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Effe cts  of Gr a in  Size  and Gr a d ing  on the  She ar ing Be haviour  

of Gr a nula r  Mate r ia ls

In flu e n c e  de  la  g r a n u lo m é t r ie  e t  de  la  d im e n s io n  de s  g r a in s  s ur  le  c o m p o r t e m e n t  a u  c is a ille m e n t  de s  

m a t é r ia u x  g r a n u la ir e s

W. M. K IR K P A T R IC K ,  B.s c ., p h .d . ,  a . r . c . s . t . ,  a . m . i .c . e . ,  De partm e n t  o f  C iv il Engine e ring , R o y al Colle ge  o f  Scie nce  and  

T e chnology , Glas gow , Gre at  B ritain

s u m m a r y

In  this  pape r  the  influence  o f gr ain size and grading  o n  the 

shear ing be haviour  o f gr anular  ma te r ials  is  s tudied fr om  the 

results  o f dr aine d tr iax ial tests. T he  ma te r ia ls  tested (s and and 

glass  beads ) were w ithin the  r ange  o f me dium to coarse  sand 

sizes, and in  each ma te r ia l the  pa rticle  shape  and surface  texture  

were unifo rm  throughout  this  range . T he  influence  on the  angle  

of she ar ing resis tance <f>' o f gr a in s ize  alone  is inves tigated. For  

this , samples  conta ining  par ticles  vir tua lly  of uniform size  were 

separated fr o m grade d mate r ials . T he  results  for  each mate r ia l, 

whe n compare d a t  e quivale nt  poros itie s , show that <p' increases 

as  the  gr ain s ize reduces . Tests  were  also pe r forme d on three  

ar tificial gradings  made  up fr om  the  s ize  fractions  o f the  sand. 

T he  results  do  not  a llow clear  conclus ions  to be  made  on the  

influence  o f grading  on the  s hear ing resistance.

S O M M A I R E

La présente  é lude  porte  sur  l’effet de  la  gr anulomé tr ie  et de 

la  dime ns ion des grains  sur  le  compor te me nt au c is aille me nt de 

ma tér iaux  granulaire s  à  pa r tir  d’essais tr iaxiaux drainés . Les 

ma tér iaux  étudiés  éta ie nt du sable  e t des par ticule s  de  verre  dont 

la grosseur des grains  va ria it  de moyenne  à grossière. De  plus , la 

forme  et la  texture  superficie lle  des grains  étaient uniforme s  dans  

ces limite s . En pre mie r  lieu, on a analysé l’influence  de  la  granu* 

lomé tr ie  seule  sur  l'angle  <// de rés is tance au c is aille me nt. Dans  

ce but, des échantillons  à  grains  essentie llement de  même  gros ­

seur  ont  été préparés  à  pa r tir  de  ma tér iaux  nature lle me nt class i­

fiés. P our  chaque  ma té r iau, les résultats , lorsque  comparés  à  

poros ité  équivalente , démontr ent que  ce t angle  <p' augme nte  à 

mesure  que  la  grosseur des grains  est r éduite . De  plus , que lques  

essais ont  été faits  sur  trois  grosseurs  de  grains  classifiés  ar tifi­

c ie lle me nt e t préparés  à  pa r tir  des grains  disponible s  dans  le 

sable . T oute fois , les résultats  ne  pe rme ttent pas de  t ire r  des 

conclus ions  définitives  quant  à l’influence  de  la dime ns ion des 

grains  sur  la  résis tance au cisailleme nt.

t h e  e x p e r i m e n t a l  r e s u l t s  pre s e nte d in this  p ap e r  have  

be e n a c c u m u la te d  ove r  a  p e r io d  o f  yea rs  c o m m e n c in g  in  

1958. T h e  w o r k  de s c r ibe d is  p a r t  o f  a  w id e r  r e s e a r ch p ro je c t  

o n  the  bas ic  pro pe r t ie s  o f  g r a n u la r  soils .

In  th e  pr e s e nt  inv e s t ig a t io n, s he a r ing  b e h a v io u r  was  

int e r pr e te d fr o m  th e  r e s ults  o f d r a in e d  t r ia x ia l c o mpre s s io n 

tes ts . T h e  s t a nd a r d  pr o c e d ure  was  us e d in thes e  tes ts , the  

m a jo r  p r in c ip a l s tress  b e ing  inc r e as e d to  fa ilu r e  w h ile  the  

m in o r  p r in c ip a l s tress  wa s  ke pt  cons tan t . T he  s am e  ce ll 

pr e s s ure  wa s  us e d in  a ll the  tes ts  o f a se ries  a n d  th e  s he a r ing  

pro pe r t ie s  we re  inve s t iga te d ove r  a  r ang e  o f po ro s ity . M ic r o ­

m e te r  gauge s  we re  us e d in  the  m e as ur e me nts  o f s am ple  

d im e n s io ns  a nd  the  us ua l cor r e c t ions  a p p lie d  to  th e  r es ults . 

T h e  r e s ults  we re  e v a lua t e d  by  d ig it a l c o m p u te r  e m p lo y in g  a 

s im ple  p r o g r a m m e .

