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A  F unda m e nta l Stres s - Strain Pa tte rn in  Gr a nula r  Mate r ials  

Sheared w ith  Small or N o  Volume  Change

R e la t io n  c o n t r a in t e - d é fo r m a t io n  fo n d a m e n t a le  d e  m a t é r ia u x  g r a n u la ir e s  d u r a n t  c is a ille m e n t  à  v o lu m e  

c o n s t a n t

T . K . C H A P L IN ,  M . A . .  P H .D . ,  A .M . I .C .E . ,  M .A S C E . ,  S e nio r Le c ture r, Graduate  S chool in  Fo undat io n  Engine e ring , Univ e rs ity  

o f  B irm ingham , B irm ing ham  15, Gre at B ritain

S U M M A R Y

Du r in g  c ons tant- volume  s he a r ing  tests o n  cohe s ionles s  g r a nu ­

la r  ma te r ia ls , a fte r  pa r tic le  r e or ie nta t ion, s uppre s s e d d ila t an cy  

us ua lly  cause s  s tresses to  incre as e  p a r a bo lic a lly  w ith  s tr a in unt il 

n e a r  the  C .V .R . locus . T h e  v olume t r ic  m o d u li o f s ands  a ppe a r  to 

v a r y  e x pone n tia lly  w ith  por os ity ;  the ir  c r it ica l pre s s ure s  als o 

do , b u t  fa r  m o r e  r a p id ly  un t il c r us hing  be gins .

Un c on fin e d  c ompr e s s ion tes ts  o n  s ilts tone , s ands tone , s a tura te d 

s ilty  c la y  (u n d r a in e d ), s ta bilize d  m a r l, a nd  h a r d  c oa l have  give n 

p a r t ly  p a r a b o lic  s tress- s train curve s . T h e ir  g r a nu la r  s tructure s  

m a y  be  h a r d  par tic le s  in  contac t , o r  inta c t  lum p s  be twe e n m ic r o ­

fissures  w hic h  c lose  a t  h ighe r  pressures .

N a t u r a l o r  a r tific ia l vis cous  c e me nt  in  vo ids  o ft e n  make s  

g r a nu la r  m a te r ia l a ppe a r  “e las tic” a t  low e r  s tresses in  n o r m a l 

la bo r a to r y  tes ts ; e x tr e me ly  s low  s t r a ining  re ve als  the  e ffect o f 

g r a nu la r  s truc ture . Re pe a te d  s low  lo a d in g  o f  s ta bilize d s oil, 

s im ula t ing  tr affic  a c t ion, ma ke s  e las tic ity  m uc h  m o r e  pa r abo lic .

S O M M A IR E

A u  cour s  d ’essais  de  c is a ille me nt  à  v o lum e  c ons tant  e ffectués  

s ur  des  ma té r ia ux  g r anula ir e s  n on cohés ifs , le  fa it  de  s uppr ime r  

la  d ila t a b ilit é  p r o d u it  une  c our be  c ont ra inte - dé for ma tion de  

fo r me  p a r a b o lique . Le s  mod ule s  v olumé tr ique s  des  s able s  e t les  

pre s s ions  c r it ique s  s e mble nt  cha nge r  e xpone ntie lle me nt  ave c la  

por os ité  ju s q u ’a u  comm e n ce me n t d u  broyage .

De s  essais  s ans  c ont r a inte  la té r a le  e ffe ctués  s ur  des  é c h a n t il­

lons  de  grès  fin, de  grès , d ’a r gile  limone us e  s a turée , de  ma rn e  

s ta bilis ée  e t de  c h a r b on  d ur  o n t  d o n n é  des  courbe s  contra inte -  

d é fo r m a t io n  p a r t ie lle me n t pa r abo lique s . Ce s  ma té r ia ux  pe uve nt 

êtr e  cons titués  de  gr a ins  très  rés is tants  o u e ncore  d ’a g glomé r a ­

t io n de  gr a ins  s éparés  p a r  des  microfis s ure s  q ui se r e fe r me nt  à  

haute  pre s s ion.

