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T he C hairm an

I  ca ll first o n  th e  A ss is tan t R e p o r te r  to  give u s h is  
su m m ary .

A ssistan t R ep o rte r

T o  av o id  to o  m u ch  rep e titio n  o f  th e  w ritte n  re p o r t , a n d  m u ch  
m o re  to  th e  p o in t  to  m ak e  y o u r  a n d  m y  h ead ach es a s  sh o rt-  
la s tin g  as possib le , I  sh a ll m ak e  on ly  a  few  rem a rk s  co n ce rn in g  
th e  p ro p o sa ls  fo r  d iscussio n .

In  th e  w ritten  re p o r t  fo r  th is  su b d iv isio n  it  h a s  b een  suggested  
to  co n c e n tra te  th e  d iscussio n  o n  a  few , even  th o u g h  co m p re 
hensive, to p ics  co n ce rn in g  sh e a r  s tre n g th  a n d  d e fo rm a tio n  
ch a rac te ris tic s  o f  soils. M o reo v er, i t  is u n d e rs to o d  th a t  these  
to p ics  sh o u ld  n o w  be  d iscussed  m ain ly  fro m  a n  eng ineering  
p o in t o f  view , as th e  m o re  scientific  a p p ro a c h  to  close ly  re la ted  
p ro b lem s h as a lread y  b een  co v ered  by  th e  d iscussio n  th is  
m o rn in g .

In  h is  in tro d u c tio n  to  th e  d iscussio n  o f  th e  la s t In te rn a tio n a l 
C on fe ren ce , A . C a sag ran d e  sa id  th a t  in  h is o p in io n  th e  sh ea r 
s tren g th  o f  clays w as th e  m o s t d ifficu lt c h a p te r  in  so il m echan ics. 
I n  a  genera l w ay  i t  is believed  th a t  th is  s itu a tio n  m ay  still 
p rev a il.

H ow ever, v a lu ab le  p a p e rs  o n  th e  su b jec t h av e  been  p u b lish ed  
since 1953, a n d  in fo rm a tio n  derived  fro m  these  p ap e rs  ap p ea rs  
to  h av e  h e lp ed  to  c la rify  to  som e e x ten t th e  ran g e  o f  v a lid ity  o f  
ex isting  sh e a r  s tren g th  h y p o th eses  fo r  clays. I f  so , i t  m ark s  
p ro g re ss  o f  su b s ta n tia l p ra c tic a l im p o rtan c e . T h e  fo llo w ing  
co n s id e ra tio n s  m ay  serve as  fu r th e r  illu s tra tio n  o f  th is  p o in t.

O n ly  a  few  y ea rs  ag o  th e  u n d ra in e d  sh e a r s tre n g th  o f  clays 
(w ith  effective stresses u n k n o w n ) ap p e a re d  to  be w idely  
accep ted  as  a  fairly  re liab le  basis  fo r  ex p lo rin g  n u m ero u s  
s tab ility  co n d itio n s  in  sa tu ra te d  clays. T o d ay , how ever, i t  is
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believed  th a t  a n  ev er-in creas in g  n u m b e r o f  th e  p ro fess io n  is by  
experience  fo rced  to  believe th a t  th e  v a lid ity  o f  th is  p ro ced u re  
is s tro n g ly  lim ited  b o th  w ith  re sp ec t to  ty p e  o f  so il, to  stress 
co n d itio n , a n d  w ith  re sp ec t to  tim e.

A s I  see it, co llec ted  ev idence seem s to  h av e  in d ica ted  th a t  th e  
a p p lica tio n  o f  th e  u n d ra in e d  sh e a r s tren g th  (in  th e  m ean in g  
m en tio n ed ) is lim ited  to  n o rm a lly  c o n so lid a ted  clays an d , m o re  
im p o rta n t, i t  a p p ea rs  to  b e  re s tr ic ted  exclusively  to  th o se  
stab ility  co n d itio n s  w h ich  a p p e a r  im m ed ia te ly  a f te r  lo ad  
chang es h av e  ta k e n  p lace , th a t  is , b efo re  an y  d ra in a g e  h as 
o ccu rred .