Mo s t  o f  the  w o r k  was  pe r fo rm e d  on Le ig h to n  Buzza r d  

s and. T h e  e ffe cts  o f  pa r t ic le  s ize  we re  s tud ie d  fr o m  tes ts  o n  

s ample s  o f  s ix  u n ifo r m  pa r t ic le  s ize s  h a v in g  diame te r s  

r a n g in g  be twe e n 2  m m  a nd  0.3 m m . A n  inve s t ig a t io n in to  

the  e ffects  o f  g r a d in g  was  p e r fo rm e d  on the  s ame  m a te r ia l, 

thr e e  a r t ific ia l g r ad ing s  b e ing  m a d e  u p  fr o m  the  u n ifo r m  s ize  

fr ac t io ns . T h e  e a r lie r  t r ia x ia l tes ts  we re  p e r fo rm e d  o n  lji- in.-  

dia m e te r  s ample s . Re ce n t ly , how e ve r , the  se ries  o f  tes ts  o n  

th e  Le ig h to n  Bu zza r d  s and was  r e pe a te d us ing  4- in.- diame te r  

s ample s . T h is  la t t e r  se ries  was  pe r fo rm e d  in  a n  a t te m p t to 

r e duce  the  s ca t te r  o f  the  r e s ults  obs e rve d in  the  1/2- inch-  

d ia m e te r  s am ple s  a nd  a ls o  to  p r o v id e  c o n fir m a t io n  o f  the  

p r e vious  find ing s  o n  this  m a te r ia l.

As  a  che c k  to  d e te rm ine  wh e the r  the  t r e nd o f  re s ults  

o b ta in e d  fo r  th e  u n ifo r m  s ize s  o f the  Le ig h to n  Bu zza r d  s and 

c o u ld  a ls o be  obs e rve d in  ma te r ia ls  w ith  diffe r e nt  pa r t ic le  

s hape s  and s ur face  roughne s s , a lim it e d  n u m b e r  o f  a d d it io n a l 

tes ts  was  p e r fo r m e d  o n  u n ifo r m  pa r t ic le  s ize  s ample s  o f 

glas s  be ads .

e f f e c t s  o f  p a r t i c l e  s i z e  

N ature  o f  Mate rials

Sam ple s  co ns is t ing  o f  pa r t ic le s  o f  u n ifo r m  s ize  we re  

s e pa ra te d fr o m  the  gr ade d  ma te r ia ls  by  th o r o ug h  s ie ving  

be twe e n c los e ly  s pace d me s h s ize s  in  the  Br it is h  S ta n d a r d

T A B L E  I .  D A T A  F O R  U N IF O R M - S IZ E D  G R A N U L A R  M A T E R IA L S

Size
group

Range of size 
(mm) 

(sieve aperture)

Mean particle 
size (mm) 

(arithmetic)

Limiting porosities

max. % min. %

Leighton Buzzard sand
LB1 2.00  to 1.68 1.85 46 33
LB2 1.40 to 1.20 1.30 46 33
LB3 1.00 to 0.85 0.93 46 33
LB4 0.71 to 0.60 0.65 46 33
LB5 0.50 to 0.42 0.46 46 33
LB6 0.42 to 0.36 0.39 46 33

Glass beads
G l 1.58 to 1.20 1.44 41 33
G2 1.20 to 0.71 0.96 40.5 33.5
G3 0.42 to 0.30 0.36 41 35
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r ang e  o f  s ieves . De ta ils  o f  the  s am ple s  o f  s and a n d  glass  

be ads  o b ta in e d  in  this  w ay  a r e  s h o w n in  T a ble  I.

E a c h  o f  the  s am ple s  was  s ubje cte d to  s pe c ific  g r av ity  tes ts  

a n d  was  e x a m ine d  und e r  th e  mic r o s c op e  to  c h e c k  th a t  the  

m in e r a lo g y  a n d  pa r t ic le  ge o me tr y  we re  u n ifo r m  th r o ug h o ut  

the  r ang e  o f  s ize s . It  was  fo r  this  r e a s on th a t  the  r ang e  o f 

s ize s  o f  Le ig h to n  Bu zza r d  s and inve s t iga te d h a d  to  be  r e ­

s tr ic te d to  s ample s  coa r s e r  th an  the  0 .3 - mm s ize . T h e  fine r  

s ize s  we re  fo u n d  to  c o n ta in  a h ig he r  c o nt e n t  o f  fe r rug ino us  

m a te r ia l a nd  to possess  a n  ap p r e c ia b ly  gr e a te r  pa r t ic le  

s pe cific  g r av ity  th a n  the  va lue  o f  2.66 me as ure d o n  the  

coa r s e r  fr ac t io ns . T he  re s ults  o f  tes ts  o n  the s e  fine  s izes  c o u ld  

n o t  the r e for e  be  ju s t ifia b ly  co m p a r e d  w ith  the  re s ults  

o b ta ine d  fr o m  the  coa r s e r  ma te r ia l. T r ia x ia l tes ts  s ubs e ­

q u e n t ly  p e r fo rm e d  o n  s izes  fine r  tha n 0 .3  m m  s how e d  the m 

to  possess  a  co ns id e r a bly  h ig he r  fr ic t io n a l c o m p o n e n t  o f 

s tr e ngth t h a n  the  o th e r  s ize s . T he  pa r t ic le s  o f  th e  s an d in  

e ac h  o f  the  s ize  g ro ups  in c lu d e d  in the  inve s t ig a t io n we re  

fo u n d  to have  a h ig h  de gree  o f  s phe r ic ity  a nd  a  m e d iu m  

ro undne s s .

