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OPENING REMARKS

I  have t he honour  on behal i  of  t he Or gani zi ng 
Commi t t ee t o open t he 10t h Speci al t y Sessi on 

on Soi l  Dynami cs. I  am gl ad t o gr eet  al l  par t i ­
ci pant s of  our  meet i ng.
Dur i ng l ast  12 year s t he i nt er est  t o soi l  dy­
nami cs i s per manent l y gr owi ng. Speci al t y Ses­
si on at  8 I nt er nat i onal  Conf er ence i n Moscow,  

U3SR, i n 1973»t he Mai n Sessi on at  9 I nt er nat i o­

nal  Conf er ence i n Tokyo, Japan, 1977 and now 
agai n t he Speci al t y Sessi on at  10 I nt er nat i o­
nal  Conf er ence her e i n t he hospi t abl e St ock ­
hol m,  Sweden,  ar e t he st r i ki ng i l l ust r at i on of  

i t .
I n aver age t wo conf er ences on Soi l  Dynami cs 
wer e hol d annual l y i n t he l ast  f our  year s.
Ahac does at t r act  sci ent i st s, r esear cher s at  
t hese i nt er nat i onal  f or ums? To my mi nd t he 
pr obl ems, whi ch soi l  dynami cs sol ved, sol ves 
and i s goi ng t o sol ve, ar e ver y i mpor t ant  i n 

t he engi neer i ng pr act i ce.
Soi l  dynami cs r emi nds about  i t sel f  even i f  
engi neer s f or get  i t .  I t  shoul d be not ed wi t h 

r egr et  t hat  peopl e have t o suf f er  much f r om 
ear t hquakes, dest r uct i ng ear t h dams, embankment s 
and st r uct ur es, bui l t  on l i quef act i ng sands i n 

or der  t o at t r act  t he at t ent i on of  r esear cher s 

al l  over  ' che wor l d t o soi l  dynami cs.
Ti i i s Dr anch of  soi l  mechani cs has been ext r e­

mel y devel oped dur i ng 15 year s i n connect i on

wi t h t he expl or at i on of  of f - shor e soi l s.
The of f - shor e t echnol ogy r equi r ed new i nves ­

t i gat i ons i n soi l  mechani cs and especi al l y i n 

soi l  dynami cs.

Const i t ut i ve equat i ons of  soi l s ar e t he key 
t o sol ve t he pr act i cal  pr obl ems.  iVe can' t  
speak about  " dynami c pr oper t i es"  of  soi l  wi t h­
out  put t i ng down t he adequat e mat hemat i cal  

t er m i n t he const i t ut i ve equat i on.  And i t  se­
ems somet i mes t hat  we nave a l ot  of  " pr oper ­

t i es" .  Thi s i mpr essi on of  non- aut hor s of  t hese 

equat i ons may be t oo i ndi vi dual .  And j oi nt  ex­
per i ence has t o hel p us t o choose t he accept a­
bl e t heor y or  t heor i es.  I  hope t hat  t hi s ses­
si on wi l l  t ake a st ep i n t hi s di r ect i on.  

Speaki ng about  t he achi evement s we shoul d not  
f or get  not  so i mpr essi ve pr obl ems r at her  t r a­

di t i onal  but  pr act i cal l y ver y i mpor t ant  ones,  
such as dynami cs of  machi ne f oundat i ons.  Thi s 

pr obl em was one of  t he st ar t i ng poi nt s of  soi l  
dynami cs, and now i t  wi l l  be usef ul  t o r evi se 
some r ecommendat i ons, usi ng a gr eat  exper i ence 
and new t heor et i cal  appr oaches.

The pr obl em of  aamage caused by vi br at i ons i s 
al so t r adi t i onal  one.  Thi s pr obl em dr aws t he 
at t ent i on of  pr act i cal  engi neer s f r om t i me t o 
t i me, and t he sol ut i on of  i t  i s not  al ways ob­
vi ous and depends on many r easons.
Al l  t he pr obl ems ment i oned above wi l l  be di s­

cussed at  t he Sessi on, and I  hope t hey wi l l  be 
i nt er est i ng f or  al l  pr esent .
Thank you f or  at t ent i on.
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EVALUATION OF DYNAMIC SOIL PROPERTIES 
E valua t ion  des P r o p r i é té s  des Sols

In t ro d u c t io n

For th e  accuracy  o f  p r e d ic t i n g  dynamic behaviour  and f o r  

th e  improvement o f  a r e a l i s t i c  d e s ig n ,  th e  s e l e c t i o n  o f  

th e  r e l e v a n t  so i l  param eters  i s  o f  v i t a l  importance .

In s p i t e  o f  the  complex c h a r a c t e r  o f  th e  s o i l  d e p o s i t s  

and l i m i t a t i o n s  in sampling and t e s t i n g  p ro c ed u re s ,  the  
d e s ig n e r  i s  urged to  o b ta in  th e  r e l i a b l e  s o i l  p r o p e r t i e s  

under th e  r e le v a n t  dynamic loads ( th e  cause  o f  main p rob­
lems: th e  u n d e te r m in i s t i c  a c t s  o f  N a tu re ) .

The d e te rm in a t io n  o f  the  dynamic des ign  d a ta ,  has spe ­
c ia l  importance in  re g io n s  where r e l a t i v e l y  l i t t l e  i n ­
fo rm ation  reg a rd in g  p a s t  exper ien ce  e x i s t s  bu t  where the  
consequences o f  damage and r i s k  a r e  high.

The main a sp e c t s  o f  d e te rm in a t io n  and e v a lu a t io n  o f  dy­

namic s o i l  p r o p e r t i e s  t o g e th e r  with  th e  problems a s s o ­
c i a t e d  w ith  t e s t i n g  w i l l  be b r i e f l y  d isc u sse d  h e r e in .

Determ ination  o f  s o i l  p r o p e r t i e s

In a r e a l i s t i c  d e s ig n ,  emphasis should be given to  the  
r e l i a b l e  d e te rm in a t io n  o f  the  dynamic s o i l  p r o p e r t i e s .  
Tools t h a t  can be used f o r  t h i s  purpose in c lu d e :

a) o b se rv a t io n s  a t  s i t e ,

b) f i e l d  and l a b o r a to r y  t e s t i n g ,

c) c o n s id e r a t i o n  o f  case  h i s t o r i e s

Amongst t h e s e ,  on ly  " t e s t i n g "  can i d e n t i f y  th e  q u a n t i ­
t a t i v e  n a tu re  o f  th e  problem. For l a b o r a to r y  t e s t i n g ,  i t  

i s  im p e ra t iv e  t h a t  th e  cho ice  o f  a p p r o p r i a te  t e s t  p roce­
dure  should r e f l e c t  th e  i n - s i t u  c o n d i t i o n s ,  a ls o  r e g a r ­
ding s t a t i c  as well as expec ted  dynamic s t a t e s  o f  s t r e s s .  

At t h i s  p o in t ,  a t t e n t i o n  should be payed upon th e  l i m i ­
t a t i o n  and c o n t r o v e r s i e s  o f  th e  widely  used t e s t  p ro ce ­
d u re s .  However, r e c e n t  developments in th e  tech n iq u es  
o f  l a b o r a to r y  and i n - s i t u  measurement have brought c e r ­
t a i n  p r e c i s io n  ( 3 ,5 ) .

Problems a s s o c i a t e d  with t e s t i n g

The d e s ig n e r  should be aware o f  th e  problems a s s o ­
c i a t e d  w ith  d i f f e r e n t  types  o f  t e s t s ,  to  o b ta in  the  

same s o i l  p r o p e r t i e s .  B es id es ,  the  assum ptions made, 
boundary c o n d i t i o n s ,  p o s s ib le  d e f e c t s  o f  equipment e t c .  
a re  the  o t h e r  f a c t o r s  to  be con s id e red  in th e  e v a lu a ­
t io n  o f  raw t e s t  d a ta .  The v a lu e s ,  coming from the  

r e l e v a n t  t r a n q u i l i t y  o f  th e  l a b o r a to r y ,  should be used 
in c au t io n  and weighed with  p a s t  ex p e r ien c e  p r i o r  to  
use .

Today (June 1981), when a broad o b se rv a t io n  i s  made on 

th e  world spread t e s t i n g  p ro c ed u re s ,  i t  becomes appa­
r e n t  t h a t  a thorough s t a n d a r d i z a t io n  i s  no t  y e t  a c h i e ­
ved. Thus, well documented t e s t i n g  procedures  should 

be emphasised upon and well d e f in ed  " i n t e r n a t i o n a l "  
t e s t  s ta n d a rd s  should be b rought  i n to  p r a c t i c e .

C e r ta in  c r i t i c a l  reviews on d i f f e r e n t  t e s t i n g  app­

ro a ch e s ,  may b r i e f l y  i n c lu d e ,

(a)  The well d e f in e d ,  small s t r a i n  am pli tude  "Reaso- 
nan t  Column" t e s t ,  w ith  r e c e n t  t e s t i n g  s tan d a rd s  
being p re p a re d ,  s t i l l  s u f f e r s  from c a l i b r a t i o n  

problems o f  th e  system.

M. A.  Er guvanl i ,  Panel i st

(b) The "dynamic t r i a x i a l " ,  w ide ly  used tool  in en­
g in e e r in g  p r a c t i c e  and r e s e a r c h ,  la c k s  documen­
t a t i o n  and no unique t e s t  s ta n d ard  i s  used . Tes­

t in g  s t i l l  has to  overcome ( in  c e r t a i n  equipment) 
the  problems o f  the  assessm en t  o f  rod f r i c t i o n ,  l o ­
c a t io n  o f  the  pwp and s t r a i n  t r a n s d u c e r s ,  dimen­
s io n s  o f  th e  t e s t e d  sample thus types  and maximum 

g ra in  s i z e  o f  th e  s o i l  to  be t e s t e d  e t c ,  which a re  
commonly encountered  in l a b o r a to r y  t e s t i n g .

(c) "Simple shea r"  t e s t i n g  has s i m i l a r  problems as the  
dynamic t r i a x i a l ,  to g e th e r  with  o b je c t io n s  to  the  

development o f  non-uniform s t r e s s  d i s t r i b u t i o n  du­
r in g  dynamic t e s t i n g .

(d) Large am pli tude  hollow specimen " to r s io n a l  shear"  

has s i m i l a r  problems o f  no unique s t a n d a r d i z a t io n ,  
b u t  samples being hollow , t e s t i n g  g iv es  a b e t t e r  
d e f in ed  and more uniform s t a t e  o f  s t r e s s  during  
v i b r a t i o n s .

(e)  F ie ld  t e s t s ,  n a t u r a l l y ,  a r e  made in th e  i n - s i t u  

s t r e s s  c o n d i t i o n s .  The sampling d e f e c t s ,  and f a b ­
r i c  and s t r e s s  a n is o t ro p y  c o n d i t io n s  o f  n a tu ra l  

s o i l s ,  which have to  be overcome in l a b o ra to ry  
t e s t i n g ,  i s  so lved  d i r e c t l y  by f i e l d  t e s t s .  But, 

i n - s i t u  t e s t  da ta  i s  o b t a in e d ,  a t  p r e s e n t ,  in th e  
small s t r a i n  am pli tude  range - a s e r io u s  l i m i t a ­
t i o n ;

I t  i s  a p p are n t  t h a t  i n - s i t u  and l a b o r a to r y  t e s t  da ta  

should  be c o r r e l a t e d ,  and s t i l l  c l e a r  d e f i n i t i o n s  a re  
r e q u i r e d  f o r  a l l  t e s t i n g  p ro c ed u re s ,  in o rd e r  to  be 

a b le  to  e v a lu a te  th e  r e s u l t s  r e l i a b l y  ( 2 ,3 ) .

E v a lu a t io n  o f  s o i l  p r o p e r t i e s

In c e r t a i n  c a s e s ,  th e  d e s ig n e r  fa ce s  the  problem o f  
d ec id in g  f o r  th e  ch o ice  o f  which type  o f  t e s t  r e s u l t  

to ap p ly .

P r im a r i l y ,  the  d e s ig n e r  should  r e a l i z e  the  e x i s te n c e  o f  
t h e  assumptions made f o r  th e  i d e a l i z a t i o n  o f  ac tu a l  so i l  
system. S e c o n d a r i ly ,  th e  c o n s i s te n c y  o f  th e s e  assum ptions 

with  th e  c o n d i t io n s  o f  the  a p p l i e d  t e s t  procedures should 

be v e r i f i e d  (4 ) .

For example, in f i e l d  c o n d i t i o n s ,  l a t e r a l  r e s t r a in m e n t  

f o r  deform ation  under dynamics (ea r thquake )  load ing  i s  

o f t e n  d i f f i c u l t  to  s p e c i f y ,  as may be in  s a tu r a t e d  
s lo p e s  o f  f i l l  dams, rec la im ed  a re a s  e t c .

For the  a ssessm en t  o f  i n i t i a l  l i q u e f a c t i o n ,  i f  dynamic 
t e s t i n g  i s  a p p l i e d  on a n i s o t r o p i c a l l y  c o n so l id a te d  s p e c i ­

mens, w ith  no c o n s t r a i n t  f o r  l a t e r a l  de form ation  during  
dynamic lo a d in g ,  (Fig l a )  i t  i s  observed t h a t  th e  pwp's 
do no t  r i s e  to  th e  va lue  o f  c o n f in in g  p r e s s u r e ,  thus 
i n i t i a l  l i q u e f a c t i o n  does not occur ( 1 ) .  Where a s ,  s im i­

l a r  t e s t ,  w ith  samples l a t e r a l l y  r e s t r a i n e d ,  y i e l d s  to  
th e  pwp b u i ld  up r e s u l t i n g  in i n i t i a l  l iq u e f a c t io n  
(Fig l b ) .  The i n t e r p r e t a t i o n  o f  th e s e  t e s t  r e s u l t s  and 
t h e i r  a p p l i c a t io n  to  the  behav iour  o f  n a tu ra l  d e p o s i t s  

under a n i s o t r o p i c  s t a t e s  o f  s t r e s s ,  becomes the  main 
t a s k  o f  th e  d e s ig n e r  in e v a lu a t i o n  ( 2 ) .  This example ex­
h i b i t s  the  importance o f  th e  above argument o f  th e  v e r i ­
f i c a t i o n  o f  th e  c o n s i s te n c y  o f  i n - s i t u  and l a b o r a to r y  

c o n d i t i o n s .

"Nature d o e s n ' t  rev ea l  a l l  her  s e c r e t s  a t  o nce" .Seneca .  
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I . D Y N A M IC  T E S T IN G  -  L A T E R A L L Y  U N R E S T R A IN E D  

(S A M P L E  A N IS O T R O p iC A L L Y  C O N S J  

G"lr
Kc = — * 2.0

Sk

n -  D Y N A M IC  T E S T IN G  -  L A T E R A L L Y  R E S T R A IN E D  

(S A M P L E  A N IS O T R O p iC A L L Y  C O N S .)

Kc=-S^- ^2.0 
<̂ 3C

F I G . 1 -  T Y P IC A L  T E S T  D A T A  A N D  H ' P '  D IA G R A M S  FO R  A N IS O T R O P IC A L L Y  C O N S O L ID A T E D  T R IA X IA L  S A M P L E S , U N D E R  

L A T E R A L L Y  U N R E S T R A IN E D  ( a )  A N D  R E S T R A IN  E C  ( b )  C O N D IT IO N S  ,  D U R IN G  D Y N A M IC  T E S T IN G .

( I n i t i a l  l i t j . ]
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DYNAMIC PROPERTIES OF SOILS:SOME BASIC QUESTIONS

In this contribution attention is drawn to the 
need for further research on the stiffness and 
damping properties of coarse granular soils, 
in particular of gravels and rockfill material. 
The published technical literature furnishes 
very little data for cohesionless soils in the 
range of gravels to boulders size. In practice, 
however, such materials are often encountered 
as a construction material (e.g. rockfill) in 
dams or in the subsoil.

Established field and laboratory testing methods 
to determine the dynamic properties of soils and 
rock have been used also for coarse materials 
in recent years. For shear strains in the low 
strain range (< 10-4%) the cross-hole test is 
probably the most accepted field test, while 
the resonant column (RC) test is most commonly 
used in the laboratory. For medium to high 
strains there is no field test which is really 
appropriate and one has to rely on laboratory 
tests, namely on the cyclic triaxial and the 
cyclic simple shear tests.

To test a granular material in the laboratory 
the sample size should be at least 5 (better 10) 
times the maximum grain size, which requires 
relatively large sample sizes. For example, 
a 150 mm diameter sample should not contain 
sizes of grains exceeding 30 mm. Few laboratories 
can test under cyclic conditions triaxial samp­
les of bigger diameter, which means that larger 
components have to be removed from the material, 
and the resulting effect on material properties 
has to be considered. Thus the first basic 
question to be answe'red is

- In how far is a sample of limited grain size 
representative of the field conditions?