Sous  des  contra inte s  mo in s  for te s , la  c ime n ta t ion  vis que us e  

fa it  s ouve nt  pa r a ît r e  é las t ique s  les  ma té r ia ux  g r a nu la ir e  lor s  des 

essais  n o r m a ux  de  labor a to ire ;  une  d é fo r m a t io n  e x tr ême me nt 

le nte  r évèle  les  e ffe ts  de  la  s t ruc ture  g r a nu la ir e . Le  c ha r ge me nt  

répété  d ’un  s ol s tabilis é , e n s im u la n t  l’a c t ion  de  la  c irc ula t ion , 

r e nd l’é las t ic ité  be auco up  p lus  pa r a bo lique .

IN T E R A C T IO N  O F  D IL A T A N C Y A N D  C O M P R E S S IB IL IT Y

T h o u g h  c o n c a v e - up w a r d  s tr e s s - s t ra in c ur v e s  ( in  w h ic h  

th e  s lo p e  s t e a d ily  inc r e a s e s  d u r in g  m u c h  o f  th e  t e s t ) w e r e  

r e p o r t e d  m a n y  y e a r s  a g o , p o s s ib le  c a us e s  fo r  th e  g e n e r a lly  

p a r a b o lic  s h a p e  o f  th e  c o n c a v e  s e c t io n  d o  n o t  a p p e a r  to  

h a v e  b e e n  d is c us s e d . F ig .  1 s ho w s  s o m e  c o n s t a n t - v o lum e  

te s ts  o n  a  s ilt  a n d  tw o  s a n ds  b y  o th e r  in v e s t ig a to r s . T h e  

in it ia l c o n s o lid a t io n  p re s s u re , o f  5 lb / s q . in .  (0 .3 5  k g / s q .c m .)  

o r  o ve r , c a us e d  the  r a p id  in it ia l r is e .

f i g .  1. P a ra bo lic  s tress- strain curve s  in  und r a ine d 

t r ia x ia l tests o n  cohe s ionle s s  soils .

D ila t a n c y , d is c o v e r e d  b y  Os b o r n e  Re y n o ld s  ( 1 8 8 5 ) ,  

m e a n s  th e  t e n d e n c y  o f  a  m a s s  o f  p a r t ic le s  t o  e x p a n d  w h e n  

s h e a r e d . T h is  o c c u r s  b e lo w  th e  c r it ic a l s tr e s s , h e r e  d e fin e d  

as  the  m e a n  s tre s s  g iv in g  a p a r t ic u la r  c r it ic a l v o id  r a t io  

(R o s c o e , e t al., 1 9 5 8 )  d u r in g  c o n t in u e d  s h e a r in g . In  tri-  

a x ia l c o m p r e s s io n  te s ts , c h a n g e s  o f  m e a n  p re s s ur e  a ls o  

c a us e  v o lu m e  c h a n g e s ; th e  ov e r - a ll c h a n g e  is  th e  s u m  

o f  b o th  e ffe c ts , w h ic h  c a n c e l o u t  in  a c o n s ta n t - v o lum e  te s t.

T h o u g h  a  c la y  c a n  c o n t r a c t  e a s ily  w it h o u t  s h e a r  s tr a ins , 

a  g r a n u la r  m a te r ia l ne e d s  s h e a r  s t r a in s  t o  u n d e r g o  la r ge  

v o lu m e  c h a n g e s . A t  le a s t  fo r  h ig h  r e la t iv e  p o r o s it ie s  ( i.e ., 

w h e n  d e n s e ),  g r a n u la r  m a te r ia ls  g e n e r a lly  d ila t e  m u c h  m o r e  

p o w e r fu lly  t h a n  in a c t iv e  c la y s . W o r k  b y  F r e d e r ic k  (1 9 6 1 , 

1 9 6 2 )  in  th e  a u t h o r ’s  la b o r a to r y  s h o w e d  t h a t  d ila t a n c y  

is  f a r  m o r e  s e n s it ive  to  c h a n g e s  o f  r e la t iv e  p o r o s it y  in  

h ig h ly  r o u n d e d  p a r t ic le s  th a n  in  le s s  r o u n d e d  o ne s . T he s e  

p r o b le m s  h a v e  a ls o  b e e n  d is c us s e d  b y  K o lb u s z e w s k i a n d  

F r e d e r ic k  (1 9 6 3 ) .