E v en  th o u g h  i t  m ay  seem  log ica l to  co rre la te  u n d ra in e d  te s t 
co n d itio n s  w ith  u n d ra in e d  field  c o n d itio n s , i t  m ay  safely  be 
co n sid e red  th a t  w h en ev er w e a re  u s in g  sh e a r s tre n g th  d a ta , 
o b ta in e d  w ith o u t k n o w led g e  o f  p o re  p re ssu re  e ith e r  in  th e  tests  
o r  in  th e  g ro u n d , th e  b es t w e c a n  h o p e  fo r  is very  a p p ro x im a te  
answ ers, an d , m o reo v e r, p ra c tica l ev idence is w idely  recogn ized  
as b e in g  th e  o n ly  basis  o n  w h ich  w e c a n  a sc e rta in  th a t  even  
ro u g h  ap p ro x im a tio n s  c a n  be  expected .

A s a  co n seq u en ce  th e  sh e a r  s tre n g th  o f  c lays d e te rm in e d  on  
th e  basis  o f  effective  stresses a p p e a rs  to  h av e  fo u n d  in c reased  
rec o g n itio n  as b e in g  a  f a r  m o re  re liab le  b as is  fo r  stab ility  
an a ly sis b o th  in  a  g en era l w ay  a n d  fo r  th e  lo n g -te rm  o r  s ta 
t io n a ry  c o n d itio n s  in  p a r tic u la r .

E v en  th o u g h  th e  a b o v e -m en tio n ed  find ings m ay  a p p e a r  to  
be  fa irly  w ell-fo u n d ed  o n  p ra c tic a l ev idence, an y  in fo rm a tio n  
d u r in g  th is  d iscussio n  w h ich  m ay  be  o f  fu r th e r  he lp  in  clarify in g  
th e  ra n g e  o f  va lid ity  o f  ex isting  sh e a r  s tre n g th  h y p o th eses  o f  
clays m u s t b e  g rea tly  ap p rec ia ted .

In  o u r  d iscu ssio n  i t  is an tic ip a te d  th a t  w e c a n n o t escape 
dea lin g  w ith  th e  ev erlas tin g  q u es tio n  o f  h o w  to  a d a p t th e  
la b o ra to ry  te s t c o n d itio n s  to  sim u la te  given  in s itu  co n d itio n s  
in  th e  b e s t p o ssib le  m a n n e r. O f  th e  very  m an y  th in g s w hich  
co u ld  h av e  b een  b ro u g h t u p  in  th is  co n n e c tio n , ju s t  o n e  p o in t  
w ill be  m en tio n ed  h e re  becau se  i t  ap p ea rs  to  m e to  h av e  received 
little  a t te n tio n  u p  to  n o w : h e re  i t  is.

M o s t o f  o u r  la b o ra to ry  sh e a r s tre n g th  tests  a re  c a rr ie d  o u t 
as th ree -d im en sio n a l, a n d  th e  re su lts  th u s  o b ta in e d  a re  fre 
q u en tly  u se d  in  a  tw o -d im en sio n a l analysis. W e m ay  th e re fo re  
a sk  ourse lves w h a t d o  w e k n o w  to d a y  a b o u t th e  d ifferences in  
o b se rv ed  sh e a r  s tre n g th  o f  so ils  w h en  te s te d  u n d e r tw o- 
d im en sio n a l versu s  th ree -d im en sio n a l stress co n d itio n s , all 
o th e r  p e r tin e n t d a ta  being  e q u a l ? A n d , i f  o u r  k n ow ledge  a b o u t 
th ese  p o ssib le  d ifferences is in a d e q u a te , is th e  q u es tio n  n o t  o f  
sufficien t im p o rta n c e  to  ju s tify  fu tu re  re sea rch ?

R eg a rd in g  th e  av a ilab le  in te rp re ta tio n  p ro ced u re s  i t  is 
believed  to  be o f  p a r tic u la r  im p o rta n c e  to  c o n s id e r o nce m o re : 
w h a t is a c tu a lly  sh e a r fa ilu re  in  a  te s t specim en , o r, m o re  p re 
cisely , w ill ju s t  o n e  single fa ilu re  c rite r ia  suffice u n d e r  all 
c ircu m stan ces, o r  is i t  m o re  ad v isab le  to  a d a p t  th e  fa ilu re  
c r i te r io n  to  th e  p u rp o se  o f  th e  in v estig a tio n , a n d  in  th a t  case 
ho w  sh o u ld  i t  be  d o n e ?

W ith  p a r tic u la r  re feren ce  to  som e o f  th e  p a p e rs  in  th is  su b 
d iv is ion  i t  is co n s id e red  to  b e  o f  c o m m o n  in te re s t to  d iscuss the  
effect o f  th e  in te rm ed ia te  p rin c ip a l stress o n  th e  m easu red  angle 
o f  in te rn a l fr ic tio n  in  sa n d : an d , i f  tim e allow s, som e co n s id e ra 
t io n  co u ld  a lso  be  given to  th e  d e fo rm a tio n  ch arac te ris tic s  o f  
san d .

