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SYNOPSI S:  Re c e nt  de ve l opme nt s  i n l a bor a t or y  s t r e ngt h  a nd de f or ma t i on  t e s t i ng  a r e  d i s c us s e d  a ga i ns t  
a ba c kgr ound  of  t he  ne e d t o unde r s t a nd  t he  pur pos e  f or  whi c h  t e s t i ng  i s  r e qui r e d  be f or e  pe r f or mi ng  
t ha t  t e s t i ng.  De ve l opme nt s  a r e  d i s c us s e d  i n a u t oma t i on  a nd i ns t r ume nt a t i on  of  e qui pme nt ,  i n a ppa r a ­
t us ;  i n t e c hni que s  of  s a mpl e  pr e pa r a t i on,  i n unde r s t a nd i ng  of  t i me  e f f e c t s ,  a nd c ha nge s  i n pa r t i c u ­
l a t e  s t r uc t ur e  of  c l a y a nd qua n t i f i c a t i on  of  pa r t i c l e  s ha pe  of  s a nds ;  i n i n t e r pr e t a t i on  of  e xpe r i ­
me nt a l  da t a  t h r ough me t hods  of  p r e s e n t a t i on  of  r e s ul t s ,  t hr ough de s c r i p t i on  of  t he  y i e l d i ng  of  s oi l s ,  
t hr ough c ha nge s  i n s a nd g r a da t i on  a nd pa r t i c l e  s ha pe  dur i ng t e s t i ng,  t hr ough t he  us e  of  a s t a t e  v a ­
r i a b l e  t o br i ng  t oge t he r  i n f or ma t i on of  vo l ume t r i c  pa c ki ng,  s t r e s s  l eve l ,  gr a i n  a ngul a r i t y  a nd g r a ­
da t i on  i n unde r s t a nd i ng  t he  be ha vi our  of  s a nds ,  a nd t hr ough ge ne r a l i z e d  r e l a t i ons hi ps  t o de s c r i be  
t he  be ha vi our  of  c l a ys  i n r e moul de d  a nd r e s e d i me nt e d  s t a t e s .

1 I NTRODUCTI ON

I t  ha s  not  s e e me d a ppr opr i a t e  t o pr e pa r e  a ny ­
t hi ng a ppr oa c h i ng  a s t a t e - of - t he - a r t  r e por t  on 
t hi s  s ubj e c t  f or  t hi s  pr e s e nt  c onf e r e nc e  be c a us e  
s uc h a c ompr e he ns i ve  r e por t  wa s  p r oduc e d  by 
J a mi o l kows ki  e t  al  ( 1985)  f or  t he  11t h I n t e r na ­
t i ona l  Conf e r e nc e  on Soi l  Me c ha ni c s  a nd Founda ­
t i on Engi ne e r i ng  he l d  i n Sa n Fr a nc i s c o.  Ra t he r ,  
t hi s  r e por t  a t t e mpt s  t o not e  s ome  of  t he  a r e a s  
whe r e  de ve l opme nt s  ha ve  t a ke n pl a c e  or  a r e  
t a ki ng pl a c e ,  t o not e  s ome  of  t he  a r e a s  whe r e  
de ve l opme nt s  s t i l l  ne e d t o t a ke  pl a c e ,  a nd t o 
not e  how t he  pa pe r s  s ubmi t t e d  t o t hi s  s e s s i on 
ma t c h  up wi t h  t he s e  a r ea s .

The  c ove r a ge  i s  i ne v i t a bl y  pa r t i a l  bot h i n t he  
s e ns e  t ha t ,  wi t h  t he  ba c kgr ound  of  t he  1985 
r e por t ,  i t  doe s  not  a t t e mpt  t o de s c r i be  c ompr e ­
he ns i ve l y  a l l  a s pe c t s  of  l a bor a t or y  s t r e ngt h  
and de f or ma t i on  t e s t i ng,  a nd i n t he  s e ns e  t ha t  
i t  r e f l e c t s  t he  pr e j ud i c e s  a nd i nt e r e s t s  of  t he  
a ut hor s .  No pa r t i c u l a r  a pol ogy i s  t he r e f or e  
ma de  f or  ne g l e c t i ng  c e r t a i n  t opi c s  whi c h  ma y  be  
de a r  t o c e r t a i n  r e a de r s .

2 PURPOSE OF TESTI NG

La bor a t or y  t e s t i ng c a n not  be  pe r f or me d i n a 
c onc e pt ua l  voi d but  onl y a ga i ns t  t he  ba c kgr ound  
of  s ome  i nt e nde d a ppl i c a t i on.  The  r a nge  of  i n ­
t e nde d a ppl i c a t i ons  c a n be  l a r ge .  At  one  e x ­
t r e me  a pr a c t i s i ng  e ngi ne e r  ma y r e qui r e  va l ue s  
of  s oi l  s t r e ngt h  or  s t i f f ne s s  t o i ns e r t  i nt o a 
we l l - t r i e d  de s i gn  f or mul a .  Suc h a pe r s on  ma y 
not  be  pa r t i c u l a r l y  ke e n on ne w me t hods  of  
me a s ur i ng  s t r e ngt h  or  s t i f f ne s s  be c a us e  t he  
de s i gn f or mul a e  ha ve  t he ms e l ve s  us ua l l y  gr own 
up i n a s s oc i a t i on  wi t h  t r a di t i ona l  t e s t i ng 
t e c hni que s .  Al t hough  ne w t e c hdni gue s  ma y 
pr oduc e  va l ue s  of  s oi l  pa r a me t e r s  whi c h t he  
e xpe r i me nt a l i s t  r e ga r ds  as  " mor e  a c c ur a t e "  i t  
ma y be  t ha t  t hi s  f ext r a a c c ur a c y r e move s  a

ne c e s s a r y  c ons e r va t i ve  ma r gi n  of  e r r or  ( or  
i gnor a nc e )  i n t he  de s i gn  f or mul a  -  ne w wi ne  
s houl d  not  be  put  i n ol d bot t l e s .

At  t he  ot he r  e xt r e me ,  t he  r e s e a r c h  e ngi ne e r  ma y 
r e qui r e  pa r t i c u l a r l y  s ubt l e  t e s t s  i n or de r  t o 
va l i da t e  t he  hypot he s e s  on whi c h a pa r t i c ul a r  
ne w c ons t i t u t i ve  mode l  of  s oi l  be ha vi our  i s  
ba s e d.  For  s uc h an a pp l i c a t i on  i t  wi l l  be  
pa r t i c u l a r l y  i mpor t a nt  t ha t  t he  e xpe r i me nt a l  
s t a nda r ds  a r e  of  t he  hi ghe s t  s i nce ,  a l t hough i t  
i s  c l e a r  t ha t  a l l  e xpe r i me nt a l  obs e r va t i ons  a r e  
t r ue ,  i t  i s  de s i r a b l e  t ha t  i n s e l e c t i ng  da t a  t o 
s uppor t  a pa r t i c ul a r  s oi l  mode l  t he  ma r gi n  of  
f l e xi b i l i t y  i n i n t e r pr e t a t i on  of  t hi s  t r ut h 
s houl d be  as  s ma l l  as  pos s i bl e .

I n be t we e n t he r e  a r e  ma ny us e r s  of  l a bor a t or y  
t e s t i ng who a r e  a t t e mpt i ng  t o do unus ua l  
e ngi ne e r i ng  f or  whi c h  e x i s t i ng  r ul e s  of  t humb 
pr ovi de  onl y a s ha ky ba s i s .  The s e  pe opl e  a l s o 
wi l l  be  us i ng mode l s  of  s oi l  be ha vi our  -  e i t he r  
e xpl i c i t l y  or  i mpl i c i t l y -  i n de s i gn c a l c ul a t i ons  
or  nume r i c a l  a na l ys e s ,  a nd wi l l  be  c onc e r ne d t o 
know not  onl y wha t  s oi l  pa r a me t e r s  t o us e  i n 
t he s e  mode l s ,  but  a l s o whe t he r  t he r e  a r e  a s pe c t s  
of  s oi l  be ha vi our  t ha t  ha ve  t r a di t i ona l l y  be e n 
ne gl e c t e d  t ha t  c oul d be  s i gni f i c a nt  i n t he i r  
pa r t i c ul a r  s i t ua t i on.

To t a l k onl y a bout  s t r e ngt h  a nd s t i f f ne s s  
t e s t i ng of  s oi l s  woul d  be  t o a s s ume  t ha t  s oi l  
be ha vi our  c oul d be  de s c r i be d  by t he  s i mpl e  
da s he d  b i - l i ne a r  s he a r  s t r e s s - s t r a i n  r e l a t i on ­
s hi p s hown i n Fi g.  1.  No r e a l  s oi l  be ha ve s  i n 
t hi s  way,  a nd t he  us e  of  t he  t e r m de f or ma t i on  
t e s t i ng i n t he  t i t l e  ma ke s  i t  c l e a r  t ha t  i t  i s  
t he  mor e  ge ne r a l  pr e - f a i l u r e  be ha vi our  of  s oi l s  
t ha t  i s  of  i nt e r e s t  as  i ndi c a t e d  by t he  s ol i d 
c ur ve  i n Fi g.  1 : a s i ngl e  s t i f f ne s s  i s  not  
s uf f i c i e nt  t o de s c r i be  t hi s  be ha vi our ,  whi c h 
r e qui r e s  a c ompl e t e  c ons t i t u t i ve  s oi l  mode l .  A 
s i ngl e  s t r e ngt h  wi l l  p r oba bl y  a l s o not  be  
s uf f i c i e nt  -  c e r t a i n l y  not  wi t hout  s ome  
r e f e r e nc e  t o a s oi l  mode l  i n whi c h i t  i s  t o be
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Fi gur e  2.  De pe nde nc e  of  undr a i ne d  s t r e ngt h on 
t e s t  me t hod  ( PS:  pl a ne  s t r a i n;  TC: t r i a xi a l  
c ompr e s s i on;  PM:  pr e s s ur e me t e r ;  DSS:  d i r e c t  
s i mpl e  s hea r ;  F V: f i e l d  vane ;  T E : t r i a xi a l  
e x t e n s i o n ) .

i nc or por a t e d.  I n p a r t i c u l a r , i t  i s  we l l  known 
t ha t  t he  me a s ur e d  undr a i ne d  s t r e ngt h  of  s oi l s  
i s  de pe nde nt  on t he  me t hod  of  me a s ur e me nt  
t hi s  wa s  e mpha s i s e d  by Wr ot h  ( 1984)  wi t h 
e s pe c i a l  r e f e r e nc e  t o i n s i t u t e s t i ng a nd i s  
i l l us t r a t e d  i n Fi g.  2 wi t h c a l c u l a t i ons  ma de  
us i ng t he  modi f i e d  Ca m Cl a y mode l  ( Ros c oe  a nd 
Bur l a nd,  1968)  c ombi ne d  wi t h  a Mohr - Coul omb 
f a i l ur e  c r i t e r i on.  Though  t hi s  pa r t i c u l a r  mode l  
ma y not  be  r e ga r de d wi t h gr e a t  f a vour  t hi s  
e xa mpl e  doe s  de mons t r a t e  t he  wa y i n whi c h  an 
e f f e c t i ve  s t r e s s  mode l  of  s oi l  r e s pons e  c an 
he l p  t o ma ke  s e ns e  of  undr a i ne d,  t ot a l  s t r e s s ,  
me a s u r e me n t s .

The r e  i s  no s e s s i on de d i c a t e d  t o c ons t i t u t i ve  
mode l s  of  s oi l s  i n t hi s  c onf e r e nc e  -  t he r e  a r e  
o t he r  c onf e r e nc e  s e r i e s  whi c h  de a l  mor e  
e xc l us i ve l y  wi t h  t hi s  s ubj e c t  ( s ee  Swoboda
( 1988)  and Pi e t r us z c z a k  a nd Pa nde  ( 1989)  f or  a 
c oupl e  of  r e c e nt  e xa mpl e s ) .  Howe ve r ,  as  s oon 
as  one  e nt e r s  t he  a r e a  of  de f or ma t i on  of  s oi l s .

| ° ZZ

Fi gur e  3.  Ge ne r a l  s t r e s s  s ys t e ms .

unde r s t a nd i ng  of  be ha vi our  of  s oi l s  unde r  
wor k i ng  l oa ds ,  t he n s ome  f ee l  f or  c ons t i t u t i ve  
mode l l i ng  be c ome s  e x t r e me l y  i mpor t a nt .

A c ons t i t u t i ve  mode l  i s  a ba s i s  f or  e x t r a po l a ­
t i on f r om an e xpe r i me nt a l  da t a  ba s e  t owa r ds  t he  
unknown r e gi on of  s oi l  r e s pons e  i n a pa r t i c ul a r  
unus ua l  t ype  of  bounda r y  va l ue  pr obl e m.  For  
s uc h e x t r a pol a t i on  t o be  c r e di bl e  t he  e xpe r i ­
me nt a l  da t a  ba s e  ne e ds  t o be  as  wi de  as  p o s s i ­
bl e .  A s t r e s s  s t a t e  i n an e l e me nt  of  s oi l  i s  
de s c r i be d  by s i x i nde pe nde nt  qua nt i t i e s  -  f or  
e xa mpl e ,  t he  nor ma l  s t r e s s e s  a nd s he a r  s t r e s s e s  
on t hr e e  mut ua l l y  or t hogona l  s e t s  of  pl a ne s  
( Fi g.  3) .  The  r a nge  of  s t r e s s  pa t hs  t ha t  ma y 
be  e xpe r i e nc e d  by s oi l  i n t he  g r ound  wi l l  be  
i nf i n i t e  a nd i n or de r  t ha t  l a bor a t or y  t e s t i ng 
s houl d  be  a bl e  t o e xpl or e  t hi s  i nf i n i t y  as  f a r  
as  pos s i b l e  t he  l a bor a t or y  t e s t  de vi c e s  woul d  
i de a l l y  ne e d t o pr ovi de  c ont r ol  of  s i x  i nde pe n ­
de nt  de gr e e s  of  f r e e dom.  Suc h a l a r ge  numbe r  of  
f r e e doms  i s  un l i ke l y  e ve r  t o be  a va i l a b l e  i n 
s i ngl e  e l e me nt  t e s t i ng  a nd s ome  de gr e e  of  
e x t r a pol a t i on  wi l l  a l wa ys  be  i ne vi t a bl e .  The  
pr e s e nt  pos s i b i l i t i e s  a r e  s umma r i s e d  i n Ta bl e  I .

The  t e r m " s i ngl e  e l e me nt "  ha s  be e n us e d a nd i t  
i s  c e r t a i n l y  c onve ni e nt  i f  t he  l a bor a t or y  s p e ­
c i me n t ha t  i s  be i ng t e s t e d c a n be  t r e a t e d  as  a 
un i f or m homoge ne ous  s i ngl e  e l e me nt .  De ve l op ­
me nt s  i n t e s t i ng  e qui pme nt  a nd t e c hni que s  ma y 
on t he  one  ha nd move  i n t he  d i r e c t i on  of  t r yi ng 
t o e ns ur e  t ha t  a s a mpl e  i s  l oa de d a nd de f or ms

Ta b l e  1.  Te s t i ng  Pos s i b i l i t i e s .

Appa r a t us  Number
of

of  degr ee s  
f r e edom

1.  Wi t h f i xed pr i nc i pa l  axes
1. 1 Oe dome t e r 1

1. 2 Tr i axi a l  appa r a t us 2

1. 3 Bi axi a l  ( pl ane s t r ai n) 2

appar a t us
1. 4 Tr ue  t r i axi a l  a ppa r a t us / 3

c ubi ca l  cel l
1. 5 Hol l ow c yl i nde r  a ppa r a t us 3

2 . Wi t h r ot a t i on of  pr i nc i pa l  axes
2. 1 Shear  box 2

2. 2 Si mpl e  s hear  appa r a t us 2

2. 3 Di r e c t i ona l  s hear  cel l 3
2. 4 Hol l ow c yl i nde r  appa r a t us 4
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as  un i f or ml y  as  pos s i b l e  s o t ha t  i t  c a n i nde e d 
be  t r e a t e d  as  a s i ngl e  e l e me nt ,  or  ma y  on t he  
e t he r  ha nd a c c e pt  t ha t  t he  l a bor a t or y  t e s t  i s  
at  be s t  a r a t he r  s i mpl e  bounda r y  va l ue  pr ob l e m 
a nd a t t e mpt  t o i ns t r ume nt  t he  t e s t  i n s uc h a 
wa y t ha t  t he  r e s pons e  of  an e qu i va l e nt  i de a l  
un i f or m s a mpl e  c a n be  de duc e d.

Of  t he  t e s t i ng pos s i b i l i t i e s  l i s t e d  i n Ta bl e  1< 
t he  s he a r  box  i s  c l e a r l y  not  a s i ngl e  e l e me nt  
t e s t  -  no pr e t e nc e  i s  ma de  at  f or c i ng un i f or m 
de f or ma t i on  of  t he  s oi l .  The  s i mpl e  s he a r  
a ppa r a t us  i s  a l s o f l a we d but  c a n be  i ns t r ume nt e d  
( s ee f or  e xa mpl e ,  St r oud,  1971)  i n or de r  t o t r y 
a nd e s c a pe  i nt o t he  s a mpl e  a nd a wa y f r om t he  
s our c e  of  t he  non- uni f or mi t i e s .  The  hol l ow 
c yl i nde r  a ppa r a t us  -  whi c h wi t h  c ont r ol  of  
i nt e r na l  a nd e x t e r na l  pr e s s ur e s ,  a xi a l  l oa d a nd 
t or que  pr ovi de s  a n i mpr e s s i ve  f our  de gr e e s  of  
f r e e dom -  unf or t una t e l y  c a nnot  e s c a pe  r a di a l  
non- uni f or mi t y .  Eve n wi t h  i de nt i c a l  i nt e r na l  
a nd e xt e r na l  p r e s s ur e s  whi c h,  whi l e  r e duc i ng 
ve r y s e ve r e l y  t he  r e g i on  of  s t r e s s  s pa c e  t ha t  
c a n be  e xpl or e d,  doe s  e nc our a ge  mor e  r a di a l  
un i f or mi t y  of  s t r e s s ,  t he r e  i s  i ne v i t a bl y  a 
r a di a l  va r i a t i on  i n s he a r  s t r a i n  a nd t e s t s  i n 
t hi s  de vi c e  ha ve  t o be  i n t e r pr e t e d  t hr ough 
a ve r a ge  s t r e s s  a nd s t r a i n  qua nt i t i e s  ( Hi ght ,  
Ge ns  a nd Sy me s , 1983)  or  e l s e  t he  r a w da t a  of  
t or que s  a nd l oa ds  i nc or por a t e d  i nt o a ba c k-  
a na l ys i s  of  t he  bounda r y  va l ue  pr obl e m.

Mor e  or  l e s s  e xt e ns i ve  d i s c us s i on  of  t he  us e  of  
s ome  of  t he  t e s t i ng a ppa r a t us  l i s t e d  i n Ta bl e  1 
i s  c ont a i ne d  i n t he  book e di t e d  by Donghe  e t  al
( 1988)  whi c h de a l s  pr i ma r i l y,  but  by no me a ns  
e xc l us i ve l y,  wi t h  a dva nc e s  i n c onve nt i ona l  
t r i a xi a l  t e s t i ng.

3. DEVELOPMENTS IN EQUIPMENT

A good e xa mpl e  of  t he  i na ppr opr i a t e ne s s  of  c o n ­
ve nt i ona l  t e s t i ng  i s  p r ov i de d  by Br a nd ' s  ( 1981)  
d i s c us s i on  of  t he  s t r e s s  pa t h  i nvol ve d i n r a i n 
i nduc e d s l ope  f a i l ur e :  a f r e que nt  c a us e  of  
l a nds l i de s  i n t r opi c a l  a r e a s .  The  i n s i t u 
s t r e s s  c ondi t i ons  a r e  not  s i mpl e  ( t he  pr i nc i pa l  
a xe s  wi l l  not  be  ve r t i c a l  a nd hor i z ont a l )  a nd 
t he  de f or ma t i ons  t ha t  a c c ompa ny i n f i l t r a t i on  
ma y oc c ur  a ppr ox i ma t e l y  unde r  c ondi t i ons  of  
p l a ne  s t r a i n,  but  Br a nd s ugge s t s  t ha t  t he  
e f f e c t  of  i n f i l t r a t i on  of  s ur f a c e  r a i nf a l l  wi l l  
be  t o r e duc e  por e  s uc t i ons  wi t hout  c ha ngi ng  t he  
t ot a l  s t r e s s e s  s i gni f i c a nt l y .  The  r e l e va nt  
c l os e s t  a ppr ox i ma t i on  t o t hi s  s t r e s s  pa t h t ha t  
c a n be  a ppl i e d  i n t he  c onve nt i ona l  t r i a xi a l  
a ppa r a t us  i s  s hown i n Fi g.  4 : r e duc t i on  i n 
me a n e f f e c t i ve  s t r e s s  p'  = (oa ' + 2or ' ) / 3 wi t h 
c ons t a nt  de v i a t or  s t r e s s  q = Oa'  -  or '. Thi s  i s  
ma r ke d l y  d i f f e r e n t  f r om t he  c onve nt i ona l  t r i a ­
xi a l  c ompr e s s i on  t e s t  pe r f or me d wi t h  c ons t a nt  
r a di a l  s t r e s s  a nd he nc e  6 q / 6 p ’ = 3 ( s hown d o t t ­
e d i n Fi g.  4) .  A r a r e  s e t  of  t e s t s  e xpl or i ng  
c yc l i c  l oa di ng a l ong s uc h a c ons t a nt  q s t r e s s  
pa t h  i s  r e por t e d  by Ei ge nbr od  e t  al  ( 1987)  who 
we r e  c onc e r ne d  t o s t udy t he  pos s i b i l i t y  of  
f a i l ur e  be i ng r e a c he d i n a s l ope  at  l ow e f f e c ­
t i ve  s t r e s s e s  due  t o s e a s ona l  va r i a t i on  of  por e  
p r e s s u r e .

The r e  a r e  t hr e e  ma i n  a r e a s  i n whi c h  e qui pe mnt  
de ve l opme nt s  a r e  t a ki ng pl a c e .  The r e  i s  an 
i nc r e a s e d us e  of  a u t oma t i on  i n d r i v i ng  c onve n ­
t i ona l  t e s t i ng  a ppa r a t us .  Ne w i ns t r ume nt a t i on  
i s  be i ng de ve l ope d  t o moni t or  t he  pe r f or ma nc e  
of  s oi l  s a mpl e s .  Ne w a ppa r a t us  a r e  be i ng 

de ve l ope d  t o e xt e nd  t he  r a nge  of  s oi l  c h a r a c t e ­
r i s t i c s  t ha t  c a n be  e xpl or e d.

3. 1 Aut oma t i on

Ma ny ye a r s  ha ve  pa s s e d  s i nc e  La mbe  ( 1967)  
de s c r i be d  hi s  s t r e s s  pa t h  me t hod  f or  e s t i ma t i ng  
s e t t l e me nt s  of  ge o t e c hni c a l  s t r uc t ur e s .  Thi s  
s houl d ha ve  be e n t he  pr ompt  t o t he  ge ot e c hni c a l  
c ommuni t y  t o pe r f or m mor e  r e l e va nt  l a bor a t or y  
t e s t i ng but  t he  r e a c t i on  t i me  ha s  i n ge ne r a l  
be e n r a t he r  s l ow.  Of  c our s e ,  t he  t r i a xi a l  
a ppa r a t us  i s  not  a bl e  t o ma t c h  t he  a c t ua l  
s t r e s s  c ha nge s  t ha t  a r e  l i ke l y t o oc c ur  a t  mos t  
e l e me nt s  i n t he  gr ound  ( e xc e pt  unde r  t he  c e nt r e  
of  a c i r c ul a r  t ank)  a nd pl a ne  s t r a i n  c ondi t i ons  
a r e  of  mor e  f r e que nt  oc c ur r e nc e  t ha n a xi a l  
s ymme t r y.  Ne ve r t he l e s s  i t  i s  not  ne c e s s a r y  t o 
us e  onl y c onve nt i ona l  t r i a xi a l  c ompr e s s i on  
t e s t s  i f  s i mpl e  c ons i de r a t i on  of  a f i e l d 
l oa di ng s i t ua t i on  s ugge s t s  t ha t  t hi s  i s  
c ompl e t e l y  i na ppr opr i a t e  -  a nd a c ons c i ous  
c hoi c e  s houl d be  ma de  of  t he  mode l  t o be  us e d 
t o pe r f o r m t he  e x t r a po l a t i on  f r om a xi a l l y  
s ymme t r i c  t o pl a ne  s t r a i n  c ondi t i ons .

Fi gur e  4.  Ef f e c t i ve  s t r e s s  pa t hs  i n t r i a xi a l  
p l a n e .

Some  of  t he  r e s i s t a nc e  t o c hoos i ng  r e l e va nt  
s t r e s s  pa t hs  ha s  c ome  be c a us e  c ur r e nt  de s i gn 
pr oc e dur e s  a r e  ba s e d on t he  r e s ul t s  of  c onve n ­
t i ona l  t e s t s .  Some  of  t he  r e s i s t a nc e  ha s  c ome  
be c a us e  pe r f or ma nc e  of  ot he r  pa t hs  r e qui r e s  
s ome  s or t  of  f e e dba c k c ont r ol  whi c h us e d t o be  
e x t r e me l y  l a bour  i n t e ns i ve  but  i s  now s t r a i gh t ­
f or wa r d be c a us e  a va s t  r a nge  of  mi c r oc omput e r s  
a nd e l e c t r oni c  de v i c e s  ha s  be c ome  a va i l a bl e  
ove r  t he  l a s t  de c a de .  Una va i l a b i l i t y  of  e qu i p ­
me nt  c a n no l onge r  be  a c c e pt e d  as  an e xc us e  f or  
not  pe r f or mi ng  r e l e va nt  t e s t s .

The r e  a r e  a numbe r  of  d i f f e r e n t  c omme r c i a l l y  
a va i l a b l e  c omput e r - c on t r o l l e d  t r i a xi a l  a p p a r a ­
t us  a nd ma ny l a bor a t or i e s  ha ve  pr oduc e d  t he i r  
own ve r s i ons .  Di f f e r e n t  me t hods  of  c ont r ol  
ha ve  be e n us e d de pe ndi ng,  pr i nc i pa l l y ,  on wh e ­
t he r  a xi a l  s t r e s s  or  a xi a l  s t r a i n  i s  d i r e c t l y  
c ont r o l l e d  ( r a t he r  t ha n i nd i r e c t l y  c ont r o l l e d  
by f e e d b a c k ) . Di r e c t  s t e ppe r  mot or  c ont r o l  of  
a xi a l  de f or ma t i on  ha s  be e n us e d by Houl s by 
( 1981)  a nd by Kol i s o j a  e t  al  ( 1989)  a nd Ol l i  
e t  al  ( 1989) .  Cont r o l  of  a xi a l  s t r e s s  us i ng an 
e l e c t r o - pne uma t i c  t r a ns duc e r  i s  t he  pr i nc i p l e  
a dopt e d  by Li  e t  al  ( 1988)  a nd She n e t  al  
( 1989) .  Va i d  e t  al  ( 1988)  ha ve  a c hoi c e  e i t he r  
of  s t r e s s  c ont r o l  by c ont r o l l i ng  t he  pr e s s ur e  
a c t i ng  on a p i s t on  i n an a x i a l l y - mount e d
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Fi gur e  5.  Di a g r a m of  t r i a xi a l  l oa di ng s ys t e m ( f r om Va i d  e t  a l ,  1988)  .

c yl i nde r  or  of  s t r a i n  c ont r ol  by c ont r o l l i ng  
t he  r a t e  a t  whi c h  wa t e r  i s  pumpe d i nt o t he  
c y l i nde r  ( Fi g.  5) .  Thi s  mode  of  c ont r ol  i s  
pa r t i c u l a r l y  s ui t e d  t o t he  hydr a ul i c  t r i a xi a l  
c e l l s  de s c r i be d  by Bi s hop  a nd We s l e y  ( 1975)  a nd 
i t  i s  t he s e  c e l l s  whi c h a r e  c ombi ne d wi t h  p a r ­
t i c ul a r l y  s ophi s t i c a t e d  p r e s s ur e / vo l ume  c on t r o l ­
l e r s  i n t he  s ys t e m de s c r i be d  by Me nz i e s  ( 1988)  .