T h e  r e s is ta n c e  o f  a  g r a n u la r  m a te r ia l,  a t  t h e  s a m e  s t r a in , 

v a r ie s  r a p id ly  w it h  p o r o s it y .  F ig .  2  s ho w s  r e s ults  o f  te s ts  

o n  tw o  s a n d s  ( C h a p lin ,  1 9 6 1 a , 1 9 6 1 b )  w ith  c u r ve s  fr o m  

K(t a n d  is o t r o p ic  te s ts  b y  F r a s e r  ( 1 9 5 7 )  o n  Br a s te d  s a n d . 

T h e  v o lu m e t r ic  m o d u lu s  v a r ie s  e x p o n e n t ia lly  w ith  p o r o s it y ,  

s o  fa r  a s  c a n  b e  s e e n, a n d  th e  s lo pe s  a r e  r e m a r k a b ly  

s im ila r . T h e  K 0 c u r v e  fo r  Br a s te d  s a n d  lie s  a b o v e  th e  

is o t r o p ic  c u r v e  b e c a us e  d ila t a n c y  in  th e  te s t  h a s  m o r e  

e ffe c t  th a n  th e  fr e e d o m  o f  g r a in s  to  r o ta t e ;  th e  c u r ve s  t e n d
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f i g .  2 .  V a r ia t io n  o f  p a r a b o lic  c o m p r e s s ib il ily  

m o d u lu s  Q w i t h  p o r o s it y  in  t h r e e  s a n d s .

t o  c o n v e r g e  a t  h ig h e r  p o r o s it ie s  b e c a us e  d ila t a n c y  t e n d s  to  

ze r o  a s  th e  m a x im u m  p o r o s ity  is  a p p r o a c h e d . T h e  fo r m a ­

t io n  o f  n e w  c o n t a c t s  u n d e r  in c r e a s in g  lo a d , d is c us s e d  p r e ­

v io u s ly  (C h a p lin ,  1 9 6 3 ) , p r e s u m a b ly  h a d  lit t le  e ffe c t  in  th is  

s a nd .

In  b o t h  K 0 a n d  is o t r o p ic  te s ts , d e fo r m a t io n  a t  g r a in  

c o n t a c t s  in v o lv e s  la r g e  in d e n ta t io n s  a t  h ig h e r  s tre s s e s , w it h  

r o llin g  in  th e  jK'q te s t . R o llin g  a n d  s lid in g  a r e  v e r y  lo c a lize d  

in  th e  is o t r o p ic  te s t , a n d  c o m p a r in g  th e  te s ts , o- j a ffe c ts  th e  

v o lu m e  c h a n g e s  fa r  m o r e  t h a n  o-3.

Re a l g r a n u la r  m a te r ia ls  be ha v e  v e r y  d iffe r e n t ly  f r o m  p e r ­

fe c t  s phe r e s  in  r e g u la r  p a c k in g s , fo r  w h ic h  the  lo a d  pe r  

c o n t a c t  o n ly  v a r ie s  b e tw e e n 0 .4 4  a n d  1 .0  o- D2, w h e r e  D  is  

t h e  d ia m e t e r  a n d  a  t h e  a v e r a ge  is o t r o p ic  s tre s s  ( C h a p lin  

1 9 6 1 a , 1 9 6 1 b ) . In  r a n d o m  p a c k in g s  a t  a  lo w  r e la t iv e  p o r o ­

s ity  (lo o s e  s t a t e ) , fe w  c o n t a c t s  a r e  s u it a b ly  o r ie n t e d  to  

r e s is t  t h e  p r in c ip a l s tre s s e s . I f  a  g r a in  tu r n s , it  is  lik e ly  to  

los e  n e a r ly  a s  m a n y  c o n ta c t s  a s  it  g a in s . A t  a  h ig h  r e la t iv e  

p o r o s it y ,  m a n y  m o r e  c o n t a c t s  a r e  n e a r  th e  be s t  d ir e c t io n s , 

a n d  g r a in  r o ta t io n  is  fa r  m o r e  lik e ly  to  m a k e  n e w  c o nta c t s  

th a n  b r e a k  o ld  one s .

O n e  m a y  d e d u c e  h o w  s tre s se s  s h o u ld  in c r e a s e  w ith  s h e a r  

( o r  a x ia l)  s t r a in  in  a  c o n s ta n t - v o lum e  te s t  ( ig n o r in g  m e m ­

b r a n e  p e n e t r a t io n ) b y  m a k in g  th r e e  a s s um p t io n s .