A t th is  p o in t  I  w o u ld  like  to  m en tio n  th a t  in  m y  w ritten  
re p o r t  re fe ren ce  is m ad e  to  K irk p a tr ic k ’s very  in te restin g  tests  
( lb /9 )  as being  u n d ra in e d , w hereas, a s  y o u  k n o w , th ey  w ere  
d ra in e d . I t  is sincerely  re g re tte d  th a t  m y  n o tif ica tio n , la s t 
a u tu m n , fo r  th e  p u rp o se  o f  h av in g  th e  m isp rin t c o rrec ted  w as 
to o  la te .

In  su m m ariz in g  I  w o u ld  like to  a d d  th a t  I  am  aw are  o f  the  
c ircu m stan ce  th a t  th e  q u es tio n s  ju s t  in d ica ted  a re  w ell k n o w n , 
a n d  m o st o f  th em  h av e  b een  th o ro u g h ly  co n sid e red  m an y  
tim es p rev iously . N everthe less, i t  is believed th a t  n o  general

ag reem en t has  been  rea ch ed  yet. A s a  consequence , i t  is h o p ed  
th a t  a  re -co n sid e ra tio n  o f  som e o f  o u r  c o m m o n  p ro b lem s e n 
c o u n te re d  in  th e  in v estig a tio n  o f  sh e a r s tren g th  a n d  d e fo rm a tio n  
ch a rac te ris tic s  o f  so ils  is ju stified , w h e th e r th e  c o n s id e ra tio n  is 
b a sed  o n  th eo ry , ex p erim en ts  o r  p rac tice , as it  is generally  
u n d e rs to o d  th a t  p ro g ress  is h igh ly  d e p en d en t o n  a  successful 
c o m b in a tio n , n o t  to  say  c o rre la tio n , o f  all so u rces o f  in fo r 
m a tio n .

A. W. Bishop (U.K.)

I  w ish  to  re fe r  to  a  p o in t ra ised  by  th e  A ss is tan t R e p o r te r  
to w a rd s  th e  e n d  o f  h is in tro d u c tio n . S h ear s tren g th  is generally  
m easu red  in  th e  la b o ra to ry  in  th e  triax ia l a p p a ra tu s , u sin g  a  
te s t in  w h ich  th e  in te rm ed ia te  p rin c ip a l stress is eq u a l to  th e  
m in o r  p rin c ip a l stress. F ie ld  co n d itio n s  se ldom  co rre sp o n d  to  
th is  s ta te  o f  stress a n d  in  fac t m an y  o f  o u r  stab ility  p ro b lem s 
c o rre sp o n d  m o re  close ly  to  p la n e  s tra in . H o w  m u ch  in fluence 
o n  sh e a r  s tre n g th  h a s  th e  d ifferen t v a lu e  o f  th e  in te rm ed ia te  
p rin c ip a l stress o p e ra tin g  u n d e r  these  c o n d itio n s  ?

T h e re  a re  tw o  w ays o f  a p p ro a c h in g  th is  q u es tio n . T h e  firs t 
is by  field  ev idence. W e can  c a rry  o u t  triax ia l tests  o n  th e  so il, 
p re fe rab ly  w o rk in g  in  te rm s o f  effective stress. W e can  exam in e 
field  cases in  w h ich  th e  p o re  p re ssu re  can  be  m easu red , a n d  if  
w e a re  fo r tu n a te  en o u g h  to  o b ta in  resu lts  fro m  a n  a c tu a l slip 
w e can  c a rry  o u t a  stab ility  an a ly sis  k n o w in g  th a t  th e  fa c to r  o f  
sa fe ty  is 1-0. T h e  s tre n g th  values re q u ire d  by  th e  stab ility  
analysis  can  be  c o m p a re d  w ith  th e  re su lts  o f  th e  la b o ra to ry  tests.

A  ce r ta in  a m o u n t o f  ev idence h a s  a lread y  b een  co llec ted  o n  
th is  basis. O n e  o f  th e  rec en t cases o f  n o te  h a s  b een  described  
in  G eotechn iqu e  by  S evaldso n  w h o  in  1956 c o m p a re d  a  very 
carefu lly  an a ly sed  slip w ith  la b o ra to ry  te s t resu lts .