F o r  the  tes ts  o n  glas s  be ads  fo u r  fr ac t io ns  we re  or ig ina lly  

r e m o ve d  fr o m  g r ade d ma te r ia ls . T h e  s ize  inte rva ls  be twe e n 

the  lim it in g  s ieves  us e d in  the  s e pa ra t ing  proce s s  we re  s ome ­

w h a t  gr e a te r  t h a n  thos e  use d fo r  the  Le ig h to n Bu zza r d  s and 

bu t  the  m e a n  pa r t ic le  s izes  o f  thre e  o f  the s e  cor r e s po nde d 

a p p r o x im a te ly  t o  s ize  gr oups  LB2 , LB3 , a n d  L B6. M ic r o ­

s cope  e x a m in a t io n  o f the s e  thr e e  s ample s  s how e d th e m  to  be  

c o m po s e d  a lm o s t  e n t ir e ly  o f  s phe r ica l pa r t ic le s , o n ly  a b o u t  

5  pe r  ce nt  b e ing  o f  ov a l s hape . T he  r e m a in in g  s am ple  h a d  a 

m e a n  d ia m e te r  o f  3 .6  m m  b u t  h a d  to  be  e x c lude d fr o m  the  

inve s t ig a t io n in to  pa r t ic le  s ize , s ince  it  was  fo u n d  to  c o n t a in  

a b o u t  6 0  pe r  ce n t  ova l- s hape d pa r t ic le s  a n d  4 0  pe r  ce nt  

sphe re s  a n d  was  the r e for e  a p p r e c ia b ly  diffe r e nt  fr o m  the  

o th e r  thr e e  glas s  be ad s ample s . T he  s pe c ific  g r a vity  o f  the  

s ma lle s t  s ize  o f glas s  be ads  was  2 .8 0  whe re as  th a t  fo r  the  

r e m a in in g  s izes  was  2 .8 9 .

L im it in g  Poros itie s

T he  lim it in g  poros it ie s  fo r  the  s and we re  fo u n d  by  the  

me tho ds  s ugge s te d by  Ko lb us ze w s k i (1 9 4 8 ) .  T he  m e th o d  

fo r  o b ta in in g  the  m in im u m  po ro s ity  (s e ve re  c o m p a c t io n  by  

Ka n g o  h a m m e r  in  a P ro c to r  m o u ld ) ,  a lt h o u g h  us e d, was  n o t  

cons ide r e d to  be  e n t ir e ly  s uit able . W it h  th is  m e th o d  the r e  

was  s om e  e vide nce  o f  g r a in  fr a c tu r in g . Co ns e q ue n tly  the  

g r a d in g  a n d  the  pa r t ic le  g e om e tr y  we re  s ubje c t  to  s ome  

a lt e r a t io n  d u r in g  the  proce s s  o f  c o m p a c t io n . T o  pr e ve nt  

g r a in  fr a c tu r in g , this  m e th o d  fo r  fin d in g  th e  m in im u m  

por os ity  was  n o t  us e d fo r  the  glas s  be ads . In  this  case  the  

m in im u m  p o r o s ity  was  fo u n d  b y  v ib r a t in g  th e  m a te r ia l in 

a  m o u ld . Alt h o u g h  the  re s ults  ob ta in e d  in  this  w a y  are  

u n lik e ly  to  be  c o m p a r a b le  w ith  thos e  o f  o the r  me tho ds , the  

d a ta  o b ta ine d  fr o m  e a ch  o f  the  thr e e  glas s  be ad s ample s  

quote d  he r e  ca n  be  co m p a r e d  o ne  w ith  an o the r .

T h e  m a x im u m  a n d  m in im u m  po ros it ie s  fo u n d  fo r  the  

u n ifo r m  pa r t ic le  s ize s  o f  the  Le ig h to n  Bu zza r d  s a nd we re  

4 6  pe r  ce n t  a n d  33 pe r  c e n t  r e s pe ct ive ly , th e  figure s  be ing  

a p p r o x im a te ly  th e  s am e  fo r  a ll pa r t ic le  s izes . S lich te r  (1 8 9 7 ) 

s how e d , fr o m  a s im ple  an a ly t ic a l a p p r o a c h , tha t  the  th e o ­

r e t ica l lim it in g  po ros it ie s  fo r  s phe res  o f  u n ifo r m  s ize  are  

4 7 ,6  pe r  ce n t  a n d  2 6  p e r  ce n t , the  figure s  b e ing  ind e p e n d e n t  

o f  the  diam e t e r . W h e n  d e a lin g  w ith  pa r t ic le s  h a v in g  s hapes  

o th e r  th a n  s phe r ic a l thes e  va lue s  do  n o t  a p p ly . Ho w e v e r  it  is  

n o t  unr e a s o na ble  to  e x pe c t  tha t , fo r  ma te r ia ls  h a v in g  

pa r t ic le s  o f  u n ifo r m  s hape , the  lim it in g  po ros it ie s  o f  fr ac ­

t ions  c o n t a in in g  a  u n ifo r m  s ize  o f  pa r t ic le  a r e  the  s ame  

ir re s pe c t ive  o f th e  s ize .

