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ABSTRACT 

This paper presents a general methodology developed in order to take into account the incoherence of input 
motion on the response of structures and on the calculation of floor response spectra. Description of different 
models of incoherence and comparisons with observed results are given. 

The methodology is applied to different nuclear buildings for French and EPR projects. Margins on floor 
response spectra are up to 40% at frequencies above 10Hz, for hard soil and large raft radius. 

Parametric studies with simple models allows to draw adimensional charts from which it is possible to have a 
quick estimation of the margin of the conventional approach for floor response spectra compared to spectra 
obtained by taking into account incoherency. The charts will be presented with an example of application and 
comparison with the complete analysis. 

1. INTRODUCTION 

Soil structure interaction is an important step in the seismic analysis of nuclear structures, where many 
hypothesis are done. In a process of quantification of margins, it is important to examine specially this step. In 
the present paper, the effect of incoherency of input motion will be looked at, in relation with data obtained from 
the Hualien international experiment in Taiwan. 

Conventional SSI analysis assumes that input signal for all the points at a given depth is uniform. Experience 
shows that this assumption is not exact: measurements in different strongly instrumented sites such as Lotung, 
Chiba, Hualien or others, gives information on the actual input characteristics. Two phenomena are usually 
present in a relatively regular site with horizontal stratification: first, input incoherency due dispersion of waves 
in heterogeneous medium added to the superposition of waves coming from a source with significant spatial 
dimensions and, second, the wave propagation, when, for instance, an S or P wave propagates upward with an 
angle with respect to the vertical direction. The latter is characterised by differences in time of arrival of waves 
at different locations on the site and can have a simple formulation. The former needs a statistical representation 
with a dense array to identify all its characteristics. 

CEA, EDF and Framat0me decided to launch a program in order to quantify the effect of incoherency on 
calculated in-structure floor response spectra. A procedure has been implemented in the general finite element 
code CASTEM2000 developed in CEA. It is based on a formulation adapted from LUCO and WONG for 
superficial and rigid foundation, where the response is calculated in a probabilistic manner; the spectral density 
is obtained by an averaging of components over the surface of the foundation. 

The procedure has been applied to the reactor building of a conventional French 3loops plant and to the total 
Nuclear Island of new European design PWR. Conclusions on the margins according to the type of soil, to the 
frequency of structures and to the dimensions of foundations are drawn. 



Parametric studies with simple models allows to draw adimensional charts from which it is possible to have a 
quick estimation of the margin of the conventional approach for floor response spectra compared to spectra 
obtained by taking into account incoherency. The charts will be presented with an example of application and 
comparison with the complete analysis. 

2. SPATIAL VARIATION OF GROUND MOTION 

2.1. GENERAL 

This covers the differences in amplitude and phase of the ground motion over a given area. This difference is due 
to many reasons related to the particularities of the wave propagation in stratified random media (Abrahamson 
1991). Usually, two phenomena are present: 

1 the wave propagation effect which can be illustrated by a P or S wave propagating with a non vertical 
incidence, inducing a phase lag between two points. 

2 the incoherency, resulting from the loss of coherency of seismic waves due to heterogeneity of soil, to 
random stratifications, etc, applied to a random input signal coming from the spread source. 

If the first part can be deduced from analysis, the second one need in situ dense arrays observations and 
measurements. 

The spatial variation of the seismic signal is defined by stochastic methods applied to the recorded signals. We 
can define the "coherency" of motions at two points j and k as the complex function: 

7" 'k(f) = ~S,,( f)Skk(f ) 

where f is the frequency, Sjgf) is the cross power spectral density between the points j and k. This complex 
function can be written in the following way: 

which describes the two phenomena mentioned above. The wave propagation is described by 0, representing the 
phase change between j and k separated by a distance ~. An apparent velocity can be defined by: 

Wa - ~  
2rff 

0 ( ~ , f )  

In case of plane wave, V a is constant, for a vertically propagating wave, it is infinite. 

The incoherency is described by the modulus of the complex function 7; physically, it can be interpreted as the 
power of the part of movement which can be represented as a plane wave, divided by the total power of the 
signal. The modulus varies between 0 and 1, and is equal to 0 when the incoherency is total and equal to 1 in 
case of total coherency. 

2.2. EXISTING MODELS OF INCOHERENCY 

Starting from the definition given in previous paragraph, it is possible to calculate the coherency function with 
the records obtained on an array of accelerometers. Then, it is possible to built models which represent in an 
analytical manner the coherency (or equally the incoherency), which, as minimum, is function of frequency and 
separation distance between points. Their general characteristics are: at low frequency and small separation 



distance, the coherency is close to one. On the contrary, at high frequency and large separation distance, the 
coherency should be close to 0. In general, the coherency decreases with distance and frequency. 

In this study, we used the model based on the study of 15 signals recorded on the SMART 1 array in Lotung 
(Taiwan), Abrahamson (1991) derived a formulation which describe the incoherency and the wave propagation. 