A s s um pt io n  1: A  g r a n u la r  m a te r ia l t r ie s  to  e x p a n d  in  

p r o p o r t io n  t o  th e  in c r e a s e  o f  s h e a r  s t r a in , a p a r t  fr o m  

c r u s h in g .  F ig . 3 s ugge s ts  h o w  th e  c o n s ta n t  o f  p r o p o r t io n a lity  

m a y  v a r y  in  g r a n u la r  m a te r ia ls  o f  d iffe r e n t  p a r t ic le  s ha p e , 

e x c e p t  n e a r  th e  C .V .R .  lo c us .

A s s um pt io n  2 : T h e  v o lu m e t r ic  s t r a in  in  a  c o m p r e s s ib ility  

te s t  a t  a  lo w  s tre s s  r a t io  v a r ie s  lin e a r ly  w it h  th e  s q ua r e  r o o t  

o f  p r e s s ur e  (C h a p lin ,  1 9 6 1 a , 1 9 6 1 b ) .

A s s um pt io n  3 : T h e  p r e s s u r e  in c r e a s e  n e e d e d  t o  s up pr e s s  

a  p o te n t ia l v o lu m e  inc r e a s e  o be y s  th e  s a m e  p o w e r  la w  

(s a y  0 .5  in d e x )  a t  b o th  lo w  a n d  h ig h  s tre s s  r a t io s .

R E LA TIV E  POROSITY n ,

f i g . 3 . In f lu e n c e  o f  r e la t iv e  

p o r o s it y  o n  t h e  t e n d e n c y  to  

d ila t e .

W e  c o n c lu d e  t h a t  th e  s q ua r e  r o o t  o f  a n y  o f  th e  s tre s se s  

o*i, cro, <t 3, (<Tj — 03 ) ,  (tTj +  <r2 +  <r3) / 3 ,  e tc ., s h o u ld  in ­

c r e a s e  lin e a r ly  w it h  s t r a in . F ig . 4  g ive s  s o m e  e x a m p le s  fo r  

c o h e s io nle s s  g r a n u la r  s o ils . A  la r g e  is o t r o p ic  c o n s o lid a t io n  

p re s s u re  s e ts  u p  p a r t ic le  c o n t a c t s  d iffe r in g  m a r k e d ly  fr o m  

th e  p r e fe r e n t ia lly  o r ie n te d  o n e s  s e t  u p  a ft e r  K 0 c o n s o lid a ­

t io n ,  F ig . 4  a ls o  e m p h a s ize s  h o w  m u c h  s h e a r  s t r a in  is  

n e e d e d  fo r  n on - s p h e r ic a l p a r t ic le s  to  d e v e lo p  n e w  c o n ta c t s  

t o  s u it  a  c h a n g in g  s tre s s  p a t t e r n , u n lik e  th e  im p lic it  a s s u m p ­

t io n  b y  Ro w e  (1 9 6 2 , 1 9 6 3 ) th a t  n o n e  is  ne e de d .

W h e n  g r a n u la r  p a r t ic le s  a r e  p la c e d  a t  s uc c e s s ive ly  lo w e r  

p o r o s it ie s  b e fo r e  s h e a r in g , a t  s o m e  p o r o s ity  th e  s tre s s e s  a t  

fa ilu r e  w ill c a us e  c r u s h in g . T h is  lim it s  th e  s tr e n g th  a t t a in a b le  

in  u n d r a in e d  a n d  d r a in e d  te s ts , g iv in g  a  fa ir ly  s h a r p  d is c o n ­

t in u it y  in  th e  C .V .R .  lo c us . C r u s h in g  e x c e p te d , th e  c r it ic a l 

p r e s s u r e  s e e ms  lik e ly  t o  h a v e  a n  e x p o n e n t ia l fo r m  (F ig s . 5 a  

a n d  5 b )  fo r  a n y  s o il w it h  e ithe r  a  v e r y  s m a ll c la y  fr a c t io n  or  

e n o u g h  c la y  to  k e e p  th e  g r a n u la r  p a r t ic le s  “ f lo a t in g ” 

s e pa r a te ly .

STRESS, LB/IN2 (SQUARE ROOT SCALE)

0  1 2  3  5  10 2 0  3 0  4 0  6 0  8 0  1 00

f i g . 4 .  S t  re  ss- st r a in  c u r v e s  f o r  u n d r a in e d  c o m p r e s s io n  t e s t s  

o n  c o h e s io n le s s  s o ils .

