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P.A. V E R M E ER  D e p t, o f  C iv il E n g in e e r in g , D e lf t  U n iv e rs ity  o f  T e c h n o lo g y , D e lf t ,  T h e  N e th e r la n d s

S YN OP S I S  I n  c o m b i n a t i o n  w i t h  H o o k e ' s  l a w  t h e  h y p e r b o l i c  s h e a r  s t r a i n  r e l a t i o n s h i p  h a s  b e e n  p r o ­

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

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

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

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

u n k n o w n ,  r e l a t i o n s h i p s .  T h e  m o d e l  p r o p o s e d  h e r e  i s  t h e  c o n j u n c t i o n  o f  t h r e e  w e l l - k n o w n  r e l a t i o n s h i p s  

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

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

I N T R ODU C T I ON

I n  t h e  e a r l y  s i x t i e s  s o m e  v a l u a b l e  i d e a s  o n  t h e  

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

s i n g  s t r e s s  r a t i o s ,  K o n d n e r  ( 1 9 6 3 )  s h o w e d  t h a t  

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

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

s t r e s s  r a t i o s ,  C h a p l i n  ( 1 9 6 1 )  a n d  J a n b u  ( 1 9 6 3 )  

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

d e s c r i b e d  b y  a  p o w e r  l a w .  H a n s e n  ( 1 9 6 5 )  c o m b i n e d  

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

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

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

l i d a t e d  b y  Du n c a n  a n d  C h a n g  ( 1 9 7 0 ) .  R o w e  ( 1 9 6 2 ,

1 9 7  1)  s h o w e d  b o t h  t h e o r e t i c a l l y  a n d  e x p e r i m e n ­

t a l l y  t h a t  t h e  t o t a l  v o l u m e  s t r a i n ,  v ,  m a y  b e  

s u b d i v i d e d  s u c h  t h a t  v  = v c  +  v ^ . H e r e ,  v c  i s  

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

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

y e a r s  s e v e r a l  r e s e a r c h e r s  h a v e  v a l i d a t e d  t h e  

a b o v e  i d e a s .

I n  r e c e n t  y e a r s  a  w i d e  r a n g e  o f  e l a s t o p l a s t i c  

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

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

i s  a s s e m b l e d .  Wi t h  t h e  e x c e p t i o n  o f  t h e  p o w e r  

l a w ,  L a d e  a n d  Du n c a n  ( 1 9 7 5 )  i n t r o d u c e d  n e w  r e l a ­

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

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

f o u r t e e n  m a t e r i a l  c o n s t a n t s  ( L a d e ,  1 9 7 7 )  . No v a  

a n d  Wo o d  ( 1 9 7 9 )  a s s e m b l e d  q u i t e  d i f f e r e n t  r e l a ­

t i o n s h i p s  t o  o b t a i n  a  s e v e n - c o n s t a n t  m o d e l .  H e r e ,  

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

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

( 1 9 7 0 ) ,  w h i c h  i n v o l v e s  s i x  c o n s t a n t s  i n  t h e  c a s e  

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

b o t h  t h e  s h e a r  s t r a i n  e q u a t i o n  a s  w e l l  a s  t h e  

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

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

n o t  b e e n  n e g l e c t e d .  S u c h  a  s e v e n - c o n s t a n t  m o d e l  

w a s  a d v o c a t e d  b y  t h e  w r i t e r  ( 1 9 7 7  , 1 9 8 0 )  , b u t  

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

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

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

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

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

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

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

s o u n d  m a n n e r .

I n  s e c t i o n  2 we  s h a l l  t r e a t  f i v e  c o n s t a n t s  b y  

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

r e s p e c t i v e l y .  We  s h a l l  o n l y  c o n s i d e r  p r i m a r y  

l o a d i n g  i n  t r i a x i a l  c o m p r e s s i o n ,  i . e .

^ ° 2 = ^  3 ' a n(  ̂ we USG°i

■ i ( o; a 3>
q  =  a ;

°  3

Y = e

C o m p r e s s i v e  s t r e s s e s  a n d  c o n t r a c t i v e  s t r a i n s  

w i l l  b e  c o n s i d e r e d  p o s i t i v e .