The general form is: 

tanh-lly(~,f)l ( a l + a 2 ~ ~ e x p [ ( b l + b 2 ~ ) f ] + l f  c } = +k  
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and 

E 1 ~/(~' ~r, f )=  I)'(~, f ~ exp(2~i~ r f s)+ 4 1 + ( - ~ )  4 exp(irl) 

where the parameters are calculated from experimental result : 

al= 2 ,54 ; a2 = -0 ,012 ; bl =-0 ,115  ; b2 = -0 ,00084  ; 

c = -0 ,878  ; k =0,35;  w = 19; s = 3 , 6 6 1 ) ( 1 0  4 

and 77 is a random variable uniformly distributed on ( -  ~ ,~ ); ~r is the projection of the separation distance on 

the wave propagation direction. 

This Lotung model was derived for an alluvial site, based on input signals with large variation in magnitudes and 
focal distances. It was tested on observations made on different arrays in California and Japan with the following 
conclusions: 

The model can be applied on alluvium sites with variable profiles 

On rock sites, the model seems to overestimate the coherency. 

In order to complete these comparisons, the model was compared to some of the Hualien array records. The 
coherency was calculated with the procedure described by Abrahamson; the results are shown on Figure 1, 
where the Lotung model is presented with the +/-lcr variability, compared to the calculated values represented as 
circles. Curves represents the Arctanh of the coherency versus frequency for different separation distances. The 
same good comparison is obtained with measurements at different depths, suggesting some constancy of the 
phenomena with depth. 

Further developments, based on data acquisition, are needed in order to have a "physical" coherency model, 
applicable to any site. 

3. METHOD OF ANALYSIS OF THE RESPONSE 

3.1. FOUNDATION RESPONSE 

Based on the work Luco and Wong (1986), the 6x6 covariance matrix [Do*(0~)] of the response of a rigid 
massless foundation can be obtained by the following integral representation : 

D0 (f) = j" f [r(x,  f)] T [B(x, x', f)][F'(x', f)]ds(x)ds(x') 
ss 

in which S denotes the contact area [F(x,f)] is a 3x6 contact traction matrix and -- denotes the complex 
conjugate. Each column of the matrix [F(x,f)] corresponds to the traction vector at a point x on the contact area 
between the foundation and the soil for unit generalised harmonic forces applied to the rigid foundation at its 
center in the order (F1, F2, F3, F4, Fs, F6) where (Fl, F2, F3) and (F4, Fs, F6) = (Mda ME/a, Ma/a) (a is the 
dimension of the foundation) represent forces and normalized moments, respectively. B(x,x',f) is the covariance 
matrix of the input field, defined from the PSD of the input and the incoherence (Wang 1995). 



The components of the covariance matrix [Do*(f)] correspond to the power and cross-power spectral density of 
the foundation response and can be written in the form : 

3 3 
Do q(f)= Z 

m=l n=l 

in which the coefficients A ~  (f) are defined by 

A~mn = f f Fmp (x,f ~(X,X",f Ynq (x',f)ds(x)ds (x') 

It has been shown that the square root of the coefficient A ~  (f) can be interpreted as the amplitude of the 

transfer function between the m-component of the free-field ground motion and the p-component of the 
foundation response. 

3.2. CALCULATION OF CONTACT TRACTIONS [F(X,F)] BY FINITE ELEMENT METHOD 

The components of the contact traction matrix [F(x,f)] represent the stress distributions at the soil-foundation 
interface under unit generalized forces and serve as weighting functions in the calculation of the foundation 
response. They are generally obtained in the process of calculating the foundation compliance functions. In the 
current study, a rather straight forward procedure is adopted which consists of calculating the contact tractions 
by Finite Element Method using CASTEM2000, the CEA developed code. 

A rigid foundation of arbitrary shape and its surrounding elastic soil are modelled by finite elements. If one can 
obtain the reaction forces at interface nodes between foundation and soil, R(x,f), for unit generalized forces 

applied to the foundation, the coefficients A ~  (f) can be written in the simple form" 

N N  

A~mn = ~ ~fmn(~,f)Rmp(Xi,f)Rnq(Xj,f) 
i=lj=l 

For the computation of the reaction forces R(x,f) in the frequency domain, Consistent Transmitting Boundary 
can be used to represent the far field soil which is not included in the finite element soil mesh. This calculation 
can also be performed in the time domain by applying impulse loads to the foundation (Wang et al 1995). 

The analysis of the response of structures is performed by applying the three conventional steps: 

Determination of soil impedances using the impulse method 

Response of the mass less foundation subjected to variable input (cinematic interaction) as described above 

Response of the structure by modal analysis of the structure including the foundation mass. 

This was included in a CASTEM2000 procedure which gives the response of structures and floor response 
spectra. 