The r e  i s  l e s s  c hoi c e  of  me t hod  f or  a pp l y i ng  t he  
r a di a l  c e l l  pr e s s ur e - mos t  pe opl e  a dopt  s ome  
va r i a nt  of  an e l e c t r o - pne uma t i c  t r a ns duc e r .  
The  ba c k p r e s s ur e / vo l ume  c ha nge  s ys t e m r e qui r e s  
s i mul t a ne ous  c ont r ol  a nd me a s ur e me nt  of  vol ume s  
a nd pr e s s ur e s  e i t he r  i n s e pa r a t e  de vi c e s  or  
us i ng t he  s i ngl e  c ombi ne d c ont r o l l e r  de s c r i be d  
by Me nz i e s  ( 1988) .

The  c hoi c e  be t we e n s ys t e ms  ma y be  l a r ge l y  a 
ma t t e r  of  pe r s ona l  pr e f e r e nc e  a nd wi l l  be  
l i nke d wi t h t he  t ype  of  t e s t i ng t ha t  i s  t o be  
pe r f or me d.  Fe e dba c k r e s pons e  t i me s  c a n be  
s uf f i c i e nt l y  r a pi d t ha t  e ve n a s ha r pl y s t r a i n 
s of t e ni ng r e s pos ne  s uc h as  t ha t  s hown i n Fi g.  6

-  whi c h woul d  t r a d i t i ona l l y  ha ve  be e n e xpe c t e d  
t o r e qui r e  s t r a i n  c ont r ol  -  c a n be  f ol l owe d 
wi t h  t he  s t r e s s - c ont r o l l e d  a ppa r a t us  of  She n et  
al  ( 1989) .

3. 2 I ns t r ume nt a t i on

Tr a d i t i ona l l y  t r i a xi a l  s a mpl e s  we r e  a s s ume d t o 
de f or m uni f or ml y s o t ha t  me a s ur e me nt  of  por e  
pr e s s ur e  at  t he  e nds  of  t he  s pe c i me n,  ove r a l l  
a xi a l  s t r a i n  me a s ur e me nt ,  a nd de duc t i on  of  
r a di a l  s t r a i n  f r om ove r a l l  vol ume  c ha nge  c oul d

be  a s s ume d t o gi ve  r e pr e s e n t a t i ve  va l ue s .  Wi t h 
t he  r e c ogni t i on  t ha t  un i f or mi t y  i s  l e s s  i ne v i ­
t a bl e  t ha n ha d be e n s uppos e d a t t e mpt s  we r e  ma de  
t o e nc our a ge  un i f or mi t y  by r e duc i ng e nd f r i c ­
t i on ( Rowe a nd Ba r de n,  1964) .  Us e  of  l ub r i c a t ­
e d e nd pl a t e s ,  howe ve r ,  woul d  r e qui r e  s pe c i a l  
a t t e nt i on  i n t he  e l i mi na t i on  of  t he  a s s oc i a t e d  
be ddi ng e r r or s .  ( Go l ds c he i de r , 1982;  Kol ymba s  & 
Wu,  1989) .

Mor e  r e c e nt l y  t he  non- un i f o r mi t y  ha s  be e n 
a c c e pt e d  a nd i ns t r ume nt a t i on  de v i s e d  t o me a s ur e  
por e  pr e s s ur e s  a t  mi d- he i ght ,  t o me a s ur e  a xi a l  
s t r a i ns  ove r  a c e nt r a l  ga uge  l e ngt h t ha t  i s  
" r e mot e "  f r om t he  e nds  of  t he  s pe c i me n,  a nd t o 
me a s ur e  r a di a l  s t r a i ns  d i r e c t l y  i n t he  c e nt r a l  
pa r t  of  t he  s pe c i me n ( Fi g.  7) .  Ge ne r a l  d i s c u s ­
s i ons  of  t he  wa ys  i n whi c h  t he s e  me a s ur e me nt s  
c a n be  ma de  ma y be  f ound i n t he  pa pe r s  by 
Ta t s uoka  ( 1988)  a nd Ba l di  e t  al  ( 1988) ,  ( s ee 
a l s o,  Kol ymba s  & Wu,  1989) .

I t  ma y be  not e d  t ha t  t he r e  a r e  ma ny di f f e r e nt  
s ys t e ms  a va i l a bl e  f or  l oc a l  de f or ma t i on  me a ­
s ur e me nt  -  mos t  of  whi c h  c a n be  a dopt e d  t o me a ­
s ur e me nt  of  e i t he r  a xi a l  or  r a di a l  de f or ma t i ons  
I n Br i t i a n,  f or  e xa mpl e ,  t he r e  a r e  r e s e a r c h  
gr oups  us i ng  e l e c t r o l e ve l s  ( J a r di ne  e t  al ,  
1984) ,  Ha l l  e f f e c t  s e mi c onduc t or  de vi c e s  ( Cl a y ­
t on a nd Kha t r us h,  1986) ,  a nd pr oxi mi t y  ga uge s  
( Hi r d a nd Yung,  1987)  -  a nd no doubt  t he r e  a r e  
ot he r  s ys t e ms  t oo.  The  r e qu i r e me nt  t o be  a bl e  
t o f i nd s pa c e  t o s us pe nd s uc h i ns t r ume nt a t i on  
a r ound t he  s oi l  s a mpl e  i ns i de  t he  c e l l  c a r r i e s  
wi t h i t  a ne e d f or  l a r ge r  d i a me t e r  c e l l s  t o 
be c ome  mor e  s t a nda r d  ( s ee,  Kol ymba s  & Wu,  1989)
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Fi gur e  6.  St r a i n  s of t e ni ng r e s pons e  i n undr a i ne d  
c ompr e s s i on  t e s t  on l oos e  s a nd ( I d = 5%, Ty  = 100 
kPa)  ( f r om She n e t  a l ,  1989)  .

M - M o to r  A W I - A ir  w a te r  in te r fa c e  

A V  - A ir  v a lv e  P T - P re s s u re  tr a n s d u c e r  

V T  - V o lu m e  c h a n g e  
tr a n s d u c e r

Fi gur e  7.  I mpe r i a l  Co l l e ge  t r i a xi a l  t e s t i ng  s ys ­
t e m ( f r om Ba l di  e t  a l ,  1988) .

3. 3 Appa r a t us

The  r a nge  of  e xi s t i ng  t e s t i ng pos s i b i l i t i e s  wa s  
r e v i e we d a t  t he  e nd of  s e c t i on  2.  The  l e a s t  
f a mi l i a r  a ppa r a t us  i n t ha t  l i s t  i s  pr oba bl y  t he  
Di r e c t i ona l  She a r  Ce l l  whi c h  pe r mi t s  t he  s i mu ­
l t a ne ous  a ppl i c a t i on  of  nor ma l  a nd s he a r  
s t r e s s e s  t o t he  s i de s  of  a n i n i t i a l l y  c uboi da l  
s pe c i me n t e s t e d unde r  c ondi t i ons  of  pl a ne  
s t r a i n,  a nd a l l ows  t he  s oi l  s a mpl e  f ul l  f r e e dom 
t o de f o r m un i f or ml y  unde r  t he  a pp l i e d  s t r e s s  
s ys t e m.  The  f i r s t  Di r e c t t i ona l  She a r  Ce l l s  at  
Uni ve r s i t y  Col l e ge ,  London ( Ar t hur  e t  a l ,

Fi gur e  8.  Di r e c t i ona l  She a r  Ce l l ,  Bou l de r  ( f r om 
St ur e  e t  al ,  1985) .

1977)  a nd Uni ve r s i t y  of  Col or a do,  Boul de r  
( St ur e  e t  a l , 1985)  ( Fi g.  8 ) ,  we r e  r e s t r i c t e d  
t o r a t he r  l ow s he a r  s t r e s s e s  s o t ha t  i t  wa s  not  
pos s i b l e  t o a ppl y s he a r  s t r e s s e s  of  a ma gni t ude  
t ha t  mi ght  a ppe a l  t o c i vi l  e ngi ne e r s .  Howe ve r ,  
de ve l opme nt s  a r e  oc c ur r i ng  a nd t he  de s i gn 
de s c r i be d  by Ar t hur  ( 1988)  ( Fi g.  9)  wi l l  
i mpr ove  t he  pos s i b i l i t i e s  of  t hi s  t ype  of  a ppa ­
r a t us  e nor mous l y,  t hough t he  c ompl e xi t y  a s s o ­
c i a t e d  wi t h  t hi s  mode  of  l oa di ng a nd s a mpl e  
f r e e dom i s  e vi de nt  i n Fi g.  8 .

One  of  t he  i mpe t us  f or  t he  de ve l opme nt  of  t he  
i ns t r ume nt a t i on  me n t i one d  i n § 3. 2 f or  me a s u r e ­
me nt  of  s t r a i ns  a wa y f r om t he  i nf l ue nc e  of  t he  
e nds  of  a t r i a xi a l  s pe c i me n  ha s  be e n t he  ne e d 
t o d i s c ove r  t he  t r ue  be ha vi our  of  s oi l s  at  ve r y 
l ow s t r a i ns  whi c h  c a n be  e a s i l y  ma s ke d  by 
a ppa r a t us  de f i c i e nc i e s .  Low s t r a i n s t i f f ne s s ,  
a nd t he  i nf l ue nc e  of  s t r a i n  l e ve l  on a ppa r e nt  
s t i f f ne s s  c a n be  s t udi e d  us i ng t or s i ona l  or  
a xi a l  c yc l i c  s he a r  de v i c e s  ( r e c e nt  e xa mpl e s  
ha ve  be e n r e por t e d  by Wi l s on  ( 1988)  a nd Va n 
I mpe  a nd Va n  de n Br oe c k ( 1989) ) .  Howe ve r  a ne a t  
wa y of  s t udyi ng t he  i nf l ue nc e  of  s t r e s s  h i s t or y  
on s ma l l  s t r a i n  s he a r  s t i f f ne s s  of  s oi l s  i s  
pr ov i de d  by t he  us e  of  be nde r  e l e me nt s  ( Dyvi k 
a nd Ma ds hus ,  1985;  Dyvi k  a nd Ol s e n,  1989) .

Be nde r  e l e me nt s  a r e  p i e z oc e r a mi c  de vi c e s  whi c h 
c ha nge  i n s ha pe  whe n s ubj e c t e d  t o an e xc i t a t i on  
vol t a ge  ( Fi g.  10) ,  a nd whi c h  c o r r e s pondi ng l y  
ge ne r a t e  a s ma l l  vo l t a ge  whe n s ubj e c t e d  t o a 
c ha nge  i n s ha pe .  By i nc or por a t i ng  a pa i r  of  
e l e me nt s  i n t he  t op a nd bot t om pl a t e ns  of  a 
s oi l  t e s t  a ppa r a t us  ( t r i a xi a l ,  s i mpl e  s he a r ,  
oe dome t e r  e t c)  ( Fi g.  11)  a s he a r  wa ve  c a n be  
t r a ns mi t t e d  f r om one  e nd t hr ough t he  s oi l  t o 
t he  ot he r  a nd t he  t r a ns mi s s i on  t i me  di r e c t l y  
i n t e r pr e t e d  as  an i ndi c a t i on  of  t he  s he a r  wa ve  
ve l oc i t y  a nd he nc e  t he  s he a r  s t i f f ne s s .  The  
s t r a i n  l e ve l  ge ne r a t e d  by t he  t r a ns mi t t i ng  
e l e me nt  i s  l e s s  t ha n 1 0 - 3% s o t ha t  t he  s t i f f -
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Fi gur e  9.  UCL Di r e c t i ona l  She a r  Ce l l  wi t h  da i s y  
c ha i n  s he a r  s he e t s  t o i nc r e a s e  r a nge  of  a pp l i e d  
s he a r  s t r e s s e s ,  ( f r om Ar t hur ,  1988)  .

EXCI TED ELEMENT 

( t o p  l a y e r  e x p a n d s  a n d  

b o t t o m  l a y e r  c o n t r a c t s ) .

Fi gur e  10.  Sha pe  of  p i e z oc e r a mi c  be nde r  e l e me nt s  
wi t h a nd wi t hout  a ppl i e d  e xc i t a t i on  vo l t a ge  ( f r om 
Dyvi k a nd Ma ds hus ,  1985)  .

ne s s  t ha t  i s  me a s ur e d  ma y r e a s ona bl y  be  
r e ga r de d as  a t r ul y e l a s t i c  pr ope r t y.  Dyvi k 
a nd Ol s e n  ( 1989)  s how t ha t  t he  modul i  me a s ur e d  
wi t h  be nde r  e l e me nt s  c or r e s pond we l l  wi t h  t hos e  
me a s ur e d  by r e s ona nt  c ol umn t e s t s .

I t  i s  pe r ha ps  not  c or r e c t  t o de s c r i be  t he  pl a ne  
s t r a i n  bi a xi a l  a ppa r a t us  us e d by Topol ni c ki
( 1989)  as  a r e c e nt  de ve l opme nt  ( i t  i s  e s s e n ­
t i a l l y  t he  s a me  as  t he  bi a xi a l  a ppa r a t us  us e d 
by Ha mbl y a nd Ros c oe  ( 1969) ) .  Howe ve r ,  t he r e  
doe s  r e ma i n a s t o l i d  pr e f e r e nc e  f or  c onve n ­
t i ona l  t r i a xi a l  t e s t i ng  e ve n t hough pl a ne

Fi gur e  11.  Be nde r  e l e me nt s  moun t e d  i n oe dome t e r  
( f r om Dyvi k  a nd  Ol s e n,  1989)  .

s t r a i n  c ondi t i ons  mus t  mor e  r e a l i s t i c a l l y  r e ­
pr e s e nt  t he  c ons t r a i n t s  i mpos e d on ma ny r e a l  
s oi l  e l e me nt s  i n t he  gr ound.  I t  s e e ms  t ha t  
t he r e  i s  s t i l l  a ne e d f or  an e a s i l y  us e d pl a ne  
s t r a i n  t e s t  a ppa r a t us  of  t he  bi a xi a l  t ype .

4 DEVELOPMENTS IN TECHNIQUES

4. 1 Sa mpl e  p r e pa r a t i on  a nd homoge ni e t y

As  t he  unde r s t a nd i ng  of  t he  be ha vi our  of  s oi l s  
i n t he  f i e l d a nd t he  l a bor a t or y  i nc r e a s e s  a nd 
a c c ur a c y of  me a s ur e me n t  i mpr ove s  s o t he  s e a r c h 
f or  pos s i b l e  s our c e s  of  d i s c r e pa nc y  be t we e n 
f i e l d a nd l a bor a t or y  obs e r va t i ons  ha s  t o i n t e n ­
s i f y a nd a l l  a s pe c t s  of  t e s t i ng ha ve  t o be  e x a ­
mi ne d c a r e f ul l y.  The  ne e d f or  mor e  a c c ur a t e  
me a s ur e me nt  of  s t r a i ns  ha s  a l r e a dy be e n r e f e r r ­
e d t o,  but  a c c ur a t e  me a s ur e me nt s  a r e  onl y 
us e f ul  i f  t he y c a n be  r e l a t e d  t o an a c c ur a t e l y  
known de s i r e d  s a mpl e  s t a t e .  Pos s i b l e  d i s t u r ­
ba nc e s  t ha t  c a n be  c a us e d by s a mpl e  p r e pa r a t i on  
pr oc e dur e  ne e d t o be  r e move d.

One  s uc h d i s t u r ba nc e  i s  de s c r i be d  by Sl a de n a nd 
Ha ndf or d  ( 1987)  -  t he  c ha nge  of  voi d r a t i o  of  a 
ve r y l oos e  s a nd t ha t  oc c ur s  as  t he  s a mpl e  i s  
s a t ur a t e d  a nd t he  t r i a xi a l  c e l l  i s  a s s e mbl e d 
whi c h  t he y be l i e ve  ma y l e a d t o an unc ons e r va t i ve  
a s s e s s me nt  of  t he  l i que f a c t i on  pot e n t i a l  of  s ands .  
Br e s s a ni  a nd Va ugha n  ( 1989)  s ugge s t  t ha t  e ve n 
we a kl y  c e me nt e d s oi l  c a n be  d i s t u r be d  by t he  
pr oc e s s  of  s a t u r a t i on  be c a us e  of  t he  s ma l l  
c yc l i c  c ha nge s  i n i s o t r opi c  s t r e s s  t ha t  a r e  
i mp l i e d .

Suc h obs e r va t i ons  pr ovi de  a l i nk wi t h  t he  
s t e a di l y  i nc r e a s i ng  body of  l i t e r a t ur e  on t he  
be ha vi our  of  s oi l s  unde r  c yc l i c  l oa di ng,  i n 
t hi s  c a s e  unde r  s t r e s s  c ha nge s  c o r r e s pondi ng  t o 
c yc l e s  of  ge ne r a t i on  a nd d i s s i pa t i on  of  por e  
pr e s s ur e  at  c ons t a nt  t ot a l  s t r e s s .  Typi c a l l y  
s uc h por e  pr e s s ur e s  wi l l  ha ve  be e n ge ne r a t e d  by 
c yc l i c  de v i a t or i c  l oa di ng ( f or  e xa mpl e ,  Ans a l  
a nd Tunc a n,  1989)  but  t he i r  d i s s i pa t i on  wi l l  
ne ve r t he l e s s  r e s ul t  i n vo l ume t r i c  c ompr e s s i on.  
Br e s s a ni  a nd Va ugha n  ( 1989)  s ugge s t  t ha t  a not he r  
s our c e  of  d i s t u r ba nc e  of  a s oi l  s a mpl e  c a n r e ­
s ul t  f r om l a c k of  c or r e s ponde nc e  be t we e n t op 
c a p a nd s a mpl e ,  whi c h  c a n l e a d t o non- un i f o r m 
l oa di ng a nd pr ogr e s s i ve  f a i l r ue  of  t he  s oi l  
s t r uc t ur e .  The  i mpor t a nc e  of  c or r e c t  a l i gnme nt
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( a)  ( b)  ( c)

Fi gur e  12.  Exa gge r a t e d  de f or ma t i on  of  i nc l i ne d 
s pe c i me n of  a n i s o t r op i c  s oi l  t e s t e d  i n t he  t r i a -  
xi a l  a ppa r a t us :  (a)  un i f o r m s t a t e  of  s t r e s s ;
(b)  e nd pl a t e ns  a r e  hor i z ont a l ,  r ough a nd r i gi d;
(c)  d i s p l a c e me n t  whe n e nd pl a t e ns  a r e  ho r i z o n ­
t a l ,  s moot h a nd r i gi d ( a f t e r  Sa a da  a nd  Bi a nc hi -  
ni ,  1977) .

of  t r i a xi a l  s a mpl e s  wa s  not e d  by Sa a da  a nd 
Bi a nc hi ni  ( 1977)  -  bounda r y  me a s ur e me nt s  ma y be  
c ompl e t e l y  i nva l i da t e d  not  onl y i f  t he  s a mpl e  
i s  mi s a l i gne d  but  a l s o i f  t he  a xe s  of  t he  t e s t  
a ppa r a t us  do not  c o r r e s pond  wi t h t he  a xe s  of  
i ni t i a l  a n i s o t r opy  of  a c or r e c t l y  a l i gne d 
s a mpl e  ( Fi g.  12) .  An a dva nt a ge  of  s t i c ki ng t o 
s i mpl e  t r a d i t i ona l  t e s t  t e c hni que s  a nd e qui pme nt  
i s  t ha t  t e s t i ng  c a n pr oc e e d wi t hout  t he  ope r a t or  
be i ng a wa r e  of  t he  pos s i b i l i t y  t ha t  a nyt hi ng 
c ur i ous  ma y be  ha ppe ni ng  i ns i de  t he  a ppa r a t us .  
I t  i s  ve r y e a s y t o a s s ume  t ha t  e f f e c t s  t ha t  you 
c hoos e  not  t o l ook f or  do not  e xi s t .

Loc a l i s a t i on  of  de f or ma t i on  wi t h i n  t e s t  s pe c i ­
me ns  i s  a l s o o f t e n  t a c i t l y  i gnor e d a nd c a n 
a r i s e  f r om t he  i n t r i ns i c  c ha r a c t e r  of  t he  
s t r e s s - s t r a i n  r e s pons e  of  t he  s oi l  be i ng  t e s t e d 
wi t hout  r e qu i r i ng  de f e c t i ve  e xpe r i me nt a l  t e c h ­
ni que ,  a l t hough t ha t  ma y e xa c e r ba t e  t he  s i t ua ­
t i on.  I nhomoge ne i t i e s  wi t h i n  s i mpl e  s he a r  s a m­
pl e s  a r e  we l l  known ( Ai r e y et  al ,  1985)  -  but  
t he  bounda r y  s t r e s s  c ondi t i ons  i n t ha t  a ppa r a ­
t us  a r e  f a r  f r om uni f o r m e ve n t hough t he  b o u n ­
da r y  d i s p l a c e me nt s  s e e m t o be  we l l  c ont r ol l e d.  
Ri gi d  bounda r y  t r ue  t r i a xi a l  de vi c e s  of  t he  
Ha mbl y ( 1969)  t ype  mi ght  be  e xpe c t e d  t o f or c e  
un i f or m de f o r ma t i ons  a t  a l l  t i me s  but  De s r ue s  
e t  al  ( 1985)  s how c onvi nc i ng  e vi de nc e  t ha t  i n ­
homoge ne i t i e s  a r e  ne ve r t he l e s s  a bl e  t o de ve l op.

I n s uc h an e nc l os e d  a ppa r a t us  i t  i s  not  po s s i ­
bl e  t o obs e r ve  t he  pr ogr e s s  of  de ve l opme nt  of  
i nt e r na l  de f or ma t i ons  but  i n p l a ne  s t r a i n  t e s t s  
t hi s  c a n be  a c hi e ve d by r a d i ogr a phi c  ( Va r doul a -  
ki s ,  1988)  or  phot ogr a mme t r i c  ( De s r ue s  a nd Ha m-  
mad,  1989)  t e c hni que s .  Fi g.  13,  f r om a t e s t  on 
de ns e  Hos t un  s a nd r e por t e d  by De s r ue s  e t  al  
( 1985) ,  i s  pa r t i c u l a r l y  i n t e r e s t i ng  be c a us e  i t  
s hows  t he  de ve l opme nt  of  ma j or  i nt e r na l  l oc a l i ­
s a t i ons  of  i nc r e me nt a l  de f or ma t i on  a t  a s t a ge  
( 3- 4)  i mme di a t e l y  be f or e  t he  pe a k i s  obs e r ve d  
i n t he  s t r e s s - s t r a i n  c ur ve .  The  pe a k t he n 
e me r ge s  as  a c ons e que nc e  of  t he  de ve l opme nt  of  
t hi s  l oc a l i s a t i on  a nd i s  not  an i nt r i ns i c  
p r ope r t y  of  t he  s oi l .  Cont i nue d  moni t o r i ng  of  
t he  i nt e r na l  de f o r ma t i on  s hows  t ha t  t he  ma t e r i a l  
i n t he  r e gi on of  l oc a l i s a t i on  s oon r e a c he s  a 
c r i t i c a l  s t a t e  a nd c e a s e s  t o d i l a t e  f ur t he r

Fi gur e  13.  Loc a l i s a t i on  of  de f or ma t i on  i n pl a ne  
s t r a i n t e s t :  Cont our s  of  s he a r  s t r a i n  f or  s e c ­
t i on 3- 4 ( f r om De s r ue s  e t  al ,  1985)  .

but  t hi s  i s  not  an obs e r va t i on  t ha t  c oul d be  e a ­
s i l y  ma de  on t he  ba s i s  of  e xt e r na l  me a s ur e me nt s  
whi c h  a r e  r e f l e c t i ng  onl y t he  s me a r e d  a ve r a ge  
r e s pons e  of  an e x t r e me l y  non- un i f o r m s a mpl e .

Me mbr a ne  pe ne t r a t i on  pr oduc e s  e r r or s  i n vo l u me ­
t r i c  s t r a i n  me a s ur e me n t  i n t r i a xi a l  t e s t s  on 
c oa r s e  g r a i ne d  s oi l s  -  a nd c ons e que nt l y  c a n 
l e a d t o e r r or s  i n s t r e s s  pa t h i n undr a i ne d  
t r i a xi a l  t e s t s  whe r e  t he  c ondi t i on  of  no 
dr a i na ge  me r e l y  pr e s e r ve s  a c ons t a nt  ma s s  of  
ma t e r i a l  ups t r e a m of  t he  dr a i na ge  va l ve  a nd 
c a nnot  a c t ua l l y  pr e s e r ve  a c ons t a nt  vol ume  of  
ma t e r i a l .  La de  a nd He r na nde z  ( 1977)  pe r f or me d 
e xpe r i me nt s  t o s how t ha t  me mbr a ne  pe ne t r a t i on  
c oul d r e duc e  t he  r a t e  of  i nc r e a s e  of  por e  
pr e s s ur e  i n t e s t s  i n t e nde d t o s t udy l i que f a c ­
t i on of  s a nd -  a nd he nc e  t ha t  c onve nt i ona l  t e s t  
me t hods  mi ght  p r oduc e  unc ons e r va t i ve  a s s e s s me nt s  
of  l i que f a c t i on  pot e nt i a l .  I f  i t  i s  an ove r a l l
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pi c t ur e  of  r e s pons e  t ha t  i s  r e qur i e d  -  f or  
e xa mpl e ,  t he  l oc a t i on  of  t he  s t e a dy s t a t e  i ne  
i n t e r ms  of  voi d r a t i o  a nd e f f e c t i ve  s t r e s s  
t he n pr ov i de d  t he  ma gni t ude  of  t he  me mbr a ne  
pe ne t r a t i on  e f f e c t  i s  known,  t he  a ppa r e nt  voi d 
r a t i os  c a n be  c or r e c t e d,  a nd t he  ma i n t e na nc e  of  
a s t r i c t l y  c ons t a nt  vol ume  c ondi t i on  i s  not  
vi t a l .  The  ma gni t ude  of  t he  me mbr a ne  p e ne t r a ­
t i on c a n be  e s t i ma t e d  e i t he r  t he or e t i c a l l y  f r om 
a s s umpt i ons  a bout  me mbr a ne  t hi c kne s s  a nd s t i f f ­
ne s s  a nd me a n por e  s i z e  ( Ba l di  a nd Nova ,  1984) ,  
or  f r om di r e c t  e xpe r i me nt a l  me a s ur e me nt  i n a 
s e r i e s  of  c a l i b r a t i on  t e s t s  t o de t e r mi ne  t he  
me mbr a ne  pe ne t r a t i on  as  a f unc t i on  of  r a di a l  
e f f e c t i ve  s t r e s s  ( Seed e t  a l , 1989) .  Se e d et  
al  t he n us e  a c omput e r  c ont r o l l e d  pr oc e s s  t o 
i nj e c t  wa t e r  t o c ount e r  t hi s  c a l i b r a t e d  me mbr a ne  
pe ne t r a t i on  -  a nd s how t ha t  t he  pi c t ur e  of  t he  
s t e a dy- s t a t e  r e s pons e  of  t he  s a nd i s  c ons i s t e nt  
wi t h  t ha t  obt a i ne d  by a l l owi ng f or  t he  a c t ua l  
vol ume  c ha nge  i n a s t a nda r d  t e s t  ( Fi g.  14) .

p r i ma r y  c ons o l i da t i on  ( Mes r i  a nd Feng,  1986;  
Le r oue i l  e t  al ,  1986) ?  The  c ons t i t u t i ve  
mode l l e r s  ha ve  a l r e a dy ove r t a ke n  t hi s  i mpa s s e  -  
f r om a c ons t i t u t i ve  poi nt  of  v i e w i t  i s  c l e a r  
t ha t  vi s c ous  e f f e c t s  mus t  be  a s s oc i a t e d  wi t h 
e f f e c t i ve  s t r e s s e s  a nd mus t  be  p r oc e e d i ng  t he  
whol e  t i me .  Le r oue i l  e t  al  ( 1985b)  de s c r i be  a 
s t r e s s :  s t r a i n:  s t r a i n  r a t e  r e l a t i on  f or  o n e ­
d i me ns i ona l  c ompr e s s i on  of  c l a ys  whi c h pr ovi de s  
t hi s  r a t i ona l  i nc or por a t i on  of  vi s c ous  p r o p e r ­
t i e s .  Thi s  a ppr oa c h i s  ge ne r a l i s e d  by,  f or  
f or  e xa mpl e ,  Ada c hi  e t  al  ( 1987)  a nd mor e  da t a  
i n s uppor t  of  t he  pr e s e nc e  of  c r e e p  a t  a l l  
s t a ge s  of  c ons o l i da t i on  a r e  r e por t e d  by I ma i
( 1989)  c onf i r mi ng  t he  i s ot a c he  mode l  us e d  by 
Le r oue i l  e t  al  ( Fi g.  15) .

Fi gur e  14.  St e a dy s t a t e  c ondi t i ons  f or  Mont e r e y  
16 s a nd ( f r om Se e d e t  a l ,  1989) .