In practice, it is extremely difficult to obtain 
undisturbed samples of coarse granular material 
and one attempts to compact the specimen in a 
mould to achieve a density equivalent to the 
field condition. The old question always arises 
of the representativeness of compacted samples. 
There is considerable doubt as to being able in 
the laboratory to reproduce the natural matrix 
(interlocking behaviour) and the cementation of 
grains, with the associated aging effects. The 
influence of the latter differs according to the 

range of strains. With regard to the rockfill 
in a dam the problem is of less concern than for 
a foundation material, but it still exists (Seed, 
1979 Rankine lecture).

Another factor of relevance here is that of grain 
crushing. By limiting the grain size in a sample 
the effects of grain crushing will usually be 
underestimated. This will influence in turn the 
stiffness and damping properties.

Much work in the area of the static monotonic 
loading of gravels and rockfill has been carried 
out, especially with regard to adjusting the 
grain size distribution curve to model the in-

. J.  St uder ,  Panel i st

situ material characteristics. The experience 
gained here could be of great help in cyclic 
loading investigations.

Apart from the fundamental questions raised above 
it should be remembered that there also exist 
problems in connection with the test equipment 
to handle large samples and the greater amount 
of effort required in the preparation of the 
sample itself. As a result there are not many 
laboratories with adequate facilities and due to 
financial reasons usually only a small number of 
tests are carried out. The technical difficulties 
met with when increasing the size of the testing 
equipment should never be underestimated.

The second basic question to be considered is:

- How does one obtain in a consistent manner 
the shear modulus G and damping properties 
over the whole range of shear strain?

As mentioned above, different methods of testing 
are used for low and high ranges of strain. In 
the low strain range shear wave propagation 
methods with frequencies of several tens to 
several hundreds of Hertz are employed, whereas 
at higher strains the frequencies may be few 
Hertz or less. This involves thus a difference 
by a factor of about 100 or more. Fortunately, 
experience shows that for cohesionless soils the 
frequency of loading is of minor importance. 
However, care should be taken to adapt, if 
possible, the testing frequency to the actual 
loading conditions in situ. For blast loading, 
which involves high frequencies, the published 
data is very scant.

Summarizing our knowledge of dynamic (equivalent 
linear) soil properties for coarse granular 
materials, it may be stated that, qualitatively, 
a gravel behaves like a sand (and for the 
damping factor the two materials are quantitati­
vely not very different).

Essentially gravel can be treated as a stiff 
sand (but the stiffness may exceed that of the 
stiffest sands for well-graded dense gravels).
The damping curves fall within the same range. 
Nevertheless, the empirical equations obtained 
for sand should not simply be taken over for 
gravels. This point is brought out in a very 
interesting paper by Prange (paper 10/22) 
describing the behaviour of a ballast material 
in a large RC apparatus, allowing a sample size 
of 1 m diameter by 2 m height (max. grain size = 
70 mm).

Prange gives the following equation for shear 
modulus variation at strains y < 10”®

in which e = void ratio.

This formula is similar to the one proposed by 
Hardin and Drnevich (1972).

The writer has also investigated well graded 
gravels (max. grain size < 30 mm) in the RC
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device. The influence of the mean effective 
stress o' was found to be much stronger, i.e.

Further, the stiffness value was much higher 
than predicted by Prange's equation. The reasons 
for the discrepancy in the results should there­
fore be further tested. It may be purely a case 
of two widely different materials and compaction 
despite exhibiting gravel size range.

In the medium-high range of strain for the well- 
graded gravel the triaxial test equipment deli­
vered results showing that the exponent 0.5 gave 
a reasonable fit over the whole range of strain.

Some discrepancies in test results can also 
arise when comparing field and laboratory data.
An example of this is provided in the following.

The laboratory tests described above were carried 
out for a nuclear power plant site. For the same 
project shear moduli were also determined by 
the crosshole method.

In Fig. 1 the full curve represents the labora­
tory test data. It is noticeable that only a 
relatively small scatter is obtained for data 
points. The point A shows the result for the 
crosshole test, which is about twice as large 
as an extrapolated value for the triaxial test 
data. This difference is quite high but not 
unusual.

There are various possibilities of combining the 
laboratory and field data to obtain a represen­
tative description (i.e. a single curve) of the 
soil properties. This procedure must be carried 
out carefully as the influence upon dynamic 
calculations is important. Because in this case 
most of the buildings were founded on undisturbed 
gravel it was decided that the cross-hole result 
was applicable for the small strain range.

Based on a broad experience with static tests it 
is known that for the medium to higher range of 
strain laboratory test data is more representa­
tive, i.e. it would be unrealistic to raise the

Fig. 1 Proposed curve for shear modulus co­
efficient K. versus shear strain based 
on field ana laboratory data

values corresponding to the crosshole value by 
shifting the whole curve. Thus there are two 
reliable data zones and interpolation is made 
between them as shown in the figure. The broken 
line shows the recommended soil property curve 
for the site amplification study.

There is clearly a need for further research in 
this area, by improving testing procedures, 
relating field and laboratory conditions more 
adequately, and developing equipment to apply 
larger strains in-situ.

V.D.L. F inn ,  Co-Chairman 

INTRODUCTION TO ORAL DISCUSSION 

I t  i s  my p l e a s u r e  t o  c h a i r
t h e  f l o o r  d i s c u s s i o n s  f o r  t h i s  s e s s i o n .  A c t i v e  
c o h e r e n t  f l o o r  d i s c u s s i o n  i s  o n e  o f  t h e  m o s t  

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

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

c o u l d  b e  m e t  i n  t h e  t i m e  a v a i l a b l e .

The  n u m b e r  o f  s e l e c t e d  d i s c u s s e r s  was l i m i t e d  by 
o u r  c o n c e r n  t h a t  e a c h  h a v e  a d e q u a t e  t i m e  t o  make 
h i s  p o i n t  a n d  t h a t  t i m e  w o u ld  a l s o  b e  a v a i l a b l e  

f o r  o c c a s i o n a l  co m m e n ts  by  t h e  p a n e l  o r  i n t e r ­

j e c t i o n s  f r o m  t h e  f l o o r .  We a t t e m p t e d  a l s o  t o  
e n s u r e  t h a t  t h e  s e l e c t e d  d i s c u s s i o n s  w o u ld  p r o ­
v i d e . b r o a d  c o v e r a g e  o f  a l l  t o p i c s  c o v e r e d  by 

t h i s  s e s s i o n .  I  i n v i t e  t h o s e  who c a n n o t  h a v e  a n  
o p p o r t u n i t y  t o  p r e s e n t  o r a l  d i s c u s s i o n s  t o d a y  t o  

s u b m i t  w r i t t e n  c o n t r i b u t i o n s  f o r  i n c l u s i o n  i n  

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

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

s e r s .  I  a p p e a l  t o  y o u  t o  a b i d e  by  y o u r  t i m e  
l i m i t s  so  t h a t  we may a l l  e n j o y  a  r e l a x e d  b u t  

s t i m u l a t i n g  a f t e r n o o n .
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.P . J .  Moore, P a n e l i s t  

DESIGN OF MACHINE FOUNDATIONS

I would like to raise three points relating to 
matters discussed in several of the papers 
presented in this session.

The first point concerns the elastic half space 
solution for determination of the resonant 
frequency and vibration amplitude of a rigid 
footing. It should be remembered that many 
workers have produced elastic half space 
solutions for the various modes of vibration. 
These solutions are not always in close agree­
ment. For the determination of resonant 
frequency (frequency at maximum amplitude) under 
constant force excitation, several of these half 
space solutions are compared in Fig. 1 for the 
case of vertical vibration. Calculations based 
upon the mass-spring analogy (Barkan (1962), 
Lysmer and Richart (1966)) have also been 
included in the figure. It is seen that the 
dimensionless resonant frequencies (ar) are in 
approximate agreement for large values of the 
mass ratio (b) but wide disagreements are 
evident for low values of the mass ratio. For 
the mass-spring analogy to yield similar results 
to the half space approach it is clear that 
damping should be taken into consideration.

In practice, many machines involve rotating mass 
excitation and not constant force excitation.
For rotating mass excitation Fig. 2 compares the 
calculated resonant frequencies according to the 
Sung and Robertson Solutions and the damped mass- 
spring analogy. It is seen that the disagree­
ments at low values of the mass ratio are 
greater than in the case for constant force 
excitation. For determination of the maximum

displacement amplitude, Fig. 3 shows that wide 
disagreements between various solutions also 
occur at low values of mass ratio. In view of 
these disagreements, the particular solution 
referred to should be identified in any 
discussion of half s^ace solutions.

o,
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o
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_____I_______ I---
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Hsi eh (1962)
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Mas s - Spr i ng Anal ogy
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0-8 1-0 1-2 1.4
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Fig.l Resonant Frequency for Vertical 
Vibration - Constant Force 
Excitation
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Fig.3 Maximum Amplitude for Vertical
Vibration - Rotating Mass Excitation
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Fig.2 Resonant Frequency for Vertical 
Vibration - Rotating Mass 
Excitation
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ampl i t ude
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The second point I would like to raise concerns 
the interrelationships between the various 
elastic coefficients in Barkan's (1962) approach 
to the calculation of vibration frequencies and 
amplitudes. The coefficients are:

(a) coefficient of elastic uniform compression, 

CU f

(b) coefficient of elastic non-uniform 
compression, c,j>,

(c) coefficient of elastic uniform shear, cT , 
and

(d) coefficient of elastic non-uniform shear,
C\jj .

As shown in Table I, Barkan (1962) and Richart 
et al (1970) have recommended relationships 
between these coefficients, that could be used 
for preliminary design purposes. To facilitate 
better agreement between calculated resonant 
frequencies according to the Barkan and elastic 
half space approaches, the last column in Table
I provides a slightly different set of ratios 
between these elastic coefficients.

The third point relates to the use of an 
apparent mass in the lumped parameter approach 
to the calculation of resonant frequency. The 
apparent mass, also referred to as the added 
soil mass or the in-phase mass, is a mass of 
soil beneath the footing and vibrating in-phase 
with it. Prior to 19 7 7 there was some agreement 
that the apparent mass could be neglected in

n

a.

!" 
II 
£.1

o

o
a:

Ifl
in
o
X

design calculations (Barkan (1962), Whitman and 
Richart (1967), Richart et al 1970)). In 1977 
Barkan and Ilyichev presented an interpretation

TABLE I

Recommended Relationships Between Elastic 
Coefficients for Square or Circular Bases

Barkan (1962) Richart et al (1970) Moore

V CU
1.73 2 2.5

CT/CU
0.5 0.5 0.75

V cu
0.75 1.5 1.8

of several field observations, which indicated 
that the apparent mass cannot be neglected in 
calculations. The reason for the need to use 
apparent mass in calculations lies in the 
significant overestimate of the resonant 
frequency by using a damped or undamped lumped 
parameter model, particularly at low values of 
the mass ratio. The lines in Fig. 4 indicate 
the values of apparent mass that must be used to 
yield the same resonant frequency that would be 
calculated by means of the Robertson solution.
The field observations quoted by Barkan and 
Ilyichev have been superimposed on the figure. 
While there is a large scatter of results, the 
majority of the points lie in the region of the 
theoretical lines. This suggests that the 
Robertson solution provides a reasonable estimate 
of the resonant frequency and the use of apparent 
mass provides, in effect, a correction factor to 
the lumped parameter calculation.
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S.  Pr akash,  Panel i st ,  V. K.  Pur i  and W. D.  Hor st

SOME ASPECTS OF MACHINE FOUNDATION DESIGN

SYNOPSIS Two important factors in predicting the response of foundations for machines are input
soil parameters and the mathematical model adopted for analysis. Either the weightless linear spring 
or elastic half space model is usually adopted for design. This report compares the dynamic response 
characteristics of bases of three different sizes as predicted by using linear weightless spring 
theory and elastic half space model vis-a-vis the observed response using soil stiffness parameter 
determined by in-situ steady state vibration test. The study was restricted to the case of vertical 
vibrations only.

INTRODUCTION

Two approaches generally followed for design of 
foundations for machines are:
1. Linear weightless spring theory (Barkan, 

1962) .
2. Elastic half space approach (Richar, Hall, 

and Woods, 1970).

The key factor in both the approaches is the 
evaluation of input soil parameters. Soil 
stiffness parameters are affected by a number 
of different factors (Richart, Hall and Woods, 
1970; Prakash, 1981) the most important of 
which are confining pressure and strain ampli­
tude. Method for determination of soil stiff­
ness parameters after accounting for the effects 
of confining pressure and strain amplitude has 
been discussed elsewhere (Prakash and Puri,
1977, 1981; Prakash, 1981) .

Comparison of vibration test data with computed 
response of footing has also been reported by 
some investigators (Fry, 1963; Richart and 
Whitman, 1967; Prakash and Puri, 1980, 1981).

In this panel report the steady state vibration 
test data of Fry (1963) for the Eglin site for 
four bases of different sizes has been analyzed 
using the linear weightless spring approach and 
elastic half space approach for the case of 
vertical vibrations. Test data obtained from 
base no. 1, Table 1, was used for obtaining the 
dynamic shear modulus G and the response of 
bases no. 2, 3 and 4 for the cases of equal 
weight and equal static pressure has been worked 
out. A comparison of the predicted response 
using the two design approaches with the ob­
served response has been made.

TABLE I. Data on Test Bases at Eglin site
(Fry, 1963) Vertical Vibration Tests.

Base Diameter Weight Area
Contact
Pressure

No . Inches Pounds Sq Ft psf Remarks

1 62 12820 20 97 611 Reference
Base

2 87-5/8 25640 41 88 608" Equal
Static

3 108 38460 63 62 605 Pressure 
below the 
Base

4 124 51280 83 86 6H_

2*/ 87-5/8 30970 41 88 74 O' Equal

3, 108 30970 63 62 487 Weight
4 124 30970 83 86 369 of Bases

EVALUATION OF DYNAMIC ELASTIC CONSTANTS OF SOIL 

Linear Spring Theory

(1) Coefficient of Elastic Uniform Compression C

natural frequency of base no. 1 at the lowest 
eccentricity setting (Table I) for use in analy­
sis of data of bases no. 2, 3 and 4. Equation 1
shows the relation between 
natural frequency f

, C A
= L_ / u

2tt m

Cu and the observed

(1)

where A = area of contact of the base and m = 
mass of the base.

SOIL DESCRIPTION

Soil at the Eglin test site is a nonplastic 
uniform fine sand (SP) (Richart and Whitman,
1967) .

DATA ON BASES

Data pertaining to test bases at Eglin site is 
summarized in Table 1.

TEST DESCRIPTION

Steady state vibration tests were conducted by 
Fry (1963) on the bases described above using a 
rotating mass type mechanical oscillator and 
data on amplitudes at different frequencies of 
excitation was monitored. Four different values 
of eccentricity 0.105", 0.209", 0.314" and
0.418" had been used.

(2) Corrections to Value of Cu

The values of Cu obtained were then corrected 
for effective confinement (Prakash and Puri, 
1977) and area (Barkan, 1962) .

Elastic Half Space Approach

Dynamic Shear Modulus G

The determination of dynamic shear modulus 
involved the following steps:

(1) Mass ratio = B (1-v) ( 2)
prr

where v = Poisson's ratio, 
m = mass of the base, 
p = mass density, and
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r = radius of the base contact area, 
o

(2) Magnification Factor Mr

MA
M = — - 
r m e  

e
(3)

where A z = observed amplitude of vibration, 
me = rotating eccentric mass, and 
e = eccentricity

(3) Using the values of Mr and Bz the dimension- 
less frequency factor aQ was determined from 
Fig. 1.

COMPUTATION OF DYNAMIC RESPONSE CHARACTERISTICS

Linear Weightless Spring Theory

Using the values of Cu corresponding to condi­
tions of mean effective confining pressure and 
the area of the base, the value of natural fre­
quency and undamped amplitudes of vertical 
vibration were computed following the procedure 
given by Barkan (1962) .

Elastic Half Space Approach (Equivalent lumped 
parameter model (Lysmer and Richart, 1966) .

Using the corrected values of G, the natural 
frequency and amplitudes of vibration at any 
desired frequency have been computed by the 
procedure after Richart, Hall and Woods (1970) .

<f I0! 
6 16

The values of natural frequencies for bases 2,
3 and 4 using the linear weightless spring 
approach and the elastic space model have been 
shown in columns (2) and (3) in Table II. The 
corresponding observed values of natural fre­
quency (Fry, 1963) are shown in column (4) of 
Table II.

TABLE II. Comparison of Observed and Predicted 
Natural Frequencies

Predicted Natural 
Frequency H

Observed
Natural
Frequency

H„

Elastic

(4) Using Equation 5, the value of dynamic shear 
modulus G is computed

a = 
o

co r /p/g 
n o  ^

2 2

G - “nr° o G — --=—  p

(4)

(5)

(5) The value of G so obtained may be corrected 
for effective confinment (Prakash and Puri,1981)

The value of Cu and G need correction for shear 
strain levels. The magnitude of shear strain 
associated with the test data from which the 
value of G has been determined is of the

order of 1.6 x 10  ̂ (defined as ratio of ampli­
tude of vibration to width or diameter of the 
footing). The shear strain levels associated 
with vibration of bases 2, 3 and 4 range from 
1.499 x 10 to 8.04 x 10"-*. In this low range 
fo shear strains, the value of G will be little 
effected by shear strains. Hence no correction 
for shear strains was made in this case.