T he  in t r o d u c t io n  o f  pa r t ic le s  o f diffe r e nt  s ize  in to  a  

s a m ple  w ill n a t u r a lly  a lte r  the  lim it in g  po ro s ity  va lue s , the  

c h a ng e  b e ing  de p e n de nt  o n  the  r ang e  o f  s izes  pr e s e nt  a nd  

o n  th e  g r a d ing . Effe c ts  o f  this  na t ur e  s e e me d to  be  pre s e nt 

in the  glas s  be ad  s ample s  (T a b le  I)  whe r e  the  r ang e  o f 

s izes  in  e ach o f  the  thr e e  s ize  g ro ups  was  gr e a te r  th a n  in 

the  s ize  g ro ups  o f  the  s and.

T riax ial T est Re s ults

T r ia x ia l r e s ults  a r e  illus t r a te d  in th e  fo r m  s h o w n in 

F igs . 1 a n d  3 (a n d  a ls o fo r  g r ad e d  ma te r ia ls  in  F ig . 5 ) .  

T h e  ang le  o f  s he a r ing  r e s is tance  is  d e te rm ine d  fr o m  the  pe ak  

p o in t  d a t a  o n  the  s tres s - s train curve  e m p lo y in g  the  n o r m a l 

Mo h r - Co u lo m b  in te rp r e ta t io n.

T h e  fr ic t io n a l c o m p o n e n t  4>t the  ang le  o f s he a r ing  

r e s is tance  s h o w n in F igs . lb  a nd  5b was  ca lc u la te d  fr o m  

the  p r in c ip a l s tress  r a t io  a t the  p o in t  o f  m in im u m  v o lu m e  o f 

the  s a m p le  d u r in g  the  te s t. T h is  as s ume s  th a t  th e  fr ic t io n a l 

r e s is tance  o f  the  gr a ins  mus t  be  ove r co m e  be fo re  the  m a te r ia l 

ca n  pr oce e d to  dila te . Ar g u m e n t s  fo r  m a k in g  this  a s s ump ­

t io n  ar e  p r o v id e d  by  Kir k p a t r ic k  (1 9 6 1 ) .

A  n u m b e r  o f  e x pre s s ions  fo r  c a lc u la t in g  the  d ila ta n c y  

c o n t r ib u t io n  in  the  t r ia x ia l tes ts  ha ve  be e n s ugge s te d s ince  

the  we ll- kno wn e x pre s s ion was  p r o p o s e d  by  Bis ho p  a nd  

E ld in  (1 9 5 3 ) .  T h e  m a jo r it y  o f  the s e  agre e  th a t  the  dila ta n c y  

c o n t r ib u t io n  is a  fu n c t io n  o f  the  fa c to r  d&v /d&L  (w he r e

POROSITY % 

( b )

f ig .  I.  She ar ing properties  o f the  un ifo r m  sizes o f 

Le ighton Buzzard sand.
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dAv  is  the  ch a ng e  in v o lu m e tr ic  s t r a in co r r e s p o nd in g  to  a n  

inc r e as e  in  ax ia l s tr a in o f  d A L ).  Ra th e r  th a n  s ho w a  pr e fe r ­

e nce  fo r  o ne  o f  thes e  m e th od s  the  d ila ta n c y  c o n t r ib u t io n  has  

n o t  be e n d e te rm ine d  as  s uch  in  th is  pa pe r . In s t e a d, the  

dila ta n c y  e ffects  a r e  illus t r a t e d  by  p lo t t in g  the  fa c to r  dAv /  

dA L, w h ic h  is  ca lle d  the  d ila ta n c y  fac to r , a t  p e a k  p o in t  c o n ­

d it io n s  a g a ins t  po ro s ity  o r  r e la t ive  po ro s ity .

T h e  t r ia x ia l tes ts  on the  u n ifo r m  pa r t ic le  s ize  s am ple s  o f 

the  Le ig h to n  Bu zza r d  s an d we re  e a ch  p e r fo rm e d  a t  a  ce ll 

pre s s ure  o f  50  lb / s q .in . A  base  o f  por os ity  was  use d in  p lo t ­

t in g  the  r e s ults  (F ig . 1 ) be caus e  th e  lim it in g  po ro s ity  va lue s  

we re  fo u n d  to  be  th e  s ame  fo r  a ll s ize  gr o ups . F o r  th e  s ake  

o f c la r it y , the  e x pe r im e n ta l p o in ts  a r e  no t  s ho wn in  F ig . 1. 

T he  s cat te r  in  <£' va lue s  p r o v id e d  by  the  r e sults , w h ic h  we re  

o b ta ine d  fr o m  4- in.- diame te r  s ample s , was  s m a ll, ho we ve r , 

a n d  a llo w e d  the  po s it ion s  o f  the  line s  in F ig . la  t o  be  

c le a r ly  e s tablis he d.