I n  s e c t i o n  3 we  s h a l l  t r e a t  u n 1 o a d i n g - r e l o a d i n g  

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

s t a n t s .  I n  t h e  s u b s e q u e n t  s e c t i o n s  t h e  a t t e n t i o n  

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

Ma n y  o f  t h e  d e t a i l s  o m i t t e d  h e r e  f o r  l a c k  o f  

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

a p p ro x im a t io n  w ith :  y 

po = 200  k N /m 2 

a = 1.56 

p = 0.50 

Yo= 0.75 _

0 200 400

p: kN /m

F i g .  1 ( a )  d a t a  f r o m Ta t s u o k a  & I s h i h a r a  f o r  a  l o o s e  s a n d

(b )  e x p e r i m e n t a l  a n d  p r e d i c t e d  s h e a r  s t r a i n  c o n t o u r s
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2.  TRI AXI AL  COMPRESSI ON- FI RST L OADI NG 3.  UNL OADI NG- REL OADI NG

Kondner  and Ze l as k o  ( 1963)  pe r f o r med  d r a i ned  
t es t s  f or  v a r i ous  c o ns t an t  v a l ues  of  t he mean 

s t r es s  p,  and t hey  s howed t hat  t he r es u l t s  

c ou l d  be wel l  a p p r ox i ma t ed  by  t he hy per bo l i c  
l aw y  = <1 (A + By)  wher e  A and B depe n d  on p.  
Meanwhi l e ,  a power  l aw had been p r opos ed by  
au t ho r s  who s t ud i ed t he c o mp r e s s i b i l i t y  of  s and 

under  c on s t a n t  r a t i os  of  q/ p.  Us i ng  A/ B = C 

and Bp = 1/ a t he abov e l aws  c an be wr i t t en  as

q / p
l - q/ p / p ( l )

f or  a s and at  a g i v en i n i t i a l  dens i t y .  Her e,  C 

depends  on p,  pQ i s s ome r e f e r enc e  s t r es s  and

a,  v Q, 8 ar e t r ue c ons t an t s .  The c o ns t an t  a 
s t ands  f or  t he u l t i ma t e  v a l ue  of  q/ p and i t  c an 

be de r i v ed  t hat  a = 6 s xn 4>' /  ( 3- s i n<J> ' ) . The  v al ue 
c hos en  f or  pQ i n f l uenc es  v Q, s i nc e v Q r ep r es en t s  
t he v o l ume  s t r a i n  i n i s o t r op i c  c omp r e s s i o n  up 
t o p = pQ. Mos t  pub l i s hed  v a l ues  f or  6 ar e i n 
t he r ange be t ween 1/ 3 and 1/ 2.
Hans en ( 1965)  ex p r es s ed  C ana l ogous  t o v c t o 

ob t a i n

I t  i s  r ec a l l ed  t hat  t he abov e r e l a t i ons h i ps  ar e 
on l y  v a l i d  f or  f i r s t  l oad i ng.  For  t he s hear  
s t r a i n Y t h i s  means  t hat  equa t i on  ( 2)  c an  be 
us ed as  l ong  as  i t  p r ed i c t s  an i nc r eas e  of  Y •
For  a be t t e r  und e r s t a n d i n g  of  t h i s  c r i t e r i o n  we 
c ons i de r  s hear  s t r a i n  c on t ou r s  as  s hown i n Fi g. 1.  
Her e,  dat a  f r om Ta t s uok a  and I s h i har a  ( 1975)  ar e 
f i t t ed  by  equat i on  ( 2) ;  t he a p p r op r i a t e  c u r v a ­
t ur e i n t he c on t o u r s  was  ob t a i ned  f or  0 = 0 . 5 .

We hav e f i r s t  l oad i ng  as  l ong as  t he s t r es s  pat h  
i n t e r s ec t s  s ubs equen t  s hear  s t r a i n  c on t our s .  I n 
t er ms  of  p l a s t i c i t y  t heor y  t hi s  means  t hat  t he 
( shear )  y i e l d  l oc us  i s a s hear  s t r a i n  c ont our .  

Th i s  s t a t emen t  i s v a l i da t ed  by  t he wor k  of  
St r oud ( 1971)  and Ta t s u o k a  and I s h i har a  ( 1974) .  
Thus ,  i ns t ead  of  i n t r oduc i ng  a new mat hemat i c a l  
ex pr es s i on ,  we c an s i mp l y  des c r i be  t he s hear  
y i el d l oc us  by  means  of  t he we l l - k n o wn  equat i on

( 2)  .
Ana l o g o u s  t o t he s hear  s t r a i n  r e l a t i ons h i p ,  t he 

equa t i on  f or  v c i s on l y  v a l i d  as  l ong  as  i t  p r e ­
d i c t s  an i nc r eas e  of  v c . Th i s  c r i t e r i o n  l eads  t o 
a v o l umet r i c  y i e l d l oc us  ( a c ap)  p e r pend i c u l a r  
t o t he p- ax i s  i n p , q- p l ane.