Base Linear Half
No . Spring Space Remarks

1 2 3 4 5

2 14 .4 12.9 16.0' Equal
3 13.4 12.0 16.0 Static
4 12.7 11.4 16.5. Pressure

2' 13 .4 12.1 16.0 Equal
3/ 14.6 13.1 16 .0 Weight
4' 15.6 14.6 16. 5j

Typical data on the ratio of computed amplitude/ 
observed amplitude vs frequency for the bases 
analyzed has been plotted in Figures 2 through 5

DISCUSSION AND CONCLUSIONS

(1) The natural frequency of vertical vibrations 
computed using -linear weightless spring model 
(Table II, Col. 2) and elastic half space model 
(Table II, Col. 3) are comparable with each 
other. The values of natural frequencies com­
puted using linear weightless spring model show
a somewhat better agreement with observed natural 
frequencies.

(2) Amplitudes computed by using linear weight­
less spring approach are consistently higher 
than the observed amplitudes. This may be ex­
plained since damping has not been taken into 
consideration.

(3) Comput ed ampl i t udes usi ng el ast i c hal f  space

F i g .  1. Response of r i g i d  c i r c u l a r  fo o t in g  to  v e r t i c a l  

fo rc e  developed by r o t a t i n g  mass e x c i t e r  P 

(R ic h a r t  e t  a l . 1970) z
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approach are generally larger than the observed 
amplitudes but are considerably larger than the 
observed values for frequencies smaller than 
the computed natural frequency of the system.
It is difficult to comment on the amplitudes at 
low frequencies because at very low frequencies 
there may possibly be some errors in the measured 
values.

Amplitudes larger than the measured values are 
to be expected since in the analysis only geo­
metrical damping is being accounted for.

(4) There seems in general a good agreement be­
tween observed and measured amplitudes for fre­
quencies beyond the computed natural frequency 
of the system according to elastic half space. 
However in a few cases the computed amplitudes 
are smaller than the measured amplitudes and 
are within 80% of the measured values. Using 
simple models it seems difficult to explain the 
phenomenon of computed amplitudes being smaller 
than the observed amplitudes. In the data 
reported by Richart and Whitman (1967), it is 
observed that the computed amplitudes for verti­
cal vibrations could differ by a factor of 2 in 
comparison with the observed amplitudes using 
the values of soil constants corrected for con-

,  Computed Amplitude _
F lg - 3 - Observed Ampl i tu d e  vs Fre9ue"cy

(L in ear  W eightless  Spring Approach)

fining pressure, it has been observed that the 
computed amplitudes show a better agreement with 
observed amplitudes.

(5) The computation here is limited to the case 
of vertical vibrations only. There is necessity 
to study the performance of other bases subjected 
to combined rocking and sliding and torsional 
modes of vibration. The reported data of Fry 
(1973) and Prakash and Puri (1981) is being 
analyzed for these cases as well and the infor­
mation will be disseminated as soon as possible.

(6) Presently the data does not permit any 
general conclusion about the performance of one 
approach relative to the other.

(7) Performance data on prototype machine foun­
dations need to be procured to decide about the 
approach yielding best results. Such a data 
will be useful only if systematic soil data is 
also procured simultaneously since the soil 
parameters are the key factors in influencing 
the predicted response of soil foundation 
systems.
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V.  Per l ea,  Panel i st

My cont r i but i on t o t hi s panel  di scussi on con­
cer ns t ha f ai l ur e of  sat ur at ed mh»«i nnl eas soi l s 
I nduced by ear t hquakes and some met hods t o pr e­
vent  i t .
As Pr of .  H.  Bol t on Seed emphasi zed i n 1977’ du­
r i ng t he Tokyo Conf er enoe,  t he per i od 1964 t o 
1971 was r i ch i n dr amat i c f ai l ur es of  ear t h 
st r uct ur es dur i ng ear t hquakes,  most  of  t hem due 
t o soi l  cycl i c l i quef act i on. Af t er  a r el at i vel y 
mor e qui et  per i od,  many det r i ment al  event s pr o­
duced i n t he l ast  si x year s,  at  l east  dur i ng 
t he l i st ed st r ong ear t hquakesi

Tangshan Chi na
Vr ancea Romani a 

I zu Ohshi ma Ki nkai  Japan
Mi yagi  Ken Oki  Japan
Thessal oni ki  Gr eece
Mont enegr o Yugosl avi a

Enmedi o I sl and Mexi co

Jul y 28,  1976
Mar ch 4,  1977
Jan 14,  1978
June 12,  1978
June 20,  1978 
Apr i l  14,  1979 
Mar ch 14,  1980

The paper s submi t t ed t o t hi s Conf er ence do not  
pr esent  case hi st or i es,  but  t he l i t er at ur e pu­
bl i shed si nce t he 1977 Tokyo Conf er ence i s ver y 
r i ch f r om t hi s poi nt  of  vi ew,  begi nni ng wi t hi

ASCE Annual  Convent i on,  Phi l adel phi a,  Pa. ,  
U. S. A. ,  Sept ember  1976

I nt er nat i onal  Symposi um on Dynami cal  Met hods 
of  Soi l s and Bocks,  Kar l sr uhe,  Ger many,  Sep­
t ember  1977
Si xt h Eur opean Conf er ence on Ear t hquake En­
gi neer i ng,  Dubr ovni k,  Yugosl avi a,  Sept ember  
1978
I nt er nat i onal  Conf er ence " Pr ot ect i on of  St r uc ­
t ur es i n Sei smi c Ar eas" , Buchar est ,  Romani a,  
November  1978

and cont i nui ng wi t h t he Conf er ences ment i oned 
i n t he Gener al  Repor t .
My di scussi on,  al t hough t akes i nt o account  many 
of  t hese publ i shed st udi es,  uses as i l l ust r a­
t i ve mat er i al  onl y event s occur r ed dur i ng t he
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Romani an Vr ancea ear t hquake.  I  t r y al so t o sum­
mar i ze a l ess di scussed i t em i n t he ci t ed l i t e­
r at ur e,  t hat  i s t he ef f i ci ent  met hods t o pr event  
and cont r ol  t he soi l  f ai l ur e and i t s ef f ect s.

A r ough cl assi f i cat i on of  damages f ol l owi ng t he 
cohesi onl ess soi l  f ai l ur e may compr i se f our  ca­
t egor i es i

1.  Li quef act i on of  f oundat i on soi l  mani f est ed 
mai nl y by ver t i cal  def or mat i ons of  gr ound sur ­
f ace . Dependi ng on t he I ni t i al  st r ess condi t i on 
t he l i quef act i on may r esul t  i n l at er al  -  spr ea­
di ng or  f l ow l andsl i des. Usual l y , t hi s pr oduces 
t he ej ect i on of  sand and wat er  f r om t he gr ound 
t hr ough ol d or  new cr acks,  f or mi ng smal l  sand 
vol canoes.  The ej ect ed sand i s not  necessar i l y 
t he l i quef i ed one under  t he ear t hquake mot i on,  
as usual l y consi der ed,  but  wouM be l i quef i ed by 
t he t r ansi ent  upwar d f l ow of  wat er  (Per l ea,  1978) .

The pr ognosi s of  t hi s f or m of  l i quef act i on and 
i t s ef f ect  on st r uct ur es may be done by a mor e 
or  l ess si mpl i f i ed pr ocedur e ( Fi g. l ) .

The di r ect  way ( t he dashed sol i d ar r ows i n Fi g.  
1) ,  usi ng t he act ual  mat er i al  and t he expect ed 
l oadi ng i s sel dom adopt ed,  i mpl yi ng t he most  i m­
por t ant  t echni cal  di f f i cul t i es.  Usual l y devi ous 
ways ar e chosen t o r each t he desi r ed r esul t }  some 
of  t he paper s pr esent ed i n t hi s Conf er ence r e­
pr esent  val uabl e cont r i but i ons t owar ds t he de­
vel opment  or  by- passi ng of  some br anches of  t he 
l i quef act i on st udy scheme.

The l at er al  spr eadi ng,  speci f i c t o zones wi t h 
ISq  -  val ues di f f er i ng f r om pl ace t o pl ace or  wi t h 
l ocal  addi t i onal  st r esses,  i s t he mai n cause of  
t he l evees degr adat i on.  Dur i ng t he Vr ancea ear t h­
quake scor es of  ki l omet er s of  f l ood banks, al ong 
t he Danube and ot her  r i ver s,  wer e af f ect ed by 
l ongi t udi nal  cr acks on cr est  or  benches,  accom­
pani ed however  by unsi gni f i cant l y set t l ement s 
( Bot ea et  al ,  1980) .

A st abi l i zi ng met hod based on i ncr easi ng of  con­
f i ni ng st r esses i n t he l i quef i abl e l ayer  under  
t he t oe of  sl opes was consi der ed i n t he desi gn 
of  l evees f or  a r eser voi r  i n a sei smi c ar ea, un­
der  t he f or m of  st abi l i zi ng benches, as compar ed 
t o ot her  mor e used met hods based on sand densi -  
f yi ng.

Pseudo- st at i c st abi l i t y anal yses by t he Swedi sh 
l i mi t  equi l i br i um met hod wer e per f or med,  t aki ng 
i nt o account  t he change i n por e pr essur e di st r i ­
but i on f ol l owi ng t he ear t hquake act i on.  As f or  
i nst ance,  i n Fi g. 2 t he di st r i but i ons f br  t he r e­
f er ence cr oss sect i on ( desi gned £>r  st at i c l oads)  
ar e shown.  The f our  st udi ed st abi l i zi ng met hods 
had i n vi ew on one hand t he est abl i shi ng of  t he 
necessar y wi dt h of  t he compact ed zone,  and on 
t he ot her  hand,  t he ef f ect i veness of  benches as 
compar ed wi t h compact i on met hods ( Fi g. 3) .  Among 
t he concl usi onsi

( i ) t he ext endi ng of  t he compact ed st r i p beyond 
t he embankment  r eser vat i on or  t o t he i nt e­
r i or  on mor e t han a r at her  nar r ow st r i p 
near  t he sl ope t oe,  does not  l ead t o a si g­
ni f i cant  i ncr ease of  t he saf et y f act or ;

( i i )  t he al l owabl e saf et y f act or  f or  t he upst r eam 
sl ope i s ensur ed by a f l at t eni ng of  t he 
sl ope as f or  el s 2. 5 » 1 onl y;  when t he 
hei ght  of  t he embankment  r eaches 15 met er s

i i g. 2.  The Di st r i but i on of  Por e Pr essur e 
Rat i o,  r u i ( a)  Bef or e t he Ear t hquake;

( b)  Dur i ng t he Li quef act i on of  Foundat i on 
Soi l .

densi fying the sand 
on a narrow strip

0.4 Lu 0-4 Ld

T H E  S T U D IE D  

P R E V E N T IV E  

M E T H O D S  :

densi fying the sand 
on a wide strip

densi fying the sand 
beyond slope toes

benches wi th the 
height 0.4* dam height

QLu 0.8 Ld

IV

0.4 Lu 0.4 Ld
THE EFECTIVENESS OF PREVENTIVE METH0OS (safety factors-F) 

The upstream slope The downst ream slope

3-1 2*1 3=12 : 1
F the al lowable F . safety factor ^

a

Fi g. J .  The Compar at i v e St udy
o f  St ab i l i z i ng  Met hods

an addi t i onal  compact i on under  t he t oe 
woul d be necessar y;

( i l l ) f or  t he downst r eam sl ope,  t he same st abi ­
l i zi ng ef f ect  i s obt ai ned byi  t he f l at t en­
i ng of  t he sl ope as f or  as 5.6 « 1;  t he 
densi f yi ng by  compact i on on a 12 met er s 
wi dt h st r i p under  a 3 1 1 sl ope; and a 12 me­
t er s wi dt h bench.  Based on an economi c st u­
dy t he bench was pr ef er r ed,  al t hough t he 
saf et y f act or  cor r espondi ng t o i t  i s l ess 
t han one, bei ng pr obabl e t he bench f ai l ur e 
and i t s r est or at i on needed af t er  an ear t h­
quake .
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2.  Anot her  ki nd of  damages ar e l andsl i des of  
cohesi ve ma£S under l ai n by a l ayer  or  l ens con­
st i t ut ed by unoohesi ve l i quef i abl e soi l . A l and­
sl i de of  t hi s t ype occur r ed dur i ng t he Vr anoea 
ear t hquake,  af f ect i ng some houses i n t he Danube 
l ow pl ai n ( Zahar escu et  al ,  1977) »

Thi s ki nd of  damage,  al t hough easy t o expl ai n 
af t er  i t  i s pr oduced,  i s ext r emel y di f f i cul t  t o 
pr edi ct ,  and,  consequent i al l y,  t o pr event .

3« Li quef act i on of  cohesi onl ess soi l  used as 
f i l l  mat er i al  i n ear t h st r uct ur es,  f or  exampl e 
embankment  dams,  especi al l y when hydr aul i cal l y 
pl aced or  spoi l  heaps r esul t ed i n mi ni ng i ndus ­
t r y.  Dur i ng t he Vr ancea ear t hquake a smal l  scal e 
f ai l ur e of  t he i nner  sl ope of  a l agoon di ke i n 
gr avel  t ook pl ace ( Fi g. 4) .

The acci dent s ar e ver y l i kel y when t he r esi st ant  
par t  of  t he st r uct ur e i s f ounded on l i quef i abl e 
mat er i al ,  as i n t he upst r eam met hod used i n 
spoi l  heap const r uct i on.  The r esul t s pr esent ed 
i n Fi g. 4 ar e r el evant ,  showi ng t hat  50% l i que­
f act i on pr oduces a decr ease i n t he shear  r esi s ­
t ance al ong t he pot ent i al  sl i p sur f ace suf f i ­
ci ent  t o gener at e t he f ai l ur e.

4.  Si nkhol es i n sandy deposi t s f ol l owi ng t he 
f l ow down of  al l uvi al  mat er i al  i n unseal ed 
f aul t s,  cr acks or  caver ns i n t he bedr ock.  Such 
a si nkhol e wi t h a di amet er  of  40 met er s ( Fi g. 5)  
devel oped dur i ng t he Vr ancea ear t hquake i n t he 
Danube f l ood pl ai n ( St oi ca,  1981) .

Fi g. 5. The Si nkhol e,  Some Hour s af t er  
i t  Occur r ed.

I n t he af f ect ed ar ea,  t he most  of  t he al l uvi al  
quat er nar y st r at a,  15 - 19  met er s t hi ck,  i s con­
st i t ut ed of  medi um dense sand;  i t  i s f ol l owed 
by cr et aceous cr acked l i mest one,  down t o some 
hundr ed met er s.

Fi g. 4.  Fai l ur e of  Lagoon Di ke I ( a)  Repr esent a­
t i ve Cr oss Sect i on;  ( b)  The Mobi l i zed I nt er nal  

Fr i ct i on i n Sl i me,  $  , f or  Li mi t  Equi l i br i um

The phr eat i c l evel ,  cont r ol l ed by t he Danube r i ­
ver ,  i s not  as a r ul e di r ect l y connect ed wi t h 
t he gr ound wat er  l evel  i n t he l i mest one syst em 
of  cr acks whi ch depends mai nl y on t he Bul gar i an 
r i ver s suppl y ( Fi g. 6,  l ef t ) .  The r i se of  t he 
por e wat er  pr essur e i n sand dur i ng t he ear t h­
quake act i on,  and t he osci l l at i on of  t he pr es ­
sur e head i n cr ack syst em mi ght  cause t he cl ea-

I M  M E D I A T E L Y

A F T E R  T H E  E A R T H Q U A K E

Fi g. 6.  The Pr obabl e Phenomenon of  Cl ear i ng t he Seal ed Cr acks dur i ng an Ear t hquake,
Fol l owed by Si nkhol e Occur r i ng

s a n d  a n d  $ '= 3 5 ° 

g r a v e l  c' b0. 05 d a N / c m 2
daN/cm2

<j>m  ( d e g r e e s )

874



r i ng of  t he communi cat i on ways bet ween t he t wo 
wat er  l ayer s,  accompani ed by t he f l owi ng down 
of  t he sand i nt o cr acks.  Act ual l y,  t he t wo l e­
vel s wer e f ound al most  t he same i mmedi at el y af ­
t er  t he si nkhol e occur ed ( f i g. 6,  r i ght ) .