T h e re  is, h ow ever, a  second  lin e  o f  a p p ro a c h  w h ich  is p e rh ap s  
m o re  d ifficu lt b u t  rem oves th e  in fluence o f  seco n d ary  fac to rs , 
a n d  th a t  is to  co m p a re  tests  c a rried  o u t  in  th e  la b o ra to ry  u n d e r  
c o n d itio n s  o f  p la n e  s tra in  w ith  co n v e n tio n a l tr iax ia l tests. 
T h e  p ra c tic a l d ifficu lties o f  a  p la n e  s tra in  te s t a re  ra th e r  
fo rm id ab le . T h e  sh e a r bo x  is n o t  su ita b le  fo r  th is  p u rp o se  
becau se  o f  th e  u n k n o w n  stress d is tr ib u tio n  w ith in  it, a n d  th e  
c o n v e n tio n a l sh ea r-b o x  test, a s  I  p o in te d  o u t  in  a  le tte r  to  
G eotechnique  in  1954, is o ften  o p e n  to  o b jec tio n  o n  th e  g ro u n d  
th a t  th e  re su lt is am b ig u o u s. I t  is n o t  c lea r w h e th e r th e  
h o r iz o n ta l  p la n e  in  th e  sh e a r  b o x  is a  p lan e  o f  ru p tu re  o r  a  
p la n e  o f  m ax im u m  sh e a r  stress. T h e  a lte rn a tiv e  a p p ro a c h  is 
to  c a rry  o u t  a  co m p ressio n  test o n  a n  e lem en t o f  so il in  w hich  
re s tra in t is ap p lied  in  th e  d irec tio n  o f  th e  in te rm ed ia te  p rin c ip a l 
s tress to  p re v e n t la te ra l yield . A  p lan e  s tra in  test c an  th u s  be 
ca rr ie d  o u t  b u t  th e  difficulty o f  end-effects h as  to  be  faced.

R ecen tly , C live W o o d , w h o  h as b een  w o rk in g  w ith  m e o n  
th is  p ro b le m  a t  Im p e ria l C ollege, h a s  b egun  to  get resu lts  fro m  
a  n ew  a p p a ra tu s  w h ich  w e h av e  devised . In  th is  th e  c o m 
p re ss io n  specim en h as  th e  u su a l ra t io  o f  h e ig h t to  th ick n ess—  
it  is 4 in . in  h e ig h t a n d  2 in . in  th ick n ess— b u t is very  w ide (16 
in . is th e  u p p e r  lim it o f  th e  a p p a ra tu s )  to  m in im ize  th e  in fluence 
o f  lo cal sh e a r  fo rces o n  th e  su rfaces w here  la te ra l y ie ld  is p re 
v en ted . T h e  p re lim in ary  resu lts  in d ica te  th a t  in  p la n e  s tra in  
th e  ang le  o f  sh ea rin g  res is tan ce  is defin itely h ig h e r th a n  in  
th e  c o n v e n tio n a l tr iax ia l test.

In  th e  firs t series o f  tests  a  m o ra in e  h av in g  a  clay  frac tio n  
o f  a b o u t  3 p e r  cen t w as used . T h is  w as co m p ac ted  a t  a  w a te r 
c o n te n t a b o u t 3 p e r  cen t ab o v e  th e  o p tim u m  to  av o id  any  
am b ig u ity  in  th e  m easu rem en t o f  p o re  p ressu re , th e  tests  being  
ca rr ie d  o u t u n d e r  u n d ra in e d  co n d itio n s . I f  th e  re su lts  a re  
ex p ressed  in  te rm s o f  effective stress, th e  values o f  <f>', th e  ang le 
o f  sh ea rin g  re sis tance , fo r  th e  co n v en tio n a l tr iax ia l test a n d  fo r 
th e  p la n e  s tra in  te s t a re  37 a n d  41 degrees respectiv ely  a t  the  
p o in t w h ere  th e  p rin c ip a l stress ra t io  h a s  its m ax im u m  value, 
a n d  35 an d  37 degrees respectively  a t  th e  m ax im u m  d ev ia to r
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stress. T ak in g  in to  ac c o u n t sm all d ifferences in  th e  co h es io n  
in te rcep t in  th e  v a rio u s  cases, th is  lead s to  a  sh e a r  s tren g th  
ty p ica lly  a b o u t 10 p e r  c e n t h ig h e r in  th e  p lan e  s tra in  te s t th a n  
in  th e  triax ia l test fo r a  g iven  e ffe c tiv e  n o rm a l stress.

