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G e n e r a t i o n  o f  s e i s m i c  b o u n d a r y  v a l u e s  f o r  i n d u s t r i a l  s t r e s s  c o n s e r v i n g  s c a l e  m o d e l s  

Génération des conditions lim ites pour une sim ilation sism ique industrielle qui conserve les contraints

A.ZELIKSON, Faculty of Civil Engineering, Technion, Haifa, Israel

S Y N O P S I S :  T h e  p a p e r  d e a l s  w i t h  d e s i g n  c r i t e r i a  f o r  s e i s m i c  s i m u l a t o r s .

T h e  s t u d y  o f  e a r t h q u a k e  e f f e c t s  i s  a  

p r i n c i p a l  j u s t i f i c a t i o n  f o r  t h e  l a r g e  

e x p e n d i t u r e s  c o n c e r n i n g  c e n t r i f u g e s .

E a r t h q u a k e  e q u i p m e n t  m a y  c o n s u m e  a  l a r g e  p a r t  

o f  t h e  p a y - l o a d  w h i l e  e c h o e s  d i c t a t e  t h e  u s e  

o f  l a r g e  s o i l  b o d i e s .  T h e r e f o r e ,  c e n t r i f u g e s  

s h o u l d  b e  d e s i g n e d  f o r  s e i s m i c  s i m u l a t i o n ,  

w h i c h  i s  n o t  t h e  c a s e  a t  p r e s e n t .  F o r  

e n g i n e e r i n g  p u r p o s e s  t h e  d e s i g n  f o l l o w s  

c l o s e l y  t h e  s e a r c h  f o r  m e a s u r a b l e  s i g n a l s  

s u i t a b l e  f o r  p r o c e s s i n g  a l g o r i t h m s .

N i t h i n  t h e  F r a m e w o r k  o f  L a b o r a t o i r e  d e  

M e c a n i q u e  d e s  S o l  i d e s  -  E c o l e  P o l y t e c h n i q u e , 

F r a n c e  ( L M S ) ,  t h e  a u t h o r  d e v e l o p e d ,  s t a r t i n g  

i n  1 9 7 7 ,  t h e  e a r t h q u a k e  s i m u l a t o r  o f  t h e  1 0 m  

a r m  c e n t r i f u g e  o f  C e n t r e  d ' E t u d e s  

S c i e n t i f i q u e s  e t  T e c h n i q u e s  d ' A q u i t a i n e  

( C E S T A )  o f  C E A ,  n e a r  B o r d e a u x .  C E S T A  c a r r i e d  

t h e  m a t e r i a l  p a r t  o f  t h e  p r o j e c t ,  a n d  t h e  m a i n  

p a r t i c i p a n t s  w e r e  f i r s t  B .  O e v a u r e  a n d  l a t e r  

P .  L e g u a y  ( a l s o  i n  v i b r a t i o n  t e s t s ) .  A  

l a b o r a t o r y  p r e l i m i n a r y  c e l l  w a s  u s e d  f o r  

e x t e n s i v e  s t u d i e s  o f  e c h o e s  a n d  f r e e  f i e l d  

s e i s m i c  m o t i o n s ;  c a r r i e d  o u t  o n  I t  o f  s a n d  -  

p n e u m a t i c a l l y  r i g i d i f i e d .  T h e n  a  s e c o n d  c e l l  

w a s  b u i l t  f o r  t h e  c e n t r i f u g e  w h i l e  t h e  f i r s t  

o n e  w a s  e q u i p p e d  w i t h  H y d r a u l i c  G r a d i e n t  a n d  

i n s t a l l e d  a t  L M S .  T h e  c e n t r i f u g e  c e l l  u s e s  

p r o g r a m m e d  e x p l o s i o n s  a n d  t h e  H y d r a u l i c  

G r a d i e n t  o n e  s h o c k  t u b e  d i s c h a r g e s  w i t h  

s i m i l a r  e c h o  c h a m b e r s  a n d  f i l t e r s ,  g i v i n g  

s i m i l a r  f r e e  f i e l d s .  ( D e v a u r e  M a t h i v e t ,  1 9 7 9 ,  

D e v a u r e ,  1 9 8 0 ,  Z e l i k s o n  D e v a u r e  B a d e l , 1 9 8 1 ,  