It  is  v e r y  d iffic u lt  t o  g e t  r e a s o n a b ly  u n ifo r m  p o r o s ity  in  a  

s m a ll s a m p le  a n d  m e a s u r e  it  a c c u r a te ly , b u t  th e  s a n d  r e s u lt s  

(F ig .  5 a )  fit  a n  e x p o n e n t ia l p a t t e r n  v e r y  w e ll. T h o u g h  o n e  

s a n d  d id  n o t  c r u s h  e ve n  a t  th e  h ig h e s t  pr e s s u re s , t h e  o th e r  

c r u s h e d  s lig h t ly , a n d  th e  s ilt  a p p a r e n t ly  c r u s h e d  a t  a ll p r e s ­

s u re s  e x c e p t  th e  low e s t . P r e s u m a b ly  th e  s ilt  h a d  w e a k  g r a in s , 

fo r  e x a m p le , s h e ll fr a g m e n t s , r a th e r  th a n  v e r y  a n g u la r  o r  

fla k y  g r a in s  ( th e y  w o u ld  p r o b a b ly  h a v e  g iv e n  m u c h  h ig h e r  

p o r o s it ie s ).  A t  lo w  p r e s s u r e s  it  b e h a v e d  lik e  th e  tw o  s a n ds , 

b e c a us e  c r u s h in g  d id  n o t  o c c u r .

T e s t s  o n  s p h e r ic a l s te e l b a lls  a n d  g la s s  b e a d s , F ig .  5 b , 

s h o w  t h a t  h ig h ly  s p h e r ic a l p a r t ic le s  c a n  “ lo c k ”  s o lid ly  i f  

s h e a r e d  w it h o u t  v o lu m e  c h a n g e  b e lo w  a n a r r o w  r a n g e  o f  

p o r o s it y , w it h in  w h ic h  c r it ic a l pr e s s u re s  v a r y  e x t r a o r d in a r ily  

r a p id ly  w it h  c h a n g e  o f  p o r o s ity . In d e e d  o n e  w o u ld  e x p e c t  a  

g iv e n  g r a d in g  o f  s p h e r ic a l p a r t ic le s  w it h  a  n e a r ly  in fin it e  

e la s t ic  m o d u lu s  to  h a v e  th e  s a m e  a ve r a g e  c r it ic a l p o r o s ity  a t
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A

B

F IG. 5. Va r ia t io n  o f s t r e ngth in  lim ilin g  s tate  w ith  

p or os ity  in  ( a )  cohe s ionle s s  s oils  ( b )  c lays  a nd  

s phe r ica l par tic le s .

a ll p r e s s u re s , a n d  t h a t  th e  c r it ic a l p o r o s ity  w o u ld  be  in d e p e n ­

d e n t  o f  s ize .

T h e  c la y s  in  F ig . 5 b  h a v e  c r it ic a l pr e s s u re s  v a r y in g  fa r  

m o r e  s lo w ly  w it h  p o r o s ity  th a n  a n y  g r a n u la r  m a te r ia l.  T h e  

W e a ld  c la y  (a c t iv it y  0 .6 )  a n d  th e  m o r e  a c t iv e  L o n d o n  c la y  

(a c t iv it y  1 .0)  d iffe r  p a r t ly  b e c a us e  o f  g r a d in g , b u t  m o r e  

lik e ly  b e c a us e  o f  u n e q u a l a m o u n t s  o f  “ s o ft  ic e ”  a r o u n d  

p a r t ic le s  w h ic h  de c r e a s e  th e  e ffe c t ive  p o r o s ity . In  c la y  s o ils  

a t  lo w  pr e s s u re s  th e  e ffe c t ive  fr ic t io n  is  t h a t  o f  th e  “ s o ft  ic e ,”  

b u t  a t  h ig h e r  pr e s s u re s  th e  a m o u n t  o f  c la y  f r a c t io n  m a k e s  a 

g r e a t  d iffe r e nc e . I f  t h e r e  is  a  s m a ll c la y  fr a c t io n ,  a t  h ig h e r  

pr e s s u re s  th e  g r a n u la r  p a r t ic le s  c o m e  in t o  c o n t a c t  a n d  fo r m  

a  s e p a r a te  s t r uc tu r e . T h e ir  fr ic t io n , w h ic h  is  p r o b a b ly  h ig h e r  

t h a n  t h a t  o f  th e  “ s o ft  ic e ,”  in c r e a s in g ly  c o n t r o ls  t h a t  o f  the  

w h o le  m a te r ia l a s  th e  p o r o s ity  de c r e a s e s .