4. 2 Ef f e c t s  of  t i me

Muc h t e s t i ng of  s oi l s  p r oc e e ds  on t he  a s s umpt i on 
t ha t  t i me  e f f e c t s  -  ot he r  t ha n t hos e  a s s oc i a t e d  
wi t h move me nt  of  por e  wa t e r  as  a r e s ul t  of  
gr a d i e n t s  of  e xc e s s  por e  wa t e r  pr e s s ur e  -  ha ve  
no i nf l ue nc e  on s oi l  be ha vi our .  I t  i s  c e r t a i n ­
l y i mpor t a nt  t o be  a bl e  t o d i s t i ngu i s h  c l e a r l y  
be t we e n wha t  ma y be  c a l l e d c ons ol i da t i on  
e f f e c t s ,  whi c h r e s ul t  onl y f r om t he  f i ni t e  
pe r me a bi l i t y  of  s oi l s  c ombi ne d wi t h t he  
e f f e c t i ve  s t r e s s  c on t r o l l e d  s oi l  r e s pons e ,  a nd 
vi s c ous  e f f e c t s .  Vi s c ous  pr ope r t i e s  wi l l  l e a d 
t o d i f f e r e nt  obs e r va t i ons  of  s t r e s s - s t r a i n  r e s ­
pons e  de pe ndi ng  on t he  r a t e  a t  whi c h a t e s t  
pr oc e e ds ,  wi l l  l e a d t o c r e e p unde r  c ons t a nt  
e f f e c t i ve  s t r e s s  -  t he  phe nome non known as  
s e c onda r y  c ons o l i da t i on  i s  an e xa mpl e  of  t hi s  -  
a nd wi l l  l e a d t o r e l a xa t i on  of  e f f e c t i ve  
s t r e s s e s  i f  t he  s oi l  i s  p r e ve nt e d  f r om de f o r m­
i ng.  Some  s oi l s  ma y  s how ne gl i g i b l e  vi s c ous  
c ont r i bu t i on  t o r e s pons e  but  f or  ma ny s oi l s  t he  
pos s i b i l i t y  of  vi s c ous  e f f e c t s  ne e ds  t o be  
bor ne  i n mi nd i n p l a nni ng  a ny l a bor a t or y  t e s t  
pr ogr a mme  a nd i n e xt r a pol a t i ng  l a bor a t or y  t e s t  
r e s ul t s  t o f i e l d c ondi t i ons  ( Le r oue i l ,  et  a l , 
19 8 5 a ) .

4. 3 I ma ge  a na l ys i s

Soi l s  a r e  a s s e mbl i e s  of  i ndi vi dua l  pa r t i c l e s  
and a l t hough i t  i s  c onve ni e nt  t o s t udy s oi l  
be ha vi our  i n t e r ms  of  t he  c ont i num qua nt i t i e s  
of  s t r e s s  a nd s t r a i n  t he  obs e r ve d  s t r e s s  : s t r a i n  
r e s pons e  i s  me r e l y  t he  r e s ul t  of  c ha nge s  i n 
i n t e r a c t i ons  a t  t he  pa r t i c u l a t e  l e ve l .  Comput e r  
s i mul a t i ons  ( f or  e xa mpl e ,  Cunda l l ,  1988)  ha ve  
be e n us e d t o s t udy t he  r e s pons e  of  a r t i f i c i a l  
a s s e mbl i e s  of  pa r t i c l e s  wi t h a ppr opr i a t e  de s ­
c r i p t i ons  of  t he  c ont a c t  me c ha ni c s ,  a nd t o 
s ugge s t  mi c r ome c ha ni c a l  e xpl a na t i ons  f or  ob ­
s e r ve d ma c r os c opi c  me c ha ni s ms  of  r e s pons e  ( Mat -  
s uoka  e t  al ,  1989) .  Expe r i me nt a l  va l i da t i on  of  
t he s e  c omput e r  s i mul a t i ons  ha s  be e n a c hi e ve d 
us i ng a r r a ys  of  t wo- di me ns i ona l  e l l i p t i c a l  
phot oe l a s t i c  di s c s  ( Oda  e t  al ,  1985)  f r om whi c h 
bot h  c ont a c t  f or c e  a nd pa r t i c l e  or i e n t a t i on  
i n f or ma t i on c a n be  e xt r a c t e d.  Ot he r  wor k ha s  
l ooke d at  pa r t i c l e  or i e nt a t i ons  i n,  f or  
e xa mpl e ,  r e s i n  i mpr e gna t e d  s a nds  but  t he r e  ha s  
be e n l i t t l e  wor k on c ha r a c t e r i s a t i on  of  t he  
mi c r os t r uc t ur e  of  c l a ys  a nd t he  l i nki ng of  t hi s  
mi c r os t r uc t ur e  wi t h  t he  me c ha ni c a l  h i s t or y  of  
t he  c l ay.

The  c or r e c t  i n t e r pr e t a t i on  of  vi s c ous  e f f e c t s  El e c t r on  mi c r ogr a phs  p r ov i de  di r e c t  vi s ua l  i ndi -
i n s oi l s  ha s  t o s ome  e xt e nt  be c ome  bogge d down c a t i ons  of  t he  mi c r os t r uc t u r e  of  c l a ys .  Fr om
i n t he  hi s t or i c  s e pa r a t i on  of  p r i ma r y a nd t hes e ,  i ma ge  a na l ys i s  t e c hni que s  c a n be  us e d  t o
s e c onda r y  c ons ol i da t i on:  doe s  c r e e p  oc c ur  dur i ng  a ut oma t e  -  a nd ma ke  obj e c t i ve  -  t he  pr oc e s s  of
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Fi gur e  15.  I s ot a c he s  f or  Yokoha ma  Ba y mud  ( f r om 
I ma i , 1989)  .
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e x t r a c t i ng  i nf or ma t i on  a bout  o r i e n t a t i ons  of  
pa r t i c l e s .  Some  pr e l i mi na r y  r e s ul t s  of  ob s e r ­
va t i ons  on l a bor a t or y  pr e pa r e d  s a mpl e s  of  s pe s -  
wh i t e  ka ol i n  a r e  r e por t e d  by Sma r t  a nd Tove y 
( 1988) .  Ros e t t e  d i a gr a ms  of  pa r t i c l e
or i e nt a t i ons  c a n be  f i t t e d a ppr oxi ma t e l y  by 
e l l i ps e s  ( Fi g.  16a)  a nd t he  r a t i o  of  ma j or  t o 
mi nor  a xe s  us e d t o de f i ne  an i nde x of  a n i s o t r o ­
py I a whi c h  i s  f ound t o i nc r e a s e  wi t h  t he  
a ppl i e d  s t r e s s  i n one - d i me ns i ona l  c ompr e s s i on  
( Fi g.  16b) .  Thi s  wor k i s  c on t i nu i ng  t o l ook at  
t he  c ha nge s  i n qua n t i t a t i ve  f a br i c  a s s oc i a t e d  
wi t h  d i f f e r e n t  s t r e s s  h i s t o r i e s  a ppl i e d  i n a 
t r i a xi a l  a ppa r a t us .

I nde x oF Ani s ot r opy = 1. 900

Fi gur e  16.  De ve l opme nt  of  a n i s o t r opy  i n s pe s whi t e  
ka ol i n:  ( a)  Ros e t t e  d i a gr a m s howi ng d i s t r i bu t i on  
of  o r i e n t a t i on  i n s a mpl e  c ons o l i da t e d  t o 1360 
kPa ,  (b)  va r i a t i on  of  a n i s o t r opy  i nde x wi t h c o n ­
s o l i da t i on  s t r e s s ,  ( f r om Sma r t  a nd  Tove y,  1988) .

Engi ne e r i ng  c l a s s i f i c a t i on  of  s a nds  i s  g e n e r a l ­
l y ba s e d  on pa r t i c l e  s i z e  d i s t r i bu t i on  & r e l a ­
t i ve  de ns i t y.  I p,  wi t hout  muc h r e ga r d  t o pa r t i ­
c l e  mor phol ogy.  For  e xa mpl e  t wo s a nds  a t  t he  
s a me  r e l a t i ve  de ns i t y  a nd ha v i ng  s i mi l a r  g r a ­
da t i on  c ur ve s  ma y ha ve  wi de l y  d i f f e r e n t  va l ue s  
of  ma x i mum & mi n i mum s pe c i f i c  vol ume ,  v ( Bur -  
mi s t e r ,  1962;  Youd,  1973) .  Thus  t he  ma xi mum 
vol ume  c ha nge  pot e n t i a l  of  a s a nd ( r e l a t e d t o

l i que f a c t i on  pot e n t i a l  unde r  undr a i ne d  c yc l i c  
l oa di ng)  at  a g i ve n  e f f e c t i ve  c onf i n i ng  s t r e s s  
wi l l  be  s i gn i f i c a n t l y  gove r ne d  by t he  s ha pe  & 
a ngul a r i t y  of  s a nd gr a i ns  ( I s hi ha r a  & Wa t a na be ,  
1976;  Ca s t r o,  1969;  Va i d  & Che r n,  1985) .  Ef f e c t  
of  pa r t i c l e  a ngul a r i t y ,  gr a da t i on,  a nd mi n e r a ­
l ogy on me c ha ni c a l  pr ope r t i e s  of  s a nds  ha s  be e n 
i nve s t i ga t e d  by Koe r ne r  ( 1968) ,  Hol ube c  & 
D' Appol oni a  ( 1973) ,  Wi n t e r kor n  & Fa ng ( 1975) ,  
Ka poor  ( 1985) ,  Cl a y t on  e t  a l  ( 1985) ,  Yudhbi r  & 
Ra hi m ( 1987)  a nd Ra hi m ( 1989) .

Whi l e  t he  i mpor t a nc e  of  gr a i n  s ha pe  on me c h a n i ­
c a l  be ha vi our  of  s a nds  i s  now we l l  r e c ogni s e d  
( NRC,  1985) ,  me t hods  t o c ha r a c t e r i z e  pa r t i c l e  
s ha pe  qua n t i t a t i ve l y  ha ve  not  be e n s t a nda r d i z ­
e d be c a us e  of  t he  t e di ous  t a s k of  ma ki ng 
nume r ous  r e a di ngs  on s ma l l  s i z e d  pa r t i c l e s  wi t h 
whi c h  ge o t e c hni c a l  e ngi ne e r  de a l s .  Howe ve r ,  a 
s t a nda r d  p r oc e dur e  t o qua nt i f y  pa r t i c l e  s ha pe  
woul d  e na bl e  e f f e c t i ve  c or r e l a t i ons  be t we e n 
me c ha ni c a l  pr ope r t i e s  a nd pa r t i c l e  s ha pe  i ndex.  
The  s e d i me nt o l og i s t s  ge ne r a l l y  e xpr e s s  s ha pe  
i nt e r ms  of  s ur f a c e  t e xt ur e ,  r oundne s s  ( a ngul a ­
r i t y) ,  a nd s phe r i c i t y  of  gr a i ns  ( Bl a t t  e t  el ,  
1971) .  Mos t  c ommonl y  us e d i nde x f or  pa r t i c l e  
r oundne s s  i s  t he  one  due  t o Powe r s  ( 1953)  
( Tabl e  2) . Al s o g i ve n  i n Ta bl e  2 i s  t he  d e s ­
c r i p t i on  f or  e a c h gr a de  -  t e r m as  r e c omme nde d  
by Youd ( 1973) .

Pa r t i c l e  s ha pe  c l e a r l y  d i f f e r e n t i a t e d  f r om 
pa r t i c l e  r oundne s s  ( Wade l l ,  1932)  i s  de f i ne d  i n 
t e r ms  of  pa r t i c l e  s phe r i c i t y ,  i|< , e xpr e s s e d  i n 
t e r ms  of  t hr e e  d i me ns i ons  of  a pa r t i c l e  -  t he  
l onge s t  di me ns i on,  dj ,  , t he  i n t e r me di a t e  d i me n ­
s i on,  dj ,  a nd t he  s hor t e s t  di me ns i on,  d s ( Kr um-  
be i n, 1941) .  I n a dd i t i on  t o pa r t i c l e  r oundne s s  
a nd s phe r i c i t y,  Sha pe  f a c t or  -  de f i ne d i n t e r ms  
of  f l a t ne s s  r a t i o  p = d s / dj  a nd e l onga t i on  
r a t i o  q = d i / dL ( Zi ngg,  1935;  Lees ,  1964)  i s  
a l s o ne e de d  t o f ul l y  de f i ne  s ha pe  of  a pa r t i c l e  
( Bl a t t  e t  al ,  1971)  .

Ra hi m ( 1989)  de ve l ope d  a pr oc e dur e  f or  pa r t i c l e  
s ha pe  a na l ys i s  i n t e r ms  of  f or m,  a ngul a r i t y  
( r oundne s s ) , s phe r i c i t y ,  a nd s ha pe  f a c t or  us i ng 
an I ma ge  Ana l yz e r  c ommonl y  e mpl oye d by me t a l ­
l ur gi s t s  f or  t he  s t udy of  s ur f a c e  c ha r a c t e r i s ­
t i c s  of  powde r s .  An I ma ge  Ana l yz e r ,  BOUSCH & 
La mb ma ke .  Omni c a n  Al pha  500,  i s  a ve r s a t i l e  
s ys t e m c a pa bl e  of  p r ov i d i ng  f ul l  f i e l d  me a s u r e ­
me nt s  or  me a s ur e me nt s  of  i ndi vi dua l  f e a t ur e  i n 
a ddi t i on  t o t a nge nt  a nd i nt e r c e pt  c ount s .  The  
s ys t e m c ons i s t s  of  t wo ma j or  a s s e mbl i e s -  
mi c r os c ope  wi t h  a s c a nne r ,  a nd a r a c k of  ba s i c ,  
di s pl a y,  c ont r ol  a nd me a s ur e me nt  modul e s  ( Fi g.  
17)  .

For  t he  qua n t i f i c a t i on  of  pa r t i c l e  s phe r i c i t y  
and s ha pe  f a c t or ,  t he  f o l l owi ng r e l a t i ons hi ps  
we r e  e mpl oye d:

» ■ # 4 ^  

sr

Pr oc e dur e  out l i ne d  by Gr i f f i t hs  ( 1967)  wa s  
f o l l owe d t o a voi d a ny a mbi gui t y  i n t he  me a s u r e ­
me nt s  of  dL,  di ,  a nd d s . The  c ount  mode  of  t he  
i ma ge  a na l yz e r  wa s  us e d t o de t e r mi ne  t he  t an-
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Ta bl e  2.  Power s '  r oundne s s  c i t e r i a  & va l ue s

Roundne s s
Cl a s s

De s c r i p t i on
Roundne s s

I nt e r va l
Me a n

Roundne s s

Ve r y  a ngul a r Pa r t i c l e s  wi t h  unwor n  f r a c t ur e d 0 . 1 2 - 0  . 17 0. 14

s ur f a c e s  a nd mul t i p l e  s ha r p
c or ne r s  a nd e dge s

. 17- 0. 25 0 . 2 1Angul a r Pa r t i c l e s  wi t h s ha r p  c or ne r s  a nd 0

a ppr oxi ma t e l y  pr i s moi da l  or  t e t r a ­

he dr a l  s ha pe s
0. 30Suba ngul a r Pa r t i c l e s  wi t h  d i s t i nc t  but  b l u n t ­ 0 . 25- 0 . 35

e d or  s l i ght l y  r ounde d  c or ne r s  a nd
e dge s

. 49- 0 70 0 . 59Rounde d I r r e gul a r l y  s ha pe d r ounde d pa r t i ­
c l e s  wi t h  no d i s t i nc t  c or ne r s  or

0

e dge s
0 0 0 . 84We l l  Rounde d Smoot h  ne a r l y  s phe r i c a l  or  e l l i p ­

s oi da l  pa r t i c l e s
0 . 70- 1

ge nt  c ount - t a ke n  as  a me a s ur e  of  t he  numbe r  of  
p r o t r us i ons  a l ong t he  bounda r y  of  t he  p r o j e c t ­
ed i ma ge  of  t he  pa r t i c l e  ( For  de t a i l s  of  I ma ge  
Ana l yz e r  & pr oc e dur e s ,  s ee  Ra hi m,  1989) .  The  
t a nge nt  c ount  wa s  c a r r i e d  out  by e xa mi ni ng 25-  
30 gr a i ns  of  e a c h s i e ve  f r a c t i on  of  a s a nd 
us i ng t he  s i ngl e  f e a t ur e  c ount  mode  of  t he  
I ma ge  Ana l yz e r ,  a nd t he  d i s t r i bu t i on  of  t a nge nt  
c ount  f or  e a c h s i z e  f r a c t i on  wa s  e va l ua t e d.  
Ave r a ge  va l ue  of  numbe r  of  t a nge nt s ,  T,  f or  a 
gi ve n s a nd wa s  c omput e d  by t he  pr oc e dur e  us e d 
by Youd ( 1973)  f or  c a l c u l a t i ng  Powe r s '  r oundne s s  
i nde x R.  Ave r a ge  va l ue  of  t a nge nt  c ount ,  T,  was  
us e d t o d i r e c t l y  c ompa r e  s a nds  i n t e r ms  of  
t he i r  a ngul a r i t y.

Di s t r i but i ons  of  a ve r a ge  t a nge nt  c ount ,  T,  f or  
a va r i e t y  of  s a nds  a r e  de p i c t e d  i n Fi gs .  18 &
19.  I t  wi l l  be  r e a di l y  s e e n t ha t  r ounde d t o 
s ubr ounde d,  s ubr ounde d t o s uba ngul a r ,  s uba ngul a r  
t o a ngul a r ,  and ve r y a ngul a r  s a nds  ha ve  d i s t i nc t  
t a nge nt  c ount  pa t t e r ns .  Suc h d i s t r i bu t i on  
pa t t e r ns  ma y be  us e d t o c l a s s i f y  s a nds  on t he  
ba s i s  of  gr a i n  a ngul a r i t y.  For  t he  s a nds  de p i c t ­
e d i n Fi gs .  18 & 19,  Powe r s '  r oundne s s  i ndex,  R,  
wa s  a l s o de t e r mdi ne d  as  pe r  t he  pr oc e dur e  a dop t ­
e d by Youd ( 1973) .  Fi g.  20a  s hows  an e xc e l l e nt  
i nve r s e  ( as  e xpe c t e d)  r e l a t i ons h i p  be we e n  a ve r a ge  
T & R va l ue s .  The  f o l l owi ng e qua t i on  f i t s  t he  
d a t a :

0. 14 e x p ( 2. 7- 0. 225 T) (3)

I n t hi s  s t udy T = 4 wa s  t a ke n t o r e pr e s e nt  a 
we l l  r ounde d gr a i n.  Equa t i on  ( 3 ) ma y be  
us e d t o c a l c ul a t e  R mor e  s ys t e ma t i c a l l y  on t he  
ba s i s  of  T va l ue s  r a t he r  t ha n a s ubj e c t i ve  
e va l ua t i on  f r om Ta bl e  2 on t he  ba s i s  of  pur e l y  
vi s ua l  c ompa r i s i ons  be t we e n t he  a c t ua l  pa r t i c l e s  
a nd t he  s t a nda r d s ha pe  c l a s s e s .

Si mi l a r  t o Po we r s ' i ndex,  R,  c oe f f i c i e nt  of  
a ngul a r i t y,  E -  de f i ne d  as  t he  r a t i o  of  t he  
me a s ur e d  s pe c i f i c  s ur f a c e  of  t he  s a nd pa r t i c l e s  
t o t he  s pe c i f i c  s ur f a c e  of  e qui va l e nt  s phe r e s  
( Hof f man,  1939)  c a n a l s o be  us e d t o qua nt i f y  
a ngul a r i t y  of  s a nds .  I ma ge  Ana l yz e r  s t udy 
pr ovi de s  da t a  f or  c omput a t i on  of  E va l ue s  a nd 
t he  f ol l owi ng r e l a t i ons h i ps  be t we e n E: R & E: T 
f or  t he  s a nds  i nve s t i ga t e d  a r e  obt a i ne d:

R = 0. 14 e x p ( 3. 35- 1. 38 E)  

E = 0. 144 ( T + 4. 83)

(4)

(5)

Bas i c Uni t

B C D  -  B in a r y  C o d e d  D e c im a l

Fi gur e  17.  Bl oc k d i a gr a m of  t he  Omni c on  Al pha  
I ma ge  Ana l yz e r  wi t h  Mi c r os c ope  ( f r om Ra hi m,  1989) ,

Hol ube c  & D’Appol on i a  ( 1973)  us e d E t o qua nt i f y  
s a nd a ngul a r i t y.  On t he  ba s i s  of  a va i l a bl e  
da t a  t he  va l ue  of  E va r i e s  f r om 1. 24 f or  
r ounde d s a nds  ( R =1 . 0 )  t o 2. 54 f or  ve r y 
a ngul a r  s a nds  ( R = . 12) .

The  pa r t i c l e  s ha pe  a na l ys i s  wa s  c a r r i e d  out  i n 
t e r ms  of  s phe r i c i t y  i|j & s ha pe  f a c t or ,  SF.  Fi g.  
20b s hows  a r e l a t i ons h i p  be t we e n i|i & SF on t he  
ba s i s  of  whi c h t he  f o l l owi ng s ha pe  s ubdi vi s i ons  
ma y be  ma d e .

Fl a ky obl a t e  gr a i ns <1» £ 0 ., 64

Bul ky e l onga t e d  gr a i ns  0. 64 < ÿ £ 0  ,, 74

Bul ky e l i ps oi da l  gr a i ns <l> > 0  .. 74

Fol l owi ng r e l a t i ons h i p  be t we e n SF Sc <l< i s
s ugge s t e d  :

For

SF = 1. 538 I)) -  0. 48 ( 6 )

a mor e  de t a i l e d  pa r t i c l e  s ha pe  a na l ys i s

2 3 12



Ta bl e  3.  Cha r a c t e r i z a t i on of  s ands .

Sand
Gr adat i on Vol ume  Change 

Pot ent i a l
Mor phol ogy Mi ner a l * Phys i ca l

Des cr i pt i on

CU “̂ 0  lran vmax vmi n * SF R E T
«

St andar d 1. 39 0. 475 1. 81 1. 49 0. 81 0. 77 0. 79 1. 27 4 Q=98- 100
F=0- 2

Bul ky,  Sphe r o­
i dal ,  r ounded 
l o  wel l  r ounded 
gr ai ns

Ca l ca ­
r eous

1. 78 0. 43 2. 05 1. 57 0. 67 0. 55 0. 55 1. 49 6 Q=5

C=95

Fl aky,  Obl at e,  
angul a r  gr ai ns  
compos ed of  
s hel l s

Ganga 2. 57 0. 18 2. 25 1. 577 0 . 6 8 0. 54 0. 19 2. 32 1 1 0=60- 65
F- 20- 25
M=8- 10
C=2- 3

Fl aky,  Obl at e,  
Angul a r  Gr ai ns

Kal pi * 4. 81 1. 0 1. 91 1. 48 0. 70 0. 60 0. 14 2 . 42 1 2 Q=40
F=40
M=l - 2
C=18

Bul ky,  e l ongat ed 
Ver y angul ar  gr ai ns  
Coa t ed wi t h 
Car bona t e

** Q -  Qua r t z ,  F -  Fe l ds pa r ,  M -  Mi c a ,  C -  Ca r bona t e  ( Ca l c i t e ,  Ar a goni t e )

* Ka l p i  i s  not  a t ypi c a l  r i ve r  s a nd l i ke  Ga nga  s i nc e  i t s  d i s t a nc e  of  t r a ns por t  f r om s our c e  
i s  ve r y  s hor t  a nd t he  gr a i ns  a r e  c oa t e d  wi t h  Ca r bona t e  de pos i t e d  by t he  pe r c o l a t i ng  gr ound 
wa t e r .  The s e  s pe c i a l  c ha r a c t e r i s t i c s  a r e  r e s pons i bl e  f or  i t s  t ypi c a l  t a nge nt  c ount  d i s t r i ­
bu t i on  .

Zi ngg d i a gr a m i s  r e c omme nde d.  Typi c a l  r e s ul t s  
f or  Ga nga  s a nd ( s ee  Ta bl e  3)  a r e  s hown i n 
Fi g.  21.  Di s t r i bu t i on  of  pa r t i c l e s  wi t h d i f ­
f e r e nt  s ha pe s  i s  we l l  i l l us t r a t e d  i n t he  Zi ngg 
d i a g r a m.

Ba s e d on s ha pe  & r oundne s s  s t udi e s  c a r r i e d  out  
by Ra hi m ( 1989) ,  a va r i e t y  of  s a nds  ha ve  be e n 
c ha r a c t e r i z e d  ( Tabl e  3)  . I t  i s  r e c omme nde d  
t ha t  a s a nd ma y now be  mor e  f ul l y c ha r a c t e r i z e d  
on t he  ba s i s  of  t he  f ol l owi ng :

( i )  Mor phol ogi c a l  c ha r a c t e r i s t i c s  de f i ne d  i n 
t e r ms  of  R ( c omput e d f r om T c ount ) ,  a nd 
SF.

( i i )  Mi ne r a l og i c a l  c ompos i t i on.
( i i i )  Gr a da t i ona l  c ha r a c t e r i s t i c s  i n t e r ms  of  

i ndi c e s  s uc h as  Cy , dj g
( i v)  Vol ume  c ha nge  pot e nt i a l  pa r a me t e r s :  vma x 

vmi n  •

Of  t he  i ndi c e s  i K SF,  R & E , t he  va l ue s  of  i(i & 
SF f or  wi de l y  d i f f e r e nt  s a nds  l i e  i n a na r r ow 
r a nge  whe r e  as  t he  va l ue s  of  R pr a c t i c a l l y  
c ove r  t he  e nt i r e  r a nge  ( 0 - 1 . 0 ) ;  s a me  i s  t r ue  i n 
c a s e  of  E & T va l ue s .  Hol ube c  & D' Appol oni a
( 1973)  us e d i nde x E t o c or r e l a t e  a xi a l  s t r a i n  & 
a ngl e  of  s he a r i ng r e s i s t a nc e ,  $ 1 , ( at  a gi ve n 
nor ma l  s t r e s s  & r e l a t i ve  de ns i t y)  f or  d i f f e r e nt  
s a nds .  Ra hi m ( 1989)  ha s  s uc c e s s f ul l y  c or r e l a t e d  
r oundne s s  i nde x R ( c omput e d f r om T va l ue s )  wi t h 
t he  c oe f f i c i e nt s  mQ , mi ,  m2 4 c Q, c 1 , c 2 i n t he  
f o l l owi ng t wo r e l a t i ons h i ps  f or  s a nds  ( a l s o s ee  
Be i l ot t i ,  et  a l , 1985) :

M = m0  ( o' )  e x p ( m2 I D) (7)

qc = c Q ( o' ) Cl e xp ( Cj I D) ( 8 )

whe r e  M i s  c ons t r a i ne d  modul us ,  qc i s  s t a t i c  
c one  r e s i s t a nc e ,  & a ’ i s  e f f e c t i ve  c onf i n i ng 
s t r e s s .

The s e  i nve s t i ga t i ons  woul d  s ugge s t  t he  de s i r a ­
b i l i t y  of  a dopt i ng I ma ge  a na l yz e r  as  a us e f ul  
t ool  f or  qua n t i f i c a t i on  of  s ha pe  a nd a ngul a r i t y  
of  s a nds .  I n a ddi t i on  t o pr ovi d i ng  qua nt i t a t i ve  
i ndi c e s  s uc h as  ijj , SF,  a nd R,  t he  us e  of  I ma ge  
Ana l yz e r  woul d  pr ovi de  a phys i c a l  a ppr e c i a t i on  
of  t he  na t ur e  of  t he  ma t e r i a l  t o t he  i nve s t i ­
ga t or .  I t  ma y a l s o be  de s i r a bl e  t o s t a nda r di z e  
t he  s ugge s t e d  pr oc e dur e  of  me a s ur i ng  numbe r  of  
t a nge nt s ,  pa r t i c l e  di me ns i ons ,  a nd pr oj e c t e d  
s ur f a c e  a r e a  s o t ha t  de t e r mi na t i on  of  ^ , SF,  E 
a nd R ( f r om t a nge nt  c ount  T)  c a n be  ma de  pa r t  
of  t he  pr oc e s s  of  c ha r a c t e r i z a t i on  of  s ands .