The phenomenon was not  i sol at ed. A smal l er  si nk­
hol e devel oped dur i ng t he ear t hquake I n a nei gh­
bour i ng ar ea,  i n t he same geol ogi cal  condi t i ons.  
Anot her  t wo si nkhol es wer e di scover ed i n a de­
ser t  i sl and on Danube onl y af t er  t he f al l en 
t r ees got  dr y.  The pr oxi mi t y of  a si nkhol e t o 
onl y 15 met er s f r om t he r i ver  bank pl eeds f or  
t he expl anat i on of  t he phenomenon by a mai nl y 
ver t i cal  movement  of  t he soi l .  Mor eover ,  t he 
dr i l l i ng of  a sur veyi ng bor ehol e near  t he mai n 
si nkhol e,  al t hough t he hol e was l i ned t hr oughout  
t he cohesi onl ess l ayer ,  i nduced t he f l owi ng down 
of  t he sand i nt o hol es i n l i mest one,  when t he 
bor i ng r i ched some 60 met er s i n dept h,  t hat  i s 
some 40 met er s i n l i mest one ( Fi g. 7) .

Fi g. 7.  The Si nkhol e I nduced by 
t he Sur veyi ng Bor ehol e.

The l ooseni ng of  t he sand deposi t  i n t he vi ci ­
ni t y of  t he cl ear ed cr acks mi ght  not  have been 
i mmedi at el y f ol l owed by si nkhol e occur r i ng,  and 
may const i t ut e a f ai l ur e sour ce i n t he f ut ur e.  
Thi s st at ement  i s suppor t ed by t he f i ndi ng of  
unexpect ed decr ease of  t he penet r at i on resi st ance 
near  t he bot t om of  t he sand l ayer  i n some l oca-  
t i ons( Fi g. B) .

I n t he cl ose vi ci ni t y of  t he zone wi t h subsi ­
dence phenomena,  and i n t he same geol ogi cal  a u ­
di t i ons , i mpor t ant  i ndust r i al  st r uct ur es have 
been bui l t .  I t  i s i mper at i ve t o ensur e ' the st r uc ­
t ur es agai nst  t he possi bi l i t y of  si nkhol e deve­
l opment .  For  t hat  pur pose a seal i ng of  t he con­
t act  zone bet ween al l uvi um and l i mest one under  
t he st r uct ur es on deep f oundat i ons ( pr ecast  con­
cr et e dr i ven pi l es)  i s advocat ed.

A pr ot ect i ve zone out si de t he st r uct ur e con­
t our ,  hor i zont al l y or  ver t i cal l y devel oped, ai ms 
at  excl usi on of  t he damage r i sck when a si nkhol e 
devel ops near  t he st r uct ur e ( Fi g. 9) .

The seal i ng by gr out i ng r equi r es t hr ee st ages 1 
t he gr out i ng wi t h ash- cement  mi xt ur e has i n 
vi ew t he cl oggi ng of  t he cr acks I n l i mest one;  
f or  t he case t hat  gr out i ng of  cr acks i n l i me­
st one i s not  r esi st ant  t o i ncr eased gr adi ent

Fi g. 8.  Soi l  Pr of i l e i n t he Af f ect ed Ar ea 
and t he Resul t s of  Some St andar d 

Penet r at i on Test s.

Fi g. 9.  The Shape of  Pr ot ect i ve Zonei  
( a)  Fi r st  Case -  Lar ge St r uct ur es or  
Many I mpor t ant  St r uct ur es Si de by 

Si de;  ( b)  Second Case -  I zol at ed 
St r uct ur es of  Smal l  . Ext ent .

dur i ng ear t hquakes,  t he i nt er nal  er osi on of  al ­
l uvi um i s pr event ed by gr out i ng sodi um si l i ­
cat e wi t h or gani c r eagent  ( et hyl  acet at e) ;  an 
i nt er medi at e st age, compr i si ng t he cement - ben-  
t oni t e gr out i ng of  t he cont act  zone i s neces ­
sar y t o pr event  an exagger at ed consumpt i on of  
t he expensi ve gr out i ng mat er i al  used i n t he 
l ast  st age ( Fi g. 10) .
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Fi g. 10.  The Phases of  St abi l i zat i on Wor k« 
( a)  Dr i l l i ng and Li ni ng;  ( b)  Dr i l l i ng 
wi t hout  Li ni ng;  ( c)  Gr out i ng i n Two 

St eps wi t h Packer s;  ( d)  Gr out i ng wi t h 
Pr esse- Et oupe;  ( e)  Gr out i ng wi t h 

Tube à Manchet t e.
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Y. Yoshimi (Oral d i s c u s s io n )

BEHAVIOUR OF SATURATED SAND SUPPORTING HEAVY STRUCTURES

This discussion concerning the behavior of 
saturated sand supporting a heavy structure is 
addressed to the last page of the General Report 
for Session 10 in relation to model tests in 
normal gravity. Interaction between heavy 
structures and liquefied soil is demonstrated in 
Fig. 1 in which S is the average settlement of a 
reinforced concrete building during the Niigata 
earthquake of 1964, B is the width of the build­
ing, and D is the estimated depth of liquefied 
soil in the free-field (Yoshimi and Tokimatsu, 
1977). The figure clearly shows the trend that 
the settlement ratio decreases as the width 
ratio increases. The fact that the relationship 
is independent of the number of stories shows 
that this is not a simple bearing capacity 
problem.

In order to get some insight into the problem, 
shaking table tests on a model structure placed 
on saturated sand were carried out. To minimize 
restraint by the end walls, the length-to-depth 
ratio of the model ground was made fairly large 
(L=6.5D), and foam rubber was placed as shown in 
Fig. 2. The bottom of the container was made 
rough to prevent slippage, and glycerin was 
added to the pore water to simulate seepage con­
ditions in the field. The model was made two- 
dimensional so that the test results could be 
directly compared with the results of numerical 
analyses. The relationship among the natural 
frequency of the structure, the natural frequen­
cy of the ground, and the vibration frequency 
was selected in such a way that the model ground 
would experience cyclic shear roughly proportio­
nal to the depth. The effect of low confining 
stress was expected to be minimized by using 
medium dense sand. Fig. 3 shows typical test 
results. The excess pore water pressure ratio 
directly below the structure was considerably 
lower than that away from the structure. This

Fig. 1
Fig.4

e Settlement
• l~ 4 mm

f47 89 9I 
1*47 °8I °80

m
■ O.l ~ 0.4 mm

I
tie °I03 °I00
*,7 °83 °93

Fig.2 Average contact pressure • 20gf/cm2

Fig.5

Fig.3
F ig .6
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explains why the settlement is reduced as the 
width is increased.

Our analysis is based on the Biot consolidation 
equation with a pore pressure generation term 
added (Yoshimi and Tokimatsu, 1978). In order 
to make the analytical results comparable with 
the test results, the soil properties used in 
the analysis were evaluated under the prevailing 
low stress conditions in the model ground. Fig.
4 shows computed time histories of excess pore 
pressure at three points in the sand, the dotted 
curves for the drained condition and the solid 
curves for a fictitious, undrained condition in 
which the coefficient of permeability was 
assumed zero. The flat, top for the undrained 
curves at Points 3 and 7 indicate that the sand 
at these points had liquefied. Note the very 
low pore pressures at Point 1 below the center 
of the structure for the undrained case. The 
differences in pore water pressures at the 
three points diminish considerably as a result 
of allowing seepage. It is emphasized that as 
far as Point 1 is concerned, the assumption of 
an undrained condition causes large errors on 
the unsafe side. Therefore, one must take into 
account seepage effects when one deals with pore 
water pressures below a heavy structure.

Fig. 4 seems to suggest the possibility that the 
stability of saturated sand could be improved by 
cutting off the influence of high pore water 
pressures, either by impermeable walls or by 
vertical drains. Our model tests showed that a

pair of walls did reduce the excess pore 
pressures directly below the structure by about 
50%, as shown in Fig. 5. The effect of the 
walls on the settlement was much more remarka­
ble. Gravel drains installed outside the struc­
ture had similar effects on the excess pore 
pressures and settlement of the structure, as 
shown in Fig. 6 (Tokimatsu and Yoshimi, 1980) .

In conclusion, it is pointed out that small- 
scale tests of the kind described above can 
provide a first approximation of what happened 
in the field, or what could happen in the field 
during future earthquakes. Such information can 
be useful in explaining the field behavior, and 
can help us devise remedial measures in a 
rational way.
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V. P e r l e a ,  P a n e l i s t

I  woul d l i ke t o comment  on t he ver y i nt er est i ng 
exper i ment al  r esul t s pr esent ed by Pr of .  Yoshi mi . 
Hi e cont r i but i on r epr esent s a convi nci ng con­
f i r mat i on of  pr evi ous f i ndi ngs of  I shi har a and 
Mat sumot o ( 1975)  and of  speaker  hi msel f  ( Yoshi ­
mi  and Toki mat su,  1977)  about  t he st abi l i zi ng 
ef f ect  of  a sur char ge on a l i quef i abl e l ayer .

The set t l ement  of  st r uct ur es dur i ng l i quef act i on 
may be r egar ded as a bear i ng capaci t y pr obl em,  
t aki ng i nt o account  t he decr ease of  t he mobi l i ­
zed angl e of  i nt er nal  f r i ct i on di e t o por e pr es ­
sur e i ncr ease.  Af t er  Okamot o ( 1973) , t he bear i ng 
capaci t y i n r egar d t o l ocal  shear  f ai l ur e of  a 
cohesi onl ess soi l  under  a cont i nuous f oot i ng i si

= 0. 5 i  Df ( I P -  1)  + 0. 25 y B N» + Ÿ Df

wher e t
q i al l owabl e bear i ng capaci t y of  uni t  

a ar ea dur i ng ear t hquake;

V i uni t  wei ght  of  soi l  ( submer ged bel ow 
wat er  t abl e) ;

Df  i dept h of  embedment  of  f oundat i on;

B i wi dt h of  l oadi ng ar ea;

N' , N! L l bear i ng capaci t y f act or s depending on 
sei smi c coef f i ci ent ,  kB, and r educed
angl e of  i nt er nal  f r i ct i on,  ;

= $ - 0 ;

ÿ  = angl e of  i nt er nal  f r i ct i on;

0 = 0  when N -  val ue ( bl ows/ f eet  i n St an­
dar d f bnet r at i on Test )  i s gr eat er  t han 
20;

0 = §  when N -  val ue i s l ess t han 5 i 

0 = t an- '*' ka f or  i nt er medi at e N -  va­

l ues .

The i ncr ease of  bear i ng capaci t y wi t h i ncr easi ng 
wi dt h of  l oadi ng ar ea i s due not  onl y t o i ncr e­
ase of  t he second t er m i n t he f or mul a,  but  al so 
t o i ncr ease of  bear i ng capaci t y f act or s as a con­
sequence of  a conf i ni ng ef f ect  by t he sur char ge. 
Thi s phenomenon i s not  evi denced by t he f or mul a.

The met hods of  f ai l ur e pr event i on st udi ed by 
Pr of .  Yoshi mi ,  l at er al  wal l s or  ver t i cal  dr ai ns,  
ai m at  bear i ng capaci t y f act or s i ncr easi ng,  by 
t he i ncr ease of  mobi l i zed par t  of  i nt er nal  f r i c ­
t i on.  An al t er nat i ve st abi l i zi ng met hod woul d 
be al so t he i ncr ease of  embedment ,  Df ,  i . e.  t he 
i ncr ease of  sur char ge q = V Df ,  whi ch l ead t o 
i ncr ease t he f i r st  and t he t hi r d t er ms i n t he 
bear i ng capaci t y f or mul a.  An ear t h f i l l  2. 50 me­
t er s hi gh on al l  t he ar ea bet ween mul t i st or y 
r ei nf or ced concr et e bui l di ngs as pr event i ve me­
t hod was r ecommended,  i n a zone i n Buchar est  
wher e l i quef act i on phenomena occur r ed dur i ng t he 
st r ong 1977 ear t hquake.
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R. Dahlberg (Oral d i s c u s s io n )  

DESIGN OF FOUNDATIONS AGAINST FAILURE IN CYCLIC LOADING 
Calcul des Foundations en C o n s id é ra t io n  de " F a i lu r e  in 

Cyclic  Loading"

When doing a stability analysis for the founda­
tion of an offshore gravity structure the tra­
ditional approach has been to consider a so- 
called quasi-static stability failure to be the 
critical failure mode. In this type of analysis 
the effects of cyclic loading is considered by 
introducing in the calculations the static un­
drained shear strength c measured immediate-

u / r
ly after the cyclic loading phase.

A design procedure which introduces rational 
safety considerations for dynamically loaded 
foundations of gravity structures was presented 
by Foss, Dahlberg and Kvalstad (1978). Based on 
the knowledge of the cyclic behaviour of clays 
and with the support of results from centrifuge 
model tests (Andersen et.al., 1979) it seems 
likely that the failure mode in many cases of 
practical importance is horizontal sliding. The 
failure mode referred to is called "Failure in 
cyclic loading".

Let us consider a soil element under the centre 
of the platform at the skirt tip level. If this 
element is subjected to a sufficient number of 
load cycles of a given amplitude the effective 
stress path may reach the failure line. This 
development is accompanied by an increase in 
cyclic shear strain amplitude. Since the struc­
ture will have to move with the soil there is a 
limit as to which strains the structure can 
sustain. In fact, you may be very close to a 
failure in cyclic loading even if the displace­
ments are small due to the special features of 
this type of failure.

The procedure proposed to design against fail­
ure in cyclic loading may be summarized as fol­
lows. Carry out cyclic laboratory tests for re­
presentative stress conditions and construct 
strain contour diagrams. The effects of random 
loading is then evaluated by using the so cal­
led "strain accumulation method" proposed by 
Andersen (1976),see Fig. 1. The response spec­
trum for our soil element is expressed in terms 
of the highest shear stress amplitude xc max

in the element during the storm and the cyclic 
shear stresses are assumed to be Rayleigh dis­
tributed. In the calculations the irregular am­
plitudes in the storm are arranged in blocks, 
each block representing wave loads of about 
equal amplitude.

Assume that the accumulated cyclic shear strain 
is calculated to be 2.1 % at the end of the 
storm. This gives one point on a stress-strain 
curve (curve 2 in Fig. 2), where the ordinate 
represents different sea states characterized 
by the parameter xc max By varying the sea

state, the shape of the curve can be estab­
lished. This curve may be looked upon as a 
cyclic stress-strain curve for accumulated

Yoshi mi ,  Y. ,  Toki mat su,  K.  ( 1977) .  Set t l ement  
of  bui l di ngs on sat ur at ed sand dur i ng ear t h­
quakes. Soi l s and Foundat i ons,  17,  No. l ,  
2 3 -  ?Qi  Tokyo.

storm loading. Let us define the ultimate cyc­
lic shear strength t c as the assymptote to

this cyclic stress strain curve. Due to the
fact that failure in cyclic loading can occur
during the course of a single storm with the
same consequences as a quasi-static stability
failure the same safety requirements shall
apply in both types of analyses. As shown in
Fig. 2 failure in cyclic loading will govern
the design for shear strains y equal to or
less than y* .c

Fig. 1. Accumulated cyclic shear strains.

CYCLI C SH EAR  STR AI N  D UE TO MAX. 

W AV E FO R C E D UR I N G S TOR M , Y c

Fig. 2. Effects of cyclic loading on undrained 
shear strength
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B. Prange (Oral d i s c u s s io n )

STOCHASTIC EXCITATION OF ROCK CORES

E x c i t a t io n  S to c h as t iq u e  de C a ro t te s  Forées de Roches

In the Resonant-Column test (RC), the complex 

shear modulus is determined from the resonant 

frequency fe and the damping ratio D of samples 

subjected to sinusoidal torsional vibrations. 

Digital signal analysis performed by computers 

enables the determination of these values immedi­

ately from stochastic excitation data, where the 

sample is subjected to a band of frequencies, si­

multaneously. The calculation of the transfer- 

function (response-curve) of the RC-sample bet­

ween the input (torsional moment) and the output 

(rotation) by a computer can be performed at very 

low signal-noise ratios and hence at extremely 
small shear strains.

Dissipation of rock materials is generally very 

low. The design of the RC-apparatus should there­

fore ascertain the smallest possible apparatus 

damping. To achieve very small wave radiation in­

to the apparatus, a large inertia mass is provid­

ed under the sample cap resting on an axial ball 
bearing, where almost all wave energy is reflec­

ted back into the sample, fig.1. The remaining 

apparatus damping is of the order of 0 .2% and 
can be calibrated.

TRANSDUCERS
ACCELERATI ON
A2. A3. A5. A6

i
E2

—f—r
e'i ' "

/  A3 A2 "UJA

BOTTOM
MASS

ELECTRO- DYNAMI C 
" EXCI TERS E1. E2
- I NERT MASS m

TRANSDUCERS 
FORCE A1, A/ ,

- DRI VE HEAD

BALL BEARI NG

Fig.1 Resonant Column Test for Rock Cores 

Schematic diagram of cross-section 

and top-view of drive-head

The drive-head consists of two electro-dynamic 

exciters operating against low-tuned inertia 

masses. The system is subjected to a pressure of 
max. 1 MN/m2 .

The transferfunction between tangential force

(inert mass•acceleration; Ai,A4> and tangential 

acceleration (A2,A3,A 5,Ag) is calculated by a 

digital signal analyzer HP 5420, which also pro­

vides the stochastic pulse-train for the excita­
tion, fig.2.