Z e l i k s o n  B e r g u e s ,  1 9 8 1 ,  Z e l i k s o n  L e g u a y  

P a s c a l ,  1 9 8 3 ,  Z e l i k s o n  L e g u a y ,  1 9 8 S ) .  T h e  

C E S T A  e a r t h q u a k e  ( a n d  v i b r a t i o n )  s i m u l a t o r  h a s  

b e e n  i n  s e r v i c e  s i n c e  1 9 7 9  a n d  u s e d  b y  m a n y  

p e o p l e .  I t  i s  s t i l l  t h e  o n l y  i n s t a l l a t i o n  

c r e a t i n g  r e a l  e a r t h q u a k e  i m i t a t i o n s  o n  

a d e q u a t e l y  l a r g e  m o d e l s .  T h e r e f o r e ,  i t  s e e m s  

t h a t  s o m e  o f  t h e  d e s i g n  c o n s i d e r a t i o n s  a n d  

e x p e r i e n c e  s h o u l d  b e  p r e s e n t e d  t o  t h e  

G e o t e c h n i c a l  p u b l i c .

F o r  l a c k  o f  s p a c e  f o r m u l a e  a r e  p r e s e n t e d  i n  

" s h o r t - h a n d " .  T h e  i n p u t s  a r e  c a l l e d  " f o r c e "  

( f ) ,  t h e  o u t p u t s  " d i s p l a c e m e n t "  ( x )  ( e v e n  i f  

s o m e  o f  t h e m  a r e  v e l o c i t i e s )  w h i c h  a r e  

( c o l u m n )  m a t r i c e s ,  f u n c t i o n  o f  t i m e ,  t ,  o r  i n  

t h e  s a m p l e d  c a s e  o f  a n  i n d e x  n  ( e . g .  t = n T ) .  

T r a n s f o r m s  o f  a n y  k i n d  u s e  c a p i t a l  l e t t e r s  

( e . g .  x ^ > X ) . D i s c r e t i z a t i o n  b y  f i n i t e  e l e m e n t s  

g i v e s  a  d i f f e r e n t i a l  e q u a t i o n  e . g .  d x / d t  =  

a x + f .  P r i n c i p a l l y  t h e  m o d e l  s h o u l d  d e f i n e  a ,  

w h i c h  v a r i e s  u p  t o  f a i l u r e ,  a  d e f i n e s  t h e  

s t r u c t u r e - s o i l  s y s t e m .  T h e  s t r u c t u r e  o n  i t s  

b a s e  a n d  t h e  s u b s t r a t u m  l o a d e d  b y  t h e  b a s e  a r e

t o t a l l y  d i f f e r e n t  s y s t e m s .  F o r  i l l u s t r a t i o n ,  

t a k e  t h e  p r o b l e m  o f  d e f i n i n g  t h e  f o r c e  o n  a n  

e l e c t r i c  c h a r g e  i n s i d e  a n  a c c e s s i b l e  i n s u l a t e d  

t u b e ,  c a u s e d  b y  c h a r g e s  o u t s i d e  t h e  t u b e  a n d  

i n a c c e s i b l e .  C a s e  ( a ) ,  w e l l  s e p a r a t e d  p o i n t  

c h a r g e s  c l o s e  t o  t h e  t u b e .  T h e  s y s t e m  i s  

d e f i n e d  b y  a  s m a l l  n u m b e r  o f  f i e l d  

m e a s u r e m e n t s  c a r r i e d  o u t  n e a r  t h e  c h a r g e s .

T h i s  c a s e  i l l u s t r a t e s  t h e  s t r u c t u r e .  C a s e  ( b ) ,  

c h a r g e s  a r e  d i f f u s e d .  T h e  f i e l d  h a s  t o  b e  

m e a s u r e d  a l l  a l o n g  t h e  t u b e ' s  s e c t i o n  o f  

i n t e r e s t .  T h i s  c a s e  i l l u s t r a t e s  t h e  

s u b s t r a t u m .  T h e  s t r u c t u r e  a s  b u i l t  i s  ( a )  a n d  

( b )  b u t  c l o s e r  t o  ( b ) .

L e t  i t  b e  p o s s i b l e  t o  s e p a r a t e  t h e  l i n e a r  

a n d  n o n  l i n e a r  p a r t s  o f  t h e  e q u a t i o n ,  n a m e l y  

d x / d t  =  k x + b x + f ,  w h e r e  k = k ( t ) .