T h e  s lo pe s  in  F ig . 5 b  fo r  th e  tw o  c la y s  a r e  c lo s e  t o  th a t  

o f  th e  v a r ia t io n  o f  v o lu m e t r ic  s t iffne s s  fo r  F r a s e r ’s  is o t r o p ic  

c o m p r e s s ib ility  te s ts  o n  s a n d  ( F ig .  2 ) .  I t  s e e ms  r e a s o n a b le  to  

a t t r ib u te  m u c h  o f  th e  w e ll- k n o w n  e x p o n e n t ia l p a t t e r n  o f  

v a r ia t io n  o f  c la y  p r o p e r t ie s  w it h  v o id  r a t io  to  th e  g e o m e t r ic  

p r o p e r t ie s  o f  r a n d o m  p a c k in g s ,  f o r  w h ic h  w e  c a n  t a k e  th e  

s a n d  as  a  m o d e l.

S T RE S S - S T RAIN  C U R V E S  O F  C O H E S IV E  G R A N U L A R  M A T E RIA L S

T h e  c u r v e s  in  F ig . 6a  s h o w  h o w  s t r o n g ly  a  g r a n u la r  

s t r uc tu r e  c a n  a ffe c t  u n c o n fin e d  c o m p r e s s io n  b e h a v io u r .  T h e  

s ilty  c la y  w a s  te s te d a t  v a r io us  t im e  in te r v a ls  a ft e r  r e m o u ld ­

in g . T h e  fir s t  te s t  w a s  a ffe c te d  b y  c h a n g e s  t a k in g  p la c e  d u r in g  

th e  te s t , b u t  th e  o th e r s  s h o w  id e n t ic a l b e h a v io u r  ty p ic a l o f  a

N.B. AN Y  LINEAR  SECTION ON THIS G RAPH  DENOTES A PARABOLIC 
SECTION ON AN ARITHM ETIC STRESS-STRAIN  CU RVE

f i g .  6. Stress - s train curve s  o f  cohe s ive  a nd  ce me nte d g r a nu la r  

ma te r ia ls .

g r a n u la r  m a te r ia l,  h e r e  h e ld  a t  c o n s ta n t  v o lu m e  b y  th e  p o r e  

w a te r . T h e  la r g e  s tre s s  a ft e r  a  s m a ll s t r a in  is d u e  to  th e  

s u c t io n  p r e s e n t , w h ic h  g r o w s  s lig h t ly  a n d  c a us e s  “ s e n s it iv ity .” 

T h e  e n e r g y  fo r  r e b o u n d , a s  in  th e  s ilt s to n e  te s t  s h o w n  in  

F ig .  6b ,  c o m e s  fr o m  th e  e n e r g y  s to r e d  a t  in t e r g r a n u la r  c o n ­

ta c ts . F ig . 6c  s h o w s  a  s a n d s to n e  t e s te d  s lo w ly  e n o u g h  fo r  

th e  c e m e n t in g  to  a d d  b u t  lit t le  s t iffne s s  in  s he a r , t h o u g h  p r e ­

v e n t in g  m u c h  e x p a n s io n . F ig . 7  s ugge s ts  a  g e n e r a l p a t t e r n  o f 

b e h a v io u r  in  c e m e n t e d  g r a n u la r  m a te r ia ls  a t  d iffe r e n t  s t r a in  

r a te s . F ig . 6d  s h o w s  th a t  c o n c r e te  u n d e r  s lo w  lo a d in g  c a n  

b e h a v e  as  a  ty p ic a l g r a n u la r  m a te r ia l;  t h e r e  is  a  s e r io us  la c k  

o f  te s ts  a t  lo w  s t r a in  r a t e s  o n  c o n c r e te  o f  m o d e r n  g r a d in g s .