T h e  v a r ia t io n  in  <£' w ith  po ro s ity  fo r  the  in d iv id u a l s ize  

gr o up s  is , in  ge ne ra l, line a r  ove r  the  r ange  o f  po ros ity  te s ted, 

a n d  a n  inc r e as e  in  a t  a  g ive n po ro s ity  is  obs e rve d as  the  

g r a in  s ize  r e duce s . T he  v a r ia t io n  in  <£' w ith  the  pa r t ic le  

s ize  is  fu r th e r  illu s t r a te d in F ig . 2 . In  this  figure  va lue s  o f

f i g . 2 . Re la t ion between <f>' and par tic le  size 

for  Le ighton Buzzard sand.

4>' tak e n  fr o m  F ig . la  a r e  p lo t t e d  ag a ins t  m e a n  p a r t ic le  s ize  

fo r  thr e e  diffe r e nt  po ros it ie s . It  is  s ee n th a t  th e  inc r e as e  in 

<f>' is  a p p r o x im a te ly  lin e a r  a s  the  s ize  r e duce s  fo r  r e s ults  

at  co ns ta nt  po ro s ity . T h is  inc r e as e  in <f>' is  a c c o m p a n ie d  by  

an  inc r e as e  in  the  d ila ta n c y  fa c to r  (F ig . l c ) ,  the  fr ic t io n a l 

c o m p o n e n t  <£f b e ing  ind e p e n d e n t  o f  s ize  (F ig . lb ) .

It  is  pos s ible  t h a t  the  fr ic t io n a l c o m p o n e n t  m a y  be  

ne a r ly  c o ns ta nt  t h r o u g h o u t  th e  r an g e  o f  po ro s ity  fo r  a  

g ive n  m a te r ia l,  a n d  r e s ults  q uo te d  p r e vious ly , K ir k p a t r ic k  

(1 9 6 1 ) ,  w o u ld  indic a t e  this  t o  be  so. T he  d e te r m in a tio n  o f 

th e  p r in c ip a l s tress  r a t io s  a t  the  p o in t  o f  m in im u m  v o lu m e , 

howe ve r , is  s ubje c t  to  inac cu r ac y , e s pe c ia lly  in  the  s ample s  

o f  lo w  po ro s ity , s ince  the  m a jo r  p r in c ip a l s tress  is  ch a ng in g  

r a p id ly  a t  this  s tage  o f the  tes t. S u c h  ina c c ur a c y  m a y  ha ve  

affecte d the  r e s ults  in F ig . lb  whe r e  the r e  is  a  te n de nc y  fo r  

<£r to  de cr ease  a t  h ig h e r  poros it ie s .

F ig . 3 s hows  the  r e s ults  o f the  t r ix ia l tes ts  o n  the  u n ifo r m  

pa r t ic le  s ize  s ample s  o f  glas s  be ads . In  o r d e r  t o  s ave  s pace  

o n ly  the  <}>' va lue s  a r e  s ho wn  a n d  thes e  a r e  plo t te d to  a 

base  o f  r e la t ive  po ro s ity . T he  re s ults , w h ic h  we re  o bt a in e d  

fr o m  lJa- in.- diame te r  s am ple s  a t  a  ce ll pre s s ure  o f  20 lb / s q . 

in., s h o w  s om e  scat te r . T h e  s ca t te r  is  d ue  m a in ly  to  e r rors  in 

the  e s t im a tions  o f  po ro s ity . Su c h  e r rors  a r is e  ine v ita bly  

wh e n  d e a ling  w it h  lj^- in.- diame te r  s am ple s  e ve n w h e n  

r e fine d te c hn ique s  ar e  use d to  me as u re  s am ple  dime ns io ns . 

T he  r e s ults , ho we ve r , fa ll in to  thre e  dis t inc t  zone s  in the  

figure .
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f i g . 3. Re la t ion between <p' and r e lative  poros ity for  

glass  beads.

As  w ith  the  Le ig h to n  Bu zza r d  s a nd a n  inc r e as e  is  obs e rve d 

in  4>' as  the  g r a in  s ize  r e duce s . T h e  fr ic t io n a l c o m p o n e n t  

<f>f was  th e  s am e  fo r  a ll thr e e  s ize s  o f  glas s  be ads  a n d  was  

co ns ta n t  o ve r  the  r ange s  o f  por os ity . T h is  fin d in g  w o u ld  

ju s t ify  the  in c lu s io n  o f  s ize  G 3  in the  c o m p a r is o n . It  w ill 

be  r e ca lle d t h a t  this  m a te r ia l h a d  a  lo we r  s pe c ific  gr avity  

th a n  th e  o th e r  fr ac t io ns  o f  glas s  be ads  a n d  the r e for e  mus t  

be  diffe r e nt  in  c h e m ic a l c o m p o s it io n . T he  pa r t ic le  s hape  a n d  

s ur fa ce  fr ic t io n  prope r t ie s  ar e  ho w e v e r  id e nt ic a l. T h e  v a r i­

a t io n  in  d ila ta n c y  fac to r  w ith  pa r t ic le  s ize  a n d  por os ity  fo r  

the  be ads  was  s im ila r  to th a t  note d p r e v io us ly  fo r  the  u n i ­

fo r m  pa r t ic le  s ize  s am ple s  o f  Le ig h to n  Bu zza r d  s and.