5. DEVELOPMENTS IN INTERPRETAT ION

5. 1 Pr e s e n t a t i on  of  e xpe r i me nt a l  r e s ul t s

Te s t  da t a  s houl d be  pr e s e n t e d  i n s uc h a wa y as  
t o pr ovi de  t he  ma x i mum of  i n f or ma t i on t o t he  
vi e we r ,  wi t h  t he  ma x i mum of  obj e c t i vi t y ,  a nd 
t he  mi n i mum of  l a unde r i ng be t we e n t e s t  a ppa r a t us  
and publ i s he d  c ha r t s .  I n ma ny wa ys  t he  op t i mum 
wa y of  d i s s e mi na t i ng  t e s t  da t a  t o c ons t i t u t i ve  
mode l l e r s  i s  i n t he  f or m of  t a bl e s  of  s t r e s s e s  
a nd de f or ma t i ons ,  a va i l a bl e  on mi c r oc omput e r  
di s ke t t e s ,  i n whi c h ba s i c  a ppa r a t us  c or r e c t i ons  
ha ve  be e n a ppl i e d  ( f or  me mbr a ne  r e s t r a i nt ,  
a ppa r a t us  c ompl i a nc e ,  et c)  but  whi c h c ont a i n 
a bs o l u t e l y  no s ubj e c t i ve  i nt e r pr e t a t i on.  As  
s oon as  i t  i s  r e qui r e d  t o d i s pl a y  da t a  f or  a 
mor e  ge ne r a l  r e a de r ,  t he n bi a s  c a n e a s i l y 
e n t e r .

The r e  i s  an a dva nt a ge  i n e xe r c i s i ng  s ome  c a r e  
i n s e l e c t i on  of  s t r e s s  a nd s t r a i n  qua nt i t i e s  i n 
t e r ms  of  whi c h da t a  a r e  t o be  pr e s e nt e d.  The  
us e  of  p r ope r l y  wor k c onj uga t e  s t r e s s  a nd 
s t r a i n  qua nt i t i e s  bot h pr e s e r ve s  s ome  e l e me nt
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T a n g e n t s

Fi gur e  18.  Typi c a l  d i s t r i bu t i on  of  gr a i n  i r r e gu l a r i t i e s  ( r e l a t e d t o numbe r  of  t a nge nt s  me a s ur e d  wi t h 
I ma ge  Ana l ys e r )  f or  r ounde d t o s ubr ounde d  a nd s ubr ounde d t o s uba ngul a r  s a nds  ( f r om Ra hi m,  1989)  .

of  ob j e c t i v i t y  a nd i s  l i ke l y t o be  c ompa t i b l e  
wi t h  ba s i c  f e a t ur e s  of  c ons t i t u t i ve  mode l s  
whi c h  a r e  t r yi ng t o de s c r i be  t he  da t a .  Thus ,  
de ve l opme nt  of  Ca mbr i dge  s oi l  mdoe l s ,  s uc h as  
modi f i e d  Ca m c l a y ( Ros c oe  a nd Bur l a nd,  1968) ,  
a l wa ys  p l a c e d  gr e a t  e mpha s i s  on t he  i mpor t a nc e  
of  us i ng a ppr opr i a t e  s t r e s s  a nd s t r a i n  qua n t i ­
t i e s  f or  t he  de s c r i p t i on  of  t r i a xi a l  t e s t  da t a .  
Wi t h  a xi a l  e f f e c t i ve  s t r e s s  oa ' a nd r a di a l  
e f f e c t i ve  s t r e s s  Or  a nd c o r r e s pondi ng  s t r a i n  
i nc r e me nt s  6 ea a nd 6 er  , t he  s t r e s s  qua nt i t i e s  
whi c h  c a n mos t  us e f u l l y  be  us e d t o i de nt i f y  
d i f f e r e n t  c ompone nt s  of  s oi l  r e s pons e  a r e  t he  
me a n s t r e s s ,

p'  = (oa ' + 2  or ’) / 3 (9)

a nd t he  wor k c onj uga t e  vo l ume t r i c  s t r a i n  i nc r e ­
me nt

deD = dea + 2  d£r ( 1 0 )

On t he  one  hand,  a nd t he  de vi a t or  s t r e s s ,  

q = oa ' -  or ' ( 1 1 )

a nd i t s  wor k c onj uga t e  t r i a xi a l  s he a r  s t r a i n  
i nc r e me nt

6 eq = 2( 6ea  -  6er ) / 3 ( 1 2 )

on t he  ot he r .  The  i nc r e me nt  of  wor k i s  t he n 
c ompe l t e l y  g i ve n by

5W = p'  OEp + q 5eq ( 13)

a nd vo l ume t r i c  a nd d i s t o r t i ona l  e f f e c t s  ha ve  
be e n s e pa r a t e d.  ( The s ubs c r i p t s  p a nd q on t he  
s t r a i n  va r i a bl e s  i ndi c a t e  t he  s t r e s s  qua nt i t y  
wi t h whi c h  e a c h i s  a s s o c i a t e d ) . An obj e c t i ve  
wa y of  p r e s e n t i ng  t e s t  da t a  i s  t he n t o s how 
e f f e c t i ve  s t r e s s  pa t hs  i n p ' : q  s pa c e  wi t h 
ve c t or s  s upe r i mpos e d  t o s how t he  d i r e c t i on  a nd
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T a n g e n t s

Fi gur e  19.  Typi c a l  d i s t r i bu t i on  of  gr a i n  i r r e gul a r i t i e s  ( r e l a t e d t o numbe r  of  t a nge nt s  me a s u r e d  wi t h 
I ma ge  Ana l yz e r )  f or  s uba ngul a r  t o a ngul a r  a nd ve r y  a ngul a r  s a nds  ( f r om Ra hi m,  1989) .

ma gni t ude  of  t he  s t r a i n  i nc r e me nt  6 t p : 6 eq at  
e a c h poi nt ;  a nd s t r a i n  pa t hs  i n E p  : E q  s pa c e  
wi t h  ve c t or s  s upe r i mpos e d  t o s how t he  d i r e c t i on  
a nd ma gni t ude  of  t he  s t r e s s  p ' : q  a t  e a c h poi nt  
( Fi g.  22) .  Of  c our s e ,  e ve n t hi s  d i v i s i on  i nt o 
vol ume t r i c  a nd d i s t o r t i ona l  pa r t s  i t s e l f  r e p r e ­
s e nt s  a s ubj e c t i ve  d i v i s i on  c onc e r ni ng t he  wa y 
i n whi c h  da t a  s houl d  be  i nt e r pr e t e d.

So f a r  as  t he  de ve l opme nt  of  c ons t i t u t i ve  
mode l s  i s  c onc e r ne d  t he  wi de l y  us e d MI T s t r e s s  
va r i a bl e  ( O a 1 + o r '  ) / 2  i s  a de f i n i t e  h i ndr a nc e  
i n pr e s e n t i ng  t r i a xi a l  t e s t  da t a  be c a us e  i t  i s  
not  a pr ope r  vo l ume t r i c  s t r e s s  qua nt i t y.

For  t r ue  t r i a xi a l  t e s t s ,  i n whi c h  no r ot a t i ons  
of  p r i nc i pa l  a xe s  oc c ur ,  a s e pa r a t i on  i nt o 
vol ume t r i c  a nd d i s t o r t i ona l  e f f e c t s  c a n be  
a c hi e ve d by us i ng  t he  me a n s t r e s s

p '  =  ( o j 1 +  02 '  +  o 3' ) / 3 ( 14)

a nd t he  vo l ume t r i c  s t r a i n  i nc r e me nt

6 e d  =  6 e i  +  6 e 2 +  6 e 3 ( 1 5 )

on t he  one  hand,  a nd t he  s t r e s s  de vi a t or s

Oi '  -  p' ;  o2 ' -  p' ;  o 3' -  p'  

a nd c or r e s pondi ng  s t r a i n  de vi a t or s

6 e i  -  S e p / 3 ;  6 c 2 -  « Ep / 3 ;  6 e 3 -  S Cp / 3

On t he  ot he r .  The  de v i a t r o i c  i n f or ma t i on c a n 
t he n be  d i s p l a ye d  i n it - pl a ne  vi e ws  of  p r i n c i ­
pa l  s t r e s s  s pa c e  a nd pr i nc i pa l  s t r a i n  s pace ,  
s i nc e  t he  s um of  e a c h s e t  of  de v i a t or i c  qu a n t i ­
t i e s  i s  z e r o.  Onc e  a ga i n,  ve c t or s  of  s t r a i n  
i nc r e me nt s  c a n be  s upe r i mpos e d  on t he  s t r e s s  
pa t h,  a nd ve c t or s  of  s t r e s s e s  c a n be  s upe r i m­
pos e d on t he  s t r a i n  pa t h  ( Fi g.  23) .

Whe r e  r ot a t i ons  of  p r i nc i pa l  a xe s  oc c ur ,  i n t he  
s i mpl e  s he a r  a ppa r a t us ,  hol l ow c yl i nde r  a ppa r a ­
t us ,  a nd di r e c t i ona l  s he a r  c e l l ,  t he n p r e s e n ­
t a t i on i n t e r ms  of  p r i nc i pa l  s t r e s s e s  c onc e a l s

O K a l p i  

□  K a l p i  1 

A K a l p i  2

S u b a n g u l a r  t o  a n g u l a r  2 0

O  •  o  S a n  F e r n a n d o  

d a m  s a n d  

a n g u l a r ,  b u l k y  a n d  

e l o n g a t e d  g r a i n s  16 

A  G a n g a  s a n d

a n g u la r ,  f l a k y  g r a i n s  

□  A r t i f i c i a l  c a l c a r e o u s  

a n g u l a r ,  b u l k y  a n d  

e l o n g a t e d  g r a i n s  12

T a n g e n t s

V e r y  a n g u l a r

^ —A— — 1
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B la d e d

R o un de d

R o u n d n e s s  I n d e x

Fi gur e  20.  Re l a t i ons h i p  be t we e n  t a nge nt  c ount  
( r e l a t e d t o a ngul a r i t y)  a nd Powe r s  r oundne s s  i n 
de x ( f r om Ra hi m,  1989) .

Fi gur e  21.  Pa r t i c l e  s ha pe  c l a s s i f i c a t i on  us i ng 
Zi ngg d i a g r a m f or  Ga nga  s a nd ( f r om Ra hi m,  1989)

i nf or ma t i on,  s i nc e  pr i nc i pa l  a xe s  of  bot h 
s t r a i n  i nc r e me nt  a nd s t r e s s  wi l l  r ot a t e ,  a nd 
t he r e  i s  no ne e d f or  t he s e  t wo s e t s  of  p r i nc i ­
pa l  a xe s  t o be  c oi nc i de nt .  The  wor k i nc r e me nt  
c a n t he n not  be  wr i t t e n  s i mpl y  i n t e r ms  of  
pr i nc i pa l  s t r a i n  i nc r e me nt  a nd s t r e s s  qu a n t i ­
t i e s  .

Whe r e  r o t a t i on  of  pr i nc i pa l  a xe s  oc c ur s  unde r  
c ondi t i ons  of  pl a ne  s t r a i n,  s o t ha t  £y = 0  a nd 
t he  c o r r e s pondi ng  de pe nde nt  s t r e s s  Oy'  i s  a 
pr i nc i pa l  s t r e s s ,  t he n us e f ul  pa i r s  of  s t r e s s  
a nd s t r a i n  qua nt i t i e s  a r e  t he  me a n s t r e s s  i n
t he  p l a ne  of  s he a r i ng

s'  = (o z  1 + a x ' ) / 2  ( 16)

a nd t he  vo l ume t r i c  s t r a i n  i nc r e me nt

Fi gur e  22.  Pr e s e n t a t i on  of  t r i a xi a l  t e s t  r e s ul t s .

6e s  -  e z  + e x  ( 1 7 )  

a s t r e s s  d i f f e r e nc e  qua nt i t y

8  = (az ' -  ox ’ ) / 2  ( 18)

a nd a c or r e s pond i ng  s t r a i n  d i f f e r e nc e  qua nt i t y

&; = 6ez -  6ex  (1 9 )

a nd t he  s he a r  s t r e s s  t zx a nd s he a r  s t r a i n  
i nc r e me nt  6 yzx i n t he  pl a ne  of  s he a r i ng.  The  
i nc r e me nt  of  wor k i s  t he n

Fi gur e  23.  Pr e s e n t a t i on  of  de v i a t or i c  t r ue  t r i a ­
xi a l  r e s ul t s .

6W = s'  6es + S 6c + t z x  6Yz x  ( 2 0 )

The s e  wi l l  be  r e l e va nt  t o t he  s i mpl e  s he a r  
a ppa r a t us  a nd t he  d i r e c t i ona l  s he a r  c e l l .
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Rot a t i ons  of  pr i nc i pa l  a xe s  a r e  not  us e f ul  
va r i a bl e s  f or  d i s pl a y  of  e xpe r i me nt a l  da t a  
s i nc e  t he y c a n not  be  g r oupe d  i nt o wor k 
c onj uga t e  pa i r s .  Howe ve r ,  t he  s t r e s s  a nd 
s t r a i n  va r i a b l e s  s ugge s t e d  he r e  gi ve  di r e c t  
i ndi c a t i ons  of  r o t a t i ons  of  pr i nc i pa l  axes .  
The  d i r e c t i on  of  t he  ma j or  p r i nc i pa l  s t r e s s  
Y i s  g i ve n  by

t a n 2 4' = t zx/ B ( 21)

a nd t he  d i r e c t i on  of  t he  ma j or  pr i nc i pa l  
s t r a i n  i nc r e me nt  Ç i s  g i ve n c or r e s pondi ngl y  
by

t a n 2 Ç = î yZx/ 6 ç ( 2 2 )

The  l e ngt h of  t he  s t r e s s  ve c t or  d i r e c t l y  
i ndi c a t e s  t he  ma gni t ude  of  t he  qua nt i t y  (° i ’ -  
Os ' ) / 2 , t ha t  i s ,  ha l f  t he  d i f f e r e nc e  be t we e n 
t he  pr i nc i pa l  s t r e s s e s  i n t he  pl a ne  of  
s he a r i ng.  Si mi l a r  s t a t e me nt s  c a n be  ma de  a bout  
t he  l e ngt hs  of  t he  s t r e s s  i nc r e me nt  a nd s t r a i n  
i nc r e me nt  ve c t or s .

Wood,  Dr e s c he r  a nd Budhu ( 1979)  s how t ha t  f or  
ma ny s i mpl e  s he a r  t e s t s  on s a nd ( and pos s i b l y  
a l s o s ome  on nor ma l l y  c ons o l i da t e d  c l ay)  t he  
r o t a t i ons  of  pr i nc i pa l  a xe s  a r e  c on t r o l l e d  by 
t he  e xpr e s s i on

Tzx/ o, z = k t an Ÿ ( 23)

whe r e  k i s  a s oi l  c ons t a nt  l i nke d wi t h t he  
c r i t i c a l  s t a t e  c ha r a c t e r i s t i c s  of  t he  s oi l .  I t  
c a n t he n be  s hown t ha t  i n a t ypi c a l  s i mpl e  
s he a r  t e s t  pe r f or me d wi t h  c ons t a nt  ve r t i c a l  
e f f e c t i ve  s t r e s s  oz ' t he  pa t h i n t he  B: xzx pl a ne  
i s  a pa r a bol a :

2 k8  a z ' . = k 2 a z ' 2 -  t z x 2 ( 24)

Suc h a c ur ve  i s  s ke t c he d i n Fi g.  24:  t hi s  
me t hod  of  p r e s e n t i ng  t he  s i mpl e  s he a r  
s t r e s s  : s t r a i n  da t a  ma ke s  t he  de v i a t i on  be t we e n 
t he  d i r e c t i ons  of  t he  pr i nc i pa l  s t r e s s ,  t he  
pr i nc i pa l  s t r e s s  i nc r e me nt ,  a nd t he  pr i nc i pa l  
s t r a i n  i nc r e me nt  a ppa r e nt .

I n t he  s i mpl e  s he a r  a ppa r a t us  t he  s t r a i n  i n t he  
x d i r e c t i on  i s  a l wa ys  z e r o s o t ha t  t he  ve r t i c a l  
s t r a i n  6 e z  i s  t he  s a me  as  bot h t he  vol ume t r i c  
s t r a i n  a nd t he  ne w s t r a i n  i nc r e me nt  va r i a bl e  
6 ç.  The  d i r e c t i on  of  t he  s t r a i n  i nc r e me nt  
ve c t or  : 6 Yz x  t he n a ddi t i ona l l y  gi ve s  a 
di r e c t  i nd i c a t i on  of  t he  r a t e  of  d i l a t i on  t ha t  
i s  oc c ur r i ng.

The  pr i nc i pa l  s t r e s s  Oy'  i n t he  l a t e r a l  d i r e c t i on  
of  z e r o s t r a i n  wi l l  not  be  c ons t a nt  dur i ng  a 
s i mpl e  s he a r  t e s t  -  t o s t udy t he  va r i a t i on  of  
Oy'  a f ur t he r  p l o t t i ng  p l a ne  i s  ne e de d.

I n t he  hol l ow c yl i nde r  a ppa r a t us  t he r e  a r e  i n 
p r i nc i p l e  f our  de gr e e s  of  f r e e dom s i nc e  t he  
s a mpl e  i s  not  f or c e d t o ma i n t a i n  a c ondi t i on  of  
p l a ne  s t r a i n.  Thus  t he  s t r a i n  6 ey wi l l  not  be 
z e r o e ve n t hough t he  c o r r e s pondi ng  s t r e s s  
Oy'  wi l l  s t i l l  be  a p r i nc i pa l  s t r e s s .  The  
c hoi c e  of  wor k c onj uga t e  pa i r s  of  s t r e s s  and 
s t r a i n  qua nt i t i e s  i s  now l e s s  c l e a r  cut .  
Be c a us e  vol ume  c ha nge s  a r e  s o i mpor t a nt  i n 
s oi l s  i t  ma y  s t i l l  be  de s i r a bl e  t o s e pa r a t e  
v j l ume t r i c  a nd d i s t o r t i ona l  e f f e c t s .  The n a

s ui t a bl e  s e t  of  s t r e s s  a nd s t r a i n  va r i a bl e s  
mi ght  be  me a n e f f e c t i ve  s t r e s s

p'  = ( o i 1 + o 2 ' + 03' )/3  = ( a x ' + O y ' + o z ' ) / 3  ( 25)  

a nd vol ume t r i c  s t r a i n  i nc r e me nt

6 Ep  =  6 e i  +  6 e 2 +  6 e j  =  6 e x  +  <5Ey +  6 e z ; ( 2 6 )

t he  s t r e s s  va r i a b l e s  S a nd Tzx , a nd s t r a i n  i n ­
c r e me nt s  ¿C a nd 5YZX as  be f or e ;  a nd a de vi a t or  
s t r e s s  f or  t he  y d i r e c t i on  

(
n = oy -  p'  ( 27)

a nd c or r e s pondi ng  de vi a t or  s t r a i n  i nc r e me nt

Sy =  3 ( 6 Ey  -  6 Ep / 3 ) / 2 .  ( 2 8 )

The  wor k i nc r e me nt  i s  t he n

6 W =  p'  6 e p  +  6 it, +  n  6 u  +  t z x  6 Yz x - ( 2 9 )

Though t he  de f i n i t i on  of  <5y i s  a wkwa r d,  mos t  of  
t he  a c t i on i n hol l ow c yl i nde r  t e s t s  oc c ur s  i n 
t he  zx pl a ne ,  a nd r o t a t i ons  of  pr i nc i pa l  a xe s  
wi l l  be  c or r e c t l y  s hown i n a d i a gr a m s uc h as  
Fi g.  24.

The  hol l ow c yl i nde r  t e s t s  r e por t e d  by Shi buya  
and Hi ght  ( 1989)  a nd Sa ya o a nd Va i d ( 1989)  we r e  
pe r f or me d wi t h c ons t a nt  pr i nc i pa l  s t r e s s e s  s o 
t ha t  t he  pa t hs  f ol l owe d we r e  a r c s  of  c i r c l e s  i n 
t he  6 : t zx pl a ne ,  ( whe r e a s  i n s i mpl e  s he a r  t e s t s  
t he  i n t e r me di a t e  pr i nc i pa l  s t r e s s  Oy'  c ha nge s  
be c a us e  t he  c or r e s pondi ng  s t r a i n  i s  f i xe d at  
ze r o,  i n t he s e  ho l l ow c yul i nde r  t e s t s  t he  
i n t e r me di a t e  pr i nc i pa l  s t r e s s  Oj '  i s  ke pt  c o n ­
s t a nt  a nd t he  c or r e s pondi ng  s t r a i ns  wi l l  v a r y ) .

The  a dva nt a ge  of  t hi s  mode  of  pr e s e n t i ng  t e s t  
r e s ul t s  ma y a ppe a r  ne g l i g i b l e  whe n i t  i s  onl y 
t he  r e s ul t s  of  r a t he r  or d i na r y  s i mpl e  s he a r  or  
hol l ow c yl i nde r  t e s t s  t ha t  a r e  be i ng c ons i de r e d 
Howe ve r ,  i t  c ome s  i nt o i t s  own whe n t he  r e s ul t s  
of  p r obi ng t e s t s  i n t he  d i r e c t i ona l  s he a r  c e l l  
s uc h as  t hos e  de s c r i be d  by St ur e  e t  al  ( 1988)  
a r e  s t udi e d.  I n t hi s  pr ogr a mme  of  t e s t s  s t r e s s  
s pa c e  wa s  pr obe d bot h i n a c ubi c a l  c e l l  ( t r ue  
t r i a xi a l  a ppa r a t us )  a nd i n t he  di r e c t i ona l  
s he a r  c e l l .  The  d i r e c t i ona l  s he a r  c e l l  wa s  
t r e a t e d  me r e l y  as  a de vi c e  a l l owi ng f ur t he r  
f r e e dom t o e xpl or e  ge ne r a l  s t r e s s  s pa c e  : t he  
t e s t s  we r e  s pe c i f i e d  as  r os e t t e s  of  s t r a i ght  
s t r e s s  pa t hs  i n t he  8  ; t zx pl a ne  t o be  a ppl i e d 
t o a s e r i e s  of  s a mpl e s  wi t h  t he  s a me  s t r e s s  
hi s t or y.  On a ny one  of  t he  s t r e s s  pr obe s  bot h 
t he  d i r e c t i on  of  t he  p r i nc i pa l  a xe s  of  s t r e s s  
and t he  ma gni t ude s  of  t he  pr i nc i pa l  s t r e s s e s  i n 
t he  pl a ne  of  s he a r i ng c ha nge d c ont i nuous l y.  A 
t ypi c a l  e xpe r i me nt a l  r e s ul t  i s  s hown i n Fi g.
25.  The  ba s i c  ph i l os ophy  be hi nd t hi s  s or t  of  
t e s t i ng i s  t ha t  s oi l  be ha vi our  wi l l  be  r e a s ona ­
bl y c ont i nuous  on c ont i nuous  s t r e s s  pa t hs  wi t h 
no s udde n ma j or  c ha nge s  i n s t i f f ne s s  e xpe c t e d  
t o be  a s s oc i a t e d  wi t h pa s s a ge  of  t he  s t r e s s  
pa t h t hr ough t he  a xe s  of  t he  B ; t z x  pl a ne  ( f or  
pr i nc i pc a l  s t r e s s  d i r e c t i ons  of  00,  45° ,  90°  
e t c ) . I n t hi s  r e s pe c t  t he  r e s ul t s  r e por t e d  by 
Sa ya o a nd Va i d ( 1989)  s e e m c ur i ous  wi t h ma r ke d 
di s c ont i nu i t y  of  s t r a i n  de ve l opme nt  as  t he  
d i r e c t i on  of  t he  pr i nc i pa l  s t r e s s  pa s s e s  
t hr ough t he  ve r t i c a l .
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Fi gur e  24.  Pr e s e n t a t i on  of  r e s ul t s  of  pl a ne  
t e s t s  wi t h  r o t a t i on  of  pr i nc i pa l  a x e s .
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Fi gur e  25.  Di r e c t i ona l  s he a r  c e l l  t e s t s  on Le i gh ­
t on Buz z a r d  s and:  s e r i e s  of  s t r e s s  pr obe s  f or  
s a mpl e s  wi t h  h i s t o r y  ABC ( da t a  f r om St ur e  e t  a l ,  
1988)  .

5. 2 On t he  y i e l d i ng  of  s oi l s

The  phr a s e  " yi e l d i ng  of  s oi l s "  us e d by Ros c oe  
e t  al  ( 1958)  pa r t l y  de s c r i be s  pr e - f a i l u r e  
be ha vi our  i n a r a t he r  ge ne r a l  wa y a nd i n 
pa r t i c u l a r  i s  a s s oc i a t e d  wi t h  t he  i de a  of  a 
s t a t e  bounda r y  s ur f a c e  l i mi t i ng  a t t a i na b l e  
s t a t e s  of  e f f e c t i ve  s t r e s s  a nd vol ume t r i c  pa c k ­
i ng -  a f e a t ur e  t ha t  i s  pa r t  a l s o of  nume r i c a l  
mode l s  f or  s oi l  s uc h as  modi f i e d  Ca m - c l a y 
( Ros c oe  a nd Bur l a nd,  1968) .  The  t e r m " y i e l d i ng ’ 
i s  now pr oba bl y  mor e  c or r e c t l y  a s s oc i a t e d  wi t h 
t he  t r a ns i t i on  f r om e l a s t i c  t o p l a s t i c  s oi l  
r e s pons e ,  whi c h  i s  t o s ay,  wi t h  t he  ons e t  of  
i r r e c ove r a b l e  de f or ma t i ons .  El a s t i c - p l a s t i c  
mode l s ,  of  whi c h  modi f i e d  Ca m c l a y i s  but  one  
r a t he r  s i mpl e  e xa mpl e ,  i nt r oduc e  y i e l d  s ur f a c e s  
boundi ng  r e gi ons  i n s t r e s s  s pa c e  whi c h  c a n be  
e xpl or e d wi t hout  a ny i r r e c ove r a b l e  de f or ma t i ons  
be i ng i nc ur r e d.

I f  y i e l d  s ur f a c e s  a r e  t o 
e l e me nt  i n s oi l  mode l s  t he n 
t ha t  e xpe r i me nt a l  s t udi e s  
p r ovi de  s ome  e vi de nc e  of  t he i  
i s  not  of t e n  done ,  pr i ma r  
t e s t i ng  r e qu i r e d  t o d i s c ove r  
of  s ha pe  a nd s i z e  of  a yi e l d 
wi t h a g i ve n h i s t o r y  woul d  be  
of  mos t  t e s t  pr ogr a me s .  As  a

be  a f unda me nt a l  
i t  i s  ne c e s s a r y  

s houl d a t  l e a s t  
r  e xi s t e nc e .  Thi s  
i l y be c a us e  t he  

t he  f ul l  de t a i l s  
s ur f a c e  f or  a s oi l  

be yond  t he  s c ope  
r e s ul t  mode l s  a r e

Fi gur e  26.  Spe s t one  ka ol i n :  ( a)  c yc l e  of  u n ­
d r a i ne d  l oa di ng;  (b)  va r i a t i on  of  s t i f f ne s s  wi t h 
s t r a i n  ( a f t e r  Ros c oe  a nd  Bur l a nd,  1968) .

us ua l l y  f i t t e d t o e xpe r i me nt a l  da t a  s i mpl y  by 
op t i mi s i ng  t he  pa r a me t e r s  of  t he  mode l  whi c h  i s  
s e ve r a l  s t e ps  r e move d  f r om t he  ve r i f i c a t i on  of  
t he  hypot he s e s  of  t he  mode l .

