the compressibility of the fluid (for the general equations see
reference [27]) :

(V o
J O o
Io o

o
-M1

L o
Tf I = O

where d is the vector of the shell displacements
TT is a vector associated to the pressures (ÏÏ = -urp)
Z is the vector of the free surface displacement

Validation of this method has been performed by comparison to analytical
solution and to experimental data.

By example, the free surface mode of a cylindrical tank (Radius = 1.429 m -
Height = 1.039 m) containing water which can be excited by horizontal seismic
motion (cos 0 : harmonic variation) has a calculated frequency equal to 0.53 Hz
which is in very good agreement with analytical solution [27].

An other example of validation for axisymmetric structures is the study of a
cylinder which has a translation motion. It is coupled by fluid to an external
motionless cylinder [28]. The evolution of the first frequency with the water level
obtained by calculation and test is reported on Fig. 16.

In some applications, small fluid communications link fluid volume and then
modify the pressure field. Their correct modelization by finite element method
generally needs a lot of small elements compared to the size of the fluid volumes
standard mesh and is not applicable. So, an equivalent element based on a local
tridimensional solution in the vicinity of the fluid communication was defined.
Description and application of the method is given in references [29] and [3O].

Some analytical developments are also underway to take into account fluid
structure interaction in tube bundles (core, steam generators ...). As the geometry is
very complex, due to the number of beams, the classical finite element description of
the fluid and of the beams is not applicable. Sp homogeneization method which
replace the heterogeneous medium by an equivalent homogeneous one has been
developed. Application to the seismic analysis of FBR core is presented in reference
[31].



4.2. 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 take into account most of these non-linearities it is, up to now, necessary
to perform time history non linear calculation, though work on equivalent linear
model is in progress [32]. A very efficient method consist in using 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 [33].
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 [34],

4.3. REMARKS ON MODAL SYNTHESIS

Due to the important use of the modal base in seismic analysis, it is useful to recall
the advantages of mode combination for various types of applications :

The simplest case corresponds to a linear behavior and a modal
base description of the real structure. The maximum response can be determined
with the use of response spectrum. But time history analysis can also be performed
by combination of each mode response during time.

An other application of modal synthesis is related to some fluid
structure interaction calculation. The modes in fluid are calculated from the modes
in air introducing a coupling mass matrix. This can be done only if the fluid is
incompressible [I].

The modes of complex structures which correspond to an
assembly (see Figure 17) of axisymmetric stuctures, can be calculated from the
coupling of the substructures defined by their natural modes obtained with free
boundary conditions at all connection nodes [1], [3O]).

For structures with non linear boundary conditions, the modal
synthesis is also a very efficient procedure.

5 - Piping systems

Though the piping systems can be considered as equipment, it is necessary to present
comments on their seismic studies. As observations on real earthquake
consequencies and on laboratory tests have shown that the piping systems usually
behave much better than predicted by the design rules, important research has been
unertaken in several countries since many years (Japan : [36], U.S.A : [37], [38]). The
consequencies of the actual seismic design are mainly to built stiff piping systems
with snubbers which induce other technical problems.

Two approaches were taken for the work done on seismic behavior of pipes :
one related to the pipe damping and the other one to the non-linearity of the
response.



Damping.The values which are used for the pipe seismic analysis are taken from
guides such as the U.S. Regulatory Guide 1.61 [39]. So, in order to explain the good
seismic behavior of pipe, the first idea was to say that these damping values are too
small. The experimental research leads to some proposal of modification of the
damping [4O].

Ductility. Additional work was done by high levei dynamic testing of pipes such as
presented in References [41], [42], [43]. The tests show margins (the failure is
obtained for seismic input level much higher than the design value) due to the non-
linearity of the piping system or of the component. Though analytical models have
been developed to interpret these test results, no industrial tools are available.
These tools should avoid the non linear time history calculations. In the same time,
some modifications of the design criteria are proposed.

In conclusion, we can say that, though important research has already be
done, the problem of the piping system design is not yet solved.

6 • Tests

For equipments, the seismic design is not necessarily done by calculalion 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 [44].

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 CEA/DMT seismic facility, TAMARIS, is given
in [45] and is drawn on Figure 18.

By example, validation tests for fast breeder reactor core and qualification
test for shutdown system were performed [46], [47]. For the core, a bundle type
mock up was tested with a ID excitation (Figure 19) and the experimental results
were successfully compared with theoretical results. Additional experimental work
on seismic behavior of core is under definition due to the lack of experimental data
on the response to 2D excitation and on the influence of the scaling.

7 - Conclusion

An overview of the methods used for seismic analysis of strutures has been
presented and. in addition, comments on the hypothesis which are taken and the
limitations of these methods have been indicated as well as the research which has
been done to validate these methods.

One can notice that though important work has already been done, there are
still work to do. But this additional work needs more and more sophisticated
methods, due to the complexity of the structures, to the non linear behavior (by
example if we want to determine margins). So, it will be necessary to have at the
same time powerful tools in order to calculate complex structures, experimental data
for the validation but also some simplified equivalent models and methods to
perform the necessary parametric studies.
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Figure 9 - 3 0 MESH QF IMERMAL STRUCTURES



Height

figure IO - HORIZONTAL DIUPLACCrCNr ON TIIP
INIERNALS Fl)K VARIl)IJiJ AZIMUTH

Tnjure M - AXISYKItt".TRIC HORiCL IT UfACInR
BUILDING



FLOOR RESPOWSE SPECTRUM

Damping = 0.01, 0.02, 0.05, 0.10, 0.20

Build ing

10

10

Time h i s t o r y

S y n t h e t i c

lu"1

icr1
i . * » t

G • 10° «10

J3.HZ)

FREQUENCE
* . » . t—t̂

u e • 10 z

Figure 12



FLOOR KESPOHSE SPECTRUM

10

10

10-»

8

Damping = 0.01, 0.02, 0.05,

0.10, O .20

f = 15 Hz

Time history

Synthetic

-JL
FRESlJENCV

10- S S 10 s B l O 1 c B 10

(IS. HZ} Figure 13



" '.f•i

Time history

'Synthetic

la"i'o i • ~ ~i
spécifie DE PUMCHER * 2 s i« x

Figure 24 - ?LOOfi RESPONSE SPEC73UM ON NPP



U 6

MV

•t.11

llo

1.08

ioS

1.0»).

toi

•1.00

AA6

ih

l.tt

UO

Damping

o. ool
e. Ct

O .OT

/I
/ i

..
..-"' • . -. »•''

I ".

i f , = 10 H

Nil.

f t L

-<O -^O -M) -ÎO -io -IO O )o ^O M "O <0 40 -;o

tot

1.00

.Damping

0.0' .

c. o5

. 230

\ i A f
S?

-IB -30 -8O ->C -UO --ÎO --0 -10 -iC -'O O 10 id JO 'O 10 CO

m = rime history m = DSC
R

Figure 15 - COMPARISON OF THE MAXIMUM RESPOUSE CALCULATED

BY DSC COMBINATION RULE AND TIME HISTORY SIMULATION FOR A

2 DOF STRUCTURE



Figure 16 - FREQUENCY AS A FUNCTION OF WATER LEVEL
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