T h e  influe nce  o f pa r t ic le  s hape , s ur face  ro ughne s s , a nd  

p r o b a b ly  a ls o  m in e r a lo g y  ca n  be  no te d  w he n  th e  r e s ults  o f 

the  tes ts  o n  the  glas s  be ads  ar e  co m p a r e d  w ith  thos e  o f  the  

u n ifo r m  pa r t ic le  s ize  s ample s  o f Le ig h to n  Bu zza r d  s an d. F o r  

the  be ads  the  s tr e ngth c o m p o n e n ts  a r e  ap p r e c ia b ly  low e r , 

b e ing  a p p r o x im a te ly  16°, a nd  the  r ang e  o f  d ila t an cy  

fac tor s  was  be twe e n 0  a nd  0.4.

It  was  o r ig in a lly  int e n d e d  to  in c lu d e  a  glas s  be ad s am ple , 

h a v in g  a  m e a n  pa r t ic le  d ia m e te r  o f  3 .6  m m , in  the  ana lys is  

o f  the  e ffects  o f  g r a in  s ize . T h is  s am ple , ho we ve r , was  fo u n d  

to  ha ve  a  h ig h  pe r ce ntage  o f  o v a l pa r t ic le s  (a p p r o x im a te ly  

60  pe r  c e n t ) a n d  th e  v a r ia ble  o f  pa r t ic le  s hape  pr e ve nte d 

it  fr o m  b e ing  us e d. Re s u lts  o f  t r ia x ia l tes ts  o n  this  s a m ple  

ar e , ho we ve r , inte r e s t ing  s ince  the y  ind ic a te  fu r th e r  the

f i g . 4 . Size  dis tr ibution curves fo r  the  three 

ar tificial gradings  o f Le ighton Buzzard sand.
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e ffe c t o f  pa r t ic le  s hape  o n  the  s he a r ing  r e s is tance . T he  <f>' 

r e la t ive  po ro s ity  line  fo r  the  3 ,6 - mm s ize  is  a p p r o x im a te ly  

the  s ame  as  t h a t  s ho wn in F ig . 3 fo r  s ize  g r o up  G 3 .  It  

the r e for e  doe s  n o t  fit  w it h  the  r e s ults  fo r  s phe r ica l s ample s , 

r e la t ing  p a r t ic le  s ize  to  </>'. <f>t was , ho we ve r , the  s am e  b u t  

the  d ila ta n c y  fac tor s  we re  s o m e w ha t  hig he r  t h a n  thos e  

me as ure d o n  a n y  o f  the  s p he r ic a l s ample s .

E F F E C T S  O F  GRADING

N ature  o f  M ate rial

T o  s tud y  the  e ffe ct o f  g r a d in g  o n  s he a r ing  be h av io ur , 

t he  thre e  a r t ific ia l gr a ding s  illu s t r a te d in  F ig . 4  we re  m a d e  

u p , us ing  the  s ize  fr ac t ion s  o f  the  Le ig h to n  Bu zza r d  s and. 

Me a n  pa r t ic le  d ia m e t e r  has  les s  s ignific anc e  in  the  case  o f 

g r ad e d  ma te r ia ls  th a n  in  th e  cas e  o f ma te r ia ls  o f u n ifo r m  

p a r t ic le  s ize . Spe c ific  s ur fa ce  was  cons ide r e d to  be  a  be t te r  

pa r am e t e r  a n d  it  was  ho p e d  th a t  in us ing  this  a  co r r e la t io n  

m ig h t  be  o b ta ine d  be twe e n the  r e s ults  fr o m  the  g r ade d 

s a n d  a n d  thos e  fr o m  the  s and s ample s  c o n t a in in g  a  u n ifo r m  

s ize  o f  pa r t ic le . T h e  gr a ding s  we re  the r e fo r e  s e lecte d to 

g ive  s pe c ific  s ur face s  a p p r o x im a te ly  the  s am e  as  thr e e  o f  the  

u n ifo r m  pa r t ic le  s ize  s ample s .

L im it in g  Poros itie s

T h e  m a x im u m  a nd  m in im u m  po ros it ie s  we re  fo u n d  us ing  

Ko lb us ze w s k i’s me th od s . T h e  va lue s  ar e  s ho w n, toge the r  

w ith  the  o th e r  da ta  o n  the  g r ade d s and, in F ig . 4. T h e  lim it ­

in g  po ro s it ie s  ar e  a p p r o x im a te ly  the  s ame  fo r  gr a ding s  2
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f i g . 5 . S h e a r in g  p r o p e r t ie s  f o r  t h e  a r t i f ic ia l  g r a d in g s  

o f  s a n d .

a n d  3. T he  pre s e nce  o f the  s m a ll q u a n t it y  o f fine s  in  the  

p r e d o m in a n t ly  coa r s e  ma ke - up o f  g r a d in g  1 has  h a d  a n  

a p p r e c ia b le  influe nce  o n  the  m in im u m  po ro s ity  v a lue  fo r  

this  ma te r ia l.