SI NE - 
GENERATOR

FREQU.
METER

SCOPE VOLTS
RMS

Fig. 2 Electronic Components of RC-Test 

(Stochastic Excitation)

S=Switch; E=Exciter; A=Accelerometer

The selection of different acceleration trans­

ducers ensures that only torsional vibration

TRANS R#i

340.00 HZ

#Ai 50 

430.00

MAG

0.0

Fig.3 Computer Plot of Transfer Function 
fe = 379.61 Hz ; D = .45726% 
(cursors fe and -90° phase added)
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m o d es  o f  a  s a m p l e  a r e  i n v e s t i g a t e d  i n  t h e  b a n d  
s e l e c t i v e  a n a l y s i s .  T h e  s h e a r  s t r a i n  l e v e l  i s  

c h e c k e d  b y  a  s l o w  RMS v o l t m e t e r .  I f  d e s i r e d ,  
s i n u s o i d a l  e x c i t a t i o n  c a n  b e  u s e d  a s  w e l l .

T h e  c a l c u l a t i o n  o f  t h e  p o l a r  m o m e n ts  o f  i n e r t i a  
o f  d r i v e - h e a d  a n d  b o t t o m - m a s s  y i e l d e d  t h e  l o c a t ­

i o n  o f  t h e  p l a n e  o f  n o  r o t a t i o n  a t  6% o f  t h e  

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

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

D i f f e r e n t  r o c k  m a t e r i a l s  w e r e  t e s t e d  f r o m  a  s i t e  

w h e r e  t h e  d y n a m i c  s u b s o i l  p r o p e r t i e s  a r e  i n v e s t i ­
g a t e d .  T h e  r o c k - c o r e s  w e r e  o f  101 mm d i a m e t e r  

a n d  2 0 0  t o  4 0 0  mm h e i g h t .  To a v o i d  a n y  s l i p p a g e  
b e t w e e n  s a m p l e  a n d  c a p s  t h e  r o c k - c o r e s  w e r e  
g l u e d  t o  t h e  c a p s  w i t h  e p o x y  r a i s i n .  T h e  c o n -

f i n i n g  p r e s s u r e  p  w a s  v a r i e d  b e t w e e n  0 . 1  a n d  

1 . 0  MN/m2 , t h e  e f f e c t i v e  s h e a r  s t r a i n  y b e t w e e n  
a p p r o x .  1 0 “ 9 a n d  10“ 4 .

F i g . 3 sh o w s  t h e  r e s u l t s  f o r  a  r o c k - c o r e  o f  
g y p su m  f o r  p  = 0 . 2  MN/m2 a n d  y = 3 . 2 - 1 0 “ ^ .  I t  
c a n  b e  s e e n ,  t h a t  d u e  t o  t h e  s m a l l  d a m p i n g  r a t i o  
t h e  f r e q u e n c i e s  f o r  p e a k  m a g n i t u d e  a n d  - 9 0 °  

p h a s e  s h i f t  a r e  i d e n t i c a l  ( c u r s o r s ) .

F rom  t h e  c o m p u t e r  d a t a  f e  = 3 7 9 . 6  Hz a n d  D = .46% 

t h e  d y n a m i c  p r o p e r t i e s  o f  g y p su m  f o r  t h i s  
p r e s s u r e  a n d  s t r a i n  l e v e l  w e r e  c a l c u l a t e d  a s :

Gdyn = 11 o o o  MN/ m2  ■ D = .26% ; v s  = 2 2 0 0  m /s

T h e  c a l c u l a t i o n  o f  G<3y n , D a n d  v s v e r s u s  y w as  
p e r f o r m e d  o n - l i n e  b y ‘a  c o m p u t e r  HP 9 8 3 5 .

K.R. Massarsch (Oral d i s c u s s io n )

DYNAMIC AND STATIC SHEAR MODULUS

The det er mi nat i on of  s t r es s - s t r a i n pr oper t i es  
of  soi l s  i s i mpor t ant  f or  t he cor r ec t  anal y s i s  
of  geot ec hni c al  pr obl ems .  Conv ent i onal  geo-  
t ec hni c al  l abor at or y  met hods  can meas ur e soi l  
modul us  ac c ur at el y  onl y  at  s t r ai ns  l ar ger  t han 
about  10 per cent .  Var i ous  dy nami c  f i el d and 
l abor at or y  met hods  hav e been dev el oped whi c h 
can meas ur e dy nami c  soi l  pr oper t i es  over  a l ar ge 
s t r ai n r ange.  Fi g.  1 shows  i n a s emi - l ogar i t hmi c  

d i agr am t he s t r es s - s t r ai n r e l at i ons hi p of  c l ay ey  
sand det er mi ned by  a r es onant  c o l umn t es t .  Shear  
modul us  dec r eas ed dr amat i c a l l y  when a c r i t i c al  
v al ue of  shear  s t r ai n ( about  10- 3 per c ent )  i s 
exceeded.  At  10- 1 per c ent  shear  s t r ai n,  when at  
a s t at i c  t es t  us ual l y  t he f i r s t  dat e poi nt  i s ob ­
t ai ned,  t he shear  modul us  i s onl y  about  30 per ­
cent  of  t he i ni t i al  val ue.

AVERAGE SHEAR STRAIN AMPLI TUDE, (%)
Fi g.  1 Var i a t i on of  secant  shear  modul us  wi t h 

shear  s t r ai n det er mi ned f r om r es onant  
c ol umn t est .

The s hear  modul us  det er mi ned f r om " s ei s mi c  t es t s "  
i s gener al l y  r ef er r ed t o as a " dynami c  modul us " .  
I t s  s i gni f i c anc e f or  s t at i c  geot ec hni c al  p r ob ­
l ems i s not  yet  gener al l y  appr ec i at ed.  I t  can 
be shown,  howev er ,  t hat  at  smal l  shear  s t r ai n,  
t he " dy nami c "  shear  modul us  acr t ual l y i s de t e r ­
mi ned at  a s t r ai n r at e whi c h c or r es ponds  t o 
s t at i c  l oadi ng c ondi t i ons .

The f r equenc y  at  dy nami c  f i el d or  l abor at or y  
t es t s  ( e. g.  c r os s - hol e or  r es onant  col umn t es t s )  
i s f or  mos t  soi l s  i n t he or der  of  20 Hz.  At

s mal l  shear  s t r ai ns  ( 10~^ per c ent )  t he av er age 
s t r ai n r at e i s t hus  about  0. 5 per c ent / mi n.  Thi s  
s t r ai n r at e i s s i mi l ar  t o t hat  of  c onv ent i onal  
s t at i c  l abor at or y  t es t s .

Anot her  i mpor t ant  as pec t  of  dy nami c  soi l  t es t ­
i ng i s t hat  at  smal l  s t r ai n l evel s  ( smal l er  t han 
about  10-  ̂ per c ent  shear  s t r ai n)  no vol ume change 
oc c ur s  and t hus  exc es s  por e pr es s ur e does  not  
dev el ope.  Thus ,  t he " dy nami c "  shear  modul us  
( max i mum secant  modul us )  i s t he same f or  bot h 
t he dr a i ned and undr ai ned soi l  behav i our .

Har di n and Dr nev i c h ( 197 2)  have pr opos ed t o 
nor mal i z e shear  s t r ai n by  " r ef er ence s t r ai n"  y , 
whi c h c or r es ponds  t o a v al ue of  shear  s t r ai n r  
at  whi c h i n a s t r es s - s t r ai n di agr am t he ma x i ­
mum shear  modul us  i nt er s ec t s  max i mum shear  
s t r engt h

Y = TmaX (1)
Tr  G

max

The pr ac t i c al  s i gni f i c anc e of  r ef er enc e s t r ai n 
bec omes  appar ent  when t he i nv er s e of  r ef er enc e 
s t r ai n i s c al c ul at ed

Fi g . 2 Var i at i on of  secant  shear  modul us  wi t h 
s hear  s t r ai n f or  d i f f er ent  p l as t i c i t y  
i ndex ,  PI ,  det er mi ned by  r es onant  col umn 
t es t s ,  Mas s ar s c h and Dr nev i c h ( 1979) .
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( 2)

T h i s  t e r m  h a s  b e e n  w i d e l y  u s e d  by  p r a c t i s i n g  
e n g i n e e r s  t o  e s t i m a t e  t h e  s h e a r  m o d u lu s  f r o m  
s h e a r  s t r e n g t h .  D r n e v i c h  a n d  M a s s a r s c h  ( 1 9 7 9 )  
d e m o n s t r a t e d  t h a t  a  n a r r o w  b a n d  o f  s t r e s s  s t r a i n  

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

I n  P i g .  2 t h e  v a r i a t i o n  o f  s e c a n t  s h e a r  m o d u lu s  

w i t h  s t r a i n  f o r  s o i l s  w i t h  d i f f e r e n t  p l a s t i c i t y  
i n d e x  a n d  w a t e r  c o n t e n t  i s  show n  i n  a r i t h m e t i c  
s c a l e ,

s h e a r  s t r a i n  a t  a  r e s o n a n t  c o lu m n  t e s t  i s  h i g h ­
e r  t h a n  a t  a  " s t a t i c "  t e s t ,  i t  c a n  b e  a s s u m e d  
t h a t  a n  e q u i v a l e n t  s t a t i c  m o d u lu s  c a n  b e  c a l ­
c u l a t e d  f r o m  d y n a m i c  t e s t s  a n d  a p p l y i n g  t h e  
p r o p o s e d  r e d u c t i o n  f a c t o r

s t a t i c d y n ( 3 )

T he  r a p i d  d e v e l o p m e n t  o f  t e s t i n g  m e t h o d s  i n  
s o i l  d y n a m i c s  a n d  e a r t h q u a k e  e n g i n e e r i n g  h a s  

p r o v i d e d  e x t e n s i v e  d a t a  on  t h e  s t r e s s - s t r a i n  
b e h a v i o u r  o f  s o i l s .  T h i s  v a l u a b l e  i n f o r m a t i o n  
h a s  n o t  y e t  b e e n  a p p l i e d  by  many g e o t e c h n i c a l  
e n g i n e e r s .

From  F i g .  2 t h e  s h e a r  m o d u l u s  a t  0 . 2 5  p e r c e n t  
s h e a r  s t r a i n  c a n  b e  d e t e r m i n e d .  I n  T a b l e  1 ,  a  
m o d u l u s  r e d u c t i o n  f a c t o r  i s  show n w h i c h  s u g g e s t s  
t h a t  t h e  r e d u c t i o n  o f  s h e a r  m o d u lu s  w i t h  s h e a r  
s t r a i n  i s  s t r o n g l y  i n f l u e n c e d  by  t h e  p l a s t i c i t y  
i n d e x ,  P I .

T a b l e  1 .  R e d u c t i o n  o f  s e c a n t  s h e a r  m o d u l u s  a t  
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FI LM SUR LA COMPARAI SON DES CALCULS PAR ELEMENTS FI NI S 
EN DYNAMI QUE 
Film showing a Comparison o f  F i n i t e  Eléments Computations 
in Dynamic Mode

Le f i l m pr o j e t é  a mon t r é  l a c i némat i que  des  gr andes  dé ­
f o r mat i ons  ( " r upt ur e" )  pour  dea éc r ans  de s out ènement s ,  
f ondat i ons  et  t al us  dans  u n  mi l i e u  s ans  c ohés i on. ( Fi g .  1) .
Le bu t  de c et t e r ec her c he  es t  de  c ont r ô l e r  l a v a l i d i t é  des  
mé t hodes  de c al c ul s  par  é l ément s  f i n i s  ou équat i ons  i n t é ­
gr a l es  s e l on  l es  c ompl i c a t i ons  de l a l oi  de c ompor t ement  
ut i l i s ée.  Le  modè l e  b i d i mens i onne l  pe r met  l a c ompar a i s on  
des  déf o r mat i ons  et  des  ac c é l é r a t i ons  en c haque poi n t  ai ns i  
que des  mes ur es  de c ont r a i n t es  s ur  l e c ont our .
Le c al c ul  é l as t i que  non l i néa i r e  donne une appr ox i mat i on  
ac c ept ab l e  des  c ont r a i n t es  s ur  l es  par o i s  v er t i c a l es  f i x es  
du mas s i f  où l es  déf or mat i ons  s ont  pe t i t es  ( Fi g.  2)  et  un  
or dr e de gr andeur  l og i que pour  l es  ac c é l é r a t i ons  dans  l e 
mas s i f  pour  des  v a l eu r s  as s ez  pet i t es ;  au de l à  de 0, 3 g 
pour  l e sol  s ous  l a f ondat i on  et  0,  1 g pour  l e s ommet  de 
l a f ondat i on,  l e c al c u l  par  é l ément s  f i n i s  av ec  p l as t i c i t é  
est  néc es s a i r e  pour  ex p l i quer  l e c hangement  de c ompor t ement .  
Un  ex empl e de ce c al c ul  a ét é donné pour  l es  pa r o i s  mou l ées  
dans  l a c ommuni c a t i on  éc r i t e.
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B. S.  Br owzi n ( Or al  di scuss i on)

I MPORTANCE OF RESEARCH I N SOI L DYNAMI CS AND SOI L 
STRUCTURE I NTERACTI ON FOR NUCLEAR LI CENSI NG AND DEVELOP­
MENT
I mpor t ance des Recher ches  en Dynami que des Sol  et  
du Compoc t ement  des St r uc t ur es  en vue des Li censes  et  du 
Devel opment  des I ndust r i es  Nuc l éai r es

Because t he sei smi c  l oad i s gover ni ng f or  t he des i gn 
of  nuc l ear  power  pl ant  cont ai nment s  ( cy l i ndr i cal  
shel ves wi t h a dome,  t ypi cal l y  wi t h a 150 f t .  
di amet er ,  200 f t .  hei ght  and a wal l  t hi ckness of
3. 5 f t . )  and ot her  s t r uc t ur es ,  i t  i s a mos t  ur gent  
t echni cal  pr obl em t o pr ov i de met hodol ogy  f or  
det er mi ni ng char ac t er i s t i cs  at  nuc l ear  power  pl ant  
si t es dependi ng on t he di s t ance f r om t he epi cent er .
When sei smi c  wave char ac t er i s t i cs  ar e obt ai ned at  
t he si t e,  t r ans f er  f unct i ons mus t  be known or  
assumed i n or der  t o anal yze s t r esses i n s t r uc t ur es 
and di spl acement s  f or  adequat e per f or mance of  t he 
equi pment .  The same appl i es  t o t he r eact or .
St r ess and s t r ai n at  a gi ven l ocat i on mus t  pr ov i de 
a saf et y  des i gn, but  not  a conser vat i ve o ne .
Saf et y  and economi cs  ar e bot h necessar y  con­
s i der at i ons.  Saf et y  r equi r ement s  f or  nuc l ear  power  
pl ant s ar e speci f i c ,  not  encount er ed i n any ot her  
i ndust r y.  For  t hi s r eason,  soi l  dynami cs r esear ch 
and s t udi es of  dynami c  soi l - s t r uc t ur e i nt er ac t i on

ar e i mpor t ant .  Thi s i s wel l  r eal i zed by desi gner s  
of  t he nuc l ear  power  f ac i l i t i es .  However ,  t he 
geot echni cal  engi neer i ng communi t y ,  as ev i denced 
by t hi s Conf er ence,  i s not  wel l  awar e of  t he soi l  
dynami cs  r esear ch needs f or  t he nuc l ear  i ndust r y .
Thi s Conf er ence has onl y  t wo paper s  on t hi s subj ect :  
one Fr ench paper  on pi l e f oundat i on f or  a nuc l ear  
power  pl ant  and one Ger man paper  f r om T.  H.  Kar l s r uhe 
on gi psum pr oper t i es  t es t ed f or  a nuc l ear  power  
pl ant  f oundat i on.

Consequent l y ,  i t  i s sugges t ed t hat ,  at  t he 
San Fr anc i sco XI  I CSMFE Conf er ence of  1985,  a 
sess i on be i nc l uded on Nuc l ear  Power  Pl ant  
Foundat i ons f or  t he pur pose of  br i ngi ng t oget her  
sc i ent i s t s  and engi neer s  wor k i ng on nuc l ear  power  
l i cens i ng and devel opment ,  par t i cul ar l y  t hose 
wor k i ng as cont r ac t or s  f or  t he U. S.  Nuc l ear  
Regul at or y  Commi ssi on.

D.  Wei ner  ( Or al  di scuss i on)

NEW ASPECTS OF MACHI NE FOUNDATI ON DESI GN -  A CASE 
RECORD

Too many  pr act i s i ng des i gner s  bel i eve t hat  t he use of  
expans i on j oi nt s  el i mi nat es  t he spr eadi ng of  v i br at i ons  
f r om machi ne f oundat i ons  t o adj oi ni ng st r uc t ur es.  I n pr ac ­
t i ce,  despi t e t he use of  expans i on j oi nt s ,  sever e v i br a ­
t i ons can spr ead v i a t he f oundat i on and soi l  t o t he ad ­
j oi ni ng bui l di ng ( Fi g.  1) .