I f  a s e r i ous  a t t e mpt  we r e  ma de  t o d i s c ove r  t he  
e xt e nt  of  t he  t r ul y e l a s t i c  r e gi on f or  a s oi l  -  
t he  r e gi on i n whi c h  a l l  wor k done  i n de f or mi ng  
t he  s oi l  e l e me nt  wa s  c onve r t e d  t o s t or e d  s t r a i n  
e ne r gy t ha t  c oul d be  c ompl e t e l y  r e c ove r e d  
t he n i t  woul d  p r oba bl y  be  c onc l ude d  t ha t  no 
s uc h e l a s t i c  r e gi on a c t ua l l y  e xi s t s .  Pr a c t i c a l ­
l y,  of  c our s e ,  t he  t ypi c a l  un l oa d i ng- r e l oa d i ng  
r e s pons e  of  a s oi l  ( Fi g.  26a)  c a n be  i de a l i s e d  
as  e l a s t i c - p l a s t i c  but  t he  s i mpl i f i c a t i on  of  
t he  hys t e r e t i c  un l oa d- r e l oa d  l oop i nt o r e v e r s i ­
bl e  e l a s t i c i t y  ha s  c l e a r l y  l os t  a l ot  of  i n f o r ­
ma t i on  c onc e r n i ng  t he  r e a l  s oi l  be ha vi our .
I n t e r ms  of  t a nge nt  s t i f f ne s s e s ,  t he  r e l a t i on ­
s hi p be t we e n i nc r e me nt a l  s t r e s s e s  a nd s t r a i n,  
t he  a s s ume d va r i a t i on  of  s t i f f ne s s  wi t h  s t r a i n 
i s  s hown by t he  s ol i d  l i ne  i n Fi g.  26b:  whe n 
t he  y i e l d  s t r a i n  i s  r e a c he d  t he n t he  t a nge nt  
s t i f f ne s s  dr ops  s ha r pl y  f r om i t s  i ni t i a l ,  hi gh 
e l a s t i c  va l ue .  The  a c t ua l  e xpe r i me nt a l l y  ob-
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se tt le m e n t

Fi gur e  27.  Va r i a t i on  of  s t i f f ne s s  wi t h  s t r a i n  i n 
undr a i ne d  c ompr e s s i on  of  one - d i me ns i ona l l y  ov e r ­
c ons o l i da t e d  Nor t h  s e a  c l a y ( da t a  f r om J a r di ne  
e t  a l ,  1984) .
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Fi gur e  28.  Pr of i l e s  of  s e t t l e me nt  be ne a t h  f oo t ­
i ng .

s e r ve d r e s pons e  c or r e s ponds  t o t he  do t t e d  c ur ve  
i n Fi g.  27.  Whe t he r  t he  d i s t i nc t i on  be t we e n 
i de a l i s a t i on  a nd r e a l i t y  a c t ua l l y  ma t t e r s  d e ­
pe nds  on t he  us e  t o whi c h t he  i de a l i s e d  mode l  
i s  goi ng t o be  put .  I f  t he  l oa di ng of  a 
ge ot e c hni c a l  s t r uc t ur e  t a ke s  mos t  s i gni f i c a nt  
s oi l  e l e me nt s  i nt o r e gi ons  of  s t r e s s  s pa c e  t ha t  
t he  mode l  r e ga r ds  as  pl a s t i c ,  wi t h c o r r e s pond ­
i ng l ow t a nge nt  s t i f f ne s s ,  t he n i t  ma y not  
ma t t e r  t oo muc h how t he  l ow s t r a i n  s t i f f ne s s  i s  
de s c r i be d  i n de t a i l .  Howe ve r ,  i f  t he  l oa di ng 
onl y pr oduc e s  s t r e s s  c ha nge s  t ha t  t he  mode l  
r e ga r ds  as  e l a s t i c  t he n c or r e c t  de s c r i p t i on  of  
t hi s  l ow s t r a i n r e s pons e  wi l l  be  c r uc i a l .

Out  of  t he  wor k of  J a r di ne  et  al  ( 1984)  ha s  
e me r ge d an unde r s t a nd i ng  t ha t  e ve n s t i f f  s oi l s  
t ha t  woul d  c onve nt i ona l l y  be  c ons i de r e d  as  
e l a s t i c  s how s i gni f i c a nt  va r i a t i ons  of  s t i f f ­
ne s s  wi t h  s t r a i n  i n a r e gi on t ha t  a mode l  s uc h 
as  modi f i e d  Ca m c l a y woul d  de s c r i be  as  e l a s t i c .  
Ol d ha bi t s  di e  ha r d  a nd i t  i s  s t i l l  c ommon t o 
f i nd s t i f f ne s s  va r i a t i ons  p l o t t e d  as  va r i a t i ons  
of  s e c a nt  modul us  wi t h  s t r a i n.  Thi s  un f o r t u ­
na t e l y  me r e l y  s e r ve s  t o pe r pe t ua t e  t he  f i c t i on 
t ha t  t hi s  i s  an e l a s t i c  pr oc e s s  t ha t  i s  be i ng 
obs e r ve d  -  t he  f a c t  t ha t  hys t e r e t i c  d i s s i pa t i on  
of  e ne r gy oc c ur s  on v i r t ua l l y  a l l  c yc l e s  of  
unl oa di ng  a nd r e l oa d i ng  of  s oi l s  ( Fi g.  26a)  
s houl d di s pe l  t ha t  pa r t i c u l a r  f i c t i on.

Se c a nt  s he a r  s t i f f ne s s  Gs a nd t a nge nt  s he a r  
s t i f f ne s s  Gt  c a n be  r e l a t e d.  For  e xa mpl e ,  i n 
undr a i ne d  t r i a xi a l  t e s t s :

G s  =  q / 3 e q  ( 3 0 )

G t  =  d q / 3 d £ q  =  G s  + d G s / d £ q  ( 3 1 )

a nd t hi s  s e r ve s  t o de mons t r a t e  t ha t  t a nge nt  or

i nc r e me nt a l  s t i f f ne s s  wi l l  f a l l  muc h mor e  
r a pi d l y  t ha n s e c a nt  s t i f f ne s s .  Da t a  r e por t e d 
by J a r di ne  e t  a l  ( 1984)  f or  a Nor t h  Sea  c l a y 
ha ve  be e n r e i n t e r pr e t e d  i n t e r ms  of  t a nge nt  
s t i f f ne s s  i n Fi g.  27.  I t  i s  c l e a r  t ha t  t he  
dr ops  i n s t i f f ne s s  oc c ur  ove r  a ve r y s ma l l  
r a nge  of  s t r a i n.

The  c ons e que nc e s  of  t hi s  f a l l  of  s t i f f ne s s  wi t h 
s t r a i ns  c a n be  i l l us t r a t e d  f or  an e xt r e me  c a s e  
by c ons i de r i ng  t he  pr of i l e  of  s e t t l e me nt  wi t h 
de pt h  be ne a t h  t he  c e nt r e  of  a s t r i p f oot i ng on 
an e l a s t i c  l a ye r  of  s oi l  ( c ons t a nt  s t i f f ne s s  
wi t h s t r a i n  -  dot t e d  l i ne  i n Fi g.  28a)  a nd on a 
p l a s t i c  s oi l  ( ze r o t a nge nt  s t i f f ne s s  -  s ol i d 
l i ne  i n Fi g.  28a ) .  The  e l a s t i c  s oi l  s hows  a 
pa t t e r n  of  de f or ma t i on  whi c h e xt e nds  t o gr e a t  
de pt h.  The  pl a s t i c  ma t e r i a l  l oc a l i s e s  t he  
de f or ma t i on  ne a r  t he  s ur f a c e  i n a pl a s t i c  
c ol l a ps e  me c ha n i s m ( Fi g.  28b) .  The  e f f e c t  of  a 
s moot hl y  va r yi ng s t i f f ne s s  wi t h  s t r a i n  wi l l  be  
l e s s  e xt r e me  but  wi l l  a l s o l e a d t o a muc h mor e  
l oc a l i s e d  pa t t e r n  of  de f or ma t i on  i n t he  s oi l .

The  d i s t r i bu t i ons  of  d i s pl a c e me nt  f or  e l a s t i c  
a nd pl a s t i c  s oi l s  ha ve  be e n nor ma l i s e d  t o t he  
s a me  s ur f a c e  va l ue  i n Fi g.  28 a nd i n ge ne r a l  an 
e qui va l e nt  e l a s t i c  s e c a nt  modul us  c oul d be  
c hos e n whi c h woul d  gi ve  t he  c or r e c t  c a l c ul a t e d  
d i s pl a c e me nt  at  one  poi nt  a r ound a ny 
ge ot e c hni c a l  s t r uc t ur e  ( J a r di ne  e t  a l , 1986) .  
Howe ve r ,  t he  pa t t e r n  of  d i s p l a c e me nt s  t ha t  an 
e l a s t i c  a na l ys i s  i mpl i e s  woul d  be  t ot a l l y 
d i f f e r e n t  f r om t ha t  a c t ua l l y  obt a i n i ng  i n t he  
s oi l  and,  i f  d i f f e r e n t i a l  move me nt s  a r e  of  
c onc e r n,  or  move me nt s  i n t he  gr ound  at  a poi nt  
a wa y f r om t he  s t r uc t ur e  -  s uc h as  t he  e f f e c t  of  
an e xc a va t i on  on a dj a c e nt  bui l d i ngs  or  s e r vi c e s
-  t he n c or r e c t  mode l l i ng  of  t he  f a l l i ng t a nge nt  
s t i f f ne s s  of  t he  s oi l  wi l l  be  i mpor a nt .
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Fi gur e  29.  Undr a i ne d  c ompr e s s i on  of  one -  
d i me ns i ona l l y  ove r c ons o l i da t e d  Nor t h  s e a  c l a y:  
( a)  c on t our s  of  s he a r  s t r a i n;  (b)  k i ne ma t i c  
y i e l d  l oc us  ( a f t e r  J a r d i ne  e t  a l ,  1984) .

le n g th  o f s t r a in  pa th

Fi gur e  30.  Tr ue  t r i a xi a l  s t r e s s  pr obe s  on Le i g h ­
t on Buz z a r d  s a nd wi t h  s t a nda r d  h i s t o r y  ACD:  (a)  
s ma l l  s t r a i n  of f s e t  c on t our  (b)  s t r e s s :  s t r a i n 
r e l a t i ons  ( f r om Al a wa j i  e t  a l ,  1987) .

A ge ne r a l  obs e r va t i on  t ha t  c a n be  ma de  c onc e r n ­
i ng s t i f f ne s s  of  s oi l s  i s  t ha t  whe ne ve r  a 
s t r e s s  pa t h or  s t r a i n  pa t h c ont a i ns  a c or ne r  
t he n t he  t a nge nt  s t i f f ne s s  of  t he  s oi l  wi l l  
i nc r e a s e ,  but  de c r e a s e  as  t he  s t r e s s  s t a t e  
p r ogr e s s e s  a l ong a s moot h  pa t h a wa y f r om t ha t  
c or ne r .  Suc h an obs e r va t i odn  c a n be  ma de  i n 
t r ue  t r i a xi a l  t e s t s  ( Al awi ,  1988) ,  d i r e c t i ona l  
s he a r  c e l l  t e s t s  ( Wong e t  al ,  1987)  a nd 
c onve nt i ona l  t r i a xi a l  t e s t s  ( J a r di ne  e t  al ,
1984) .  Some  of  t he s e  l a t t e r  t r i a xi a l  t e s t  
r e s ul t s ,  on a r e c ons t i t u t e d  Nor t h  Se a  c l ay,  a r e  
s hown i n Fi g.  29 bot h  as  pr e s e n t e d  by J a r di ne  
e t  al  i n t e r ms  of  c ont our s  of  s he a r  s t r a i n  f or  
undr a i ne d  l oa di ng f o l l owi ng one - d i me ns i ona l  
l oa di ng a nd va r y i ng  de gr e e s  of  un l oa di ng  ( Fi g.  
2 9 a ) , a nd i n t e r ms  of  a s ma l l  k i ne ma t i c  yi e l d 
s ur f a c e ,  boundi ng  t he  r e g i on  of  s t r e s s  s pa c e  
whi c h  c a n p r a c t i c a l l y  pe r ha ps  be  t r e a t e d  as  
pur e l y  e l a s t i c  ( Fi g.  29b)  -  c o r r e s pondi ng  t o 
t he  " bubbl e "  mode l  de s c r i be d  by Al - Ta bha a  and 
Wood ( 1989) .

Suc h a k i ne ma t i c  y i e l d  s ur f a c e  ma y be  a 
c onve ni e nt  nume r i c a l  a ppr oxi ma t i on  t o a c ompl e x 
obs e r ve d  r e s pons e  but  obs e r va t i on  of  s ha r p 
y i e l d  poi nt s  i n s oi l  i s  un f or t una t e l y  r a r e .  I t  
ma y  be  mor e  a c c e pt a bl e  t o c ha r a c t e r i s e  t he  
k i ne ma t i c  r e s pons e  i n t e r ms  of  a c ont our  of  a 
c e r t a i n  l e ve l  of  s t r a i n  of f f s e t  as  i s  
f r e que nt l y  done  i n me t a l  p l a s t i c i t y  ( s ee,  f or  
e xa mpl e ,  I ke ga mi ,  1982) .  Thus  Fi g.  30 pr e s e nt s  
a c ont our  of  s t r a i n  of f s e t  e = 0. 05% ( whe r e  e 2  

=  2 [ C 2 -  E s )  2  +  ( e 3 - e i ) 2 +  ( e i - e 3 ) 2 ] / 9)  f or  one  
s e t  of  t r ue  t r i a xi a l  t e s t s  on dr y Le i ght on 
Buz z a r d  s a nd r e por t e d  by Al a wa j i  et  al  ( 1987) .  
Ea c h of  f i ve  s a mpl e s  wa s  s ubj e c t e d  t o t he  s a me  
pur e l y  de v i a t or i c  s t r e s s  h i s t or y  ACD a nd t he n 
s ubj e c t e d  t o ba c kwa r d  pr obe s  i n e a c h of  t he  
d i r e c t i ons  Dj ,  D2 , D3 , D4  & D5  ( Fi g.  3 0 a ) . The  
r e s ul t i ng  de v i a t or i c  s t r e s s : s t r a i n  r e s pons e s  
p l o t t e d  s i mpl y  as  l e ngt h  of  s t r e s s  pa t h f r om D 
a ga i ns t  l e ngt h of  s t r a i n  pa t h f r om D a r e  s hown 
i n Fi g.  30b.  Though  i t  i s  c l e a r  t ha t  no s ha r p
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yi e l d phe nome na  c a n be  obs e r ve d 
c l e a r  t ha t  t he  s t r a i n  of f s e t  e 
i ndi c a t e  a s t a ge  on e a c h c ur ve  
s t i f f ne s s  i s  r a pi d l y  de c r e a s i ng  
s t r a i n  of f s e t  c ont our  i n Fi g.  30 
i ndi c a t i on  of  t he  pos i t i on  of  
qua s i e l a s t i c  r e g i on  f or  t hi s  s a nd 
al  e xpl or e  a l s o t he  l i nk be t we e n 
of  t he  0. 05% s t r a i n  of f s e t  c on 
s t r e s s  a nd s t r a i n  h i s t or y  of  t he

i t  i s  a l s o 
= 0. 05% doe s  

a t  whi c h  t he  
s o t ha t  t hi s  

gi ve s  s ome  
t he  c ur r e nt  

Al a wa j i  et  
t he  l oc a t i on  

t our  a nd t he  
s o i l .

Wi t h t hi s  ba c kgr ound  i t  doe s  not  s e e m t o be  
pos s i b l e  t o us e  pa r t s  of  s t r e s s  pa t hs  t ha t  a r e  
we l l  a wa y f r om c or ne r s  t o de f i ne  t he  e l a s t i c  
pr ope r t i e s  of  s oi l s .  Thi s  s e e ms  t o t hr ow s ome  
doubt  on t he  e xpe r i me nt a l  pr oc e dur e  p r opos e d  by 
At k i ns on  e t  al  ( 1989) .  The y obs e r ve  t ha t  t he  
s t i f f ne s s  ma t r i x  i s  s ymme t r i c  ( non- z e r o of f -  
di a gona l  t e r ms  a r e  i n t e r pr e t e d  as  i ndi c a t i ng  
a n i s ot r opi c  e l a s t i c i t y)  a nd he nc e  de duc e  t ha t  
t he  s oi l  i s  r e s pondi ng  e l a s t i c a l l y ,  but  an 
e l a s t i c - p l a s t i c  s oi l  obe y i ng  an a s s oc i a t e d  f l ow 
r ul e  woul d  a l s o s how a s ymme t r i c  ma t r i x  -  a nd 
on t he  s t r e s s  pa t hs  f o l l owe d t he  " bubbl e "  mode l  
of  Al - Ta bba a  a nd Wood ( 1989)  woul d  i nde e d 
s ugge s t  i ne l a s t i c  be ha vi our .

The r e  i s  c l e a r l y  an e l e me nt  of  p r a gma t i s m t o be  
bor ne  i n mi nd  he r e  i n i n t e r pr e t i ng  e xpe r i me nt a l  
da t a  f or  s ubs e que nt  us e  i n c a l c u l a t i ng  r e s pons e  
of  ge o t e c hni c a l  s t r uc t ur e s .  El a s t i c - p l a s t i c  
k i ne ma t i c  ha r de n i ng  mode l s  ma y be  r e qui r e d  i f  
t he  pa t hs  f o l l owe d dur i ng  t he  s e que nc e  of  c o n ­
s t r uc t i on  of  a ge o t e c hni c a l  s t r uc t ur e  c ont a i n  
ma ny c or ne r s .  I f  t he  l oa di ng i s  e s s e nt i a l l y  
monot oni c ,  howe ve r ,  t he n i t  ma y i ns t e a d pr ove  
c omput a t i ona l l y  a dva nt a ge ous  t o us e  a n o n ­
l i ne a r  " e l a s t i c ” mode l  of  t he  s or t  de s c r i be d  by 
Yi n et  al  ( 1989)  ( t hough t hi s  doe s  a c t ua l l y  
i nc l ude  an e l a s t i c - p l a s t i c  d i s t i n c t i o n ) . 
Conc e pt ua l l y  i t  s e e ms  t ha t  an e l a s t i c - p l a s t i c  
mode l  wi l l  p r ovi de  a mor e  r a t i ona l  a nd f or ma l  
wa y of  e x t r a pol a t i ng  f r om a va i l a bl e  l a bor a t or y  
t e s t  da t a :  a nd one  whi c h  i s  l e s s  l i ke l y t o be  
r e s t r i c t e d  onl y t o t he  r e g i ons  of  s t r e s s  s pa c e  
f r om whi c h  t he  l a bor a t or y  da t a  we r e  obt a i ne d.

5. 3 Cha nge s  i n s a nd gr a da t i on  (c pa r t i c l e  s ha pe  
dur i ng  t e s t i ng

Sa nds  unl i ke  c l a ys  unde r go  c ha nge s  i n gr a i n  
s hape ,  s i ze ,  a nd gr a da t i on  dur i ng  c ompr e s s i on  
a nd s he a r .  The  de gr e e  of  a l t e r a t i on  of  gr a i ns  
de pe nds  upon mi ne r a l ogy,  pa r t i c l e  s i ze ,  a n g u l a ­
r i t y,  a nd s t r e s s  l e ve l .  The s e  c ha nge s  a r e  known 
t o s i gn i f i c a n t l y  a l t e r  t he  be ha vi our  of  s a nds  
i n r e s pe c t  of  c ompr e s s i b i l i t y  a nd s he a r i ng  
r e s i s t a nc e  ( f or  a de t a i l e d  d i s c us s i on  s e e  Ra hi m,  
1989) .  Two di s t i nc t l y  d i f f e r e n t  phe nome na  l e a d 
t o s a nd pa r t i c l e  de gr a da t i on  dur i ng  c ompr e s s i on  
a nd s he a r .  The y ar e :

( i )  Gr a i n  modi f i c a t i on  a t  l ow s t r e s s  l e ve l s  
whe n t he  gr a i n  bounda r y  p r o t r us i ons  a r e  
knoc ke d of f  wi t hout  a ny gr a i n  s pl i t t i ng.  
Thi s  l e a ds  t o s i gni f i c a nt  r e duc t i on  i n 
gr a i n  a ngu l a r i t y  & a l s o s ome  c ha nge s  i n 
s a nd gr a da t i on.

( i i )  Gr a i n  s p l i t t i ng  ( c r us hi ng)  a t  ve r y  hi gh 
s t r e s s e s  whi c h woul d  a ga i n pr oduc e  a ngul a r  
gr a i ns  wi t h  s i gn i f i c a n t l y  d i f f e r e n t  g r a d a ­
t i on .

Whi l e  s uf f i c i e nt  da t a  on pa r t i c l e  c r us hi ng 
unde r  h i gh s t r e s s e s  a r e  a va i l a b l e  i n l i t e r a t ur e

( Har di n,  1985)  ve r y  l i t t l e  i nf or ma t i on  i s  r e ­
por t e d  on t he  de gr e e  of  pa r t i c l e  modi f i c a t i on.  
I t  i s  we l l  known t ha t  pa r t i c l e  a ngul a r i t y  a nd 
gr a da t i on  s i gn i f i c a n t l dy  c ont r ol  t he  ma x i mum & 
mi n i mum va l ue s  of  s pe c i f i c  vol ume ,  a nd he nc e  
t he  s pe c i f i c  vol ume  r a nge  ( vma x - vm^n ) of  s a nds  
a va i l a bl e  at  ve r y l ow s t r e s s  l e ve l s  ( Youd, 1973) .  
Al s o  t he  c ompr e s s i b i l i t y  of  a s a nd a nd t he  pe a k 
a ngl e  of  s he a r i ng r e s i s t a nc e  a r e  known t o be  
c or r e l a t e d  t o pa r t i c l e  a ngul a r i t y  s i ze ,  a nd 
gr a da t i on  ( Hol ube c  a nd D' Appol oni a ,  1973;  
Wi n t e r kor n  U Fang,  1975;  Cl a yt on e t  al  1985;  
Yudhbi r  a nd Ra hi m,  1987) .  Gi ve n  t he  s t r ong 
i nf l ue nc e  of  g r a i n  a ngul a r i t y ,  s i ze ,  a nd g r a d a ­
t i on on t he  e ng i ne e r i ng  be ha vi our  of  s a nds ,  t he  
i nve s t i ga t i on  of  de gr e e  of  gr a i n  mod i f i c a t i on  
dur i ng c ompr e s s i on  a nd s he a r  a s s ume s  a dde d 
i mp o r t a n c e .

Ra hi m ( 1989)  ha s  r e por t e d  r e s ul t s  of  a de t a i l e d  
s ut dy on gr a i n  c r us h i ng  a nd modi f i c a t i on  dur i ng 
c ompr e s s i on  f or  a va r i e t y  of  s a nds .  The  po t e n ­
t i a l  f or  t he  gr a i n  de gr a da t i on  i n t e r ms  of  s i ze ,  
a ngul a r i t y ,  a nd s ha pe  a l t e r a t i ons  i nc l udi ng 
c r us hi ng i s  be s t  de mons t r a t e d  t hr ough t he  s t udy 
of  c ha nge s  i n g r a i n  s i z e  d i s t r i bu t i on  c ur ve s  of  
a s a nd be f or e  a nd a f t e r  l oa di ng.  Ha r di n  ( 1985)  
p r opos e d  t he  c a l c u l a t i on  of  b r e a ka ge  pot e nt i a l ,  
Bp  , f or  pa r t i c l e  de gr a da t i on  on t he  ba s i s  of  
t he  a r e a  of  gr a i n  s i z e  gr a da t i on  c ur ve  ( Fi g.
31a)  . B i r e f l e c t s  t he  t ot a l  pot e nt i a l  f or
c ha nge  of  gr a i n  s ha pe  a nd s i z e  unde r  s t r e s s  f or  
a g i ve n  s a nd a nd i nc l ude s  bot h t he  pot e nt i a l  
mod i f i c a t i on  & c r us hi ng.  On t he  ba s i s  of  a l l  
a va i l a bl e  da t a ,  Ra hi m ( 1989)  ha s  s hown t ha t  Bp 
i s  un i que l y  r e l a t e d  t o t he  a ve r a ge  pa r t i c l e  
s i ze ,  d50,  as  s hown i n Fi g.  32.

I n a ddi t i on  t o i nde x Bp,  Ha r di n  ( 1985)  pr opos e d  
a n i nde x B"p as  a me a s ur e  of  pa r t i c l e  br e a ka ge  
( Fi g.  31b) .  Fi g.  33 br i ngs  out  t he  i nf l ue nc e  
of  pa r t i c l e  a ngul a r i t y ,  mi ne r a l ogy,  ds o,  r e l a ­
t i ve  de ns i t y,  a nd s t r e s s  l e ve l  on pa r t i c l e  
br e a ka ge  i nde x B<p.  At  t he  s a me  s t r e s s  l e ve l  
( 8000 k N/ m2) s a mpl e s  of  c r us he d gr a ni t e  ( Lee  & 
Fa r hooma nd,  1967)  wi t h  s a me  C0 , gr a i n  mi ne r a l o ­
gy,  a nd a ngul a r i t y  s how c ons i s t e n t  i nc r e a s e  i n 
Bip wi t h  d^Q.  We l l  r ounde d qua r t z  s a nds  ( Ot t a wa  
a nd Mol  s ands )  s how s i mi l a r  t r e nds .  Angul a r  
ka l pi  a nd Na pa  ba s a l t  s a mpl e s  a l s o e xhi bi t  an 
i nc r e a s e  i n Br  wi t h d 5 Q but  t he  r a t e  of  
i nc r e a s e  i s  g r e a t e r  c ompa r e d t o r ounde d & 
s ubr ounde d  t o s uba ngul a r  gr a i ns .  For  t he  s a me  
va l ue  of  d 5 Q a nd r e l a t i ve  de ns i t y,  l oos e  s a mpl e  
of  Ga nga  s a nd s hows  Bt  e qua l  t o 1. 9 t i me s  t ha t  
f or  Ta your a  s a nd a t  t he  s a me  s t r e s s  l eve l .  
Thi s  i s  pr i ma r i l y  due  t o t he  f a c t  t ha t  a ngul a r  
Ga nga  s a nd i s  mi c a c e ous  ( 8- 10 % mi ca )  c ompa r e d 
t o t he  qua r t z - f e l ds pa r  s ubr ounde d- s uba ngul a r  
Ta your a  s and.  Ef f e c t  of  r e l a t i ve  de ns i t y  on Bt  
i s  s hown f or  l oos e  ( I q = . 24)  a nd de ns e  ( I p = 
0. 9)  s a mpl e s  of  Ta your a  s and.  For  t he  s a me  i n i ­
t i a l  r e l a t i ve  de ns i t y  ( I q = . 24)  Bt  f or  Ta your a  
s a nd i nc r e a s e s  f r om . 035 t o . 095 as  t he  s t r e s s e s  
i nc r e a s e s  f r om 17600 kN/ m2 t o 45000 k N/ m2 .

For  t he  s a me  mi ne r a l ogy,  d 5 g,  a nd s t r e s s  l e ve l  
Bf  ha s  a l s o be e n s hown t o de c r e a s e  wi t h
i nc r e a s i ng LU ( Rahi m,  1989) .  Ra hi m ha s  a l s o
s hown t ha t  f or  mos t  na t ur a l  s a nds  pa r t i c l e  
c r us hi ng doe s  not  c omme nc e  unt i l  a s t r e s s  l e ve l  
of  a r ound 8000 k N/ m1 .

Ba s e d on r e s ut l s  a va i l a b l e  i t  ma y be  s ugge s t e d  
t ha t ,  e xc e pt  f or  t he  c a s e  whe r e  a ggr e ga t e d
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gr a i ns  a r e  i nvol ve d,  bot h Bp & B.p f or  s a nds  of  
s i mi l a r  gr a da t i on,  a ngul a r i t y  & mi ne r a l ogy,  
i nc r e a s e  wi t h  pa r t i c l e  s i z e  ( dj g ) whe r e a s  
r e l a t i ve  b r e a ka ge  i nde x Br  = BT / Bp  ( Har di n,
1985)  a t  a gi ve n s t r e s s  l e ve l  r e ma i ns  
e s s e n t i a l l y  t he  s a me  ( Ra hi m 1989) .  Pa r t i c l e  
de gr a da t i on  of  d i f f e r e nt  s a nds  c a n t hus  be  be s t  
e xpr e s s e d  i n t e r ms  of  t he  r e l a t i ve  br e a ka ge  
i nde x Br . Ra hi m ( 1989)  ha s  s hown an e xc e l l e nt  
c or r e l a t i on  of  Br  wi t h  mi ne r a l  c ompos i t i on  of  a 
s a n d .
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Fi gur e  31.  De f i n i t i on  of  br e a ka ge  pot e nt i a l  (a)  
a nd t ot a l  br e a ka ge  (b)  ( f r om Ha r di n,  1985)  .

Fi gur e  32.  Re l a t i ons h i p  be t we e n t ot a l  pot e nt i a l  
br e a ka ge ,  Bp,  a nd a ve r a ge  pa r t i c l e  s i z e ,  ds o.  
( f r om Ra hi m,  1989) .
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a d  T a y o u ra (D e n s e ) 4 5 0 0 0 1 .5 0

a l  T a y o u ra (  L o o s e ) 1 7 6 0 0 , 4 5 0 0 0 -

a l  G a n g a  ( L o o s e ) 1 7 6 0 0 2 . 5 6 /
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Fi gur e  33.  Fa c t or s  gove r n i ng  t ot a l  s a nd pa r t i c l e  
br e a ka ge ,  B^ ( f r om Ra hi m,  1989)  .