T h e  l i n e a r  p a r t  c a n  a l s o  b e  i l l u s t r a t e d  b y  

c a s e  ( a )  a b o v e .  I n  f a c t ,  t h e  s y s t e m  i 6  

c o m p l e t e l y  d e f i n e d  b y  t h e  n  s o l u t i o n s  y Q o f

d y n / d t  =  k y n  w i t h  y 1 j l  ( o ) .

W r i t i n g  y  f o r  t h e  m a t r i x  t h e  c o l u m n s  o f  

w h i c h  a r e  r e s p e c t i v e l y  y  ,  a  s o l u t i o n  o f  

d x / d t  =  k x + f  ( s t a r t i n g  a t  r e s t )  i s

x ( t ) =  y  ( t ) j [  y - 1 ( l ) f  ( l ) d l

I f  t h e  s y s t e m  d o e s  n o t  c h a n g e  i n  t i m e ,  t h e n

y ( t ) y  ^ ( l )  =  y ( t - l )  a n d  x ( t )  “ J y ( t - 1 ) f ( 1 ) d l

o

i . e  x  =  y * f  ( c o n v o l u t i o n ) .  T h e r e f o r e ,  t h e  

t r a n s f o r m s  a r e  r e l a t e d  b y  X  =  Y F ,  a n d  t h i s  i s  

t h e  r e a s o n  f o r  w o r k  i n  t h e  t r a n s f o r m  o r  

" f r e q u e n c y "  d o m a i n .  Y  i s  t h e  f l e x i b i l i t y

m a t r i x ,  a n d  Y - 1  =  K  t h e  r i g i d i t y  o n e .  T h e

a l g o r i t h m s  f o r  t h e  e x p e r i m e n t a l  e x t r a c t i o n  o f  

K  m u s t  b e  s u i t a b l e  f o r  t h e  c e n t r i f u g e  a n d  t a k e  

i n  a c c o u n t  i t s  l i m i t a t i o n s  ( e . g .  e c h o e B ) .  T h e y  

a r e  d i f f e r e n t  a c c o r d i n g  t o  t h e  s t r u c t u r a l  c a s e  

( a )  o r  t h e  s u b s t r a t u m  ( b )  o r  b o t h .  ( A  " c o u B i n "  

o f  c o n v o l u t i o n  i s  c o r r e l a t i o n  

c  f  =  x ( t + 1 ) f ( 1 ) d l ,  f o r  w h i c h  a  s i m i l a r  l a w  

g i v e s  C  =  X F ;  n o  d i s t i n c t i o n  w i l l  b e  m a d e  

b e t w e e n  t h e i r  u s e s ) .  I n  o r d e r  t o  f i n d  t h e  r o l e  

o f  t h e  f r e e  f i e l d  s i g n a l  l e t  t h e  s t r u c t u r e ' s  

m o t i o n  b e  g i v e n  b y  x ^  f o r  i n n e r  p o i n t s  a n d  x ^  

f o r  t h e  b a s e ,  a n d  t h a t  o f  t h e  s u b s t r a t u m  b y  

t h e  s a m e  a n d  b y  x w h i c h  a r e  o n  a  f i c t i o u s  

c u t  w h i c h  s e p a r a t e s  i t  f r o m  f a r  a w a y  r e g i o n s .
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The free field earthquake is , x . The 
earthquake creates base forces only, f^. For a 
free field fb=0. The rigidity matrices: for 
the structure K, for the soil Z, and they are 
properly partitioned giving in the linear 
case:

K X + K .X. = 0; K. X + K..X. = F. 
aa a ab b ' ba a bb b b

(structure)

Z..X. + Z. X = -F. ; also Z..X. f + Z. X f = 0. 
bb b be c b bb b be c

It is assumed that as points c become far from 
the structure, the latter's influence

disappears, giving so that ZbbXb^*

ZbcXc=° 9 ivin9 ZbbXb- zbbXbf" “V

The equations for the structure as built

become

KaaXa+ KabXb= °> KbaXa+,Kbb+ Zbb>Xb = ZbbXbf -

The key elements are: 1) Z, the rigidity 
matrix of the base relative to^a soil which is 
at rest in far regions, 2) xb , the free 
field motion of the ba^e and eventually, 3) 

fb given by f^ = Zbb*Xb ' iie> the foroe at 
the base.