These v i br at i ons  can damage mac hi ner y  and t he bui l di ng 
and i t s f oundat i ons ,  t hey  can damage or  i nt er r upt  pr o ­
duct i on,  and t hey  can cause di scomf or t  i n wor k i ng l oca­
l i t i es.

The " gol den"  r ul e of  al ways  ar r angi ng expans i on j oi nt s  
bet ween f oundat i ons  and t he adj oi ni ng s t r uc t ur e was  c r eat ­
ed by t he pi oneer s  i n t he machi ne f oundat i on spher e,
Rausch ( 1959,  1968)  and Bar kan ( 1962) .  Thi s  use of  ex-

Fi g.  1 Sec t i on of  bui l di ng ( l ef t )  and det ai l  of  ex pan ­
s i on j oi nt  ( r i ght )  bet ween mac hi ne f oundat i on and f l oor .
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pans i on j oi nt s  became i n t i me a pr i nc i pl e whi ch

-  was s t i pul at ed i n sever al  mac hi ne f oundat i on s t and ­
ar ds  ( DI N 4024,  1955)

-  was r econmended by  machi ner y  suppl i er s ,  et c.

-  was quot ed i n books  on machi ne f oundat i ons ,  Maj or  
( 1962) ,  Sr i ni vasul u & Vai dyanat han ( 1978) .

Pr act i cal  exampl e

Thi s  exampl e concer ns  a gangsaw- f oundat i on r es t i ng on 
poi nt - bear i ng pi l es.  Fi g.  2 shows a f i ve year  ol d saw­
mi l l ,  one of  t he l ar ges t  i n Eur ope,  wi t h f our  separ at e 
and i dent i cal  f oundat i ons ,  each wi t h a vol ume of  190 m̂  
of  concr et e.

Fi g.  2 Sec t i on of  t he sawmi l l  showi ng measur i ng poi nt s 
on t he gangsaw f oundat i on ( MP1) ,  on t he l ower  
f l oor  ( MP3)  and on t he upper  f l oor  i n t he of f i ce 
( MP5) .

Fi g.  2 shows one of  t he f our  gangsaws.  Each - gangsaw f ound ­
at i on i s suppor t ed on 22 pr ecas t  conc r et e pi l es.  The l ow­
er  f l oor  and sawmi l l  bui l di ng ar e al so suppor t ed on 
poi nt - bear i ng pi l es.  The speed of  t he gangsaw f l ywheel  
i s usual l y  360 RPM,  i . e.  6 Hz.

As can be seen i n Tabl e 1,  t he i nt r oduc t i on of  a f or ce-  
t r ansmi t t i ng expans i on j oi nt  ( FTEJ)  bet ween t he ma ­
chi ne f oundat i on and t he adj oi ni ng s t r uc t ur e has r educed 
t he v i br at i on l evel  i n t he whol e v i br at i on syst em,  i . e.  
i n t he v i br at i on sour ce and t he adj oi ni ng s t r uct ur es.

I n t hi s case t he f or ce- t r ansmi t t i ng expans i on j oi nt s  
wer e onl y  i nt ended t o t r ansmi t  hor i zont al  f or ces.  The r e ­
duc t i on i n ver t i cal  v i br at i ons  i n t he adj oi ni ng s t r uc ­
t ur e was due t o r educ t i on of  r ock i ng v i br at i ons  i n t he 
machi ne f oundat i on.

Bef or e t he f or ce- t r ansmi t t i ng expans i on j oi nt  was i n ­
t r oduced i n nor mal  pr oduc t i on i t  was  t es t ed by t r ans i ent

W. D. L.  Fi nn,  Co- Chai r man

CONCLUDI NG REMARKS AFTER FLOOR DI SCUSSI ON

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

o f  s o i l  d y n a m i c s  a n d  e a r t h q u a k e  e n g i n e e r i n g .
T h ey  do n o t  i l l u s t r a t e  t h e  m a j o r  d e v e l o p m e n t s  

s i n c e  t h e  l a s t  i n t e r n a t i o n a l  c o n f e r e n c e  i n  Toky o 
i n  1 97 7  n o r  do  t h e y  s u g g e s t  t h e  d i r e c t i o n s  o f  
f u t u r e  d e v e l o p m e n t . B e f o r e  b r i n g i n g  t h i s  s e s ­
s i o n  t o  a  c l o s e ,  I  w o u l d  l i k e  t o  make  a  f ew 
c o m m e n t s  o n  t h e s e  t o p i c s .

S o i l  D y n a m i c s ,  a s  we know i t  t o d a y ,  b e g a n  d e v e l ­

o p i n g  u n d e r  t h e  s t i m u l u s  o f  t h e  c h a l l e n g i n g  
p r o b l e m s  p o s e d  by t h e  e a r t h q u a k e s  i n  N i i g a t a ,

Tabl e 1.  Ampl i t ude of  v i br at i ons  usi ng convent i onal  ex ­
pans i on j oi nt  ( CEJ)  and af t er  t he i nt r oduc t i on of  f or ce-  
t r ansmi t t i ng expans i on j oi nt  ( FTEJ)  bet ween gangsaw 
f oundat i on ( 9 x 4 x 2. 5 m)  and f l oor .

Measur i  ng Measur i  ng Vel oc i t y ampl i t ude v,  mm/ s
poi nt di r ec t i on CEJ FTEJ

Mp 1 hor i z. 37. 9 5. 7

MP 3 hor i z. 1. 5 0. 5
ver t . 1. 5 0. 5

MP 5 hor i z. 1. 8 0. 6

exc i t at i on.  The r esponse spec t r um showed t hat  t he nat u ­
r al  f r equency  of  t he f oundat i on i ncr eased f r om 9. 2 Hz t o
12. 8 Hz.

Conc l us i ons

By us i ng f or ce- t r ansmi t t i ng expans i on j oi nt s  t he dynami c  
s t i f f ness  of  t he machi ne f oundat i on can be i ncr eased,  
and one can as a r esul t ,  when necessar y

-  r educe t he ar ea and/ or  vol ume of  t he machi ne f oundat i on

-  r educe t he number  of  s t r uct ur al  el ement s  ( pi l es,  c o ­
l umns,  beams)  i n t he machi ne f oundat i on and/ or  t he ad ­
j oi ni ng s t r uc t ur e

-  r educe v i br at i on l evel s  i n t he machi ne f oundat i on and 
i n some cases al so i n t he adj oi ni ng bui l di ng as,  f or  
exampl e,  i n t he case descr i bed.

Fr om t he economi c  poi nt  of  v i ew f or ce- t r ansmi t t i ng ex ­
pans i on j oi nt s  ar e espec i al l y  sui t abl e f or  f oundat i ons  
wi t h l ar ge hor i zont al  and at  t he same t i me smal l  ver t i cal  
f or ces ( al so f or  cons t r uc t i ons  exposed t o ear t h quakes) .
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J a p a n  a n d  i n  A l a s k a  i n  1 9 6 4 ,  e s p e c i a l l y  t h o s e  

a s s o c i a t e d  w i t h  l i q u e f a c t i o n .  D e v e l o p m e n t  was  
n u r t u r e d  u n t i l  t h e  m i d - 1 9 7 0 ' s  by  t h e  d e m a n d s  o f  

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

m e t e r s  r e q u i r e d  by  t h e  a n a l y t i c a l  m e t h o d s .  A 
d i f f e r e n t  s t i m u l u s  o p e r a t e s  t o d a y .  Now t h e  
g r e a t e s t  d e m a n d s  o n  t h e  s k i l l  a n d  j u d g e m e n t  o f  
t h e  g e o t e c h n i c a l  e n g i n e e r  a r e  b e i n g  made  by t h e  

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

o f  w a v e s  a n d  e a r t h q u a k e s  on s o i l s  a n d  f o u n d a ­
t i o n s  o f  o f f s h o r e  s t r u c t u r e s .
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O f f s h o r e  e n g i n e e r i n g  i s  d e v e l o p i n g  s o  r a p i d l y  

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

d r a w  u p o n  wh e n  e x e r c i s i n g  h i s  j u d g e m e n t .  J a c k e t  
s t r u c t u r e s  a r e  now b e i n g  d e s i g n e d  f o r  w a t e r  
d e p t h s  o f  o v e r  300 m,  new t y p e s  o f  s t r u c t u r e s  
a n d  f o u n d a t i o n s  a r e  e v o l v i n g  r a p i d l y ,  a n d  u n u ­

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

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

D e v e l o p m e n t s  s i n c e  1 97 7  may b e  c l a s s i f i e d  u n d e r
5 h e a d i n g s :

(i) Correlation studies of field experience;

(11) Analytical methods;

(ill) Laboratory testing;

(iv) In-situ testing;

(v) Offshore engineering.

I will attempt to indicate a few of the important

developments in each of these areas and suggest 

the directions of future developments.

Correlation Studies

Over the past few years, major efforts have been 

made to assess critically the large body of data 

on response of ground and earth structures to 

earthquake excitation and to draw general con­

clusions and guidelines to assist the geotechni­

cal engineering profession in arriving at sound 

judgements, without always having to resort to 

sophisticated testing and analytical computations. 

Two contributions which have had a major impact 

on engineering practice are the liquefaction 

assessment chart by Seed ( 1 9 7 9 )  and the guide­

lines as to the probable performance of earth 

dams during earthquakes by Seed, Makdlsi and 

De Alba ( 1 9 7 7 ) .  Also notable are the studies by 

Youd and Perkins ( 1 9 7 8 )  to establish criteria 

for regional assessments of liquefaction poten­

tial, using broad scale geological and seismolo- 

gical parameters.

Analytical Methods

The major development has been the emergence and 

acceptance of dynamic non-linear effective 

stress analysis. Effective stress concepts of 

soil behaviour have long been recognised as 

essential for a fundamental understanding of 

soil behaviour. Their use had been limited to 

static behaviour because of the problems asso­

ciated with predicting porewater pressures under 

cyclic loading conditions. The development of a 

porewater pressure model by Martin, Finn and 

Seed ( 1 9 7 5 )  which could be coupled with a non­

linear hysteretic model of soil behaviour (Finn, 

Lee and Martin, 1 9 7 7 )  led to the emergence of 

non-linear effective stress methods of analysis 

(Lee and Finn, 1 9 7 5 ,  1 9 7 8 ) .  Comparative studies 

of non-linear effective stress methods, total 
stress methods and the commonly used iterative 

elastic methods of dynamic have been conducted 

by Finn, Martin and Lee ( 1 9 7 8 ) .  The studies 

generally substantiate the desirability of using 

non-linear effective stress methods where pos­
sible .

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

d e v e l o p e d .  M e t h o d s  by I s h i h a r a  a n d  T o w h a t a  
( 1 9 8 0 ) ,  G h a b o u s s i  a n d  Di kmen  ( 1 9 7 8 ) ,  Z i e n k i e w l c z ,  
Ch a n g  a n d  H i n t o n  ( 1 9 7 8 )  h a v e  b e e n  c r i t i c a l l y  

r e v i e w e d  b y  F i n n  ( 1 9 7 9 ) .  More  r e c e n t l y ,  M a r t i n  
a n d  S e e d  ( 1 9 7 9 )  d e v e l o p e d  a  m o d e l ,  MASH, w h i c h  
t h e y  s h o w e d  t o  g i v e  r e s u l t s  v e r y  s i m i l a r  t o  t h e  

DESRA m o d e l s .  A t w o - d i m e n s i o n a l  n o n - l i n e a r  
h y s t e r e t i c  t o t a l  s t r e s s  m e t h o d ,  TARA-1,  h a s  b e e n  
d e v e l o p e d  b y  S i d d h a r t h a n  a n d  F i n n  ( 1 9 8 1 )  a n d  

w i l l  b e  a v a i l a b l e  s h o r t l y  i n  a n  e f f e c t i v e  s t r e s s  
o p t i o n ,  TARA-2.

N o n - l i n e a r  e f f e c t i v e  s t r e s s  a n a l y s e s  h a v e  b e e n  
u s e d  i n  t h e  l a s t  2 y e a r s  i n  e n g i n e e r i n g  p r a c t i c e  
t o  p r e d i c t  s u r f a c e  m o t i o n s ,  l i q u e f a c t i o n  p o t e n ­

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

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

The  a c c e p t a n c e  o f  o n e - d i m e n s i o n a l  n o n - l i n e a r  
h y s t e r e t i c  e f f e c t i v e  s t r e s s  m o d e l s  h a s  c r e a t e d  a  

d e ma n d  f o r  t w o - d i m e n s i o n a l  m o d e l s .  I  w o u l d  
e x p e c t  a  n u m b e r  o f  s u c h  m o d e l s  t o  b e  d e v e l o p e d  
i n  t h e  n e x t  f e w  y e a r s .

Laboratory Testing

The m a j o r  c h a n g e  i n  t h e  l a s t  f e w  y e a r s  h a s  b e e n  
t h e  s p r e a d  o f  c y c l i c  s i m p l e  s h e a r  t e s t i n g  f r o m  

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

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

c o n t i n u e  t o  g r o w .

S t u d i e s  by  M a r t i n ,  F i n n  a n d  S e e d  ( 1 9 7 8 )  s ho w e d  
t h a t  s y s t e m  c o m p l i a n c e  c o u l d  i n t r o d u c e  v e r y  s i g ­

n i f i c a n t  e r r o r s  i n t o  t h e  r e s u l t s  o f  u n d r a i n e d  
c y c l i c  l o a d i n g  t e s t s  a n d  l e a d  t o  a  g r o s s  o v e r -  
e s t i m a t i o n  o f  l i q u e f a c t i o n  r e s i s t a n c e .  To a v o i d  

c o m p l i a n c e  p r o b l e m s ,  F i n n ,  V a i d  a n d  B h a t i a  ( 1 9 7 8 )  

d e s i g n e d  a  v e r y  l o w  c o m p l i a n c e  ( s o  c a l l e d  c o n ­
s t a n t  v o l u m e )  c y c l i c  s i m p l e  s h e a r  t e s t  a n d  

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

The work of Moussa ( 1 9 7 5 )  and Pickering ( 1 9 7 3 ) ,  
as well as the above study, demonstrated the 

superiority and greater ease of constant volume 

testing. In the last few years, some of the 

major commercial testing laboratories have 

acquired the capability to conduct constant 

volume cyclic simple shear tests and I would 

expect this trend to continue.

In Situ Testing

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

p e r t i e s  a s  s h e a r  m o d u l u s  a n d  d a m p i n g  a t  l a r g e r  
s t r a i n s  t h a n  t h e  c o n v e n t i o n a l  10  - 10 " 3%. T h e s e  

d e v e l o p m e n t s  a r e  m a i n l y  i n  t h e  h a n d s  o f  c o mm er ­
c i a l  f i r m s  a n d  d e t a i l s  o n  p r o g r e s s  a r e  n o t  
r e a d i l y  a v a i l a b l e .  F i n n  ( 1 9 7 7 )  s u r v e y e d  new 
e m e r g i n g  t e c h n i q u e s  i n  t h i s  a r e a .  B e c a u s e  o f  
t h e  d i f f i c u l t y  i n  g e t t i n g  g o o d  s a m p l e s  o f  s a n d  
a n d  m a i n t a i n i n g  s m a l l  s t r a i n  s t i f f n e s s  d u r i n g  

h a n d l i n g  a n d  t e s t i n g ,  t h e r e  w i l l  a l w a y s  b e  a 
s t r o n g  i n c e n t i v e  t o '  d e v e l o p  r e l i a b l e  I n  s i t u  

m e t h o d s  t o  d e t e r m i n e  t h e  d y n a m i c  p r o p e r t i e s  o f  
s a n d s  a n d  s i l t s  o v e r  w i d e  s t r a i n  r a n g e s .  How­
e v e r ,  d u e  t o  e x p e n s e  o f  f i e l d  w o r k  i n  t h i s  a r e a
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a n d  t h e  c o s t  o f  a s s o c i a t e d  e q u i p m e n t ,  r e s e a r c h  

a n d  d e v e l o p m e n t  w i l l  b e  i n  t h e  h a n d s  o f  r e l a ­

t i v e l y  f e w  o r g a n i s a t i o n s .

O f f s h o r e  E n g i n e e r i n g

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

d e v e l o p m e n t s  i n  t h e  g e o t e c h n i c a l  a s p e c t s  o f  s o i l  
d y n a m i c s  a n d  l i q u e f a c t i o n  p o t e n t i a l .  H e r e ,  I  

w i l l  s i m p l y  l i s t  some o f  t h e  m a j o r  p r o b l e m s  
r e l a t e d  t o  s o i l  d y n a m i c s  f o r  w h i c h  b e t t e r  s o l u ­
t i o n s  a r e  n e e d e d  by  t h e  o f f s h o r e  i n d u s t r y :

( i )  L a t e r a l  a n d  a x i a l  r e s p o n s e  o f  l o n g  
p i l e s  t o  c y c l i c  l o a d i n g  t a k i n g  i n t o  
a c c o u n t  t h e  d e v e l o p m e n t  o f  r e s i d u a l  

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

v o l c a n i c  s a n d s ;

( i i )  V e r t i c a l  s e t t l e m e n t s  a n d  h o r i z o n t a l  
d i s p l a c e m e n t s  o f  g r a v i t y  s t r u c t u r e s  

u n d e r  c y c l i c  l o a d i n g ;

( i i i )  S o i l - s t r u c t u r e  i n t e r a c t i o n  a n a l y s e s  

f o r  p l a t f o r m s  u n d e r  wa ve  a n d  e a r t h ­
q u a k e  l o a d i n g ,  e s p e c i a l l y  p i l e -  

s u p p o r t e d  p l a t f o r m s ;

( i v )  D e v e l o p m e n t  o f  r e m o t e - c o n t r o l l e d  

i n  s i t u  t e s t i n g  p r o c e d u r e s ;

( v )  E f f e c t  o f  h u r r i c a n e  a s s o c i a t e d  w a v e s  

o n  s o f t  b o t t o m  s e d i m e n t s ;

( v i )  U n d e r w a t e r  s l o p e  d i s p l a c e m e n t s  u n d e r  

e a r t h q u a k e  l o a d i n g .