Y = y
p___ q/ p

o 8 a - q / p
(2)

wher e  t he c o ns t an t  Y0 r ep r es e n t s  t he s hear  
s t r a i n f or  p = pQ and q / p  = a/ 2.  Vi r t u a l l y  t he 
s ame equat i on  bec ame we l l - k nown  by  t he wor k  of  
Dunc an and Chang ( 1970) .  I n t he l a t t e r ' s  f o r mu ­
l a t i on  p0 i s c hos en  t o be t he a t mos pher i c  p r e s ­
s ur e and i n t he f i r s t  numer a t o r  p i s r ep l ac ed  
by  t he mi no r  p r i nc i pa l  s t r es s , bu t  t hes e d i f f e ­
r enc es  ar e not  es s ent i a l .  Ot her  wor k  has  s hown 
( see f or  i ns t anc e  s ec t i on  3)  t hat  t he abov e 
s hear  s t r a i n  r e l a t i o n s h i p  i s v a l i d  f or  al l  k i nds  
of  t r i ax i a l  c omp r e s s i o n  pat hs .

Shear i ng  of  s and i nv o l v es  c o n t r ac t i on  or  d i l a ­
t i on,  ev en i f  t he mean s t r es s  p i s k ep t  c o n ­
s t ant .  Th i s  v o l ume s t r a i n  i nduc ed by  s hear  

s t r es s  i s  r e f e r r ed  t o as  d i l a t anc y .  I n t h i s  p a ­
per  i t  wi l l  be d e n o t ed  as  v^.  Mos t  au t ho r s  agr ee 

t hat  t he r a t i o  dv ^ / d Y d e p ends  on t he ex i s t i ng  
s t r es s  r a t i o  i n t he s pec i men c ons i de r ed .  Her e,  

dv ^  and dY s t and f or  s mal l  i nc r emen t s  of  v^  and 
Y r es pec t i v e l y .  The mos t  c o n v i nc i ng  t heor y  s t ems  
f r om Rowe ( 1962,  1971) .  Th i s  t heor y  i nv o l v es  t he 
c on s t a n t  k and y i e l ds

k o '
d v _ aY ( 3)

Hav i ng  f o r mu l a t ed  Y as  a f unc t i on  of  s t r es s ,  
t he equa t i on  f or  dv ^  c an be i n t egr a t ed  f or  any  
s t r es s  pat h,  a t  l eas t  numer i c a l l y .

The abov e r e l a t i o n s h i p s  i nc o r po r a t e  t he d i me n ­

s i on l es s  c ons t a n t s  a,  8,  Y0 1 v o an<  ̂ k.  We need 
t he s ame c ons t an t  8 bo t h  f or  Y and v c i n or der  
t o model  t he f o l l owi ng  f eat u r e  of  s and.  Dat a 
f r om c on s t a n t  s t r es s  r a t i o  t es t s  s how p r o p o r ­
t i ona l  d e f o r ma t i on  ( Rowe,  1971) ,  i . e.  t he s t r ai n 
i nc r eas es  bu t  t he r a t i o  be t ween t he s t r a i n  c o m­
p o nen t s  i s c ons t ant .  Vi c e  v er s a,  p r opor t i ona l  
de f o r ma t i on  i n t r u l y  s t r a i n c on t r o l l ed  t es t s  
y i e l ds  c o n s t a n t  s t r es s  r a t i os  ( Gudehus ,  1900) .

The  e l as t i c  s t r ai ns ,  wh i c h ar e r ec ov e r ab l e  upon 

un l oad i ng,  ar e c a l c u l a t ed  f r om Hook e ' s  l aw,  e. g.