In any event, the outer part of the soil 
will alway behave elastically, and b points 
can be placed at its boundary, thus including 
part of the soil in the structure. In the case 
of piles, for example, those points might be 
at some depth. The structure as built than can 
behave inelastically subject to the external

forces X bf and internal forces “^ b ^ b 1 Xb are

part of the unknowns of the differential 
equation which must be solved in the time 
domain. Let the differential equation be 
written in the form:
mx + cx + kx = f and let cu + ku = f.
That gives m (x-u) “ +c( x-u )‘+k ( x-u ) = -mu where 
-mil are the inertial ("volume") forces 
relative to u . If the structure is simply 
supported then generates in it only rigid

body motions. In that case ub~xb^ an<*

inertial forces follow as if the structures 
were excited on a shaking table. This simple 
case applies e.g. to earth dams on rock. 
Normally the base points b will be under the 
superstructure, and in the non-linear case an 
f^-x. relation will be needed when the 
earthquake motions X are acting. In can be 
argued that X could be taken as zero.
However, this argument depends on the size of 
the soil body.

An earthquake generator is thus seen to be 
that which creates given free field motions at 
points b. An actuator generates a given signal 
at its end by a closed loop control. There is 
no way an actuator can be controlled 
(automatically) to give free field motions at 
several points. This can be achieved by 
several actuators controlled by a computer.

The remaining solution is to apply 
"tailored" signals at one or several points. 
Those are pre-arranged signals without 
automatic control, which have been found by 
trial to best give the free field motions.

The free field signals are part of the

regulating codes. In many cases in the past 
actual earthquake motions (e.g. El Centro) 
have been used. However, information given by 
accelerometers (in built areas) is incomplete, 
in the same way that g i v i n g  the acceleration 
at the head of a pile is incomplete without 
the force. The power is p.v (p traction, v 
velocity), p=s:n (s stress, n normal vector), 
so that the power flux vector is s:v. In the 
case of 2an advancing plane wave its magnitude 
is (dc)v (d density, c phase velocity). For 
example, let a model be^excited by p acting on 
an 0.5m by 0.5m (0.25 m ) area of its 
boundary, for a velocity of 1 ms amplitude, 
and acceleration of 100x6.20 = 62B ms at 100 
Hz, (corresponding at 100 times g ty 1 Hz,
0.6 Jimes g in situ). Let c=300 ms ; d=1500 
kg/m so that p-0.45_MPa and the mean power 
flux 1/2x450,000 W/m or 5B KW on the area. An 
earthquake of 20 cycles will require 
5B,000x0.2 £  12,000 J corresponding e.g. to 6g 
explosives, or an equivalent volume of 
compressed air. In standing waves there is no 
power flux through the soil at all. In order 
to translate the signals at an observation

station to another site X ^  must be calculated 

from X bf using ZbbXbf+ ZbcX of= 0 by 

"deconvolution". But Zb b , Zb(= are normally

unknown. To resume, based on actually earth­
quake signals, the motion at a given site can 
only be guessed. For calculations and models a 
signal has to be chosen. For this purpose 
signals are first processed to give a pseudo 
velocity [v], and pseudo acceleration [a], 
displacement [x], or the "shock spectrum". The 
signal is used as an input to a single degree 
of freedonifresonator h and the maxima of the 
outputs x Ah used for the spectrum as the 
frequencies and dampings of the resonator are 
varied. In the "structural" case the system is 
defined by a small number of resonating modes, 
for each of which a value of [v] can be chosen 
and the results combined and averaged. The 
structure on its base is not such a system, 
and experiments to define its modes usually 
have poor yield either in situ or on 
centrifuge models where 2-3 modes can be 
distinguished with difficulty. (Much material 
is given in the proceedings of K2 section of 
Chicago SMIRT 19B3 - where one American 
discusser said: "if you go into the wood 
looking for people ("modes") and find only 
gorillas - that is because no people are there 
in the first place"). This fact is recognized 
by the calculators who use the free field to 
calculate the shock spectra at the floor level 
which gives another one for the installations, 
etc. It is proposed to rationalize as follows: 
A simplified structure and soil system is 
taken which includes: horizontal and 
rotational base motions, 1-2 degrees of 
freedom for the structure (cantilever in shear 
or bending, etc.). For such a system the 
springs and frictions are time dependent to 
represent deterioration. The basic solutions 
yn give the matrix y (which has yQ as 
columns), the inputs f are processed by