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

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

p r o p e r t i e s  a n d  a n a l y t i c a l  a n d  c o m p u t a t i o n a l  
c a p a c i t y .  T h ey  e n s u r e  t h a t  s o i l  d y n a m i c s  w i l l  
c o n t i n u e  t o  c h a l l e n g e  t h e  s k i l l  a n d  j u d g e m e n t  

o f  t h e  g e o t e c h n i c a l  e n g i n e e r  f o r  many y e a r s  t o  

come a n d  t h a t  i t  w i l l  p r o v i d e  a  f i e l d  o f  e n d e a ­

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

I t  i s  now t i m e  t o  b r i n g  t h i s  s e s s i o n  t o  a  c l o s e .  

B e f o r e  d o i n g  s o  I  w i s h  t o  e x p r e s s  my g r e a t  

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

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

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

f r o m  t h e  d i s c u s s e r s  made  my d u t i e s  v e r y  e a s y  a n d  
d i d  much  t o  c r e a t  a n  a t m o s p h e r e  c o n d u c i v e  t o  
l i v e l y  a n d  i n t e r e s t i n g  d i s c u s s i o n .  F i n a l l y ,  I  
w i s h  t o  t h a n k  t h e  o r g a n i z i n g  c o m m i t t e e  f o r  t h e  

h o n o u r  o f  c o - c h a i r i n g  t h e  m a i n  s e s s i o n  o n  s o i l  
d y n a m i c s .
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C e n t r e ,  U n i v .  o f  C a l i f o r n i a ,  B e r k e l e y ,  Aug.

S i d d h a r t h a n ,  R. a n d  F i n n ,  W.D.  L i a m ( 1 9 8 1 ) .

TARA-1,  t w o - d i m e n s i o n a l  n o n - l i n e a r  s t a t i c  a n d  
d y n a m i c  r e s p o n s e  a n a l y s i s .  R e p o r t  t o  ERTEC 
L t d . ,  L on g B e a c h ,  C a l i f . ,  p p .  1 - 1 6 8 .

V. A.  I l y i chev,  Chai r man 

CLOSURE OF SESSI ON

Our - Sess i on has come t o t he end.  We have hear d i nt er es t ­
i ng r epor t s  and r ecei ved new i nf or mat i on on t he pr obl em 
of  l i quef ac t i on of  soi l s,  on t he det er mi nat i on of  soi l s 
pr oper t i es ,  bei ng used i n dynami c  cal cul at i on,  and ot her  
pr obl ems.

The wor k  of  our  Sess i on coul d not  be successf ul  wi t hout  
ef f or t s  of  of f i cer s  of  t he Sess i on and I am gr at ef ul  t o 
t hem f or  t he wor k  t hey  have done and f or  t he i nt er es t i ng

J. - L.  Boel l e.  J.  Bi ar ez  and J.  Meuni er  ( Wr i t t en di scuss i on)

MESURES SI LMUTANEES DU MODULE Di YOUNQ' . ET DU. COEFFI CI ENT 
DE POI SSON EN PETI TES DEFORMATI ONS 
Si l mul t aneous  Measur ement s  of  Young' s  Modul us  and 
Poi s s on1s Coef f i c i ent  f or  Smal l  St r ai ns

Le but  de c et  es s ai  es t  de mes ur e r  s i mul t anément  en p e ­
t i t es  dé f o r mat i ons  ( f . ^l CT*)  l es  par amèt r es  de l ' é l as t i c i t é  
l i néa i r e  i s ot r ope E et  des  sol s  par  l ' i n t e r p r é t a t i on  
des  r és onnanc es  ax i a l es  s uc c es s i v es  d ' un  éc han t i l l on  c y ­
l i ndr i que l i br e à ses  deux  ex t r émi t és  ( nous  av ons  admi s  
que pour  de t r ès  f a i b l es  v ar i a t i ons  de c ont r a i n t es  aut our  
d ' un  ét at  i n i t i a l  donné,  l a l oi  de c ompor t ement  d ' un  sol  
pouv a i t  êt r e  as s i mi l ée  à une l oi  é l as t i que  l i n é a i r e ) .

c on t r a i n t e  i s o t r ope <73 pour  deux  
v a l eur s  de l ' i nd i c e des  v i des  e Q

Y o ud ,  T . L .  a n d  P e r k i n s ,  D.M. ( 1 9 7 8 ) .  M a p p i n g
l i q u e f a c t i o n - i n d u c e d  g r o u n d  f a i l u r e  p o t e n t i a l .  
J o u r ,  o f  t h e  G e o t e c h .  E n g .  D i v . ,  ASCE, V o l .  

1 0 4 ,  No.  GT4, P r o c .  P a p e r  1 3 6 5 9 ,  A p r i l ,  

p p .  4 3 3 - 4 4 6 .

Z i e n k i e w i c z ,  O . C . ,  C h a n g ,  C . T .  a n d  H i n t o n ,  E.
( 1 9 7 8 ) .  N o n - l i n e a r  s e i s m i c  r e s p o n s e  a n d  

l i q u e f a c t i o n .  I n t .  J o u r ,  f o r  Num. a n d  A n a l y . 
M e t h .  i n  G e o m e c h . ,  V o l .  1 ,  p p .  3 8 1 - 4 0 4 .

r epor t s.

I bel i eve t hat  I expr ess  t he opi ni on of  al l  par t i c i pant s  
of  t he Sess i on t o t hank t he Or gani z i ng Commi t t ee and al l  
t hose per sons  and or gani zat i ons  sponsor i ng t hi s Sessi on.
I woul d l i ke t o t hank al l  t hose who wer e r espons i bl e f or  
t he excel l ent  ar r angement s  f or  our  Sess i on and f or  t he 
hospi t al i t y .

L a  pos s i b i l i t é  de mes u r e  s i mul t anée es t  due à l a d é ­
c r o i s s ant e  de l a v i t es s e  de phas e l or s  des  r és onnanc es  
ax i a l es  s uc c es s i v es  ( r e l a t i on de d i s p e r s i o n ) . Ce p h éno ­
mène  qui  a ét é é t ud i é  par  Poc c hammer  pour  u n  éc hant i l l on  
de l ongueur  i nf i n i e,  a donné l i eu à p l us i eur s  r e l a t i ons  
appr oc hées ,  l a p l us  s i mpl e d ' en t r e  el l es  ét ant  due à 

Lov e  :
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c1 = c*  -  2 V a  u»

c ï v i t es s e  de phas e 
U» « 2l f f  , où f  es t  l a f r équenc e 
a : r ay on de l ' éc hant i l l on  
Ç  : c oef f i c i ent  de Po i s s on

c L = . / — , où E es t  l e modu l e  d ’ Young  
'  "  et  £ l a mas s e  v o l umi que

Rés ul t a t s  obt enus
Ac t ue l l ement  s eul s  des  es s ai s  s ur  ma t é r i aux  pu l v ér u l en t s  

secs  ont  ét é r éal i s és ;  l a c ont r a i n t e  i s ot r ope OJ  app l i ­

quée s ur  l ' éc hant i l l on  ét ant  i n f ér i eur e  â 0, 06 MPa.
I l  appar a i t  que l es  v a l eur s  du modu l e  d ' Young peuv ent  

ê t r e  appr oc hées  par  une l oi  du t ype:

E = A ( «j ) n

av ec  n  = 0, 63 pour  un  s abl e de g r anu l omèt r i e  s er r ée 
( d, g = 2, 20 mm)  et  <Ç<0 , 06  MPa.

Comme l e mon t r e  l a f i gur e 1,  A es t  une f onc t i on  de 
l ' i nd i c e des  v i des  i n i t i a l  e0 du mat ér i au.

Les  v a l eu r s  du c oef f i c i en t  de Po i s s on  qui  p r és ent en t  
une l égèr e c r o i s s anc e av ec  l a c ont r a i n t e  i s ot r ope se s i ­
t uent  ent r e 0, 2 et  0, 3 ( voi r  f i gur e 2) .

R. P.  Chapui s  ( Wr i t t en di scuss i on)

VOI D RATI O,  POOR REPRESENTATI ON OF THE STATE OF PACKI NG 
L' I ndi ce des Vi des,  Mauvai se I mage de l a St r uc t ur e I n­
t er ne

Th e d y n a m i c  s o i l  p r o p e r t i e s  w h i c h  m u s t  b e  e v a l u ­
a t e d  f o r  d e s i g n  p u r p o s e s  a r e  u s u a l l y  a s s u m e d  t o  
d e p e n d  o n  t h e  v o i d  r a t i o  a n d  t h e  m ea n  e f f e c t i v e  

s t r e s s .  I t  i s  w e l l - k n o w n  h o w e v e r  t h a t  i n  s i t u  
d e p o s i t i o n  o f  s o i l s  r e s u l t s  i n  a n  a n i s o t r o p i c  
a r r a n g e m e n t  o f  p a r t i c l e s  w h i c h  s h o u l d  b e  r e f l e c ­

t e d  i n  t h e  s h e a r  m o d u l u s  a n d  d a m p i n g  c h a r a c t e r i ­
s t i c s .  I t  i s  known a l s o  t h a t  t h e  r e s i s t a n c e  o f  
s a t u r a t e d  s a n d s  t o  l i q u e f a c t i o n  d e p e n d s  o n  t h e i r  
s t a t e  o f  p a c k i n g  w h i c h  w i l l  i n f l u e n c e  t h e i r  b e ­

h a v i o r  e v e n  wh e n  t h e  r e l a t i v e  d e n s i t y  i s  t h e  s a m e .

T he  p u r p o s e  o f  t h i s  d i s c u s s i o n  i s  t o  p r e s e n t  r e ­
c e n t  r e s u l t s  r e l a t e d  t o  t h e  d e s c r i p t i o n  o f  t h e  
s t a t e  o f  p a c k i n g ,  w i t h  e m p h a s i s  p l a c e d  u p o n  t h e  
c r i t i c a l  d e n s i t y  c o n c e p t ,  w h i c h  may b e  u s e f u l  

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

A f t e r  d e v e l o p i n g  s t a t i s t i c a l  d e f i n i t i o n s  o f  s t r e s s  
a n d  m o me n t  s t r e s s  t e n s o r s ,  o b t a i n e d  f r o m  i n t e r -  
g r a n u l a r  f o r c e s  a n d  g e o m e t r i c  c h a r a c t e r i s t i c s  
( C h a p u i s ,  1 9 7 6 ) ,  i t  a p p e a r e d  t h a t  t h e  s p a t i a l  

d i s t r i b u t i o n  o f  t h e  n o r m a l s  t o  c o n t a c t  p l a n e s  wa s  
a c t i n g  a s  t h e  i n t e r n a l  s t r u c t u r a l  l i n k  b e t w e e n  
s t r e s s  a n d  s t r a i n .  I n  f a c t  t h e  c o n t a c t  p o i n t s  a r e  
s i m u l t a n e o u s l y  t r a n s m i t t i n g  f o r c e s  ( s t r e s s  a t  ma­
c r o s c o p i c  l e v e l )  a n d  c o n t r o l l i n g  r e l a t i v e  m o v e ­

m e n t s  ( s t r a i n  a t  m a c r o s c o p i c  l e v e l ) .

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

t o r t i o n  t e s t s  o n  b i d i m e n s i o n a l  s t a c k i n g s  o f  c o a ­
x i a l  c y l i n d e r s  ( f o u r  d i a m e t e r s ) . Many new m i c r o ­

s c o p i c  r e s u l t s  ( C h a p u i s ,  1 9 76 )  w e r e  o b t a i n e d  
c o n c e r n i n g  : t h e  m e a n  n u m b e r  o f  c o n t a c t s  p e r  
g r a i n ;  t h e  i n d i v i d u a l  a n d  m ea n  r o t a t i o n s ;  t h e  
c r e a t i o n ,  d i s p a r i t i o n  a n d  d i s p l a c e m e n t  o f  c o n t a c t  
p o i n t s ;  t h e  s p a t i a l  d i s t r i b u t i o n  o f  t h e  n o r m a l s  

t o  t h e  c o n t a c t  p l a n e s  d e s c r i b e d  b y  t h e  i n t e r n a l  
s t r u c t u r e  t e n s o r .  M o s t  o f  t h e s e  r e s u l t s  w e r e  
p r e s e n t e d  i n  a  r e c e n t  p a p e r  b y  C h a p u i s  a n d  S o u l i S  
( 19 8 1 )  .

T h o s e  s ho wn  o n  F i g . l  c o n t a i n  i n t e r e s t i n g  a n d  

u n u s u a l  a s p e c t s .

D u r i n g  t h e  f i r s t  l o a d i n g  ( OA) , a  d e n s e  b e h a v i o r  
i s  o b s e r v e d .  A f t e r  r e a c h i n g  t h e  i s o c h o r i c  ( c o n ­
s t a n t  v o l u m e )  s t a g e  o f  d e f o r m a t i o n ,  i t  i s  p o s s i ­
b l e  t o  u n l o a d  w h i l e  o = ct2 r e m a i n s  c o n s t a n t .
T h e n  a  s h a r p  b e n d  i s  o b s e r v e d  o n  t h e  c u r v e  (B) 
wh e n  t h e r e  i s  a n  i n v e r s i o n  o f  m a j o r  a n d  m i n o r

0 ^ -  0f,(N/cm)

-2
0 5 10

V ERT I CA L DEFORMATION (%)

V ERT I CA L  DEFORM ATION (%)

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

s t r e s s e s ;  n o  p e c u l i a r  b e h a v i o r  i s  n o t i c e d  o n  t h e  . 
e  v s  e c u r v e  d u r i n g  t h e  s t r e s s  i n v e r s i o n .  A f t e r  
t h e  u n Y o a d i n g  p h a s e ,  t h e  s a m p l e  i s  l o a d e d  a g a i n  
a n d  a l o o s e  b e h a v i o r  i s  r e g i s t e r e d  ( C D ) . I t  i s  
w o r t h  n o t i n g  t h a t  t h e  v o i d  r a t i o  d u r i n g  t h e  s e ­
c o n d  i s o c h o r i c  s t a g e  i s  q u i t e  d i f f e r e n t  f r o m  t h e  

o n e  o b t a i n e d  i n  t h e  f i r s t  l o a d i n g  ( A ) . T h i s  i n ­
v a l i d a t e s  t h e  w e l l - a c c e p t e d  n o t i o n  t h a t  e  i s  
o n l y  a  f u n c t i o n  o f  t h e  m ea n s t r e s s ,  a n d  c v  
g i v e s  a n  e v i d e n c e  t h a t  i t  d e p e n d s  a l s o  o n  t h e  
i n i t i a l  s t a t e  o f  a n i s o t r o p y .

T h i s  w a s  c o n f i r m e d  by  m i c r o s c o p i c  r e s u l t s  w h i c h  
may b e  s u m m a r i z e d  a s  f o l l o w s  :
a )  T h e  s p a t i a l  d i s t r i b u t i o n  o f  t h e  n o r m a l s  t o  

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

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

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

b)  D u r i n g  a l l  a n a l y z e d  b i a x i a l  c o m p r e s s i o n  t e s t s ,  
i t  w a s  r e g i s t e r e d  t h a t  t h e  p r i n c i p a l  d i r e c ­
t i o n s  o f  s t r u c t u r e  c o i n c i d e  w i t h  t h o s e  o f  
s t r e s s  a n d  s t r a i n ;  t h e  f a c t  t h a t  t h e  s a m p l e  
w a s  p r e p a r e d  b y  g r a v i t y  a n d  t h a t  t h e  v e r t i ­
c a l  i s  a  p r i n c i p a l  a x i s  o f  o a n d  e p r o b a b l y  
i n f l u e n c e d  t h i s  r e s u l t .

c )  D u r i n g  a  t e s t  o n  a  d e n s e  p a c k i n g ,  t h e  m ea n 
n u m b e r  o f  c o n t a c t s  p e r  g r a i n  d r o p s  m a r k e d l y  

a f t e r  t h e  p e a k  o f  s t r e s s ,  a n d  t h e n  r e m a i n s  
a p p r o x i m a t e l y  c o n s t a n t  u n t i l  t h e  s t a g e  o f  
i s o c h o r i c  d e f o r m a t i o n  i s  r e a c h e d ,  w h e r e  t h e  
i n t e r n a l  s t r u c t u r e  i s  i n v a r i a n t .
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d) The ratio S 1/S2 of principal values, which 
characterizes the structural anisotropy, is 

a constant for isochoric deformation of ini­

tially dense or loose packings, although the 

void ratios may have different values.

e) There is no direct relàtionship between e 

and the mean number of contacts per grain.