T riax ial T est Re s ults

Bo th  4 - in.- diame te r  a nd  l/2- in.- diame te r  t r iax ia l s ample s  

we re  use d in  th is  ana lys is  and th e  tes ts  we re  c o nd uc te d  a t  

the  s ame  ce ll pr e s s ure  as  th a t  us e d in  the  tes ts  o n  the  u n ifo r m  

p a r t ic le  s ize  s ample s  o f  the  Le ig h to n  Bu zza r d  s an d. In  the  

te s t r es ults , s h o w n in  F ig . 5a , the  e x pe r im e n ta l p o in ts  fo r  

the  4- in.~ diame te r  s am ple s  lie  c lose  t o  the  line s  whe re as  

thos e  fo r  th e  1/2- in.- diame te r  s am ple s  p r o v id e  a s cat te r  

s im ila r  t o  t h a t  de s c r ibe d pr e vio us ly  fo r  this  s ize  o f  s am ple . 

T he  ¿ '- r e la t ive  p o r o s ity  curve s  fo r  gr a ding s  1 a n d  3 int e r ­

s ect e a ch  o th e r  a nd  th e  curve  fo r  g r a d in g  2 lie s  s lig ht ly  

be lo w  th a t  fo r  g r a d in g  3. T h e  r e s ults  fo r  the  g r ade d s ands  

s h o w  n o  c le a r  p a t te r n , a n d  the y  c a n n o t  be  co r r e la te d w ith  

the  u n ifo r m  s ize  s ample s . T he  inte r s e c t ion o f the  curve s  fo r  

gr a ding s  1 a n d  3 pr e ve nts  a ny  ge ne ra l c o nc lus io ns  b e ing  

m a d e  o n  th e  influe n ce  o f  s pe c ific  s ur face  o r  m e a n  dia me t e r  

o n  th e  s he a r ing  b e h a v io u r  o f  the  gr ad e d  s ands . In  this  

ana lys is , ba s e d o n  r e la t ive  po ro s ity , m u c h  de pe n ds  o n  the  

me as ure d lim it in g  va lue s  o f  n. S m a ll e r rors  in  the  e s t im a t io n 

o f the s e  va lue s  c a n  a lte r  ap p r e c ia b ly  th e  r e la t ive  p o s it io n  

o f th e  ¿ '- r e la t iv e  po ro s ity  line s . T he  diffe r e nt  lim it in g  

po r o s ity  va lue s  w h ic h  a r e  caus e d by  the  diffe r e nce s  in  

g r a d in g  in tr o duc e s  a n  a d d it io n a l v a r ia b le  w h ic h  c a n n o t  be  

ac co un te d  fo r  s im p ly  in  the  c o m p a r a t iv e  ana lys is  a t t e m pte d 

he re .

Ap p r o x im a te ly  th e  s am e  r ang e  o f va lue s  o f <£f was  

m e a s ur e d o n  th e  gr ade d s ands  a nd  on the  u n ifo r m  pa r t ic le  

s ize  s ample s  o f the  Le ig h to n  Bu zza r d  s and. In  F ig . 5b  no  

chang e  in  th e  v a lu e  o f c a n  be  obs e rve d ove r  th e  po ro s ity  

r ange . T he  va lue s  fo r  the  4- in.- diame te r  s am ple s  te nd  to 

fo r m  a b o u t  a  line  h ig h e r  in  v a lue  th an  fo r  the  1/2- in.- diame te r  

s ample s . T h is  is  p r o b a b ly  the  r e s ult o f  us ing  a  r e la t ive ly  

m o r e  ac cura te  v o lu m e  ch ang e  m e a s ur in g  bure t te  w it h  the  

s m a lle r  s ample s . Va r ia t io n s  in  the  va lue s  o f <j>{ c an  be  no te d 

w he n  c o m p a r in g  g r a d in g  1 w it h  gr a ding s  2 a n d  3 a n d  a ls o 

w he n  c o m p a r in g  thes e  g r ad ing s  w ith  thos e  me a s u re d o n  

the  u n ifo r m  pa r t ic le  s ize  s am ple s  o f  the  s and. T he  v a r i­

a t ion s  a r e  n o t  la rge  c o m p a r e d  w ith  th e  ac cu r ac y  w it h  w h ic h  

<f>t  c a n  be  me as ure d a nd  it  is  r e a s o na ble  t o  a s s ume  th a t  

<f)t  is  a  p a r t ic le  p r o pe r ty , ind e p e n d e n t  o f  s ize  a n d  g r a ding . 

As  in  the  p r e v io us  cases  the  inc r e as e  in  <f>' is  a c c o m pa n ie d  

b y  a n  inc r e as e  in  d ila ta n c y  fac tor .

c o n c l u s i o n s

T h e  r e s ults  o f  th e  tes ts  ha ve  s h o w n th a t  the  fr ic t io n a l 

c o m p o n e n t  o f  s tr e ngth <f>{, c a lc u la te d  by  th e  m e th o d  

de s c r ibe d in  th is  pa p e r , is  ind e p e n d e n t  o f p a r t ic le  s ize  a nd  

g r ad ing . It  is  te nta t ive ly  s ugge s te d th a t  is  a ls o ind e p e n d e n t  

o f  pa r t ic le  s hape . T he  m a g n itu d e  o f  4>( appe a r s  t o  de pe nd  

o n  s ur face  ro ug hne s s  a n d  m in e ra lo gy .