x(t)=y (t) J y 1 (1)f(l)dl an d pertinent items

(base motion maxima, accelerations at the top, 
stresses,...) taken as criterions. The y 
systems can be defined by the codes.
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T h e  b o u n d a r i e s  o f  t h e  c e l l  m u s t  p r o v i d e  t h e  

c o r r e c t  i n i t i a l  s t r e s s e s  a t  r e s t ,  a n d  t h e  

m o t i o n s  o f  t h e  e a r t h q u a k e s . I n c o r r e c t  m o t i o n s  

s e n d  e c h o e s  b a c k  t o  t h e  s t r u c t u r e  a n d  m ay  

r e s u l t  i n  c e l l u l a r  m o d e s i n e x i s t e n t  i n  s i t u .

I t  i s  s o m e t i m e s  a r g u e d  t h a t  p r o t e c t i v e  l a y e r s  

e l i m i n a t e  t h e  e c h o e s ; e . g .  i f  m ud  i s  u s e d  t o  

s u p p o r t  t h e  w a l l s  o r  i f  t h e  s o i l  i s  s l o p i n g  a s  

an  e m b a n k m e n t . H o w e v e r , i t  i s  s e e n  t h a t  t h e  

i n i t i a l  c o n d i t i o n s  a r e  i n c o r r e c t .  A l s o  a 

s u b s t a n t i a l  a m o u n t  o f  p a y - l o a d  i s  l o s t  ( t a k e  

e .g .  t h e  " e m b a n k m e n t "  c a s e )  b e c a u s e  a c c o r d i n g  

t o  t h e o r y  t h e  w a v e s  d o  n o t  “ s e e ”  o b s t a c l e s  

l e s s  t h a n  a  q u a r t e r  w a v e  l e n g t h  a n d  t h e  

b o u n d a r y  h a s  a l a r g e  a r e a  ( f o r  so m e  m a t e r i a l s  

l i k e  D u x s e e l  i n t r o d u c e d  b y  P r e v o s t  t h e  

t h i c k n e s s  i s  h a l v e d ,  b u t  t h a t  d o e s  n o t  c h a n g e  

t h e  s i t u a t i o n ) . T h e  c o n c l u s i o n  i s  t h a t  t h e  

c e l l  n u s t  b e  l a r g e  r e l a t i v e  t o  t h e  s t r u c t u r e .  

How b e s t  t o  u s e  a  c e l l ?  A  b a l l  t h r o w n  a t  t h e  

b a c k  o f  a  r e c e e d i n g  c a r  w i l l  f a l l  l i m p l y  t o  

t h e  g r o u n d . L i k e w i s e  a c t i v e  b o u n d a r i e s  c a n  

a b s o r b  e c h o e s , a s  i n  H y d r a u l i c  l a b o r a t o r i e s .  

Fr o m  ( S l a t e r ) :  " E x p e r i m e n t s  a i m e d  a t  

g e n e r a t i n g  p o w e r  f r o m  s e a  w a v e s  u s e d  m o d e l s  

w h i c h  s o m e t i m e s  r e f l e c t e d  w a v e s  b a c k  t o  t h e  

w a v e - m a k e r . T h e  d i f f i c u l t y  w a s  a v o i d e d  b y  

c h a n g i n g  t h e  w a v e  m a k e r  c o n t r o l  s y s t e m  s o  t h a t  

i t  c o u l d  a b s o r b  r e f l e c t i o n s .  A  w i d e  t a n k  u s i n g  

a b a n k  o f  a b s o r b i n g  w a v e  m a k e r s  i s  b e i n g  

u s e d . . . "  A n o t h e r  e x a m p l e  i s  t h e  c u r r e n t  u s e  o f  

c e l l s  t h e  s i d e  o f  w h i c h  m o v e  " i n  s t e p "  w i t h  

t h e  b a s e  d u r i n g  s h a k i n g  t a b l e  s e i s m i c  

s i m u l a t i o n s .  A n o t h e r  w a y  i s  t h e  t r a n s f o r m a t i o n  

o f  e c h o e s  t o  n o i s e .  B y  d e f i n i t i o n  t h e  

c o r r e l a t i o n  b e t w e e n  t h e  u s e f u l  s i g n a l  a n d  t h e  