A n  e x c e p t io n a lly  w e ll- m a tu r e d  3 p e r  c e n t  lime - c lay e y  

g r a v e l r o a d  ba s e , F ig . 6e , g a v e  a  r e m a r k a b ly  p a r a b o lic  s tress-  

s t r a in  c u r v e . T h o u g h  th e  c e m e n t in g  w a s  s u ffic ie n t  to  p r e v e n t  

m u c h  d ila t io n  d u r in g  m o s t  o f  th e  s h e a r in g , its  o w n  s h e a r  

s t iffne s s  w a s  lo w  e n o u g h  n o t  t o  m a s k  th e  g r a n u la r  b e h a v io u r  

a t  lo w  s tre s se s .

STRAIN

f i g .  7. Influe nc e  o f  te s ting 

ra te  o n  fo r m  o f  stress-  

s t r a in cur ve  fo r  a  ce me nte d 

g r a nu la r  ma te r ia l.
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M ic r o fis s u r e d  m a te r ia ls  a r e  r e p r e s e n te d  b y  a  g r a n it e  (F ig .  

6f )  a n d  a  h a r d  c o a l ( F ig .  6g ) .  T h e  r e b o u n d  o f  th e  c o a l 

s ugge s ts  t h a t  a t  lo w  p o r o s it ie s  th e  e x p a n s io n  o f  th e  a g g r e g a ­

t io n s  be tw e e n m ic r o fis s ur e s  w ill a lm o s t  e x a c t ly  e q u a l the  

c o m p r e s s io n  o v e r  th e  s a m e  s tre s s  r a n g e , w h e t h e r  th e  mic r o-  

fis s ur e s  be  o p e n  (p a r a b o lic  e la s t ic it y ) o r  c lo s e d  ( lin e a r  

e la s t ic it y ).

LB/IN2 ( SQUARE ROOT SCALE)

f ig .  8 . Stress - s train curve s  fo r  r e mou lde d a n d  s ta bilize d 

Ke upe r  m a r l.

F ig . 8 s h o w s  t h a t  e v e n  u n s ta b iliz e d  r e m o u ld e d  K e u p e r  

m a r l,  c u r v e  a , c a n  b e h a v e  as  a  g r a n u la r  m a te r ia l a t  lo w  

s tre s s e s . Re p e a te d  lo a d in g  o f  s t a b iliz e d  K e u p e r  m a r l,  c u r v e  

c , c o n fir m s  th e  im p r e s s io n  fr o m  F ig . 6e  th a t  th e  s o il- c e m e nt , 

le a n  c o n c r e te , e tc . u s e d  in  r o a d s  m a y  h a v e  a m u c h  s m a lle r  

e la s t ic  m o d u lu s  a t  s m a ll s tr a in s , a ft e r  r e p e a te d  lo a d in g  b y  

t r a ffic , t h a n  n o r m a l la b o r a t o r y  te s ts  a p p a r e n t ly  s ho w .

In  c o h e s iv e  g r a n u la r  m a te r ia ls  w it h  c e m e n t in g , lo ng - t e r m 

te s ts  w ill s h o w  lo w  s t r e n g th s  be c a us e  th e  te n s ile  s tr e n g th  o f  

c e m e n t  v a r ie s  s o  g r e a t ly  w it h  t im e  o f  lo a d in g . E v e n  t h o u g h  

th e  c e m e n t  m a y  c o n t a in  e n o u g h  h a r d  c r y s ta ls  t o  it s e lf  be  

d ila t a n t  (e .g .  P o r t la n d  c e m e n t ) ,  d u r in g  s o m e  in te r m e d ia te  

t im e  r a n g e  it  w ill y ie ld  e n o u g h  in  s h e a r  n o t  t o  a d d  m u c h  

s t iffne s s  t o  th e  g r a n u la r  s t r uc tu r e , b u t  w it h o u t  f a ilin g  in  

t e n s io n .

C a r e y  ( 1 9 5 3 )  g a v e  a  n u m e r ic a l d e fin it io n  o f  r h e ld ity  as  

th e  t im e  w it h in  w h ic h  0 .9 9 9  o f  the  d e fo r m a t io n  o f  a  p a r t ic u ­

la r  m a te r ia l is  p la s t ic . T h e  r h e id it y  o f  a c e m e n t it io u s  d e p o s it  

w ith  a g r a n u la r  s t r uc tu r e  w o u ld  be  a ffe c te d  b y  th e  e v e n tu a l 

t e n s ile  b r e a k d o w n  o f  c e m e n t in g  m a te r ia l fo llo w in g  its  v is ­

c o us  flo w , in  a d d it io n  t o  c r e e p  a n d  s o lu t io n  e ffe c ts  a t  t h e  

in t e r g r a n u la r  c o n t a c t s  b e tw e e n  m in e r a l g r a ins .