Whi l e  da t a  on gr a i n  c r us h i ng  i s  r e l e va nt  t o t he  
be ha vi our  of  d i f f e r e n t  s a nds  a t  e l e va t e d  s t r e s s  
l e ve l s ,  gr a i n  modi f i c a t i on  s t udi e s  a r e  i mpor t a nt  
t o unde r s t a nd  t he  be ha vi our  of  s a nds  i n t he  
r a nge  of  s t r e s s e s  c ommonl y  i nve s t i ga t e d  i n 
t r i a xi a l  t e s t i ng.  Si nc e  l oos e  s a mpl e s  woul d  
e xpe r i e nc e  mor e  gr a i n mod i f i c a t i on  c ompa r e d  t o 
de ns e  s a mpl e s ,  Ra hi m ( 1989)  i nve s t i ga t e d  f our  
s a nds  at  an i ni t i a l  r e l a t i ve  de ns i t y  of  0. 25.  
Sa mpl e s  we r e  s ubj e c t e d  t o oe dome t e r  c ompr e s s i on  
( i n dr y s t a t e )  a nd t a ke n out  a t  s t r e s s  l e ve l s  
of  1100, 2200,  8800 & 17600 k N/ m2  f or  s i e ve  
a na l ys i s  ( t o c omput e  Bp , Bt ,  Br ) a nd i ma ge  
a na l ys i s  s t udi e s  r e l a t e d  t o c ha nge s  i n pa r t i c l e  
a ngul a r i t y  ( s ee  s e c t i on  4. 3) .  Four  s a nds  
i nve s t i ga t e d  we r e  s t a nda r d  s and,  Ga nga  s and,  
ka l pi  s a nd & c a l c a r e ous  s a nd ( Tabl e  3 i n 
s e c t i on  4. 3) .  On t he  ba s i s  of  r e l a t i ve  b r e a ka ge  
i ndex,  Br ,  i t  wa s  f ound t ha t  a t  a s t r e s s  l e ve l  
of  1100 k N/ m2, e xc e pt  f or  c a l c a r e ous  s a nd ( made  
up of  c a r bona c e ous  s he l l s ) ,  no gr a i n  mo d i f i c a ­
t i on wa s  d i s c e r ne d  ( Br  = . 02 f or  c a l c a r e ous  
s and)  f or  ot he r  s a nds .  Ma j or  i nc r e a s e  i n Br  
va l ue s  f or  Ga nga ,  ka l pi  & c a l c a c e ous  s a nds  wa s  
obs e r ve d a t  a s t r e s s  l e ve l  of  2200 k N/ m2. For  
t he  s t r e s s  i nc r e a s e  f r om 2200 t o 8800 kN/ mz,  
onl y a s ma l l  f ur t he r  i nc r e a s e  i n Br  wa s  obs e r v ­
ed f or  Ga nga ,  ka l pi  & c a l c a r e ous  s a mpl e s .  
Howe ve r ,  at  s t r e s s  l e ve l s  g r e a t e r  t ha n 8800 
k N/ m2  ( upt o 17600 k N/ m2) Ga nga ,  ka l pi  & c a l c a ­
r e ous  s a nd s a mpl e s  i ndi c a t e d  ma r ke d  i nc r e a s e  i n 
Br  va l ue s .  St r e s s  l e ve l  of  8800 k N/ m2  wa s  e s ­
t i ma t e d t o be  t he  va l ue  at  whi c h  s i gni f i c a nt  
gr a i n  c r us hi ng c omme nc e s  f or  t he s e  s a nds .  The  
s t a nda r d  s and,  c ons i s t i ng  of  r ounde d qua r t z  
gr a i ns  s howe d B r  = 0 r i ght  upt o 17600 k N/ m2. 
Sa mpl e s  a f t e r  c ompr e s s i on  a t  va r i ous  s t r e s s  
l e ve l s  we r e  a l s o e xa mi ne d  wi t h  t he  i ma ge  a na l y ­
z e r  t o e va l ua t e  t he  c ha nge s  i n gr a i n  a ngul a r i t y  
a r i s i ng  f r om pa r t i c l e  br e a ka ge .  A t ypi c a l  
r e s ul t  f or  Ga nga  s a nd i s  s hown i n Fi g . 34.  The  
d i s t r i bu t i on  of  t a nge nt s  ( count  of  s ur f a c e  
pr ot r us i ons )  obt a i ne d  f r om i ma ge  a na l yz e r  
s t udi e s  c l e a r l y  br i ngs  out  t he  c ha nge s  i n gr a i n  
a ngul a r i t y .  As  po i n t e d  out  i n s e c t i on  4. 3,  4 
t a nge nt  c ount  wa s  t a ke n t o r e pr e s e nt  r ounde d 
pa r t i c l e s .  The  p r opor t i on  of  r ounde d  pa r t i c l e s  
i nc r e a s e d f r om 12 % i n uns t r e s s e d  s t a t e  t o 17 % 
at  a s t r e s s  l e ve l  of  2200 kN/ m2  whe r e  s i e ve  
a na l ys i s  s howe d ma x i mum va l ue  of  Br . Thi s  
i nc r e a s e  i s  a c l e a r  i nd i c a t i on  of  s ha r p 
p r o t r us i ons  be i ng knoc ke d of f .  I t  wi l l  a l s o be 
s e e n t ha t  f e w gr a i ns  i n or i g i na l  s a nd wi t h 
t a nge nt  c ount  i n e xc e s s  of  28 a r e  t ot a l l y 
a bs e nt  dur i ng i ma ge  a na l ys i s  a f t e r  l oa di ng t o 
2200 kN/ m 2  . The s e  gr a i ns  a l ong wi t h  ot he r  
a ngul a r  one s  ha ve  c ont r i bu t e d  t o t he  i nc r e a s e d  
r ounde d pa r t i c l e s .  I t  i s  a l s o br ought  out  t ha t  
at  a s t r e s s  l e ve l  of  17600 kN/ m2 , t he  gr a i ns  
we r e  s pl i t  a nd t he  pr opor t i on  of  r ounde d gr a i ns  
ha s  a ga i n dr oppe d t o a r ound 8  %.  Cha nge s  i n 
pa r t i c l e  s ha pe  f or  Ga nga  s a nd we r e  a l s o 
e xa mi ne d i n t e r ms  of  f l a t ne s s  a nd e l onga t i on
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T a n g e n ts

Fi gur e  34.  Cha nge s  i n gr a i n  a ngul a r i t y  ( r e l a t e d 
t o numbe r  of  t a nge nt s )  dur i ng c ompr e s s i on  of  
Ga nga  s a nd ( f r om Ra hi m,  1989) .

r a t i os  i n Zi ngg d i a g r a m be f or e  & a f t e r  l oa di ng 
upt o 2200 kN/ m2 . The  uns t r e s s e d  Ga nga  s a nd ha d 
onl y 24. 4 % pa r t i c l e s  i n qua dr a nt  I I  ( Fi g.  21)  
a nd a f t e r  c ompr e s s i on  unde r  2200 kN/ m2 , t hi s  
p r opor t i on  i nc r e a s e d  t o 31 % i nd i c a t i ng  c ha nge  
i n gr a i n  s ha pe  f r om pl a t e - l i ke ,  b l a de d  & r o d ­
l i ke  t o s phe r oi da l  ( equa nt ) .  The  br e a k i ng  of f  
of  t he  gr a i n  bounda r y  pr ot r us i ons  ha s  r e s ul t e d  
i n c ha nge  of  pa r t i c l e  s ha pe  a l s o.

The s e  r e s ul t s  s ugge s t  t ha t  Br  de t e r mi na t i on,  
a nd i ma ge  a na l ys i s  s t udi e s  s ugge s t e d  he r e  c a n 
be  s uc c e s s f u l l y  us e d  t o e va l ua t e  t he  de gr e e  of  
gr a i n modi f i c a t i on  & t he  s t r e s s  l e ve l  a t  whi c h 
t he s e  modi f i c a t i ons  c omme nc e .  Ba s e d on t he  
a va i l a bl e  da t a  ( Ca s t r o e t  al  1982,  Va i d  & 
Che r n,  1985,  Yudhbi r  £ Ra hi m 1987,  Ra hi m 1989) ,  
i t  ma y be  s ugge s t e d  t ha t  t he  t hr e s hol d  s t r e s s ,  
at  whi c h  a s a nd unde r goe s  g r a i n  mod i f i c a t i on  & 
t he r e f or e  c ha nge s  i n be ha vi our  unde r  s t r e s s ,  
de pe nds  upon i t s  i ni t i a l  r e l a t i ve  de ns i t y,  
a ngul a r i t y,  a nd mi ne r a l ogy.  Mor e  de t a i l e d  
s t udi e s  on s uba ngul a r  a nd a ngul a r  s a nds  a r e  
r e qu i r e d  t o e s t a b l i s h  t he  r e l a t i ons h i ps  be t we e n 
t hr e s hol d  s t r e s s  a nd i ni t i a l  r e l a t i ve  de ns i t y  
f or  d i f f e r e n t  s a nds .

5. 4 A s t a t e  va r i a b l e  f or  s a nds

" Loos e  s a nds  a nd gr a ve l s  a r e  known t o ha ve  l e s s  
r e s i s t a nc e  t o s he a r  t ha n t he  s a me  s oi l s  i n a 
de ns e  s t a t e "  ( Wi nt e r kor n a nd Fang,  1975) .  A 
f i r s t  e s t i ma t e  of  t he  pe a k a ngl e  of  f r i c t i on  of  
a s a nd mi ght  be  ob t a i ne d  f r om c ha r t s  s uc h as  
t hos e  pr oduc e d  by Wi n t e r kor n  a nd Fa ng ( 1975) ,  
whi c h r e qui r e  knowl e dge  onl y of  t he  pa c ki ng of  
t he  s a nd a nd s ome  ba s i c  i nf or ma t i on  a bout  
pa r t i c l e  s ha pe  a nd s i ze .  The  pa c ki ng of  t he  
s a nd i s  i ndi c a t e d  by i t s  r e l a t i ve  de ns i t y  I q :

! d  = (vjnax -  vt / t v^ * -  v ^ )  ( 32)

whe r e  Vjj^  a nd v, , , ^ a r e  s o- c a l l e d  ma x i mum a nd

mi n i mum va l ue s  of  s pe c i f i c  vol ume ,  de t e r mi ne d  
by s t a nda r d  p r oc e dur e s  ( s ee,  f or  e xa mpl e ,  
Ko l b u s z e ws k i , 1948) .

Howe ve r ,  r e l a t i ve  de ns i t y  on i t s  own i s  not  
s uf f i c i e nt ,  s i nc e  a de ns e  s a mpl e  t e s t e d a t  a 
h i gh s t r e s s  l e ve l  s hows  a muc h  l owe r  s t r e ngt h,  
c l os e  t o t ha t  of  a l oos e  s a mpl e .  Mos t  t e s t  
da t a  f or  s oi l s  ha ve  c ome  f r om c onve nt i ona l  
t r i a xi a l  c ompr e s s i on  t e s t s  i n whi c h t he  c e l l  
pr e s s ur e  i s  he l d c ons t a nt  wi t h  t he  c ons e que nc e  
t ha t ,  i n a d r a i ne d t e s t ,  t he  me a n s t r e s s  l e ve l  
i nc r e a s e s  f r om t he  s t a r t  of  t he  t e s t  unt i l  
f a i l ur e  oc c ur s .  I f  i t  i s  onl y t he  s t r e ng t h  of  
s a nds  i n c onve nt i ona l  t r i a xi a l  c ompr e s s i on  
t e s t s  t ha t  i s  of  c onc e r n,  t he n i t  ma y be  
a c c e pt a b l e  t o s e e k c o r r e l a t i on  of  s t r e ngt h  wi t h 
i ni t i a l  de ns i t i e s  a nd c onf i n i ng  s t r e s s e s .  The  
c ha r a c t e r  of  t hi s  r e s pons e  ha s  be e n e xa mi ne d 
f or  ma ny s a nds  by Bol t on ( 1986)  a nd he  ha s  
p r oduc e d  t he  e xpr e s s i on

<t>' -  0c'  = 3 ID(10 -  Hn pf ' ) -  3 ( 33)

as  a be s t  f i t  t o a wi de  r a nge  of  da t a ,  whe r e  6 .̂ 
i s  t he  c r i t i c a l  s t a t e  a ngl e  of  f r i c t i on.  I n 
t hi s  e xpr e s s i on,  me a n s t r e s s  ha s  t o be  me a s ur e d  
i n kPa ,  a nd 6 ' i n de gr e e s .  Bol t on s ugge s t s  
t ha t  i t  s houl d  onl y be  us e d  whe r e  i t  l e a ds  t o 
va l ue s  of  <f>' i n t he  r a nge  1 2 ° > <t>' -  <t>c 1 > 0 .

The  pr ob l e m wi t h  t he  us e  of  r e l a t i ve  de ns i t y  as  
a n i nde x of  s a nd be ha vi our  i s  t ha t  i t  i s  
c onve nt i ona l l y  c omput e d us i ng t he  s pe c i f i c  
vol ume  of  t he  s a mpl e  as  i t  ha s  be e n pr e pa r e d,  
wi t h  no c onf i n i ng  pr e s s ur e .  Cons e que nt l y ,  i t  
doe s  not  r e f l e c t  t he  c ha nge s  i n vol ume  t ha t  ma y 
oc c ur  e i t he r  as  an i ni t i a l  s t r e s s  s t a t e  i s  
a ppl i e d,  or  as  t he  s a nd i s  s he a r e d.

I f  a c r i t i c a l  s t a t e  l i ne  f or  a s a nd

v = T -  X Unp'  ( 34)

c a n be  l oc a t e d  i n t he  p ' : v  c ompr e s s i on  pl a ne ,  
t he n t he  c ompos i t e  vo l ume t r i c  va r i a bl e

v\  -  T = v + X i np'  -  r  (3 5)

c a n be  c a l c u l a t e d  a t  a ny s t a ge  of  a t es t .

An e xt e ns i ve  s t udy of  t he  us e  of  t he  qua nt i t y  
vx -  T t o c ha r a c t e r i s e  t he  s t r e ng t h  ( and 
di l a t a nc y)  of  s a nds  ha s  be e n ma de  by Be e n a nd 
J e f f e r i e s  ( 1985,  1986) .  The y ha ve  ma na ge d  t o 
l oc a t e  s t r a i ght  c r i t i c a l  s t a t e  l i ne s  ( t hey 
a c t ua l l y  c a l l  t he m s t e a dy s t a t e  l i ne s  but  t he  
t wo a r e  pr oba bl y  e qui va l e nt ,  s e e  Ne gus s e y  e t  al  
( 1988)  i n t he  v : £n p'  c ompr e s s i on  pl a ne  f or  
ma ny di f f e r e n t  s a nds  a nd s a ndy s i l t s ,  a nd ha ve  
c a l c u l a t e d  va l ue s  of  ( vxi  -  T) , whi c h t he y c a l l  
t he  s t a t e  pa r a me t e r ,  f r om t he  vol ume  a nd me a n 
s t r e s s  ob t a i n i ng  whe n t he  s a nd i s  a bout  t o be  
s he a r e d i n a t r i a xi a l  t es t .  Thus  t he y i nc l ude  
t he  e f f e c t  of  t he  vol ume  c ha nge  t ha t  ha s  
oc c ur r e d  as  t he  s a mpl e  i s  c ompr e s s e d,  but  not  
t he  e f f e c t  of  d i l a t a nc y  dur i ng  s he a r .  The  s a nd 
s t r e ng t h  da t a  t ha t  t he y ha ve  a c c umul a t e d  r e ve a l  
a f a i r l y  na r r ow s pr e a d ( Fi g.  35) .  As  a r e s ul t ,  
i f  t he  i ni t i a l  va l ue  of  t he  s t a t e  pa r a me t e r  
( vxi  -  T)  i s  known t he n t he  pe a k s t r e ngt h  t o be  
e xpe c t e d  i n t r i a xi a l  c ompr e s s i on  t e s t s  c a n be  
e s t i ma t e d  t o ± 2. 5° .  Subs e que nt  wor k ( Been et  
al  ( 1986) ;  Be e n e t  al  ( 1987)  ha s  i ndi c a t e d  t ha t
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Fi gur e  35.  Va r i a t i on  of  pe a k a ngl e s  of  s he a r i ng 
r e s i s t a nc e  of  s a nds  wi t h  s t a t e  pa r a me t e r  ( a f t e r  
Be e n a nd  J e f f e r i e s ,  1986)  .
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Fi gur e  36.  
r e s i s t a nc e  
Sa c r a me nt o  Ri ve r  
1967)  .

De pe nde nc e  of  pe a k a ngl e  of  s he a r i ng  
on s t a t e  va r i a b l e  a t  f a i l ur e  f or

s a nd ( da t a  f r om Le e  a nd  Seed,

t he s e  f a i l ur e  da t a  woul d  be

t hi s  s t a t e  pa r a me t e r  ( vxi  _ r ) i s  us e f ul  a l s o 
i n unde r s t a nd i ng  r e s ul t s  of  c one  pr e ne t r a t i on  
t e s t s  i n s a nds  a nd s a ndy s i l t s .

Howe ve r ,  t he  us e  of  i ni t i a l  vl a ue s  of  (v\  -  F)  
i s  not  s a t i s f a c t or y  i f  a r a t i ona l  pi c t ur e  of  
s a nd r e s pons e  i s  t o be  bui l t  up,  be c a us e  i n 
ge ne r a l  vol ume  c ha nge s  a nd s t r e s s  c ha nge s  on 
r e l e va nt  f i e l d s t r e s s  pa t hs  ( whi ch ma y be a r  
l i t t l e  r e s e mbl a nc e  t o t r i a xi a l  c ompr e s s i on  
s t r e s s  pa t hs )  wi l l  l e a d t o c ont i nuous  a nd ma j or  
va r i a t i on  i n v \ .

Cons i de r a t i on  of  da t a  f or  t ypi c a l  s a nds  s hows  
t ha t  t he  c r i t i c a l  s t a t e  l i ne s  t ha t  ha ve  be e n 
e s t i ma t e d  c a n onl y be  c ons i de r e d  l oc a l l y  
s t r a i ght  i n t he  v:  t n  p'  c ompr e s s i on  pl a ne .  I f  
t he  s pe c i f i c  vol ume  vc on t he  c r i t i c a l  s t a t e  
l i ne ,  of  wha t e ve r  a c t ua l  s hape ,  a t  t he  c ur r e nt  
me a n e f f e c t i ve  s t r e s s  c a n be  de t e r mi e nd,  t he n 
t he  qua nt i t y  v- vc  be c ome s  a mor e  ge ne r a l  s t a t e  
va r i a bl e  whi c h  ha s  wi de r  a ppl i c a t i on  t ha n vx -  
T.  I f  t he  c r i t i c a l  s t a t e  l i ne  i s  s t r a i ght  i n 
t he  v: £n p'  c ompr e s s i on  pl a ne  t he n

-  55 ( vf  -  vc ) f or  vc 

: ' = 0 f or  vc < vf

vf ( 38)

( 39)

a nd

vc = r -  XHnp1

vc = vx - r

( 36)

( 37)

Le e  a nd Se e d ( 1967)  r e por t  r e s ul t s  of  c onve n ­
t i ona l  t r i a xi a l  c ompr e s s i on  t e s t s  pe r f or me d at  
c ons t a nt  c e l l  pr e s s ur e s  be t we e n 98 kPa  a nd 12 
Mpa .  The y r e por t  t r i a xi a l  t e s t s  on s a mpl e s  
pr e pa r e d at  t wo i ni t i a l  de ns i t i e s ,  a nd i s ot r opi c  
c ompr e s s i on  t e s t s  on s a mpl e s  pr e pa r e d a t  f our  
i ni t i a l  de ns i t i e s .

Fr om t he  a va i l a bl e  c ompr e s s i on  pl a ne  i nf or ma t i on  
a n a ppr oxi ma t e  l oc a t i on  f or  a c ur ve d c r i t i c a l  
s t a t e  l i ne  i n t he  c ompr e s s i on  pl a ne  c a n be  
s ugge s t e d  a nd t hi s  ha s  be e n us e d t o c a l c ul a t e  
va l ue s  of  vc f or  pa r t i c u l a r  va l ue s  of  me a n 
e f f e c t i ve  s t r e s s .  The  f a i l ur e  da t a  r e por t e d  by 
Le e  a nd Se e d a r e  p r e s e n t e d  i n Fi g.  36 i n t e r ms  
of  pe a k a ngl e  of  f r i c t i on  as  a f unc t i on of  v^ -  
vc , c a l c ul a t e d  f r om t he  f a i l ur e  va l ue s  of  
s pe c i f i c  vol ume .  An a ppr oxi ma t e  de s c r i p t i on  of

whe r e  0'  i s  me a s ur e d  i n de gr e e s .  The  s e c ond 
e xpr e s s i on  i s  e s s e n t i a l l y  r e dunda nt  be c a us e  
s a mpl e s  wi t h  v > v, ,  a r e  not  e xpe c t e d  t o s how a 
pe a k be f or e  t he  c r i t i c a l  s t a t e  i s  r e a c he d.  The  
e xpe c t a t i on  f r om t he  wor k of  Be e n a nd J e f f e r i e s  
( 1985,  1986)  i s  t ha t  t he s e  r e l a t i ons h i p  woul d  
hol d f or  s a mpl e s  of  t hi s  s a nd p r e pa r e d  a t  a ny 
i ni t i a l  de ns i t y.

Compe l t e  t e s t  pa t hs  f or  t wo t e s t s  on i ni t i a l l y  
de ns e  a nd t wo t e s t s  on i n i t i a l l y  l oos e  s a mpl e s  
a r e  s hown i n a ( v -  v c ) : q/ p'  p l ot  i n Fi g.  37.  
The  l oos e  s a mpl e  t e s t e d a t  l ow pr e s s ur e ,  a nd 
t he  de ns e  s a mpl e  t e s t e d a t  a mode r a t e l y  hi gh 
p r e s s ur e  s how e s s e n t i a l l y  no c ha nge  i n s t a t e  
va r i a bl e  ( v -  v c ) as  t he y a r e  s he a r e d : t he y 
s t a r t  a nd r e ma i n  ve r y c l os e  t o t he  c r i t i c a l  
s t a t e  l i ne  i n t he  v: l n  p'  pl a ne .  The  de ns e  
s a mpl e  t e s t e d at  l ow pr e s s ur e  r i s e s  t o a pe a k 
a nd t he n he a ds  down t owa r ds  t he  c r i t i c a l  s t a t e .  
The  l oos e  s a mpl e  t e s t e d at  hi gh pr e s s ur e  r i s e s  
s t e a di l y  t owa r ds  t he  c r i t i c a l  s t a t e .

Pl ot t i ng  i nf or ma t i on  i n t e r ms  of  q/ p'  a nd ( v 
v c ) , whe t he r  vc i s  de duc e d  f r om a s t r a i ght  or  
a c ur ve d c i r t i c a l  s t a t e  l i ne ,  br i ngs  t oge ht e r  
da t a  f r om s a mpl e s  wi t h  wi de l y  d i f f e r i ng  
de ns i t i e s .  The  s t a t e  va r i a bl e  ( v -  vc ) 
i nt r oduc e s  me a n e f f e c t i ve  s t r e s s  i n a r a t i ona l  
wa y a nd i n pa r t i c u l a r  a l l ows  s ome  not e  t o be  
t a ke n of  t he  c ur r e nt  va l ue s  of  me a n s t r e s s  a nd 
vol ume  whi c h  ma y be  ve r y d i f f e r e n t  f r om t he i r  
i ni t i a l  va l ue s .

Re l a t i ve  de ns i t y  i s  not  a s uf f i c i e n t  qua nt i t y  
f or  c ha r a c t e r i s i ng  s a nd be ha vi our .  I t  mi ght  be  
s ugge s t e d  t ha t  ( v -  vc ) s houl d  be  nor ma l i s e d  by 
d i v i d i ng  i t  by ( Vmax -  v mi n) i n or de r  t o 
pr oduc e  a c ompos i t e  s t a t e  va r i a bl e  whi c h  c a n 
br i ng t oge t he r  da t a  f or  s a nds  of  wi de l y  
d i f f e r i ng  mi ne r a l ogy,  a ngul a r i t y,  a nd pa r t i c l e  
s i z e  ( c ompa r e  Hi r d a nd Ha s s ona ,  1986;  Be e n and 
J e f f e r i e s ,  1986) .  The  s pe c i f i c  vol ume  r a nge  
( vmax -  vmi n ) gi ve s  an i nd i c a t i on  of  t he  r a nge
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Fi gur e  37.  Tr i a x i a l  t e s t  pa t hs  f or  Sa c r a me nt o  
Ri ve r  s a nd ( da t a  f r om Le e  a nd Se e d,  1967)  .

of  pa c ki ngs  a va i l a b l e  a t  l ow s t r e s s  l e ve l s ,  but  
doe s  not  a ppe a r  t o r e l a t e  d i r e c t l y  e i t he r  t o 
t he  s l ope  of  t he  c r i t i c a l  s t a t e  l i ne  a t  l ow 
s t r e s s  l e ve l s ,  or  t o t he  s l ope  of  i s ot r opi c  
c ompr e s s i on  c ur ve s  a t  hi ghe r  s t r e s s  l e ve l s ,  
whe r e  pa r t i c l e  modi f i c a t i on  be c ome s  i mpor t a nt  -  
a nd t he s e  a r e  bot h  f a c t or s  t ha t ,  t hr ough t he  
s t a t e  va r i a bl e  ( v -  vc ) ,  a ppe a r  t o ha ve  a 
c ont r o l l i ng  i nf l e unc e  on s a nd be ha vi our  i n 
ge ne r a l  a nd on t he  s t r e ngt h  of  s a nds  i n 
p a r t i c u l a r .

The s e  c onc e r ns  a r e  be s t  i l l us t r a t e d  t hr ough a 
c l os e  e xa mi na t i on  of  t he  da t a  on St e a dy St a t e  
Li ne ,  SSL,  f or  va r i e t y  of  s a nds  ( Fi g.  38)  r e ­
por t e d  by Ca s t r o  e t  a l  ( 1982) .  Si mi l a r  r e s ul t s  
a r e  r e por t e d  by Va i d  a nd Che r n  ( 1985)  f or  t a i ­
l i ngs  s a nd a nd Ot t a wa  s and.

The s e  r e s ul t s  e s t a b l i s h  ge ne r a l  pa t t e r ns  of  t he  
s ha pe  of  SSL f or  a ngul a r  t o s uba ngul a r  a nd 
r ounde d t o s ubr ounde d  s a nds .  Whi l e  t he  s ubr ound ­
ed t o r ounde d qua r t z  s a nds  do not  s how a ny 
c ha nge  i n s l ope  of  SSL upt o 1000 k N/ m2  , 
i r r e s pe c t i ve  of  t he  va l ue  of  i ni t i a l  r e l a t i ve  
de ns i t y,  t he  SSL f or  s uba ngul a r  t o a ngul a r  s a nds  
unde r goe s  c ha nge  i n s l ope  e ve n a t  s t r e s s  l e ve l  
of  100 k N/ m2  de pe nd i ng  on t he  va l ue  of  i ni t i a l  
r e l a t i ve  de ns i t y  of  t he  s a mpl e .  The  s l ope  of  
SSL f or  s ubr ounde d t o r ounde d s a nds  va r i e s  f r om 
0. 03 t o 0. 06 f or  t he  e f f e c t i ve  s t r e s s  a t  s t e a dy 
s t a t e  va r y i ng  f r om 10- 1000 kN/ m2 . For  s uba ngul a r  
t o a ngul a r  s a nd t he  s l ope  of  SSL i s  0 . 06- 0. 08 
f or  s t r e s s  l e ve l  of  10- 100 kN/ m2 , 0. 08- 0. 17 f or  
100- 200 k N/ m2 , 0. 19 f or  200- 400 k N/ m2 , a nd a bout  
0. 35 f or  s t r e s s e s  g r e a t e r  t ha n 400 kN/ m2 . 
I nc i de nt l y  f or  a s t e a dy s t a t e  s t r e s s  l e ve l  of  
400 k N/ m2  , f or  t a i l i ngs  s a nd a t  an i ni t i a l  
r e l a t i ve  de ns i t y  of  0. 3,  t he  va l ue  of  
c ons o l i da t i on  s t r e s s  ( f or  t he  s a me  va l ue  of  v)  
i s  2000 k N/ m2 . As  s hown i n s e c t i on  5. 3,  at  
t he s e  s t r e s s  l e ve l s ,  s uba ngul a r  t o a ngul a r  s a nds  
e xpe r i e nc e  ma xi mum gr a i n  modi f i c a t i on ,  whi c h ha s  
s i gni f i c a nt  e f f e c t  on t he i r  c ompr e s s i b i l i t y  & 
s he a r  s t r e ngt h.