n o i s e  i 5 z e r o .  T h e r e f o r e ,  s i g n a l s  r a d i a t e d  

f r o m  t h e  b a s e , c o n v e r t e d  t o  n o i s e  b y  t h e  

b o u n d a r i e s  a n d  d i s s i p a t e d  i n s i d e  t h e  c e l l  

s h o u l d  c a u s e  t h e  sa m e  b a s e - d a m p i n g  a s  i f  

r a d i a t i o n s  w e r e  t o  i n f i n i t y .  S u c h  a  c o n v e r s i o n  

i s  c a r r i e d  o u t  b y  n o n  l i n e a r i t i e s  i n  t h e  

b o u n d a r y  r e g i o n .  I t  i s  u s u a l l y  e n o u g h  f o r  

l a r g e  c e l l s .  O n e  w a y  t o  d o  i t  i s  b y  r a n d o m l y  

m o v in g  g e o m e t r i c  c h a n g e s  a t  t h e  b o u n d a r y . A n  

i n d u s t r i a l  m o d e l  s h o u l d  b e  q u a l i f i e d  f o r  

e c h o e s . L e t  t h e  e c h o  s y s t e m  h b e  l i n e a r i s e d :

i n p u t s  f ^  a t  t h e  b a s e  g i v e  o u t p u t  e c h o e s  x ^ *

a c c o r d i n g  t o  x^e= h a * f b  ; X ^ 6 *  H e F b - I f  f ^  i s

s m a l l  e n o u g h , t h e  d i r e c t  i n t e r a c t i o n  i s  a l s o

l i n e a r  x . d =  h d * f . . h d  c a n  b e  f o u n d  f r o m  t h e  
b  b

p a r t  o f  s i g n a l s  b e f o r e  t h e  f i r s t  e c h o  a r r i v e s .  

I n  l a r g e  c e l l s  t h i s  e c h o - f r e e  p a r t  c a n  b e  m ad e  

l a r g e r  b y  u s i n g  s m a l l e r  m o d e l s  o f  t h e  m o d e l  

b a s e . I f  t h e  d i r e c t  s i g n a l  p l u s  t h e  e c h o  i s  

x =  h A f ^ , t h e n  h = h - h  . I f  h  , H a r e  k n o w n  

t h a n  d u r i n g  a n  e a r t h q u a k e  s i m u f a t i o n  t h e  

g e n e r a t o r  c o n t r o l s  s h o u l d  i n  p r i n c i p l e  b e  a b l e  

t o  e l i m i n a t e  t h e  e c h o e s  u s i n g  t h e  f ^  s i g n a l s  

i n  r e a l  t i m e ,  l i k e  i n  t h e  s e a  w a v e s  e x a m p l e  

a b o v e . I n  a n y  e v e n t ,  t h e y  c a n  b e  t a k e n  i n  

a c c o u n t  f o r  t a i l o r i n g  t h e  e a r t h q u a k e  s i g n a l .

I f  a c a l c u l a t i o n  i s  c a r r i e d  o u t ,  t h e  g c h o e s  

c a n  b e  f i l t e r e d  o u t .  I n  so m e  c a s e s ,  H w a s 

s e p a r a t e d  f r o m  F^  b y  t a k i n g  t h e  c o m p le x

l o g a r i t h m  l o g  X fae = l o g  H e + l o g  F ^ . T h e

p r o c e d u r e  u s e d  i n  s p e e c h  a n d  s e i s m o l o g y  

s i g n a l s  p r o c e s s i n g  i s  d e s c r i b e d  i n  d e t a i l s  i n  

( O p p e n h e i m - S h a f e r ) .  T h e  e f f e c t  o f  e c h o e s  c a n  

b e s t  b e  m e a s u r e d  b y  “ i n t e r "  a n d  “ a u t o "

c o r r e l a t i o n s ,  i . e .  b y  i n n e r  p r o d u c t s  o f  t w o  

s i g n a l s ,  o n e  o f  w h i c h  i s  t i m e  s h i f t e d  r e l a t i v e  

t o  t h e  o t h e r .  T h i s  w a s  o n e  o f  t h e  p r o c e d u r e s  

u s e d  t o  q u a l i f y  t h e  C EST A  c e l l .  T h e  s i g n a l  w a s  