DE G RADAT ION  B Y C O N T IN U E D  S H E A RIN G

C o n t in u e d  s h e a r in g  c h a n ge s  th e  s ha p e  o f  p a r t ic le s  in  a  

g r a n u la r  m a te r ia l.  D é b r is  a c c u m u la te s ,  a n d  s o m e  o r  m u c h  

o f  it  lie s  lo o s e ly  in  th e  v o id s  w it h o u t  t a k in g  p a r t  in  r e s is t ing  

s tre s s . T h e  e ffe c t ive  p o r o s ity  inc r e a s e s , a n d  th e  e ffe c t ive  

r e la t iv e  p o r o s ity  m a y  in c r e a s e  m a r k e d ly  ( a t  le a s t  b e lo w  

c r u s h in g  p re s s u r e s ) th r o u g h  s h a r p  c o r n e r s  b e c o m in g  

r o u n d e d , s o  a ffe c t in g  th e  “ lim it in g  p o r o s it ie s ”  ( u n o b t a in ­

a b le )  o f  th o s e  p a r t ic le s  c u r r e n t ly  in  c o n ta c t .  C r u s h in g  c a n  

a ffe c t  b o t h  u n d r a in e d  a n d  d r a in e d  s tr e s s - s tra in c u r ve s  a t  

h ig h e r  s tres ses .

T h e  n e w  s u r fa c e  p r o d u c e d  d u r in g  s h e a r in g  is  r o u g h ly  

p r o p o r t io n a l in  a  g iv e n  m a te r ia l t o  the  e n e r g y  a b s o r b e d .

S h e a r  s t r a in s  u n d e r  lo w  pr e s s ur e s , a s  in  a  b e a c h , if  r e p e a te d  

o ft e n  e n o u g h  c a n  cause , g r e a t  d e g r a d a t io n , a n d  o n e  m ig h t  

e x p e c t  t r a ffic  s tre s s e s  to  h a v e  a  s im ila r  t h o u g h  fa r  s m a lle r  

e ffe c t. I f  t h e  s a m e  s a n d  is  r e d e p os it e d  in  a  s h e a r  b o x  a ft e r  

e a c h  te s t , a f t e r  a  fe w  te s ts  a t  t h e  s a m e  p o r o s it y  a n d  m o d e r a te  

n o r m a l p r e s s u r e  ( I t o  2 t o n s / s q .f t . )  it  c a n  b e c o m e  m a r k e d ly  

w e a k e r , de s p ite  c o m p le te  r e d e p o s it io n  b e tw e e n  te s ts .

C O N C L U S IO N

Co n c a v e - u p w a r d  s tr e s s - s t ra in c u r ve s  h a v e  b e e n  s h o w n  to  

be  a s s o c ia t e d  w it h  th e  in t e r a c t io n  o f  d ila t a n c y  a n d  c o m ­

p r e s s ib ility  in  m a te r ia ls  w it h  a  s t r u c tu r e  o f  r e a s o n a b ly  h a r d  

m in e r a l g r a in s . C e m e n te d  g r a n u la r  m a te r ia ls  a n d  m ic r o fis ­

s u r e d  s o lid s  in  u n c o n fin e d  c o m p r e s s io n ,  a ls o  s a n d s  a n d  s ilts  

in  c o n s ta n t - v o lum e  te s ts , h a v e  g iv e n  p a r a b o lic  c ur v e s  o v e r  

p a r t  o f  th e  s tre s s  r a n g e . N o  c la y s  o th e r  th a n  v e r y  s ilt y  o r  

s a n d y  c la y s  a p p e a r  t o  d o  s o.

A C K N O W L E D G M E N T S  

P r o fe s s o r  S . C .  Re d s h a w  k in d ly  p r o v id e d  la b o r a to r y  fa c ili ­

t ie s , a n d  P r o fe s s o r  J . K o lb u s z e w s k i h a s  g iv e n  m e  w a r m  

e n c o u r a g e m e n t  t o  fo llo w  u p  p r e v io u s  w o r k  o n  g r a n u la r  

m a te r ia ls .
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