E 1 "  i ( 0 i  -  V ° 2  -  v a 3 )

wher e  V i s Po i s s on ' s  r a t i o  and E Young ' s  mo d u ­
l us .  Si mi l ar  t o Du n c an - Chang  ( 1970)  and Lade 
( 1977) ,  V and EQ ar e c ons i de r ed  t o be c ons t an t s .  
Howev er ,  i n t hos e  s t ud i es  Hook e ' s  l aw i s app l i ed  
t o i nc r emen t s  of  s t r es s  and s t r ai n,  and t hi s  i m­
p l i es  t ha t  t he e l as t i c  s t r a i ns  ar e on l y  r e c o v e ­
r ed upon ex ac t  r ev er s a l  of  t he l o a d i ng  pat h.  For  
t he s ec ant  appr oac h,  howev er ,  t he s t r a i ns  ar e 
r ec ov e r ed  ev en when t he un l o a d i n g  pa t h  dev i a t es  
f r om t he l oad i ng  pat h.  Al t hough  t he abov e  e q u a ­
t i on  i s c o r r ec t  f r om t he v i ewpo i n t  of  r ec ov e r y  
and av a i l ab l e  t es t  r es u l t s  ( Ver meer ,  1978) ,  i t  
i s t h e r mo d y n a mi c a l l y  not  s ound.  Ther e f o r e ,  t he 
ex p r es s i on  f or  E mus t  be mod i f i ed  s uc h t hat  a 
s t r a i n  ener gy  f unc t i on  ex i s t s .  Suc h a mo d i f i c a ­
t i on i s a c h i ev ed  by  t he equa t i ons  ( Ver meer ,

1980) :

e  = Eo ( a/ po ) l -E

3 l - 2v
(a: + o ’ ‘ ♦ a - -  2voj o^  -

2va^a^  -  2va^aJ)

For  t r i ax i a l  c omp r e s s i o n  we hav e  0\  

may  be wr i t t en  as
0^ /  and a

a  = p ( 1 + 1 1 + v SL , 
9 1 - 2 V  p 2)

Thus ,  o  i s  p r opo r t i ona l  t o p i n c ons t an t  s t r es s  
r a t i o  pat hs ,  and t he f o r mu l a t i on  c omp l i es  wi t h  
t he ex pe r i men t a l  f i nd i ng  t hat  t he Yo u n g ’ s mo ­
dul i  v ar y  wi t h  t he magn i t ude  of  p.
The ener gy  f unc t i on  W wi t h  p r o p e r t y  = 3w/ 3o|  

f or  i  = 1, 2, 3 i s

W W a 1 + 8 w
1 1 ■

1 +
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4 .  ON T HE  US E OF  S C AL E  MODE LS

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

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

t e s t s  o n  t h e  s a m e  s a n d  a t  g r a v i t y  s c a l e  1 .  L e t  

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

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

f o r  t h e  p r o t o t y p e ,  i . e .  a m = Op / \ ,  w h e r e  a m a n d  

Op  r e p r e s e n t  t h e  s t r e s s  f i e l d s  f o r  t h e  m o d e l  a n d  

t h e  p r o t o t y p e  r e s p e c t i v e l y .  T h e  f a c t o r  A s t a n d s  

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

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

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

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

s t r a i n s .  F u r t h e r m o r e ,  t h e  r a t i o  o f  e x t e r n a l  p r o ­

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

A2 . Un d e r  t h e s e  c o n d i t i o n s  t h e  a b o v e  s t r e s s -  

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

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

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

c o r r e s p o n d s  t o  t h e  o n e  u s e d  b y  H e t t l e r  a n d  Gu -  

d e h u s  ( 1 9 8 0 ) .  C o m p a r i n g  t h e  r e s u l t s  o f  m a n y  m o ­

d e l  t e s t s ,  t h e y  f o u n d  ft -  0 . 3  f o r  s t a t i c  l o a d i n g  

a n d  3 = 0 . 4  f o r  r e p e a t e d  l o a d i n g .  T h u s  t h e  p r e ­

s e n t  e l a s t o p l a s t i c  s t r e s s - s t r a i n  l a w  c o m p l i e s  

w i t h  s o m e  r e s u l t s  o f  m o d e l  t e s t s .

5 .  A P OWDE R  C OMP AC T I ON  P R OB L E M

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

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

f r o m  P h i l i p s  R e s e a r c h  L a b o r a t o r i e s  a t  E i n d h o v e n ,  

T h e  N e t h e r l a n d s ,  w h i l e  t h e  w r i t e r  a s s i s t e d  i n  

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

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

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

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

a  k n o w n  s o l u t i o n .  S u c h  a  p r o b l e m  i s  t h e  c o m p u t a ­

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

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

i n  a  c y l i n d r i c a l  d i e ,  s i n c e  e x p e r i m e n t a l  r e s u l t s  

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

S t r i j b o s  a n d  V e r m e e r ,  1 9 7 7 ) .  S o m e  r e s u l t s  f o r  

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

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

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

c o n s i d e r e d .