I t  i s  i mpor t a nt  t o not e  t ha t  a t  t he s e  s t r e s s
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Fi gur e  38.  Fa mi l y  of  s t e a dy s t a t e  l i ne s  f or  
s a nds  wi t h  d i f f e r e n t  a ngul a r i t y  a nd g r a da t i on  
( f r om Ca s t r o  e t  a l ,  1982) .
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C o e f f i c ie n t  o f  U n i f o r m i t y  , C j

Fi gur e  39.  Re l a t i ons h i p  be t we e n  s pe c i f i c  vol ume  
a t  s t e a dy s t a t e ,  a ngu l a r i t y  a nd gr a da t i on.

l e ve l s  onl y  br e a ka ge  of  s ha r p  e dge s  or  
pr o t r us i ons  on gr a i n  bounda r y  oc c ur s  wi t hout  
a ny c r us h i ng  of  s a nd pa r t i c l e s ;  t he  r ounde d 
gr a i n  s how a bs o l u t e l y  no c ha nge s  i n gr a i n  
ge ome t r y  or  s i z e  ( Va i d & Che r n,  1985;  Ra hi m,  
1989) .  The r e f or e  t he  pos i t i on  a nd s l ope  of  t he  
SSL of  a s a nd t e s t e d  at  c ons o l i da t i on  pr e s s ur e
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l e s s  t ha n 2000 kN/ m2  i s  e xpe c t e d  t o be  s i gn i f i ­
c a nt l y  c ont r o l l e d  by t he  gr a i n  a ngul a r i t y  a nd 
gr a da t i on  ( Fi g. ,  39)  . For  t he  pur pos e s  of  d i s ­
c us s i on he r e ,  0 3  s s l  i s  c hos e n ( i ns t e a d of  p' )  
s i nc e  t he  da t a  f r om Ca s t r o  e t  al  ( 1982)  a nd 
Va i d  & Che r n ( 1985)  i s  i n t e r ms  of  t hi s  s t r e s s  
pa r a me t e r .  For  ot he r  da t a  s hown i n Fi g.  39,  
t he  va l ue  of  p'  a t  SSL,  c o r r e s pondi ng  t o t he  
r e f e r e nc e  0 3  s s l = 1 0  k N/ m2 ( adopt ed)  wa s  c omput ­
e d f r om t he  va l ue  of  a ngl e  of  s he a r i ng r e s i s ­
t a nc e  a t  s t e a dy s t a t e  r e por t e d  f or  t he s e  s ands .  
For  Ca s t r o ' s  & Va i d  & Ch e r n ' s  da t a  t r e nds  
s i mi l a r  t o t he  one  s hown i n Fi g.  39 e xi s t  at  
hi ghe r  s t r e s s  l e ve l s  a l s o.

I n t he  l i ght  of  t he  t r e nds  s hown i n Fi g.  39,  i t  
ma y be  obs e r ve d  t ha t ,  i n t he  r a nge  of  s t r e s s  
l e ve l s  c ommonl y  e mpl oye d i n t r i a xi a l  t e s t i ng  of  
s a nds  i n t he  l a bor a t or y,  onl y s a nds  of  
c ompa r a bl e  a ngul a r i t y,  g r a da t i on  & mi ne r a l ogy  
ma y be  e xpe c t e d  t o gi ve  SSL i n a na r r ow r a nge  
whe r e  t he y c oul d be  nor ma l i z e d i n t e r ms  of  a 
s t a t e  va r i a bl e  s uc h as  v - v c . The r e  a r e  
i ndi c a t i ons  t ha t  f or  t he  s a me  i ni t i a l  r e l a t i ve  
de ns i t y,  ( v- vc ) / ( vB 1 1 - v, i n ) ma y be  c ompa r a bl e  
f or  s a nds  ha vi ng s i mi l a r  gr a i n  a n g u l a r i t y , mi n e ­
r a l ogy,  a nd gr a da t i on.  I n c a s e  of  s uba ngul a r  t o 
a ngul a r  s a nds  (v - v c ) / ( vmax - vmi n ) i nc r e a s e s  wi t h 
i nc r e a s i ng s t r e s s  l e ve l  whe r e a s  i n c a s e  of  
s ubr ounde d t o r ounde d s a nds  t hi s  r a t i o  i s  
i nde pe nde nt  of  s t r e s s  l e ve l  upt o 2000 kN/ m2 . 
Mor e  da t a  i s  ne e de d t o ve r i f y  t he s e  i ndi c a t i ons

For  40 s hows  t he  va r i a t i on  of  s pe c i f i c  vol ume  
r a nge  ( v^y- v, , , ^ )  wi t h  a ngul a r i t y  a nd gr a da t i on  
of  s a nds .  Sol i d l i ne s  a r e  ba s e d on da t a  f r om 
Youd ( 1973)  t e s t e d a ga i ns t  r e s ul t s  f or  va r i e t y  
of  s a nds .  On t he  ba s i s  of  r e s ul t s  s hown i n 
Fi gs .  39 i  40,  i t  ma y t he r e f or e  be  s ugge s t e d  
t ha t ,  a t  s t r e s s  l e ve l s  be l ow t he  t r e s hol d  
s t r e s s  ( wher e  gr a i n  modi f i c a t i on  i s  ma x i mu m) , 
a ngul r i t y  a nd gr a da t i on  of  s a nds  un i que l y  
gove r n  t he  r a nge  of  pa c ki ng a va i l a bl e  a t  ve r y 
l ow s t r e s s  l e ve l s  a nd a l s o t he  pos i t i on  & s l ope  
of  t he  SSL ( CSL) . The s e  c ons i de r a t i ons  s houl d 
be  bor ne  i n mi nd  whi l e  s e a r c hi ng f or  a 
ge ne r a l i z e d  s t a t e  va r i a bl e  f or  a l l  t ype s  of  
s a n d s .

C o e f f ic ie n t  o f  U n i f o r m i t y , C y

Fi gur e  40.  Re l a t i ons h i p  be t we e n s pe c i f i c  vol ume  
r ange ,  a ngul a r i t y ,  a nd gr a da t i on  f or  s ands .

5. 5 Ge ne r a l i z e d  r e l a t i ons h i ps  & Ve r y l ow 
e f f e c t i ve  s t r e s s  be ha vi our  of  c l a ys

The  c onc e pt s  of  Cr i t i c a l  St a t e  Soi l  Me c ha ni c s ,  
CSSM,  pr ovi de  a r a t i ona l  f r a me  wor k t ha t  
e na bl e s  t he  f or mul a t i on  of  a va l i d  c ons t i t u t i ve  
mode l  f or  r e s e d i me nt e d  s oi l s  i n s t a t e s  of  
e f f e c t i ve  s t r e s s  a nd s pe c i f i c  vol ume ,  v,  hi ghe r  
t ha n c r i t i c a l  s t a t e s .  I t  ha s  be e n s hown ( Skemp-  
t on 4 Nor t he y,  1952;  Sc hof i e l d  & Wr ot h,  1968)  
t ha t  voi d r a t i o  or  s pe c i f i c  vol ume  c a n be  
ge ne r a l i z e d  by c onve r t i ng  t o a l i qui d i t y  i ndex,
I I  , ba s i s .  Ma ny  a t t e mpt s  ha ve  be e n ma de  t o 
e vol ve  ge ne r a l i z e d  r e l a t i ons h i ps  i n t e r ms  of  I t , 
e f f e c t i ve  s t r e s s ,  p' ,  a nd undr a i ne d  s he a r  
s t r e ngt h  cu , f or  r e moul de d  c l a ys  ( Ske mpt on & 
Nor t he y,  1952;  Le r oue i l  e t  al ,  1983;  Ca r r i e r  et  
al ,  1984) .

Sc hof i e l d  ( 1980)  s ugge s t e d  t he  s i mpl e  d i v i s i on  
of  be ha vi our  a t  l i mi t i ng  s t a t e s  i nt o t hr e e  d i f ­
f e r e nt  c l a s s e s  of  f a i l ur e  -  f r a c t ur e ,  r upt ur e ,  
a nd yi e l d.  Sc hof i e l d  f ur t he r  a r gue d t ha t  at  
s pe c i f i c  vol ume  c o r r e s pondi ng  t o p l a s t i c  l i mi t ,  
t he  e f f e c t i ve  s t r e s s  p ' a t  c r i t i c a l  s t a t e  i s  t en 
or  mor e  t i me s  ( he a dopt e d  a f a c t or  of  t en)  mor e  
t ha n t he  e f f e c t i ve  pr e s s ur e  or  s uc t i on  i n t he  
p l a s t i c  l i mi t  t hr e a d whe n  i t  i s  ma de  t o c r umbl e  
i n t he  i nde x t e s t .  Thi s  a s s umpt i on  ba s e d  on 
a va i l a bl e  t r i a xi a l  t e s t  da t a ,  e xa mi ne d i n t e r ms  
of  i n t e r s e c t i on  be t we e n  Coul omb a nd no- t e ns i on  
( q/ p' = 3 c ompr e s s i on,  - 1. 5 i n e xt e ns i on)  c r i t e ­
r i on,  he l pe d  t o e s t a b l i s h  t he  wi d t h  of  t he  ba nd 
i n whi c h one  c a n e xpe c t  t o obs e r ve  Coul omb r u p ­
t ur e  be ha vi our .  An e qui va l e n t  l i qui di t y  i nde x 
wa s  pr opos e d  t o e xpr e s s  t he  c ombi na t i on  of  s pe ­
c i f i c  vol ume  a nd e f f e c t i ve  s t r e s s  whi c h de t e r ­
mi ne s  whe t he r  a s oi l  i n t he  gr ound  wi l l  f r a c ­
t ur e ,  r upt ur e ,  or  yi e l d.

The  f r a c t ur e - r up t ur e  bounda r y  s ugge s t e d  by 
Sc hof i e l d  ( 1980)  i n a s e ns e  a s c r i be s  e f f e c t i ve  
pr e s s ur e  or  s uc t i on  va l ue s  t o t he  l i qui d l i mi t ,  
Wl ,  a nd pl a s t i c  l i mi t ,  Wp,  as  de t e r mi e nd  i n 
i nde x t e s t s .  Cr one y & Col e ma n ( 1954)  ha ve  me a ­
s ur e d s uc t i on  va l ue s  on a c t ua l  s a mpl e s  us e d i n 
t he  de t e r mi na t i on  of  l i qui d 4 pl a s t i c  l i mi t s .  
Wa t e r  c on t e n t - s uc t i on  r e l a t i ons h i ps  f or  s oi l s  
a nd s a nd- mi ne r a l  a dmi xt ur e s  i n c ont i nuous l y  
d i s t u r be d  or  r e moul de d  s t a t e s  ha ve  be e n r e po r t ­
e d by Cr one y & Col e ma n ( 1954) ,  a nd Dumbl e t on  & 
We s t  ( 1970) .  Re s ul t s  of  s uc t i on  me a s ur e me nt s  
on s oi l s  i n i n i t i a l l y  s l ur r i e d  a nd undi s t ur be d  
s t a t e s  a r e  a l s o a va i l a bl e  ( Cr one y & Col e ma n,  
1954) .  I n t he  f o l l owi ng d i s c us s i on  ge ne r a l i z e d  
r e l a t i ons hi ps  f or  r e moul de d  c l a ys  ha ve  be e n 
e xa mi ne d on t he  ba s i s  of  s i mpl e  s uc t i on  me a ­
s ur e me nt s  & i nde x t e s t s .  The  mode  of  f a i l ur e  
a t  ve r y l ow e f f e c t i ve  s t r e s s e s  obt a i n i ng  i n r e ­
moul de d  s a mpl e s  ha s  be e n r e v i e we d i n t he  l i ght  
of  f r a c t ur e - r up t ur e  bounda r y  s ugge s t e d  by Sc ho ­
f i e l d ( 1980) .

Suc t i on me a s ur me nt s  ( Fi gs .  41,  & 42,  43)  i n 
i n i t i a l l y  s l ur r i e d  s t a t e  ( Cur ve  D) , c o n t i nuous ­
l y r e moul de d  s t a t e  ( cur ve  G) , a nd undi s t ur be d  
s t a t e  ( Cur ve  A)  ma y be  t r a ns f or me d i nt o I I : l og 
p'  pl ot  as  de p i c t e d  i n Fi g s . 44 & 45.  The  da t a  
f or  i ni t i a l l y  s l u r r i e d  s t a t e  ma y be  i nt e r pr e t e d  
as  t he  ge ne r a l i z e d  Vi r g i n  Cons ol i da t i on  Li ne ,  
VCL,  f or  r e s e d i me nt e d  c l a ys .  I n f i xi ng t he  
pos i t i on  of  VCL,  t he  c ommonl y  a c c e pt e d  r a t i o  of  
100 be t we e n va l ue s  of  p'  a t  1^ = 0 4 1^ = 1 ha s  
be e n a s s ume d,  a nd p 1 a t  I t  = 1. 0 ha s  be e n t a ke n 
as  6  k N/ m2  ( 6- 10kN/ m2 i n Fi g.  44) .  Ba s e d on t he
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Fi gur e  41.  Suc t i on - moi s t u r e  c ont e nt  r e l a t i ons h i p  
f or  l i ght  c l a y ( f r om Cr one y  a nd Col e ma n,  1954)  .
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Fi gur e  42.  Suc t i on - moi s t u r e  c on t e n t  r e l a t i ons h i p  
f or  he a vy  c l a y ( f r om Cr one y  a nd Col e ma n,  1954)  .

M o is tu r e  C o n te n t  (°/o)

Fi gur e  43.  Suc t i on - moi s t u r e  c on t e n t  r e l a t i ons h i p  
f or  und i s t u r be d  c l a ys  ( f r om Cr one y,  1977) .

i n t e r pr e t a t i on  of  c ons o l i da t i on  da t a  ( Skempt on,  
1953) ,  t he  va l ue  of  ve r t i c a l  e f f e c t i ve  s t r e s s ,  
ov ' on K - l i ne  c a n be  c onve r t e d  i nt o t he  
c o r r e s pondi ng  p'  on VCL t hr ough t he  us e  of  K0  =

( 1- Si n 0 ' ) a nd Modi f i  
va l ue s  of  p'  at  I I  = 
k N/ mJ . The  va l ue s  of  
Wood,  1978)  7 & 8  kN/ m 
e t  a l , 1989)  on K0  -  1 
va l ue s  i n t he  r a nge  
pur pos e  of  i nve s t i ga t i  
s l ope  of  VCL & s oi l  pi  
6  k N/ m2  a t  IL = 1. 0 
p r e s e n t a t i o n .

ed Ca m Cl a y mode l .  The  
1. 0 r a nge  be t we e n 6- 15 

ov ' = 6. 3 kN/ mJ ( Wr ot h &
1 a t  I t = 1. 0 ( Bi a r ez ,  
i ne  woul d  a l s o gi ve  p'  
of  6- 15 kN/ mJ . For  t he  
ng a c o r r e l a t i on  be t we e n 
a s t i c i t y  i ndex,  I p,  p'  = 
wi l l  be  a s s ume d i n t hi s

The  ge ne r a l l y  a c c e p t e d  l i ne a r i t y  of  VCL be t we e n 
I I  = 1  t o 0 , t a c i t l y  a s s ume s  t ha t  s oi l s  we r e  
a c t ua l l y  r e s e d i me nt e d  f r om an i n i t i a l l y  s l u r r i ­
e d s t a t e  ( i ni t i a l  wa t e r  c ont e nt ,  Wc , g r e a t e r  
t ha n l i qui d  l i mi t ) . Ava i l a b l e  da t a  f r om i s o ­
t r opi c  c ons o l i da t i on  t e s t s  on r e s e d i me n t e d  s oi l s  
s ugge s t s  s i gn i f i c a n t  de pe nde nc e  of  c r i t i c a l  s t a t e  
pa r a me t e r ,  X ( r e l a t e d t o s l ope  of  ge ne r a l i z e d  
VCL) ,  on t he  i ni t i a l  mou l d i ng  wa t e r  c ont e nt ,  WQ.
X i nc r e a s e s  as  W0  i nc r e a s e s  upt o 2. 5 t i me s  Wl ;  
t he  e f f e c t  be i ng  mor e  p r onounc e d  f or  s oi l s  wi t h 
hi gh p l a s t i c i t y  i nde x.  Thi s  e f f e c t  wa s  r e c og ­
n i s e d  by Bj e r r um ( 1954)  whe n he  e mpha s i z e d  t ha t  
Hvor s l e v  e f f e c t i ve  c ohe s i on  (ce ') c oe f f i c i e nt ,  
ce ' / pe ' i s  c ons t a nt  f or  a c l a y onl y i f  t he  e q u i ­
va l e nt  c ons o l i da t i on  pr e s s ur e ,  p '  , i s  e s t i ma t ­
e d f r om a c ons o l i da t i on  c ur ve  ob t a i ne d  f r om a 
t e s t  on i n i t i a l l y  s l ur r i e d  s a mpl e  wi t h  W0  > Wl . 
The  a s s ume d l i ne a r i t y  a l s o ne gl e c t s  t he  e f f e c t  
of  s t r e s s  l e ve l .  Re v i e w of  t he  s ha pe  of  c ons o ­
l i da t i on  c ur ve s  f or  a va r i e t y  of  s oi l s  pub l i s h ­
e d i n t he  l i t e r a t ur e  i ndi c a t e s  t ha t  i n t he  v i ­
c i ni t y  of  I[_ = 0 , t he  c ons o l i da t i on  c ur ve  s t a r t s  
be c omi ng  c onc a ve  upwa r ds  a nd t he  de v i a t i on  f r om 
l i ne a r i t y  i nc r e a s e s  wi t h  i nc r e a s i ng  s t r e s s  l e ve l  
be yond  p'  c o r r e s pondi ng  t o I I  = 0.  I t  i s  a l s o 
obs e r ve d  t ha t  f or  p'  l e s s  t ha n t ha t  a t  IL = 1 , 
t he  s l ope  of  t he  c ons o l i da t i on  c ur ve  f or  s l u r r i ­
e d s a mpl e s  ( WQ > WL ) i s  s t e e pe r  t ha n t he  l i ne a r  
e x t e ns i on  of  VCL.  Howe ve r ,  i ns pi t e  of  t he s e  
l i mi t a t i ons  t he  e f f e c t i ve  s t r e s s  r a nge  ove r  
whi c h  VCL i s  l i ne a r  i s  qui t e  s i gni f i c a nt  s i nc e  
t he  va l ue  of  p'  a t  1 ^  = 0  woul d  r e pr e s e nt  an i n-  
s i t u  e f f e c t i ve  ove r bur de n  pr e s s ur e  of  800 kN/ m2 .

Fi g.  44 a l s o s hows  t he  1^:  p'  r e l a t i ons h i p  f or  
c on t i nuous l y  r e moul de d  s a mpl e s  of  c l a ys  & s and:  
mi ne r a l  a dmi xt ur e s .  I n or de r  t o c or r e c t l y  i n ­
t e r pr e t  1 ^ : p'  a nd I I  : cu r e l a t i ons h i ps  f or  
r e moul de d  s oi l s ,  i t  i s  i mpor t a nt  t o d i s t i ngu i s h  
be t we e n  t he  s t r uc t ur e  of  c l a ys  i n t ot a l l y  
r e moul de d  s t a t e  as  c ompa r e d t o t ha t  obt a i ne d  i n 
r e s e d i me nt e d  s a mpl e s .  Col e ma n & Cr one y ( 1954)  
ha ve  a r gue d t ha t  t he  e f f e c t i ve  s t r e s s  ( or  s u c ­
t i on)  va l ue s  c or r e s pond i ng  t o Wl  or  WD dur i ng  
i nde x t e s t s  c a nnot  be  e va l ua t e d  f r om t he  s uc t i on-  
wa t e r  c ont e nt  r e l a t i ons h i ps  ( or  i s o t r opi c  c ons o ­
l i da t i on  c ur ve )  obt a i ne d  f r om t he  i n i t i a l l y  
s l u r r i e d  s a mpl e s  s i nc e ,  " t he  s oi l  i s  i n an e n ­
t i r e l y d i f f e r e n t  s t r uc t ur a l  c ondi t i on"  dur i ng  
t hi s  t e s t  c ompa r e d t o t ha t  dur i ng  i nde x t e s t s  
( s ee  a l s o Se e d e t  al ,  1964,  Sc hof i e l d,  1980) .  
Le r oue i l  e t  al  ( 1985)  ha ve  a l s o e mpha s i z e d  t he  
ne e d t o d i s t u i ngui s h  be t we e n  de s t r uc t ur e d,  r e ­
moul de d  & r e s e d i me nt e d  s t a t e s  of  c l a ys  wi t h 
r e f e r e nc e  t o a t t e mpt s  t o f or mul a t e  ge ne r a l i z e d  
r e l a t i ons h i ps  i n t e r ms  of  I I  & cu f or  r e mou l d ­
ed s oi l s .  I t  i s  t he r e f or e  i mpor t a nt  t o not e  
t ha t  t he  va l ue s  of  p'  at  wa t e r  c ont e nt  e qua l  
t o l i qui d l i mi t  & p l a s t i c  l i mi t ,  as  obt a i ne d  
f r om VCL,  a r e  s i gn i f i c a n t l y  d i f f e r e n t  f r om 
t hos e  ob t a i ne d  f r om s uc t i on  me a s ur e me t ns  ma de  
by Col e ma n & Cr one y ( 1954)  & Dumbl e t on  & We s t  
( 1970)  a t  va r i ous  s t a ge s  of  a c t ua l  i nde x t e s t s .
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Fi gur e  44.  Nor ma l i z e d  r e l a t i ons hi ps  be t we e n l i qui d i t y  i nde x a nd p'  f or  r e s e di me nt e d  a nd c on t i nuous ­
l y r e moul de d c l a ys .

The  I I  : P'  r e l a t i ons h i p  f or  c on t i nuous l y  r e ­
moul de d  s t a t e  ma y be  r e pr e s e n t e d  by a l i ne  p a ­
r a l l e l  t o VCL a nd i s  i n t e r pr e t t e d  as  t he  f r a c ­
t ur e - r upt ur e  bounda r y  as  s ugge s t e d  by Sc hof i e l d 
( 1980) .  As  wi l l  be  s hown l a t e r  i n t hi s  s e c t i on 
t he  va l ue  of  p'  i n t he  c ont i nuous l y  r e moudl e d  
s t a t e  i s  or de r  of  ma gni t ude  s ma l l e r  t ha n t he  
c or r e s pondi ng  va l ue  a t  Cr i t i c a l  St a t e  Li ne ,  CSL.  
Da t a  f r om Fi g.  43 ha s  be e n r e pl ot t e d  i n 1^:  l og 
p'  s pa c e  i n Fi g.  45.  Some  obs e r va t i ons  a r e  i m­
por t a nt  .

( i )  I I  : l og p 1 r e l a t i ons h i p  r e pr e s e nt s  
r e l oa d i ng  f r om a f ul l y un l oa de d  s t a t e  a nd 
t he  t r e nds  e xhi b i t e d  a r e  t ypi c a l  of  t he  
be ha vi our  obs e r ve d  dur i ng r e l oa d i ng  f r om 
ve r y l ow s t r e s s  l e ve l s .  Unde r  t he s e  c on ­
d i t i ons  t he  hys t e r e s i s  l oop be t we e n u n ­
l oa di ng & r e l oa d i ng  c ur ve s  i s  e xpe c t e d  t o 
be  ma xi mum.

( i i )  Da t a  poi n t s  s how no c ons i s t e nt  t r e nd wi t h 
I p ( va r yi ng f r om 0. 36 t o 0. 89) .

( i i i )  At  I I  = 0,  t he  va l ue s  of  p'  l i e  i n a 
ve r y na r r ow r a nge .  I n f a c t  t he  s c a t t e r  
woul d  be  f ur t he r  r e duc e d i f  a l l  s a mpl e s  
ha d i n- s i t u  wa t e r  c ont e nt  a t  t he i r  r e s ­
pe c t i ve  p l a s t i c  l i mi t  va l ue .  I t  ma y be  
not e d t ha t  ma j or i t y  of  t he  undi s t ur be d  
s oi l s  ( e xc e pt  Bl a c k Cot t on,  l i ke l y t o be  
de s s i c a t e d)  a r e  s t i f f  ove r c ons o l i da t e d  
Br i t i s h  c l a ys  a nd a r e  l i ke l y t o be  a t  i n-  
s i t u wa t e r  c ont e nt  c l os e  t o t he i r  r e s pe c ­
t i ve  pl a s t i c  l i mi t .  Da t a  f or  r e moul de d 
Be a r pa w s ha l e ,  London c l ay,  a nd Ba ngkok 
c l a y i s o t r opi c a l l y  unl oa de d f r om p'  a t  IL 
= 0 on t he  VCL,  l i e s  i n a na r r ow r a nge  i n 
t he  unl oa di ng  z one  s hown i n Fi g.  45.

Gi ve n t ha t  un l oa i dng  c ur ve s  f r om di f f e r e n t  
ma xi mum p'  va l ue s  on VCL a r e  pa r a l l e l ,  a nd p' a t  
1^ = 0 on VCL l i e s  i n a na r r ow r a nge  a nd an 
a ve r a ge  va l ue  (p'  = 600 k N/ mJ i n t he  pr e s e nt  
di s c us s i on)  c a n be  a s s ume d,  i t  s e e ms  r e a s ona bl e  
t o e xpe c t  t ha t  a no r ma l i z e d  I I  : l og p'  
un l oa d i ng  -  r e l oa i dng  r e l a t i ons hi p,  s t a r t i ng  
f r om I I  = 0 on VCL,  a l s o e xi s t s  f or  a va r i e t y  
of  r e s e d i me nt e d  c l a ys  ( Fi g.  45) .

Ge ne r a l i s e d  r e l a t i ons h i ps  f or  c l a ys  i n r e s e d i ­
me nt e d  s t a t e  ( VCL & Unl oa d- r e l oa d  l i ne)  a nd 
c ompl e t e l y  r e moul de d  s t a t e  a r e  s hown i n Fi g . 46.  
Re f e r e nc e  pr e s s ur e  p'  = 1 k N/ m2 wa s  a dopt e d  t o 
de r i ve  t he  r e l a t i ons h i ps  i ndi c a t e d.  I n c a s e  of  
un l oa di ng  r e l a t i ons hi p,  t he  va l ue  of  s pe c i f i c  
vol ume ,  v a t  p'  = 1. 0 k N/ m2  on t he  a ppr opr i a t e  
unl oa di ng  l i ne  ( de pe ndi ng on ma xi mum va l ue  of  
p'  on VCL f r om whi c h  un l oa di ng  i s  done)  c a n be  
r e a di l y  de r i ve d i n t e r ms  of  t he  r e l a t i ons h i p  
s hown.  By c ompa r i ng  v : i n p'  r e l a t i ons h i p  
wi t h  t he  I L : I n p'  e qua t i ons  ( Fi g.  45)  a nd 
us i ng t he  de f i n i t i ons  of  I I  & v i n t e r ms  of  

voi d  r a t i o,  e,  i t  c a n be  s hown t ha t  t he  s l ope s  
of  VCL & unl oa d- r e l oa de d  l i ne s  a r e  r e s pe c t i ve l y  

gi ve n  a s

X = 0. 217 Gs I p ( 40)

0. 048 Gc ( 41)

Us i ng t he va l ue s  f or  34 s oi l s  l i s t e d’ S'  ■‘■p
by Cr one y  ( 1977) ,  an a ve r a ge  va l ue  of  Gs = 2. 72 
i n e qua t i ons  ( 40)  £ ( 41)  yi e l ds

0. 59 I r ( 42)
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N o . C la y W p

“/ .
W L
*/.

! P
°U

1 L i a s 2 4 6 0 3 6

2 W e a ld 2 5 6 8 4 3

3 G a u l t  A 2 5 7 0 4 5

4 O x f o r d 2 4 7 2 4 8

5 L o n d o n 2 6 78 5 2

6 G a u l t  B 2 9 8 1 5 2

7 K im m e r i d g e 2U 7 7 53

8 G a u l t  C 3 4 102 6 8

9 G a u l t  D 3 2 121 8 9

10 C o t t o n  s o i l 3 8 8 2 4 4

o  B e a rp a w  s h a le  

o  L o n d o n  c la y  /  ( u n lo a d e d  f r o m  I ^ =  0 )  

a  B a n g k o k  c la y

1000
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P '  ( k N / m 2 )

Fi gur e  45.  Nor ma l i z e d  un l oa d i ng- r e l oa d i ng  l i ne  f or  r e s e d i me nt e d  c l ays .