a  s h a r p  b l o w  o f  a  m a s s  f a l l i n g  o n  a (0 .0 6 m  

d i a m e t e r )  p l a t e .  F i g .  1 s h o w s  t h e  s i g n a l s  a t  

0 .1 m  a n d  0 .3 m  (0 .1 m  f r o m  t h e  w a l l )  f r o m  t h e  

c e n t r e  o f  i m p a c t ; a n d  a t  a  d e p t h  o f  0 .1 m . T h e  

i n f l u e n c e  o f  t h e  w a l l  i s  c l e a r l y  s e e n , w h i l e  

t h e  m i d d l e  o f  t h e  c e l l  i s  c l e a r  o f  e c h o e s . 

F i g u r e  2 g i v e s  t h e  a u t o - c o r r e l a t i o n  c u r v e s  

w h i c h  l e a d  t o  t h e  sa m e  c o n c l u s i o n .  T h e  t e s t s  

q u a l i f i e d  a  n u c l e a r  p o w e r  s t a t i o n  m o d e l  t h e  

b a s e  o f  w h i c h  w a s  0 .1 5 m  r a d i u s .

O f t e n  a l i n e a r i s e d  s y s t e m  h a s  t o  b e  d e f i n e d :

t o  f i n d  e i t h e r  y  o r  Y  i n  r e s p e c t i v e l y  x = y * f  o r

X = Y F . P e r i o d o g r a m m e  t e c h n i q u e s  d o  i t  d i r e c t l y ,

a n d  t h e  n o i s e  a p p e a r s  i n  x ,  w h i c h  i s  n o t  s o

i m p o r t a n t  f o r  " s t r u c t u r e s "  w h e r e  " z o o m i n g "

n e a r  r e s o n a n c e  c a n  b e  u s e d . I n  c o r r e l o g r a m m e

t e c h n i q u e s  t h e  n o i s e  d o e s  n o t  a p p e a r , a s  i t s

c o r r e l a t i o n  w i t h  t h e  s i g n a l s  i s  z e r o ,  c  , ,  c , .
*  x f '  f f

a r e  c a l c u l a t e d ,  t h e n  C ^  g i v i n g :  X F ,

X =  Y F  C x f =  Y ( F F ) o r  C x f => Y C f f . I n  b o t h

c a s e s  i t  i s  b e t t e r  t o  u s e  t h e  e c h o - f r e e  p a r t  

o f  t h e  s i g n a l .  T h e  s t a n d a r d  d e v i a t i o n  i s  

p r o p o r t i o n a l  t o  N b e i n g  t h e  n u m b e r  o f

o s c i l l a t i o n s  t a k e n  i n  a c c o u n t ,  w h i c h  n e e d  n o t  

f o r m  a  s i n g l e  t r a i n  o f  v i b r a t i o n s .

T h e  u s e f u l n e s s  o f  t h e  f r e q u e n c y  d o m a in  d r o p s  

c o n s i d e r a b l y  i n  t h e  n o n l i n e a r  c a s e .  S t o k e r  

w r o t e  a  b o o k  a b o u t  t h e  e q u a t i o n  m x + f ( x , i t )  -  

A c o s  w t .  ( f  " a l m o s t ”  l i n e a r ) .  H e r e s u m e s  i n  

p . 1 1 7 : " G e n e r a l  s o l u t i o n  n o t  k n o w n , b u t  t h e r e  

e x i s t  m a n y  t y p e s  o f  p e r i o d i c  m o t i o n s  

( s u b h a r m o n i c s , e t c . ) ” . F o r  a n  e x c i t a t i o n  

A j  c o s  w ^ t  +  A ,  c o s  w ^ t : " G e n e r a l  m o t i o n  

u n k n o w n .. .  M a t h e m a t i c a l  d i f f i c u l t y  o f  s m a l l  

d i v i s o r s  o c c u r s . . . "  V o l t e r r a  g e n e r a l i s e d  t h e  

c o n v o l u t i o n  a s  f o l l o w s :

i(t) »Jjjit-DflDdl +/y2(t-l,t-k)f) 1 )f(k)dldk + ...