F i g .  2 a  s h o w s  a  c r o s s  s e c t i o n  o v e r  t h e  c y l i n d r i ­

c a l  d i e .  I t  r e s e m b l e s  t h e  o e d o m e t e r  t h a t  i s  u s e d  

i n  s o i l  t e s t i n g .  H o w e v e r ,  t h e  r a t i o  o f  h e i g h t  t o  

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

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

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

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

t h e r e f o r e  d i v i d e d  i n t o  4 8  e i g h t - n o d e d  i s o p a r a m e ­

t r i c  f i n i t e  e l e m e n t s ,  w h i l e  s p e c i a l  i n t e r f a c e  

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

p o w d e r  a l o n g  t h e  w a l l .  T h e  d a s h e d  l o a d - d i s p l a c e -  

m e n t  c u r v e  i n  F i g .  2 b  wa s  c a l c u l a t e d  u s i n g  a  

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

c u r v e s  i n  F i g .  3 i n d i c a t e  t h e  m a g n i t u d e  o f  t h e  

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

t h e  h e i g h t  o f  t h e  s a m p l e  h a d  d e c r e a s e d  f r o m  3 2  

mm t o  2 4  mm.  C o m p a r i s o n  w i t h  t h e  e x p e r i m e n t a l  

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

a c c u r a  t e .

F i g . 2 .  Di e  f o r  p o wd e r  c o mp a c t i o n ;  Lo a d - d i s p l a c e me n t  c u r v e s .

F i g . 3.  No r ma l  s t r e s s e s  a t  t h e  wa l l  o f  t h e  d i e .

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

w e r e  o b t a i n e d  f r o m  a  s e r i e s  o f  s t a n d a r d  t r i a x i a l  

t e s t s  a t  v e r y  h i g h  c o n f i n i n g  s t r e s s e s .  C h o s i n g  

t h e  r e f e r e n c e  s t r e s s  p Q = 10  MN / m 2 , t h e  e l a s t i c  

c o n s t a n t s  V,  E0  a n d  t h e  v o l u m e  s t r a i n  c o n s t a n t s  

v Q , k  w e r e  f o u n d  t o  b e

V = 0 . 0  , E =  3 0 0  MN / m 2 , v  = 0 . 4  , k  = 4 . 0
o o

r e s p e c t i v e l y .  At  t h e  h i g h  c o n f i n i n g  p r e s s u r e s  

c o n s i d e r e d  o n l y  c o n t r a c t i v e  s t r a i n s  v ^  w e r e  m e a ­

s u r e d .  N e v e r t h e l e s s ,  i t  c o u l d  b e  d e s c r i b e d  b y  

e q u a t i o n  ( 3 ) .  T h e  s h e a r  s t r a i n  c o n s t a n t s  i n  e q u a ­

t i o n  ( 2 )  w e r e  f o u n d  t o  b e

B = 0 . 3  ,  Y q  =  0 .  0 8 3  , a  = 1 . 5

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

m e a s u r e  w a s  u s e d .

6 .  P R E DI C T E D AND OB S E R VE D P ORE  P R E S S UR E S

I n  t h i s  s e c t i o n  g e n u i n e  p r e d i c t i o n s  ( g i v e n  b e f o r e  

t h e  e v e n t )  w i l l  b e  c o n s i d e r e d .  I n  c o n t r a s t  t o  

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

o n  w a t e r  s a t u r a t e d  s a n d .  Wh e n  a  f o u n d a t i o n  o n  

s u c h  a  s o i l  i s  r a p i d l y  l o a d e d ,  e x c e s s  p o r e  p r e s ­

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

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

r e g i o n s  o f  l o w e r  e x c e s s  p o r e  p r e s s u r e s .
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F i g . 4 .  F i n i t e  e l a n e n t  me s h  f o r  c a i s s o n  o n  d e n s i f i e d  s a n d .

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

w h i l e  c o n s e r v a t i o n  o f  m a s s  a n d  D a r c y ' s  l a w  a p p l y  

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

a s  c o n s o l i d a t i o n  p r o b l e m s .  F o r  e l a s t o p l a s t i c  

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

a  c o m p u t e r  p r o g r a m  n a m e d  " E l p l a s t "  w a s  d e v e l o p e d .  