T h is  d ifference is n o t  o n ly  o f  acad em ic  in te rest, i t  is o f  
p ra c tic a l im p o rtan c e , to o ;  a n d  w ill m e a n  th a t  th e re  is a  c o n 
cealed  fa c to r  o f  safe ty  in  o u r  s ta n d a rd  effective stress p ro ced u re  
i f  th ese  re su lts  a re  co n firm ed  by  th e  m o re  ex tended  series o f  tests  
w h ich  w e h o p e  to  p e rfo rm .

A  seco n d  p o in t o f  co n sid e rab le  in te re s t is th a t  fa ilu re  in  p lan e  
s tra in  occu rs a t  m u ch  sm alle r com pressive  s tra in s  th a n  in  th e  
u su a l tr ia x ia l tes t. T h is m ay  h e lp  to  th ro w  so m e  lig h t o n  
p ro b lem s o ccu rrin g  b o th  in  s tab ility  a n d  in  ac tiv e  e a r th  p re ssu re  
o n  re ta in in g  w alls w here  th e  d e fo rm a tio n s  a re  h a rd  to  ex p la in  
in  te rm s o f  th e  o rd in a ry  triax ia l co m p ressio n  test.

T hese  resu lts , I  m u s t em phasize , a re  still r a th e r  p re lim in ary . 
T h e re  is a lso  so m e  ev idence, how ever, fro m  tests  c a rr ie d  o u t 
o n  sa n d  by  th e  N o rw eg ian  G eo tech n ica l In s titu te , u sin g  th e  
v acu u m  tech n iq u e  fo r  ap p ly in g  la te ra l stress, w h ich  su p p o rts  
th e  co n c lu sio n  th a t  in  p la n e  s tra in  a  ra th e r  la rg e r fr ic tio n  ang le 
is en co u n te red .

p re ssu re  (c/p)  is d iffe ren t in  th e  tw o  tests . O n  th e  av erag e  it  
w as fo u n d  th a t  th e  (c/p )  values in  ex ten sio n  w ere  15 p e r  c en t 
lo w er th a n  th o se  in  co m p ress io n  a n d  th is  c a n  be  ex p la in ed  by  
th e  la rg e r p ressu res w hich  a re  set u p  in  th e  ex ten sio n  tests .

T hese  te s t re su lts  h av e  also  been  ex am in ed  in  te rm s o f  
H v o rs lev ’s p a ra m e te r  ( C J p ) a n d  ta n  <f>e a n d  th e  re su lts  fro m  
all th e  v a rio u s  types o f  test show  very  sm all v a ria tio n s .

R . Pa r r y (U .K .)

D . J . Henkel  ( la /2 5 )  h as  d escrib ed  v a rio u s stress  p a th s  th a t  
m ay  be ap p lied  to  a  sam p le  in  th e  triax ia l cell. A s p a r t  o f  th e  
p ro g ra m m e  th a t  H en k e l is p u rsu in g  a t  th e  Im p e ria l C ollege, I 
recen tly  ca rrie d  o u t  a  p ro g ra m m e  o f  tests  o n  rem o u ld e d  W ea ld  
c lay  a n d  L o n d o n  clay . I t  is a p p a re n t f ro m  these  tests  th a t  th e  
to ta l  v o lu m e ch an g e  is co m p o se d  o f  a t  le a s t tw o  d iffe ren t ty p es 
o f  v o lu m e ch an g e . W e h av e  assu m ed  th a t  th e re  is a n  e la stic  
c o m p o n e n t a n d  a  n o n -e las tic , o r  p la s tic , c o m p o n en t.

T h e  fu r th e r  a ssu m p tio n s  h av e  b een  m ad e  th a t  th e  e lastic  
p ro p e rtie s  a re  iso tro p ic  a n d  th a t  th e  e la stic  m o d u lu s  in creases  
w ith  in c reas in g  stress  a n d  d ecreases w ith  in creas in g  v o id s ra t io .

D . J . Henkel  (U .K .)

I n  co n sid e rin g  th e  ran g e  o f  va lid ity  o f  sh e a r s tre n g th  p a ra 
m eters  it  is necessary  to  th in k  in  te rm s o f  a  th ree -d im en sio n a l 
fa ilu re  su rface . F a ilu re  co n d itio n s  in  p lan e  s tra in  a n d  ax ia l 
sym m etry  a re  o n ly  p a r tic u la r  cases o f  th e  genera l p ro b lem . In  
th e  c o n v e n tio n a l tr iax ia l ce ll on ly  th e  case  o f  ax ia l sym m etry  
c a n  be in v estig a ted  a n d  a  la rg e  n u m b e r o f  tests  o n  clay  ( L L = 43, 
P L  = 1 8 )  h av e  b een  ca rr ie d  o u t  a t  th e  Im p e ria l C ollege to  
o b ta in  as m u ch  in fo rm a tio n  as possib le  a b o u t sh e a r p a ra m e te rs  
u n d e r  co n d itio n s  o f  ax ia l sym m etry .