P ' ( k N / m 2 )

Fi gur e  46.  Nor ma l i z e d  VCL,  CSL,  f r a c t u r e - r up t ur e  bounda r y,  a nd un l oa d i ng- r e l oa d i ng  l i ne s  f or  c l a ys .
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< = 0. 131 I r ( 43)

Fi gs .  47 & 48 s how r e s ul t s  of  r e gr e s s i on  
a na l ys i s  f or  l a r ge  numbe r  of  s oi l s  ( f r om Ma y n e ,
1980,  1981,  a nd ot he r  s our c e s )  a l ong wi t h  t he  
X : I p , k  : I p r e l a t i ons h i ps  ( e qua t i ons  ( 42 ) & 
( 43 ) 5 de r i ve d  f r om ge ne r a l i z e d  r e l a t i ons h i ps  
pr opos e d  f or  r e s e d i me nt e d  s oi l s .  Gi ve n  t he  
va r i e t y  of  s our c e s  f r om whi c h  da t a  wa s  ob t a i ne d  
t he  a gr e e me nt  be t we e n  s t a t i s t i c a l  p r e d i c t i ons  & 
t ha t  f r om e qua t i ons  ( 42)  & ( 43 ) i s  qui t e  
e nc our a gi ng.  Whi l e  X : I p r e l a t i ons h i p  i s  ge ne -
r a l l y  a c c e pt e d,  t he  k r e l a t i ons h i p  i s
us ua l l y  obs e r ve d  i mpl i c i t l y  e ve n t hough e ve r y 
ge o t e c hni c a l  e ngi ne e r  woul d  e xpe c t  gr e a t e r  
r e c ove r y  on i s o t r opi c  un l oa di ng  i n c a s e  of  
r e s e d i me nt e d  s oi l  of  hi gh I p.  A di r e c t  c ons e ­
que nc e  of  X : I d  & k : I p  l i ne a r  r e l a t i ons h i ps  i s  
t ha t  t he  c r i t i c a l  s t a t e  pa r a me t e r  A = ( 1- k/ X)  
c a nnot  be  e xpe c t e d  t o be  c or r e l a t e d  wi t h  I D or  
c r i t i c a l  s t a t e  pa r a me t e r  M.  Fi gs .  49 & 50" s how 
t he  r e s ul t s  of  r e g r e s s i on  a na l ys i s .  I t  woul d  
t he r e f or e  s e e m r e a s ona bl e  t o c onc l ude  t ha t  
A or  A0  -  ( back c a l c u l a t e d  by Ma yne  on t he  ba s i s  
of  s he a r  s t r e ngt h  da t a  f or  nor ma l l y  & ove r c on ­
s o l i da t e d  c l ays )  do not  s how a ny c o r r e l a t i on  
e i t he r  wi t h  I p or  M.  Fi g.  51 c ombi ne s  A & A0  

va l ue s  a nd i t  i s  e vi de nt  t ha t  bot h'  t he s e  
va l ue s  ob t a i ne d  by t wo s e pa r a t e  me t hods  s how 
s i mi l a r  unr e l a t e d  va r i a t i on  wi t h  M.  A va l ue s  
f or  75 s oi l s  s how nor ma l  d i s t r i bu t i on  wi t h  a 
me a n va l ue  of  0. 76 a nd s t a nda r d  de v i a t i on  of
0. 12.  The  me a n va l ue  of  A = 0. 76 i s  qui t e  
c l os e  t o 0. 78 ob t a i ne d  f r om A = 1 - k / X us i ng 
t he  e qua t i ons  ( 4 2 )  & ( 4 3 ) .  Wr ot h  ( 1984)  
pur pos e s  A = 0 . 8  f or  a wi de  va r i e t y  of  c l a ys .  
Fur t he r mor e ,  Ma yne  ( 1980,  1981)  s ugge s t s  t ha t  
a r e l a t i ons h i p  of  t he  f or m

(c u/ gyo)  ove r c ons o l i da t e d  

( cu / ° vo)  nor ma l l y  c ons o l i da t e d
( OCR) A ( 44)

c a n be  us e d t o e s t i ma t e  va r i a t i on  of  ( cu / ov o ) 
wi t h  ove r c ons o l i da t i on  r a t i o,  OCR ( Ovo i s  
e f f e c t i ve  ove r bur de n  s t r e s s ) . La dd e t  al
( 1977) ,  who us e d a s upe r s c r i p t  ' m'  i ns t e a d of  
Ao or  A,  s ugge s t e d  an a ve r a ge  va l ue  of  i  * 0. 8 
( 0. 75 - . 8 ) t o f i t  r e s ul t s  f or  s oi l s  wi t h  I p 
va r y i ng  f r om . 21 t o . 75 ( Fi g.  52a)  ( f or  s oi l s  X 
& Y s e e  Pa r r y & Wood,  1982)  . The  p r e d i c t e d  
va l ue s  f or  t he s e  s oi l s  wi t h A = 0. 78 ( Fi g.  52b)  
s e e m t o gi ve  a r e a s ona bl e  o r de r - of - ma gni t ude  
e s t i ma t e  of  t he  va r i a t i on  of  ( c u/ OyQ) wi t h  OCR 
f or  a va r i e t y  of  s oi l s  ( s ee a l s o Wr ot h,  1984)  . 
The s e  c ons i de r a t i ons  woul d  s ugge s t  t ha t  f or  t he  
pur pos e s  of  an or de r - o f - ma gn i t ude  e s t i ma t e  of  
r e s e d i me nt e d  s oi l  be ha vi our ,  t he  s ugge s t e d  
a ve r a ge  va l ue  of  A = 0. 78 6  X , k va l ue s  f r om 
e qua t i ons  ( 42)  & ( 43)  ma y be  us e d i n Ca m Cl a y 
mo d e l s .

Wi t h  A = 0. 78 a nd t he  Modi f i e d  Ca m Cl a y mode l ,  
i t  c a n be  s hown t ha t  Pe ^Pc s  = ( 2) ^ = 1. 72 or  
Pc s ^ Pe  = 0. 58.  Pc s  i s  t he  va l ue  of  p'  on 
CSL.  The  va l ue  of  Pc s ^ pe = 0. 58 ge ne r a l l y  
l i e s  i n t he  e xpe r i me nt a l l y  e va l ua t e d  r a nge  of
0 . 5 - 0 . 6  ( s ee  Sc hof i e l d  & Wr ot h,  1968) .  Wr ot h
( 1984)  pr opos e s  Pc s / Pe  = 0. 5 f or  a wi de  va r i e ­
t y of  c l a ys .  Wi t h  Pe  = P'  on VCL,  a nd at  1 ^ = 
1. 0 Pe  = 6  kN/ mJ , t he  c or r e s pondi ng  va l ue  of  p̂ , .  
wor ks  out  t o be  3. 5 kN/ m1 . Pa r r y & Wood ( 1982) '

I ,

Fi gur e  47.  Co r r e l a t i on  be t we e n X a nd  I p.

* P

Fi gur e  48.  Cor r e l a t i on  be t we e n  K a nd I ,

s ugge s t e d  an a ve r a ge  va l ue  of  p' cs  = 3. 3 kN/ ma 
a t  I I  = 1. 0 f or  s oi l s  wi t h  I p r a ngi ng f r om 0. 15 
t o 1. 0.  A ge ne r a l i z e d  Cr i t i c a l  St a t e  Li ne  i s  
t hus  l oc a t e d  i n l£,  : l og p'  s pa c e  as  s hown i n 
Fi g.  46.  I t  wi l l  be  s e e n t ha t  t he  i n t e r p r e t a ­
t i on of  s uc t i on- wa t e r  c ont e nt  da t a  f or  c o n t i ­
nuous l y  r e moul de d  s oi l s  as  a f r a c t ur e - r up t ur e  
bounda r y  on I I  : l og p' ma p,  woul d  pr e di c t  one  
l og c yc l e  wi dt h  of  t he  r upt ur e  z one  as  s ugge s t ­
e d by Sc hof i e l d  ( 1980) .  Al s o  s hown i n Fi g.  46 
i s  t he  l i ne  r e c omme nde d  by Sc hof i e l d  f or  t he  
e s t i ma t i on  of  e qui va l e n t  l i qui di t y  i ndex.  The  
s uc t i on  me a s ur e me nt  da t a  on r e moul de d  s oi l s  
t hus  i nde pe nde nt l y  l oc a t e s  t he  f r a c t ur e - r up t ur e  
bounda r y  a nd c a nnot  be  e xpe c t e d  t o l i e  on CSL 
as  s ugge s t e d  by Br a dy ( 1988) .

Wi t h  Pc s / Pe  = Pf r ^ Pe  = - 0 5 8 ( Pf r  i s va l ue
of  p ' on f r a c t ur e - r up t ur e  bounda r y) ,  q c s / p[ , s  = M 
( qcS i s  q on CSL) , a nd t he  f r a c t ur e - r up t ur e  
bounda r y  ( i n q- p'  s pace )  f i xe d by t he  i n t e r s e c ­
t i on of  Coul omb & no - t e ns i on  c ut  of f  ( qf r / p j r  =
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Fi gur e  49.  Sc a t t e r  d i a g r a m i n t e r ms  of  A a nd I p.

M
Fi gur e  50.  Sc a t t e r  d i a g r a m i n t e r ms  of  A a nd M.

c or r e s pondi ng  t o c r i t i c a l  s t a t e  £ no- t e ns i on  
c ut  of f  s t a t e  i n q/ Pe  vs  p ’ / p^  pl ot  c a n be  o b ­
t a i ne d as :

<3 c s / p 4  =  M  ( P c s / P ^ l  =  ° - 5 8  M  < 4 5 >

q f r / p^ = 0. 058 x 3 = 0. 174 ( 46)

Us i ng I p:  Si n <t'  r e l a t i ons h i p  ( Mi t c he l l ,  1976)  
t he  va l ue  of  q c s  a t  1 ^ = 1 . 0  wor ks  out  t o be  
2. 68 k N/ m2  f or  a s oi l  wi t h  I p  = 1 a nd 5 k N/ m2  

f or  a s oi l  wi t h  Ip = 0. 1.  The  va l ue  of  
undr a i ne d  s he a r  s t r e ngt h,  cu f or  r e s e di me nt e d 
s oi l  on CSL a t  IL = 1. 0 l i e s  be t we e n 1. 34 t o
2. 5 k N/ m2  whi c h a gr e e s  we l l  wi t h  an a ve r a ge  
va l ue  of  1. 7 k N/ ma s ugge s t e d  by Wr ot h  £ Wood

A  «  , „  . - A ■  o t h e r  s o u rc e s  
A  ( D a t a  f r o m  M a y n e , 1 9 8 0 )
^v0  □

Fi gur e  51.  Sc a t t e r  d i a g r a m i n t e r ms  of  A, A0  a nd 
M.

( 1978) .  The  c or r e s pondi ng  va l ue  of  cu f or  r e ­
moul de d  s oi l  on no- t e ns i on  c ut  of f  a t  I I  = 1 - 0  

i s  0. 52 k N/ m2 . The  r e moul de d  s he a r  s t r e ngt h  at  
a g i ve n  va l ue  of  l i qui di t y  i nde x i s  t hus  uni que
& doe s  not  de pe nd  on s oi l  i nde x pr ope r t i e s  9uc h 
as  I p ( s ee  Ske mpt on £ Nor t he y,  1952;  Le r oue i l ,  
e t  ai ,  1983) .  Us i ng  a r a t i o  of  100 be t we e n t he  
va l ue s  of  Cu ( on CSL £ f r a c t ur e - r up t ur e  bounda ­
r y)  a t  I L = 0 £ 1^ = 1,  t he  ge ne r a l i z e d  I I  : 
l og c u r e l a t i ons hi ps  a r e  i ndi c a t e d  i n Fi g.  53.

Two c l e a r l y  s e pa r a t e  ge ne r a l i z e d  r e l a t i ons hi ps  
i n I I : l og cu s pa c e  c or r e s pondi ng  t o r e s e d i me n t ­
e d s a mpl e s  ( on CSL)  a nd r e moul de d  s a mpl e s  ( on 
f r a c t ur e - r up t ur e  bounda r y  or  no- t e ns i on  c ut  of f )  
b r i ng  out  t he  i mpor t a nc e  of  ma ki ng  c l e a r  d i s ­
t i nc t i on  be t we e n r e s e d i me nt e d  £ r e moul de d  s he a r  
s t r e ngt h  of  s oi l s  as  e mpha s i z e d e a r l i e r .  I t  
ma y be  pe r t i ne nt  t o r e c a l l  t ha t  t he  p r oc e dur e  
us e d t o pr e pa r e  r e moul de d  s a mpl e s  f or  s he a r  
s t r e ngt h  de t e r mi na t i on  a t  d i f f e r e n t  va l ue s  of  I I  
( Dumbl e t on £ Wes t ,  1970)  woul d  pr oduc e  s oi l s  at  
ve r y l ow e f f e c t i ve  s t r e s s e s  ( dr y s t a t e )  c ompa r e d 
t o e f f e c t i ve  s t r e s s e s  i n s a mpl e s  pr e pa r e d  a t  t he
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Fi gur e  52.  Nor ma l i z e d  e xpe r i me nt a l  a nd p r e d i c t e d  
r e l a t i ons hi ps  be t we e n  ( c u/ Cy0 l a nd OCR.

s a me  I I  t h r ough r e s e d i me n t a t i on  ( wet  s t a t e ) .  
Whi l e  t he  we t  s a mpl e s  woul d  y i e l d  on Ros c oe  
s ur f a c e  ( s ee da t a  f or  r e s e d i me nt e d  s a mpl e s  i n 
Fi g.  53)  a nd t hos e  i n t he  r upt ur e  ba nd ( Fi g.  
46)  woul d  unde r go  Cou l omb r upt ur e  on Hvor s l e v  
s ur f a c e  ( ul t i ma t e l y a ppr oa c h i ng  c r i t i c a l  s t a t e ) ; 
t he  s a mpl e s  i n dr y s t a t e  at  ve r y l ow e f f e c t i ve  
s t r e s s e s  woul d  unde r go  br i t t l e  f r a c t ur e  and 
t he  f a i l ur e  poi nt s  woul d  l i e  on t he  no- t e ns i on  
c ut  of f  i n q- p'  s pa c e  & f r a c t ur e - r up t ur e  bo u n ­
da r y  i n t he  I I : l og p'  ma p  r a t he r  t ha n on t he  
CSL ( s ee  da t a  f or  r e moul de d  s oi l s  i n Fi g.  53) .

The  da t a  f r om s pe c i a l  t e s t s  ( q = c ons t a nt  wi t h  
p'  de c r e a s i ng)  c a r r i e d  out  t o i nve s t i ga t e  t he  
pos s i b i l i t y  of  f a i l ur e  be i ng r e a c he d i n a s l ope  
at  ve r y l ow e f f e c t i ve  s t r e s s e s  due  t o s e a s ona l  
va r i a t i on  of  por e  pr e s s ur e  ( Ei ge nbr od e t  al  
1987) ,  s hown i n Fi gs .  46 & 53,  c l e a r l y  va l i da t e s  
t he  i n t e r pr e t a t i ons  ma de  r e ga r d i ng  t he  ve r y l ow 
e f f e c t i ve  s t r e s s  be ha vi our  of  c l a ys  on t he  
ba s i s  of  s uc t i on  me a s ur e me nt s  on r e moul de d  
s oi l s .  St i f f  f i s s ur e d  ove r c ons o l i da t e d  s oi l s  
i nvol ve d i n mud f l ows  a r e  e xpe c t e d  t o be  i n a 
c on t i nuous l y  r e moul de d  s t a t e .  Da t a  poi nt  f or  
a c oa s t a l  mud f l ow on t he  London Cl a y Cl i f f s  
( Hut c hi ns on,  1970)  i s  a l s o s hown i n Fi g.  53.  
She a r  s t r e ngt h  va l ue  of  7. 4 k N/ m2 wa s  t a ke n f or  
t he  s of t e r  pa r t  of  t he  mud f l ow ( f r om Fi g.  6  of  
Hu t c h i ns on ' s  pa pe r )  a t  de pt h  l e s s  t ha n 2 m 
whe r e  ma x i mum wa t e r  c ont e nt  i s  0. 49,  a nd f or  
t he  g i ve n  a ve r a ge  va l ue s  of  Wl  = 0. 85,  a nd Wp = 
0. 3,  Ij j  i s  0. 346.  I t  woul d  s e e m t ha t  t he  
mi n i mum va l ue  of  undr a i ne d  s he a r  s t r e ngt h  of  
s oi l s  i nvol ve d i n mud f l ows  ma y be  r e a s ona bl y  
e s t i ma t e d  f r om l i ne  x- x  s hown i n Fi g.  53 on t he  
ba s i s  of  t he  va l ue  of  l i qu i d i t y  i nde x f or  t he  
s of t e r  pa r t s  of  t he  mud f l ows .

I t  ma y be  a r gue d t ha t  i n I I  • l og cu map,  t he  
f a i l r ue  poi nt s  f or  t e s t s  on s a mpl e s  s t a r t i ng  
f r om VCL ( r e s e di me nt e d s t a t e )  or  t hos e  wi t h 
e qu i va l e nt  l i qui di t y  i nde x gr e a t e r  t ha n 0 . 6  ma y 
l i e  on t he  CSL whe r e a s  t he  s he a r  s t r e ngt h  of  
c ompl e t e l y  r e moul de d  s a mpl e s  wi l l  l i e  on or  
ne a r  t he  x - x  l i ne  i ndi c a t e d  i n Fi g.  53.  One  
uni que  l i ne  i n I I  : l og cu ma p f or  bot h  r e s e d i ­
me nt e d  & r e moul de d  s oi l s  i s  t hus  not  pos s i bl e .  
The  s o c a l l e d  s c a t t e r  i n I I  : l og cu pl ot s  
pe r ha ps  a r i s e s  f r om t he  f a c t  t ha t  no d i s t i n c ­
t i on i s  ma de  be t we e n s t r e ngt h  va l ue s  ob t a i ne d  
f r om s a mpl e s  i n r e moul de d  s t a t e ,  r e s e d i me nt e d  
s t a t e  a nd de s t r uc t u r e d  s t a t e  ( s ee a l s o Le r oue i l  
e t  al  1985) .  Muc h wor k i s  ne e de d  t o be t t e r  
unde r s t a nd  t he  be ha vi our  of  c l a ys  at  ve r y l ow 
e f f e c t i ve  s t r e s s e s .  Howe ve r ,  t he  s uc t i on  me a ­
s ur e me nt  t e s t s  as  de s c r i be d  by Cr one y  & Col e ma n 
( 1954) ,  Dumbl e t on  & We s t  ( 1970)  a ppe a r  t o of f e r  
a s i mpl e  t ool  t o i nve s t i ga t e  l ow e f f e c t i ve  
s t r e s s  be ha vi our  of  r e moul de d  s oi l s .  I nc or por a ­
t i on of  s uc h s uc t i on  me a s ur e me nt  t e s t s  i n t he  
l a bor a t or y  i nve s t i ga t i on  pr ogr a m f or  c l a ys  
ne e ds  t o be  g i ve n a s e r i ous  c ons i de r a t i on.

6. PAPERS SUBM ITTED  TO T H IS  S E S S IO N

I n pr e s e n t i ng  t he  pa pe r s  s ubmi t t e d  t o t hi s  
s e s s i on,  we  de c i de d  t o c l a s s i f y  t he  pa pe r s  
a c c or di ng t o va r i ous  a s pe c t s  r e l a t e d  t o 
l a bor a t or y  s t r e ngt h  a nd de f or ma t i on  t e s t i ng as  
d i s c us s e d  i n t hi s  r e por t ,  a nd t o not e  as  t o how 
t he y ma t c h up wi t h va r i ous  a r e a s  of  de ve l opme nt  
Ac c or d i ng l y  va r i ous  pa pe r s  ha ve  be e n c l a s s i f i e d  
as  f ol l ows :

Aut oma t i on

I ns t r ume nt a t i on

Appa r a t us

Te c hni que s  of  
t e s t i ng

16,  20,  29

11

4,  9, 17,  28,  31,  32

2,  4,  5,  6 , 9,  
19,  27

13 , 18 ,

Ef f e c t s  of  r o t a t i on  
of  pr i nc i pa l  a xe s  : 17,  23,  26,  30,  32

2 3 3 2
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Fi gur e  53.  Nor ma l i z e d  r e l a t i ons h i ps  be t we e n l i qui di t y  i nde x a nd undr a i ne d  s he a r  s t r e ngt h  f or  c l a ys .

Ef f e c t s  of  t i me  : 15 

Ef f e c t s  of  r e pe a t e d
l oa di ng : 1,  3,  6 , 8 , 10,  22,  32

Cons t i t u t i ve  r e l a t i ons  : 2,  3,  23,  31,  33,  34 

Ot he r s  : 13,  21,  25

The  numbe r s  r e f e r  t o t he  l i s t  of  pa pe r s  as  
a r r a nge d i n a ppe ndi x.

7. CONCLUDING REMARKS

La bor a t or y  t e s t i ng t o de t e r mi ne  s oi l  pa r a me t e r s  
c a nnot  be  s e pa r a t e d  f r om t he  mode l s  of  s oi l  
be ha vi our  f or  whi c h t hos e  s oi l  pa r a me t e r s  a r e  
de e me d a ppr opr oa t e .  As  i mpr ove d i ns t r ume nt a t i on  
e na bl e s  us  t o ma ke  mor e  a c c ur a t e  me a s ur e me nt s ,  
a nd as  our  t e c hni c a l  i nge nui t y  ma ke s  i t  
pos s i b l e  f or  us  t o t e s t  s oi l  s a mpl e s  i n ne w a nd 
d i f f e r e n t  wa ys ,  s o our  unde r s t a nd i ng  of  t he  de ­
t a i l e d  c ha r a c t e r i s t i c s  of  t he  be ha v i our  of  s oi l s  
ha s  i mpr ove d.  The  r a nge  of  a ppl i c a b i l i t y  of  
t r a di t i ona l  mode l s  ma y ha ve  be c ome  c ur t a i l e d,  
but  our  i nc r e a s i ng l y  powe r f ul  c omput i ng  r e s our ­
c e s  ma ke  i t  f e a s i b l e  t o c ons i de r  t he  us e  of  mor e  
r e a l i s t i c  mode l s  i n a na l ys i s  of  r out i ne  ge ot e c h-  
ni c a l  pr obl e ms .
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APPEN D IX

Pa pe r s  s ubmi t t e d  t o s e s s i on 1:  Re c e nt
de ve l opme nt s  i n l a bor a t or y  s t r e ng t h  and
de f or ma t i on  t e s t i ng.

1.  ANSAL,  TUNCAN.  Cons o l i da t i on  i n c l a ys  due  
t o c yc l i c  s t r e s s e s .

2.  ATKI NSON,  LAU, POWELL.  De t e r mi na t i on  of  
s oi l  s t i f f ne s s  pa r a me t e r s  i n s t r e s s  pa t h 
p r obi ng  t e s t s .

3.  BALASUBRAMANI AM,  HANL' ALI , PHI ENWEJ A, 
KUWANO.  Por e  pr e s s ur e  s t r e s s  r a t i o 
r e l a t i ons h i p  f or  s of t  c l ay.

4.  BI AREZ,  FLEUREAU,  ZERHOUNI .  Compr e s s i b i l i t y  
of  c l a ye y s oi l s  be t we e n  101 a nd 10 PA.

5.  BRESSANI ,  VAUGAN. Da ma ge  t o s oi l  s t r uc t ur e  
dur i ng t r i a xi a l  t e s t i ng.

6 . CARDOSO- MAJ .  Re s i l i e n t  modul us  p r e d i c t i ve  
e qua t i on  ba s e d on pe r ma ne nt  de f or ma t i on  
t e s t s .

7.  CAMAPUM DE CARVALHO,  CRI SPEL,  MI EUSSENS. 
Me c ha ni c a l  be ha vi our  of  c ompa c t e d  mar l .

8 . CHEHADE,  ROBI NET, SHAHROUR.  Di l a t a nc y  a nd 
l i que f a c t i on  c r i t e r i on  i n t r i a xi a l  a nd 
t or s i on  t e s t s .

9.  DESRUES, HAMMAD.  Expe r i me nt a l  s t udy of  t he  
l oc a l i z a t i on  of  de f or ma t i on  on s and:  
i nf l ue nc e  of  t he  me a n s t r e s s .

10.  DI AZ- RODRI GUEZ, LEYTE- GUERRERO. Co ns o l i d ­
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a t i on  of  Me xi c o  Ci t y  c l a y unde r  r e pe a t e d  
l o a d i n g .

11.  DYVI K,  OLSEN:  Gma x  me a s ur e d  i n oe dome t e r  
a nd DSS t e s t s  us i ng be nde r  e l e me nt s .

12.  ESCARI O,  J UCA.  St r e ngt h  a nd de f o r ma t i on  of  
pa r t l y  s a t ur a t e d  s oi l s .

13.  HABERFI ELD,  J OHNSTON.  Re l a t i ons h i p  be t we e n 
f r a c t ur e  t oughne s s  a nd t e ns i l e  s t r e ng t h  f or  
g e o ma t e r i a l s .

14.  HORTA.  Ca r bona t e  a nd gyps um s oi l s  
pr ope r t i e s  a nd c l a s s i f i c a t i on .

15.  I MAI . A un i f i e d  t he or y of  one  d i me ns i ona l  
c ons o l i da t i on  wi t h  c r e e p.

16.  KOLI SOJ A,  SAHI ,  HARTI KAI NEN. An a ut oma t i c  
t r i a x i a l - oe dome t e r  de vi c e .

17.  MATSUOKA,  SUZUKI ,  MURATA.  " Ge ne r a l  s t r e s s "  
t e s t s  on gr a nul a r  ma t e r i a l s .

18.  MI EUSSENS,  NARDONE, GHLI SS.  Oe dome t e r  
s uc t i on  c on t r o l l e d  t e s t s .

19.  OHTA, NI SHI HARA,  I I ZUKA,  MORI TA,  FUKAGAWA, 
ARAI . Unc onf i ne d  c ompr e s s i on  s t r e ngt h  of  
s of t  a ge d c l a ys .

20.  OLLI ,  KAUKO,  VESA.  Ve r s a t i l e  t r i a xi a l  
e qui pme nt  i n t he  Un i ve r s i t y  of  Oul u.

21.  OSHO.  I nf l ue nc e  of  e l e c t r o l y t e s  on s t r e s s  
s t r a i n  be ha vi our  of  Ka ol i n.

22.  PAPA,  SI LVESTRI , VI NALE. Cyc l i c / dyna mi c  
s i mpl e  s he a r  t e s t s :  r e c e nt  de ve l opme nt s .

23.  PUCCI NI ,  SAADA,  BI ANCHI NI . Va l i da t i on  of  
f a i l ur e  mode l s  f or  gr a nul a r  s oi l s .

24.  R1ZKALLAH,  KEESE.  Ge ot e c hni c a l  pr ope r t i e s  
of  c o l l a ps i b l e  s oi l s .

25.  SALLFORS. Qua l i t y  a s s ur a nc e  i n l a bor a t or y  
t e s t i n g .

26.  SAYAO,  VAI D.  De f or ma t i ons  due  t o pr i nc i pa l  
s t r e s s  r ot a t i on.

27.  SEED,  ANWAR,  NI CHOLSON.  El i mi na t i on  of  
me mbr a ne  c ompl i a nc e  e f f e c t s  i n undr a i ne d  
t e s t i n g .

28.  SENNESET.  A ne w oe dome t e r  wi t h  s pl i t t e d  
r i ng f or  t he  me a s ur e me n t  of  l a t e r a l  s t r e s s .

29.  SHEN,  LI ,  CHAN,  WANG.  Mi c r oc omput e r  ba s e d  
l a bor a t or y  a ppa r a t us  f or  s oi l  t e s t i ng.

30.  SHI BUYA, HI GHT.  Pr e di c t i ons  of  por e  
p r e s s ur e  unde r  undr a i ne d  c yc l i c  pr i nc i pa l  
s t r e s s  r ot a t i on.

31.  TOPOLNI CKI . On s he a r  s t r e ngt h  of  nor ma l l y  
c ons o l i da t e d  a nd s a t ur a t e d  c l ay.

32.  VAN I MPE, VAN DEN BROECK.  De ve l opme nt s  a nd 
mode l l i ng  of  t he  f r e e  t or s i on pe ndul um 
t e s t .

33.  WEI ,  SUN,  WAGN.  Por e  pr e s s ur e  be ha vi our  of  
s of t  c l ay.

34.  YI N,  GRAHAM,  SAADAT, AZI ZI . Cons t i t u t i ve  
mode l l i ng  of  s of t  s oi l  be ha vi our  us i ng 
t hr e e  modul us  h y p o e l a s t i c i t y .

ve r y va l ua bl e  i ns i ght  t o t he  s e ni or  a ut hor  i n 
t he  a na l ys i s  of  da t a .

The  un t i r i ng  e f f or t s  of  Mr s .  Ur a i va n  S.  a nd 
Mr s .  Va t i ne e  C.  a r e  h i gh l y  a ppr e c i a t e d  f or  t he  
phys i c a l  p r e pa r a t i on  of  t he  r e por t .
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