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

b e h a v i o u r  o  f  a c  a i s s o n i n t h e Oo s  t e r  s c h e l d e e  s -

t u a r  y o  f t h e  N e t h e r 1 a n d s , a n d a  1 s o i  n t h e  c a  s e

o f  a  mo d e l  c a i s s o n i n  a 1 a r  g e wa v e t a n k . I n t h e

p r  e s e n t p a p e r t h e  p o r e P r e s s u r e  s i n d u e e d  b y c y -

c  1 i c  1 o a d i n g  o f  t h e f i e 1 d c  a  i  s s o n w i l l b e  c o n  s i

d e r  e d . F o r  t h e p r  e d i c  t  e d a n d  o b s e r v e d d i s p l a c e -

m e n t  s t  h e  r  e a d e r  i s r e f e r r  e d  t o a p r  e v i o u s p a p e:

( Ve r m e e r , 1978 )

T h e  f  i n  i t e  e l e m e n t me  s h u s e d  i n t h e  c  a l c u l a t  i o n

i  s  s h o wn i n  F i g  . 4 . T h e c a  i s s o n wa s  a s s u m e d t o

b e  1 i n e  a r  e l  a  s t i c , b u t v e r  y  r  i g i d w i t h r e s p e c  t

t o  t h e s u b s o  i 1 . T h e s  t  r e s s  -  s  t r a  i n p r o p e r  t i e s  o f

t h e  c  o a r s e  s  i l 1 ma  t e r  i a 1 w e r e s  i mp l y  t a k e n i d e n

t  i c a  1 t o t h e  s a n d  . I n  t h e c o a  r s e s i l l ma  t e r i a l ,

h o w e v e r , t h e  e x c  e s s p o r e p r  e s  s u r e s we r e  a s s u me d

e q u a l t o z e r o . I n  s i t u me a  s u r  e me n t s  i n t h e s u b -

s o i l  i n d i c a  t e d 10" ** m / s f o r  t h e c o e f  f  i c i e n  t o  f

h o r  i z o n t a l  p e r m e a b i l i t y a n d  0 . 4 X 10“  11m / s  i n  t h'

v e r  t i c a l d i r  e c t i o n . T h e P r o g r a mm e o f  1 o a d  i n g c o:

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

r i a t i o n  o f  t h e  h o r i z o n t a l  l o a d .  A p a r t i c u l a r  p a r t  

o f  t h e  p r o g r a m m e  i s  i n d i c a t e d  i n  F i g .  5 .  T h e  r a ­

t i o  o f  t h e  a r r o w  l e n g t h s  f o r  q x  a n d  q y  i n d i c a t e s  

t h e  m o d e r a t e  n a t u r e  o f  t h e  c y c l i c  l o a d i n g ;  t h e  

c y c l i c  h o r i z o n t a l  l o a d ,  w i t h  a  p e r i o d  o f  3 s e ­

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

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

l a t i v e l y  s m a l l  s t r e s s  r e v e r s a l s  i n  t h e  e l e m e n t s  

o f  t h e  s u b s o i l .  T h e r e f o r e ,  we  e x p e c t e d  l i t t l e  a c ­

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

F u r t h e r m o r e ,  we  d i d  n o t  e x p e c t  a  g r a d u a l  b u i l d  u p  

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

c o u l d  d r a i n  t o w a r d s  t h e  c o a r s e  s i l l .  I t  w a s  t h u s  

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

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

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

c a l l y .  An  e l a s t o p l a s t i c  m o d e l  w i t h  i s o t r o p i c  h a r ­

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

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

t h e n  a c y c l i c  s t e a d y  s t a t e  ( s h a k e d o w n ) . I  n d e

f o r  t h e  i n  s i t u t e s t  c o n s  i d e r  e d , t h e c  a  1 c u l a

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

p e t i t i o n  s  . Th  e p o r e  p r e s s u r  e v a r i a t i o n s w i t h

s u e h  a n  ” e l a s t i c " c y c l e a r e s h o wn  i n F i g . 5 .

He r  e , t h e  e l a s t i c  b e h a v i o u r wa s  m o d e l 1 e d b y

o f  t h e  c o n s t a n t s

3 = 0 . 5  ,  V = 1 / 3  , E q  =  4 0 0 0 0 k N / m 2 f o r  p Q = 2 5 k N / m 2

Om

- 2m

- 4m

- 7 m

F i g . 5 .  P o r e  p r e s s u r e  a m p l i t u d e s  f o r  a  c y c l i c  s t e a d y  s t a t e .
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