U n d ra in e d  tests  in  b o th  ex ten sio n  a n d  co m p ress io n  h av e  
b een  p e rfo rm ed  a n d  co n firm  th a t  a  u n iq u e  re su lt in  te rm s o f  
effective  stress is o b ta in e d  in  each  case  irresp ec tiv e  o f  th e  w ay 
th e  ax ia l a n d  ra d ia l  to ta l  stresses ch an g e  d u r in g  th e  test. 
D ra in e d  co m p ressio n  tests  w ere  ca rr ie d  o u t  w ith : (a) th e  ax ia l 
stress in c reas in g ; (b) ra d ia l stress d ec reasin g ; a n d  (c) th e  ax ia l 
a n d  ra d ia l  stresses ad ju s ted  so  th a t  th e  av e rag e  p rin c ip a l 
effective stress rem a in ed  c o n s tan t. A  s im ila r set o f  d ra in e d  
ex ten sio n  tests  w ere  p e rfo rm ed  w ith : (a) th e  ax ia l s tress 
d ec reasin g ; (b) th e  ra d ia l stress in creas in g ; a n d  (c) th e  av erage 
p rin c ip a l effective stress k e p t co n s tan t.

T h e  re su lts  fo r  th e  ang le  o f  sh ea rin g  res is tan ce  o b ta in e d  fro m  
sam ples n o rm a lly  co n so lid a ted  u n d e r  a n  a ll-ro u n d  stress have  
b een  tab u la ted .

Type o f  test 4 '

Compression
U ndrained 23°
D rained-axial stress increased 22 o

D rained-radial stress decreased 22 o

D rained-average principal stress constant 22 o

Extension
U ndrained 2 2 i°
D rained-axial stress decreased 22±°
D rained-radial stress increased 21±°
D rained-average principal stress constant 22°

I t  c a n  b e  seen  th a t  th e  d ifferences betw een  th e  resu lts  fro m  
th e  v a rio u s  types o f  te s t a re  sm all a n d  ce rta in ly  fro m  an  
en g in eerin g  p o in t o f  view  th e re  is a  u n iq u e  v a lu e  fo r th e  ang le 
o f  sh ea rin g  res is tan ce  in  te rm s o f  effective stresses.

I t  is o f  in te re s t to  n o te  th a t  a lth o u g h  th e  angles o f  sh ea rin g  
res is tan ce  in  co m p ressio n  a n d  ex tension  a re  very  sim ila r, th e  
ra t io  o f  th e  u n d ra in e d  sh e a r s tren g th  to  th e  c o n so lid a tio n

J /3  (linear scale)

Fig. 1

T h e  sim p lest e q u a tio n  re la tin g  th ese  v a riab les  in  th is  w ay i s :

w here  J /3  is th e  av erage p rin c ip a l effective stress, e  is th e  v o id s 
ra tio ,  a n d  k  is a  c o n s ta n t fo r  an y  clay .

U sin g  th is  ex p ressio n , th e  e lastic  v o lu m e  ch an g e  is:

¡A v \  1 —2u  , , . 3e  . . .

(t )£ = —¡ r iA° A+2Aa*>xT

fo r  a  sam p le  te s ted  in  th e  tr ia x ia l cell, w here  /x =  P o isso n ’s 
ra tio ,  a n d  A<j 'a , A a '  r =  th e  ax ia l a n d  ra d ia l  effective stresses.

V alues o f  (1 —2y ) l k  w ere  o b ta in e d  by  assu m in g  th a t  th e  
early  p o r tio n  o f  th e  re b o u n d  cu rv e  o n  th e  c o n so lid a tio n  p lo t  
is sensib ly  elastic .

T h e  values o b ta in e d  in th is  w ay w e re :

fo r  W ea ld  c lay  ^  =  0-0075

L o n d o n  clay   ̂ ^  = 0 -0 1 0 0

T h e  va lue  o f  E  o b ta in e d  fro m  th ese  figures varies a  g re a t d ea l 
w ith  th e  assu m ed  v a lu e  o f  ¡i. U n fo r tu n a te ly , th e re  is l ittle  
ev idence a t  th e  m o m e n t to  in d ica te  th e  t ru e  v a lu e  o f  y.. I  feel, 
m yself, th a t  it m ay  be som ew here  betw een  0-1 a n d  0 -2 .