These experimental results have shown that many 

opinions about interlocking, state of packing, 

flow structure, critical density... should be 

reviewed according to the notion of the internal 

structure tensor, when a soil undergoes lique­

faction, which is an example of isochoric defor­

mation, its structural anisotropy is constant.

In fact such flow occurs when the internal stru­

cture becomes unable to adapt itself to the so­

llicitation and can only reproduce itself identi­

cally. It should be understood that the tensor 

internal structure is acting as a permanent 

memory, and that the scalar void ratio is a poor

D.  Lef ebvr e and J. L.  Lecouf l e ( Wr i t t en di scuss i on)

VALI DATI ON D' UNE METHODE DES FONDATI ONS DE MACHI NES 
VI BRANTES PAR DES ESSAI S I N- SI TU EN GRANDEUR REELLE 
Val i dat i on of  a Cal cul at i on Met hod of  Vi br at i ng Founda­
t i ons by I n- Si t u Ful l - Si ze Test s

Les  c a l c u l s  v i s c o - é l as t i ques  par  é l ément s  f i n i s  c ondu i s en t  
à l a dé f i n i t i on  d ' i mpédanc es  r édu i t es  du sol  s ous  l es  f on ­
da t i ons  de mac h i nes  v i br an t es ,  pour  d i f f é r en t s  modè l es  de 
sol s .  A l ' a i de de ces  i mpédanc es  et  d ' une i n t er p r é t a t i on  
par  par amèt r es  c onc ent r és ,  l es  c our bes  de r épons e de ces  
f ondat i ons  peuv ent  ê t r e  c al c ul ées .  Une ét ude i n- s i t u  en 
v r a i e  gr andeur  a per mi s  de c ont r ô l e r  c es  c a l c u l s  par  c om­
pa r a i s on  des  c our bes  de r épons e c al c u l ées  et  des  c our bes  
de r épons e mes u r ées  s ur  deux  c as  de f ondat i ons  et  s ur  t r oi s  
t y pes  de sol s  ( sabl e de Font a i nebl eau,  a r g i l e  de Pr ov i ns ,  
g r av i e r  de Pet i t e  Sei ne) .

INTRODUCTION :

Pour  cont r Sl er  l e cal cul  par  él ément s  f i ni s  des i mpédances 
r édui t es  du sol  sous l es f ondat i ons  de machi nes  v i br ant es ,  
l es cour bes  de r éponse ont  ét é cal cul ées  à par t i r  de ces 
i mpédances  et  compar ées  aux  cour bes  de r éponse de f onda­
t i ons en v r ai e gr andeur  ( I ) .

EXCITATION :

L ' ex c i t a t i on  es t  u n  " br u i t  b l anc  10 Hz  -  80 Hz " ,  génér é 
par  u n  v é r i n  hy d r au l i que  as s er v i ;  on  peut  c ho i s i r  l e n i ­
v eau  de f or c e F i mpos é à l a f ondat i on.  Deux  c as  de f on ­
da t i ons  ont  ét é é t ud i és  (1 x  1 x  0, 4  m̂  et  2, 5 x  3 x  0, 5 
m3) .  Deux  d i r ec t i ons  d ' ex c i t a t i on  ont  ét é c ons i dér ées  : 
v e r t i c a l e  et  ho r i z on t a l e  ( t ami s - r oul i s ) .

PARAMETRES DU SOL :
Les  modu l es  à ent r er  dans  l es  c a l c u l s  sont  des  modu l es  
moy ens  c a l c u l és  à par t i r  des  mes ur es  " c r os s - h o l e " . A c ha ­
que f r équenc e,  une " p r o f ondeur  de péné t r a t i on  des  ondes  
dans  l e sol "  es t  dé f i n i e  en f onc t i on  du mouv ement  génér é 
( ver t i c al ,  t ami s - r oul i s ) .  Sui v ant  l a v a l eu r  de c et t e 
p r o f ondeur  et  l a l i t ho l og i e  du t er r ai n,  un  modè l e  de c a l ­
cul  es t  c hoi s i  ( modèl e s emi - i nf i n i ,  c ouc he sur  s ubs t r a ­
t um r i gi de,  b i - c ouc he,  r embl a i  en cuve)  et  une  v a l eur  
moy enne  de modu l e  es t  a t t r i buée à c haque c ouc he du modèl e.  
La  non l i néar i t é  du sol  es t  pr i s e en c ompt e par  u n  c al c ul  
i t ér at i f  f ondé s ur  l a c onna i s s anc e des  c our bes  G = G ( "J ) 
mes ur ées  au t r i ax i a l  en pe t i t es  déf or mat i ons .

CALCUL :
Les  i mpédanc es  r édu i t es  du sol  kj . j  et  c i j  à l a bas e  de l a 
f ondat i on  s ont  f our n i es  par  un  c al c ul  v i s c o - é l as t i que  par  
él ément s  f i n i s  av ec  12 é l ément s  sous  l a bas e  de l a f onda-

representation of the state of packing. 

Suggestions on how to handle this tensor S and 

introduce it in constitutivë equations, may be 

found in the paper by Chapuis and Soulié (1981). 

This theoretical problem is waiting for solu­

tions, as the practical problem of measuring the 

in-situ internal structure parameters of a soil.
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t i on et  av ec  amor t i s s eur s  aux  f r ont i è r es  ( 2) .  Des  abagues  
k i j  = k i j  ( ao)  et  c i j  = ci j  ( a0 ) ( avec  ao = f v o  

s ont  f our ni s .  Les  i mpédanc es  g l oba l es  et  Cj j  ( par a ­
mè t r es  c onc ent r és )  s ont  données  en f onc t i on  des  i mpédan ­
ces  r édui t es ,  des  p r opr i é t és  méc an i ques  de l a pr emi èr e  
c ouc he de sol  et  de l a s ur f ac e de bas e de l a f ondat i on.

CONCLUSI ON :

Pour  l es  mouv ement s  v e r t i c a l  et  de t ami s - r ou l i s ,  l e c a l ­
c ul  des  c our bes  de r épons e f ai t  l ' ob j e t  d ' un  pr ogr amme 
sur  c a l c u l a t r i c e  TI - 59.  La f i ab i l i t é  de ce p r ogr amme es t  
bonne  en ex c i t a t i on  v e r t i c a l e  : v o i r  f i gur e.  Au c ont r a i r e,  
l e c as  du mouv ement  c oup l é  de t ami s - r ou l i s  ne peut  êt r e 
r e t r ouv é de f aç on  s at i s f a i s ant e ,  à mo i ns  d ' opér er  une 
r éduc t i on  i mpor t an t e  des  modu l es ,  due  v r a i s emb l ab l emen t  
à 1 ' an i s o t r op i e  du sol .

FONCTION DE TRANSFERT (MODULE)

10-3 M/N

F O N C T I ON  DE  T R A N S F E R T  O/ ÛPUL E)  

1 0 “ a M/ N
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Cour bes  de r épons e  ( ampl i t ude de dép l ac ement  s ur  f or c e 
ex c i t at r i c e)  d ' une f ondat i on  r ec t angu l a i r e  2, 5 x  3 x  0, 5  

pos ée sur  u n  s abl e de Fon t a i neb l eau  s ec  ( Es £sm = 200 
MPa ) . Ex c i t a t i on  v e r t i c a l e  et  hor i z ont a l e .
\ / \ s  es s ai s  pour  p l us i eur s  n i v eaux  d ' ex c i t a t i on  ( i nf l uen ­

ce de l a non- l i néar i t é)

+  4- +c a l c u l  avec  G = G
s i sm

o o e c al c ul  av ec  G = G ( ^ ) ( c or r ec t i on de non - l i n é a r i t é

( 1)  -  Le f ebv r e  D.  : ( 198Q)  Mes u r e  des  pr opr i é t és  r héo -  
l ogi ques  du sol  pour  l e c al c ul  des  f ondat i ons  v i br ant es .  
Et ude ex pér i ment a l e  i n- s i t u.  Thès e D. I .  -  Ec o l e  Cen t r a l e  

de Par i s  -

( 2)  -  Cr épel  J . M : ( 1981)  App l i c a t i on  de l a mé t hode  des  
é l ément s  f i n i s  au c al c ul  des  i mpédanc es  du sol  s ous  l es 
f ondat i ons  de s t r uc t ur es  s oumi s es  à l ' ac t i on du vent .  
Thès e D. I .  en p r épar a t i on  à l ' Ec ol e Cent r a l e  de Par i s .

T.  Mat sui  and N.  Abe ( Wr i t t en di scussi on) '  

CYCLI C BEHAVI OR OF SATURATED CLAY

We w i s h  t o  d i s c u s s  t h e  c y c l i c  b e h a v i o r  o f  
s a t u r a t e d  c l a y  f r o m  v i e w p o i n t  o f  e f f e c t i v e  
s t r e s s ,  c o m p a r i n g  w i t h  t h a t  o f  s a t u r a t e d  s a n d .
I n  o r d e r  t o  d i s c u s s  t h i s  p o i n t ,  i t  i s  e s s e n t i a l  
t o  a c c u r a t e l y  m e a s u r e  t h e  c y c l i c  p o r e  w a t e r  

p r e s s u r e  ( M a t s u i ,  O h a r a  a n d  I t o ,  1 9 8 0 ) .
G e n e r a l l y  s p e a k i n g ,  t h e  d i s t r i b u t i o n  o f  t h e  
e x c e s s  p o r e  p r e s s u r e  i s  n o t  u n i f o r m  i n  t h e  
t r i a x i a l  s p e c i m e n ,  b e c a u s e  o f  t h e  e n d  r e s t r a i n t .  
I n  t h e  c o n v e n t i o n a l  m e t h o d ,  t o  a v o i d  t h i s  
d i f f i c u l t y  o f  u n e v e n  p o r e  p r e s s u r e  m e a s u r e m e n t ,  
t h e  a x i a l  l o a d  i s  a p p l i e d  v e r y  s l o w l y  t o  t h e  

c l a y  s p e c i m e n . H o w e v e r ,  we u s u a l l y  o b s e r v e  
w a v e s  o f  a r o u n d  1 Hz o f  f r e q u e n c y  f o r  e a r t h ­
q u a k e s ,  a r o u n d  0 . 1  Hz f o r  o c e a n  w a v e s .
T h e r e f o r e ,  i t  i s  n e c e s s a r y  t o  a c c u r a t e l y  m e a s u r e  
t h e  c y c l i c  p o r e  p r e s s u r e  w i t h i n  a  c l a y  s p e c i m e n  
s u b j e c t e d  t o  s u c h  h i g h e r  f r e q u e n c y  l o a d i n g s ,  

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

F o r  t h i s  p o r p o 3e ,  we h a v e  d e v e l o p e d  a  r e l i a b l e  
m e a s u r i n g  t e c h n i q u e  o f  t h e  c y c l i c  p o r e  p r e s s u r e ,  

i n  w h i c h  a s m a l l  m i n i a t u r e  t r a n s d u c e r  was  
i n s e r t e d  a t  t h e  c e n t e r  o f  a t r i a x i a l  c l a y  
s p e c i m e n  ( M a t s u i  a n d  A be ,  1 9 8 1 ) .  The s i z e  o f  
t h e  t r a n s d u c e r  i s  5 mm i n  d i a m e t e r  a n d  1 3 . 5  mm 

l o n g ,  a n d  t h a t  o f  t h e  s p e c i m e n  i s  50 mm i n  
d i a m e t e r  a n d  125 mm l o n g .  As t h e  d i a f r a g m  o f  
t h i s  t r a n s d u c e r  i s  l o c a t e d  a t  a l m o s t  n e a r  t h e  
t i p ,  i t  was  c o n f i r m e d  t h a t  i t s  r e s p o n s e  w i t h i n  
t h e  s p e c i m e n  was  v e r y  w e l l  f o r  a n  i s o t r o p i c  
c y c l i c  p r e s s u r e  ( M a t s u i  a n d  A b e ,  1 9 8 1 ) .

' o 
b

I n  t h e  f o l l o w i n g ,  a r e  s h o w n  some r e s u l t s  o f  
c y c l i c  t e s t s ,  i n  w h i c h  c o m p r e s s i o n  a n d  e x t e n s i o n  
s t r e s s e s  a r e  a l t e r n a t e l y  a p p l i e d  t o  a  s p e c i m e n  
u n d e r  a  c o n s t a n t  mea n t o t a l  p r i n c i p a l  s t r e s s .  
F i g . l  s h o w s  t h e  b e h a v i o r  o f  c u m u l a t i v e  e x c e s s  
p o r e  p r e s s u r e ,  w h i c h  i s  r e p r e s e n t e d  b y  t h e  v a l u e  
a t  no  s h e a r  s t r e s s  a n d  i s  n o r m a l i z e d  b y  t h e  
e f f e c t i v e  c o n s o l i d a t i o n  p r e s s u r e .  I n  t h i s  
f i g u r e ,  i t  i s  s e e n  t h a t  t h e  e x c e s s  p o r e  p r e s s u r e  
f o r  e a c h  t y p e  o f  s o i l  i n c r e a s e s  a l m o s t  l i n e a r l y  

w i t h  i n c r e a s i n g  n u m b e r  o f  c y c l e s ,  r e g a r d l e s s  o f  
s u c h  s o i l  t y p e s  a s  d e n s e  a n d  l o o s e  s a n d s  o r  
n o r m a l l y  c o n s o l i d a t e d  c l a y ,  a n d  t h e n  a p p r o a c h e s  
t o  t h e  c o n f i n i n g  p r e s s u r e .  F i g . 2 s h o w s  t h e  
b e h a v i o r  o f  p e a k - t o - p e a k  a x i a l  s t r a i n .  T h o s e  

f o r  c l a y  a n d  l o o s e  s a n d  do n o t  s i g n i f i c a n t l y  
i n c r e a s e  a t  t h e  e a r l y  s t a g e  o f  n u m b e r  o f  c y c l e s ,  
b u t  i n c r e a s e  r a p i d l y  a f t e r  a  c e r t a i n  n u m b e r  o f  
c y c l e ,  w h i l e  t h e  a x i a l  s t r a i n  f o r  d e n s e  s a n d  

i n c r e a s e s  m or e  r a p i d l y  a t  t h e  e a r l y  s t a g e ,  a n d  
t h e n  t h e  i n c r e a s i n g  r a t e  g r a d u a l l y  d e c r e a s e s .  
E v e n  a f t e r  a r o u n d  30 c y c l e s ,  i n  w h i c h  t h e  e x c e s s  
p o r e  p r e s s u r e  r e a c h e s  t h e  c o n f i n i n g  p r e s s u r e ,  
t h e  s t r a i n  d o e s  n o t  r a p i d l y  i n c r e a s e s ,  t h a t  i s ,  
c y c l i c  m o b i l i t y  may o c c u r .

C o m p a r i n g  q u a l i t a t i v e l y  c y c l i c  b e h a v i o r s  o f  
s a t u r a t e d  c l a y  a n d  s a n d ,  t h o s e  o f  e x c e s s  p o r e  

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

<c
L U

s

NUMBER OF CYCLES,  N NUMBER OF CYCLES,  N

F i g . l  B e h a v i o r  o f  C u m u l a t i v e  E x c e s s  P o r e  

P r e s s u r e
Fi g . 2  B e h a v i o r  o f  P e a k - t o - P e a k  A x i a l  

S t r a i n
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" l o o s e  s a n d ,  a l t h o u g h  t h e y  a r e  d i f f e r e n t  i n  
m e c h a n i s m  f r o m  t h o s e  o f  s a t u r a t e d  d e n s e  s a n d .  
P a y i n g  a t t e n t i o n  t o  c y c l i c  b e h a v i o r s  o f  a  s o i l  
e l e m e n t ,  t h o s e  f a c t s  d e s c r i b e d  a b o v e  may s u b s t a n ­

t i a t e  t h a t  e v e n  i n  t h e  s a t u r a t e d  c l a y  t h e  s i m i l a r  
p h e n o m e n o n  a s  i n  s a t u r a t e d  l o o s e  s a n d  c a n  o c c u r .  
H o w e v e r ,  t h i s  d o e s  n o t  i m m e d i a t e l y  i m p l y  t h a t  
l i q u e f a c t i o n  i n  a  s a t u r a t e d  c l a y e y  g r o u n d  o c c u r s  
a s  t h e  same  a s  i n  s a t u r a t e d  s a n d  g r o u n d .
To r e a c h  a  c o n c l u s i o n  on  t h i s  m a t t e r ,  we s h o u l d  
b e  f u r t h e r m o r e  d i s c u s s  t h e  e f f e c t s  o f  t h e  l o w  

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

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

c l a y e y  g r o u n d .
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