4. A P P L I C A T I O N S  

4.1. REACTOR BUILDING OF THE 900MWE PLANT 

The methodology was first applied to the reactor building of the French 900Mwe PWR plant; this is a 
prestressed concrete containment with reinforced concrete internal structures supporting the reactor coolant loop. 
Its height is 62m and the radius, 19.4m. The fundamental mode frequency with fixed base is 4.6Hz. Two 
different soil conditions were considered: a soft one with Young modulus, E=500Mpa, and a rock with 
E=10000Mpa. One horizontal ground movement is considered, defined by a Kanai-Tajimi PSD (Labb6 1988) 
and a Lotung type coherency, without wave propagation effect. The output of the study are the floor response 
spectra. For the soft soil, almost no difference with the case without coherence was observed. For rock site, 
figures 2 and 3 show the floor response spectra for the raft and the operating floor: at frequencies above 8 to 
10Hz, the reduction is up to 10%. In that case, the SSI fundamental frequency is about 4Hz; for soft soil, it is 
about 2Hz, where the effect of incoherence is small. This explain the limited effect together with the small 
diameter of the raft. 



4.2. EPR MAIN BUILDING 

Same type of analysis was performed with the European Pressurised Reactor (EPR) type building All the nuclear 
island is located on a common cross-shaped 100mx 100m raft; the reactor building is at the centre with auxiliary 
buildings in each wing. The 3D finite element mesh is shown on figure 4. The design follows the European 
Utilities Requirements (EUR) where the seismic conditions were specified. Specific soil response spectra are 
defined for soft, medium and hard conditions together with accelerograms from which Power Spectral Density of 
input motion were calculated. 

The analysis procedure has been modified in order to define the structure by its fixed mode shapes, modal 
masses, participation factors and mechanical global parameters such as the position of gravity centre and values 
of masses and massic inertia. 272 modes up to 34Hz were taken into account. 

For this study, medium and hard soil were considered with shear waves velocities equal to 1090rn/s and 1550m/s 
respectively. To apply the procedure, the foundation was assumed circular with 48.3m radius. Two horizontal 
independent motions with complex Lotung incoherence model are applied to the model. 

Figures 5 and 6 shows floor response spectra at the raft and the operating floor for hard soil respectively. In 
general, for hard soil, the margins in spectra are up to 40% above 10Hz, and 20% below 10Hz. For medium soil, 
margins are lower, about 20%. But in some locations, such as penetrations on containment, the margin is 
negative (up to 19%) due mainly to torsional effects induced by the incoherency and absent in the coherent case. 

5. S I M P L I F I E D  E S T I M A T I O N  O F  T H E  M A R G I N  D U E  T O  I N C O H E R E N C Y  

The final objective of the program was the capability of predicting very quickly the margins on a given 
structure. The idea was to determine the representative parameters defining soil conditions and structure 
response, preferably in adimensional way, and to apply the developed procedure to a limited number of 
structures and to construct abacus quantifying the margins. 

A first soil structure interaction model was build, as below. 

m o  

ho , fo 

V~,p, v,h 

It is one degree of freedom system representing the first mode of a building in interaction with an elastic 
homogeneous half space elastic soil (Wolf 1985). We define the following parameters: the raft radius is Ro, the 
frequency of the structure is fo its mass is mo et its height is ho 

mo m Adimensional mass: ma,~ pR~ 



Adimensionnal height /Ta~ = 
h 

o 

/:/o 

The parameters were varied according to the table; they correspond to values observed on nuclear buildings. 

Variation of parameters 

Parameters 

Soil conditions 

Raft radius Ro (m) 

Structure frequencyfo (Hz) 

Adimensional mass mad 

Adimensionnal height had 

Variation 

Soft, medium, hard 

10, 20, 30, 40, 50 

2,4 ,8 ,  12 

0,25, 0,5, 1,0, 2,0 

0,5, 1,0, 2,0, 4,0 

A total of 960 analyses were performed; the output is curves giving margins in floor response spectra for 
different frequencies, between the coherent and incoherent input for the raft and the center of mass of the 
structure. The incoherency is described by the complete Lotung model as above. Figures 7 and 8 are examples of 
such curves for hard soil. At the raft, the margin is up to 30%; at the mass the margin decrease with the height. 

The general conclusions from the curves are: 

The margin increases with the radius of the raft. 

The margin is higher at the raft then on the structure. 

The margin is higher with harder soil; 

In the structure, the margin is almost zero for higher and softer structure. 

6. CONCLUSIONS 

The effect of incoherency of input signal was studied in order to quantify its effect on floor response spectra. 
The spatial variation of input signal is the result of wave propagation and incoherency. Several modes describing 
the effects exist. We used the Lotung model which was compared to Hualien array results. 

A procedure was developed and implemented in the CEA finite element code, CASTEM2000, to calculate 
the response of structures and floor response spectra. It is applicable to rigid superficial foundations. It was 
applied to French and EPR PWR buildings; margins up to 40% were obtained on hard soil and large raft radius. 

A set of parametric studies was performed on simple models in order to develop curves which permit the 
quick quantification of margins on a given structure by identifying its main modal features. 

One question remain on the definition of adequate model of incoherence on a given site. Developments are 
necessary in this direction, using experimental results. 

The work described here was carded out in the framework of a CEA-EDF-Framatome cooperative joint 
study. 
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