T ak in g  a  v a lu e  o f  f i  =  0-2  w e h av e : E  =  S0JJ3e  fo r  W ea ld  
clay.

104



N o w  th e  vo ids ra t io  show s co m p ara tiv e ly  little  v a r ia tio n  
co m p a re d  w ith  J ,  so  w e can  assum e a n  average  e =  0-53.

T h en  £ = 1 5 0 7 /3  lb ./sq . in ., a n d  th e  e lastic  sh e a r  m o d u lu s 
G = [ £ /{ 2 ( l+ / i ) } ]  =  60y/3  lb ./sq . in .

F o r  a  n o rm a lly  c o n so lid a ted  sam p le  o f  W ea ld  c lay  w ith  an  
u n co n fin ed  s tre n g th  o f  ro u g h ly  400 lb ./sq . f t ., th e  v a lu e  o f  E  
is  a b o u t  750 lb ./sq . in ., o r  50 k g /c m 2. T h e  c o rre sp o n d in g  
v a lu e  o f  G  is 300 lb ./sq . in . o r  20 k g /c m 2. F o r  L o n d o n  clay  
th e  values a re  ap p ro x im a te ly  h a lf  th o se  fo r  W ea ld  clay . T h ese  
values o f  G  a re  o f  th e  sam e o rd e r  as th o se  o b ta in e d  by  D en iso v  
a n d  R e lto v  u sin g  th e  te ch n iq u e  o f  d a m p e d  to rs io n a l osc illa tions. 
I  w o u ld  be in te re s ted  to  k n o w  a  little  m o re  a b o u t  th e  p ro p e rtie s  
o f  th e  c lays th ey  used , su ch  as th e  P L , L L , a n d  consis tency .

W h en  w e su b tra c t  th e  e lastic  v o lu m e ch an g es fro m  th e  to ta l  
v o lu m e  ch an g es fo r  th e  v a rio u s  tests , a  c o n s is ten t p a t te rn  o f  
p la s tic  v o lu m e ch an g e  em erges. A  g o o d  c o rre la tio n  is 
o b ta in e d  be tw een  th e  p la s tic  v o lu m e ch an g e  a n d  th e  stress 
h is to ry  a t  fa ilu re .

A  use fu l la b o ra to ry  te s t in  a  s tu d y  o f  th is  n a tu re  is th e  J  
c o n s ta n t te s t in  w h ich  th e  stress p a th  fo llo w ed  is su ch  th a t  
e la stic  v o lu m e ch an g e  is zero . I t  c an  be seen fro m  e q u a tio n  2 
th a t  th is  o ccu rs i f

Ao'a = -2A<j 'r  ----- (3)

I t  w as fo u n d  th a t  d u r in g  u n lo ad in g  a n d  re lo ad in g  a  s ta n d a rd  
d ra in e d  te s t gave a  r a t io  o f  e lastic  to  p la s tic  v o lu m e chang e 
m u c h  g re a te r  th a n  d u r in g  th e  firs t lo ad in g , w hile a  J  c o n s ta n t 
te s t sh o w ed  on ly  a  sm all v o lu m e change.

M . J . Hvor sl ev (U .S .A .)

T h e  p a p e r  by  A . Ba l l a  ( lb /2 )  deals w ith  th e  in fluence o f  en d  
re s tra in t  o n  th e  stress co n d itio n s  in  th e  tr ia x ia l co m p ressio n  test, 
w hich  is a  p ro b le m  o f  g re a t im p o rta n c e  fo r  fu r th e r  b as ic  re search  
o n  th e  p h y sica l p ro p e rtie s  o f  so ils . T h e  s im p ler p ro b le m  o f  
th e  in fluence o f  en d  re s tra in t  d u r in g  u n i-ax ia l o r  u n co n fin ed  
c o m p ress io n  o f  cy linders h a s  been  u n d e r  co n s id e ra tio n  since 
th e  la tte r  p a r t  o f  th e  n in e te e n th  cen tu ry , a n d  Fil on p u b lish ed  
h is c lassical th eo re tic a l so lu tio n  o f  th is  p ro b le m  in  1902. H e  
m ad e  th e  a ssu m p tio n  th a t  th e  e n d  re s tra in t  is p ro d u c e d  by  a  
r in g , th e  h e ig h t o f  w h ich  converges to  z e ro ; th a t  is, ra d ia l 
m o v em en ts  o f  p o in ts  o n  th e  e n d  su rfaces a re  p re v en ted  o n ly  a t  
th e  cy lind rica l su rface  o r  b o u n d a ry .