It  ha s  n o t  be e n pos s ible  t o  c o nc lud e  fr o m  the  re s ults  

whe the r  fac tor s  o the r  th an  fr ic t io n  a nd  d ila ta n c y  co n t r ib u te  

t o  the  s tr e ngth. It  was  fo u n d  th a t  the  d ila ta n c y  c o n t r ib u t io n , 

whe n c a lcu la te d  us ing  th e  e x pre s s ion o f  Bis h o p  a n d  E ld in  

( 1 9 5 3 ) ,  c o u ld  n o t  e n t ir e ly  a cc o unt  fo r  th e  diffe r e nce  be ­

twe e n <f>' a n d  T h is  c o u ld  be  due  to  e x pe r im e n ta l or  

th e or e t ica l s h o r tc o m ings  a n d  doe s  n o t  ne ce s s ar ily  m e a n  tha t  

o the r  fac tor s  a r e  pr e s e nt . It  c a n  be  s ta te d, ho we ve r , t h a t  the  

va r ia t io ns  in  th e  a ng le  o f  s he a r ing  r e s is tance  <f>' a r e  caus e d, 

a t  le as t in  p a r t , by  a  v a r y ing  c o n t r ib u t io n  p r o v id e d  by  

d ila t an cy .
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T he  influe nce  o f pa r t ic le  s ize  o n  the  s he a r ing  re s is tance  

has  be e n inve s t iga te d fo r  pa r t ic le  s izes  w ith in  the  r ange

0 .3  m m  to 2 m m . Wh e r e  g r a d ing  e ffects  are  n o t  pr e s e nt a nd  

o th e r  pa r t ic le  pro pe r t ie s  ar e  u n ifo r m , it  ha s  be e n fo u n d  tha t  

¿ '  de cre as e s  as  the  pa r t ic le  s ize  incr eas e s .

N o  c le a r  co nc lus ions  can  be  m a de  o n  the  influe nce  o f 

g r a d ing  o n  the  ang le  o f s he a r ing  re s is tance . T he  g r ad in g  

influe nce s  the  lim it in g  por os ity  va lue s  a nd  he nce  a n  a d d i­

t io n a l v a r iab le  is  in tr o d uc e d , w h ic h  pr e ve nts  a  s im ple  c o m ­

p a r is on  o f the  r e s ults  fr o m  b e ing  m a de . T h e  co nc lus ions  

m a d e  he r e  o n  the  influe nce  o f pa r t ic le  s ize  o n  the  s he a r ing  

r e s is tance  ar e  c o nt r a dic te d to  a de gree  by  r e s ults  r e por te d 

b y  Ko lb us ze w s k i a n d  Fr e d e r ic k  (1 9 6 3 ) .  T he s e  re s ults  we re  

o b ta ine d  fr o m  tes ts  o n  thr e e  s ample s  o f c los e ly  gr ade d glass  

be ads  (b a llo t in i) .  T he  m e a n  pa r t ic le  diame te r s  o f these  

we re  w it h in  th e  r e la t ive ly  n a r r o w  r ang e  o f 0 .48  m m  to

0 .86  m m . T he  m e th o d  o f d e te r m in ing  the  m in im u m  po ros ity  

in  the  tes ts  was  diffe r e nt  fr o m  th a t  us e d fo r  the  glas s  be ads  

in  the  pr e s e nt  pape r . Since  the  va lue s  a s s ume d fo r  the  

lim it in g  poros it ie s  gr e a t ly  influe nce  the  r e la t ive  po s it io ns  of 

the  ¿' - r e la t ive  po ro s ity  line s , it  is  que s t io nab le  to  w ha t  

e x te nt  th e  tw o  sets  o f r e s ults  ca n  be  co m p a r e d . Kolbus ze w s ki 

a n d  Fre de r ic k , in  a  p lo t  o f ¿ '  aga ins t  r e la t ive  po ro s ity , 

fo u n d  th a t  the  la rge s t  pa r t ic le  s ize  gave  ¿ '  va lue s  appre c iab ly  

h ig he r  th a n  fo r  th e  r e m a in in g  s izes . T he  re s ults  o f the  two 

s m a lle r  s izes  agre e  w it h  the  find ings  o f  the  pr e s e nt p ap e r  to  

the  e x te nt t h a t  the  s ma lle s t  s ize  gave  a h ig h e r  ¿' - r e la t ive  

po ro s ity  lin e  t h a n  the  m id d le  s ize  ove r  a b o u t  60 pe r  ce nt 

o f the  r e la t ive  po ro s ity  r ange .

T he  ¿  va lue s  quo te d  by  Kolb us ze w s k i a n d  Fr e d e r ic k  are

in  ge ne ra l m u c h  h ig he r  th an  thos e  s hown in  F ig . 3 o f this  

p ap e r . T h is  s hows  a n  im p o r t a n t  diffe r e nce  in the  prope r t ie s  

o f the  ma te r ia ls  us e d in  the  tw o  series  o f tests.
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