y j  -  f i r s t  o r d e r  a p p r o x i m a t i o n ,  y 2 -  s e c o n d  

o r d e r ,  e t c . ,  w h i c h  c a n  b e  e x t r ^ t a U  i f  t h e  

s y s t e m  i s  e x c i t e d  b y  p r o g r a m m e d  s e r i e s  o f  

p u l s e s ,  w i t h o u t  e c h o e s . A m o r e  s u i t a b l e  w a y  i s  

t o  b a c k  c a l c u l a t e  t h e  f - x  r e l a t i o n s  f r o m  t h e  

L i n e a r d  s p i r a l s  ( L i n e a r d  1 9 2 0 , S t o k e r ) ,  ( w h i c h  

sh o w  t h a t  i n  t h e  c a s e  o f  C o u lo m b  f r i c t i o n  x 

c a n  d i v e r g e  t o  i n f i n i t y  f o r  a  s t e a d y  f ,  i n  

c o n t r a s t  t o  t h e  v i s c o u s  c a s e ) .  A n  X - F  B o d e  

d i a g r a m m e  i s  g i v e n  i n  F i g .  3 ; t h e  h y s t e r e s i s  

l o o p s  o f  w h i c h  a r e  e .g .  F i g .  4 . T h e y  w e r e  

o b t a i n e d  f r o m  s t e a d y  s t a t e  s h a k i n g  o f  a  4 
p i l e s  g r o u p  b y  a n  e l e c t r o m a g n e t i c  s h a k e r .  A 

p e r t u r b i n g  r e s o n a n c e  i s  c l e a r l y  s e e n  i n  F i g .

3 ,  r e s u l t i n g  f r o m  a p r o x i m i t y  t o  t h e  w a l l .  I n  

p r o b l e m s  l i k e  t h e  g r o u p  o f  p i l e s ,  w h a t  i s  

r e q u i r e d  i s  t h e  b e h a v i o u r  a t  t h e  e n d  o f  a 

( l i m i t e d )  n u m b e r  o f  c y c l e s .  T h e r e f o r e ,  a  s h o c k  

o o u l d  b e  a p p l i e d  a f t e r  a  s e q u e n c e  o f  l o w  

f r e q u e n c y  m e c h a n i c a l  s h a k i n g .  E l e c t r o m a g n e t i c  

s h a k e r s  w h i c h  h a v e  n o  c o n s t a n t  f o r c e s  a r e  

u n s u i t a b l e .  M o t o r s  w i t h  s m a l l  m a s s e s  h a v e  b e e n  

u s e d  i n  C E S T A . T h e y  h a v e  v e r y  l o w  ( p a r a s i t i c )  

m a s s e s  a n d  p e r f o r m  w e l l ,  b u t  a r e  s u i t a b l e  f o r  

s t e a d y  s t a t e  o n l y .  P r e c i s i o n  e x c i t a t i o n  h a s  

y e t  t o  b e  f u l l y  d e v e l o p e d .

T h e  s i m u l a t i o n  o f  e a r t h q u a k e s  b y  c o n t r o l l e d  

s h a k i n g  o f  p a r t s  o f  t h e  b o u n d a r y  o f  v e r y  l a r g e  

c e l l s  c a n  b e  c a r r i e d  o u t  o n  H y d r a u l i c  G r a d i e n t  

m o d e l s . O n  t h e  c e n t r i f u g e ,  r o t a t i n g  b u c k e t s
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protect the arm from the (ordinary) vertical 
vibrations. Correspondingly, a large reaction 
mass has to be provided. (If momentum j p is 
acting on m^, m2 the energy is as 1/m^ to 
l/m_). Logically that can only be the mass of 
the cell itself, i.e. systems like the CESTA 
one, excited also from below. There, the 
frequency of tailored signals depends on the 
size of the filters and those can be studied 
using the similarity with waves in shallow 
water ("water table"). For fixed buckets 
(Cambridge. ISMES) motion must be in the 
flight direction (to protect the arm), but the 
heavy arm can be UBed for reaction and for 
installation of most of the earthquake 
generation equipment (Coriolis parasites are 
less than 10K), so that actuators are 
possible.

To conclude, deBign can start once one knows 
what he wishes to do with the signals - and 
looks for suitable inputs according to the 
type of structures, and the regulating codes. 
Earthquake and vibration equipment should be 
designed with the centrifuge.
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Figure 3 . Bode d i a g r a n n e .

Figure 2. Autocorrelation curves.

Figure 1. Acceleration signals.
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