In  1944 Picket t  p re sen ted  a  so lu tio n  o f  th e  ac tu a l un i-ax ia l 
p ro b lem  in  w h ich  th e  e n d  re s tra in t  is p ro d u ced  b y  fr ic tio n , a n d  
h e  assu m ed  th a t  th is  fr ic tio n  is g re a t en o u g h  to  p re v en t ra d ia l 
m o v em en ts o f  an y  p o in t  o f  th e  e n d  su rfaces . P ic k e tt u sed  th e  
F o u r ie r  m e th o d  a n d  en co u n te re d  th e  d ifficulty  th a t  th e  series 
converges slow ly n e a r  th e  en d s o f  th e  cy linder, a n d  defin ite  
values w ere  n o t  o b ta in e d  fo r  stresses a t  th e  cy lin d rica l b o u n d a ry  
o f  th e  en d  su rfaces. In  1951 D’Apfol onia  a n d  Newmar k  

a p p lied  th e  la ttice  an a lo g y  m e th o d  to  th e  p ro b le m  a n d  o b ta in e d  
n u m erica l values o f  stresses fo r  all p o in ts  o n  th e  en d  su rfaces. 
T h e  d is tr ib u tio n s  o f  ax ia l n o rm a l stresses o b ta in e d  by  th e  th ree  
m e th o d s  ag ree  in  fo rm  b u t  d iffer to  som e e x ten t in  n u m e ric a l

R a tio  o f  c o m p u te d  to  a v e rag e  a x ia l n o rm a l s tre sses  in  re s tra in e d  
c y lin d e r

Distance from  axis o f cylinder ,  =  0
R

r = 2
r  =  R

M id -p la n e
F ilo n 1-134 1-062 0-894
P ic k e tt 1 0 7 3 1-040 0-935
D ’A p p o lo n ia -N e w m a rk 1 1 7 5 1-090 0-853

E n d  p la n es
F ilo n 0-686 0-825 1-686
P ic k e tt 0-887 0-877 —

D ’A p p o lo n ia -N e w m a rk 0-851 0-825 1-700

values as sh o w n  in  the  tab le  above . H ow ever, F ilo n ’s d is tr i 
b u tio n  o f  ra d ia l, tan g en tia l, an d  sh earin g  stresses n e a r  th e  en d  
su rfaces d iffers m ate ria lly  in  b o th  n u m erica l values a n d  fo rm  
fro m  th o se  o b ta in e d  by  P ick e tt a n d  D ’A p p o lo n ia -N e w m a rk .

T h e  ab o v e -m en tio n ed  th ree  so lu tio n s o f  th e  p ro b le m  c o n 
sider on ly  axial co m p ressio n  o f  a  cy linder w ith  a  le n g th -  
d iam e te r  ra tio  o f  tt/3 o r  1 -0, w hereas B a lla  p resen ts  so lu tio n s 
fo r  a  cy linder w ith  an y  le n g th -d ia m e te r  ra tio  a n d  su b jec ted  to  
b o th  ax ia l a n d  ra d ia l  ex te rn a l p re ssu res. H e  also  co n sid ers 
v a rio u s  deg rees o f  en d  re s tra in t  by  in tro d u c tio n  o f  a ro u g h n ess 
fac to r, defined  as th e  ra tio  o f  to ta l sh ea rin g  fo rces  to  to ta l  ax ia l 
fo rces o n  a  sec to r o f  th e  en d  surfaces. T h ere  a re  a p p a re n t in 
consis tencies in  som e o f  th e  final stress fo rm u lae  a n d  in  th e  
num erica l values o f  stresses sho w n  in  th e  tab le , b u t the  p a p e r

F ig . 2  W a te rw a y s  E x p e r im e n t S ta tio n  la rg e  tr ia x ia l a p p a ra tu s

G r a n d  a p p a re i l  p o u r  m e su res  tr iax ia le s  (W a te rw ay s  E x p e r i 
m e n t S ta tio n )

is so  co n d en sed  th a t  it is d ifficult to  de te rm in e  th e  cause  o f  these 
in consistencies by  casu a l read in g . T h ey  m ay  possib ly  be  th e  
re su lt o f  chang es in  n o m en c la tu re , unspecified  a ssu m p tio n s, o r  
th e  use  o f  a  ro u g h n ess  fa c to r  w hich  is in co m p a tib le  w ith  the  
lo ad in g  a n d  stress co n d itio n s . T h e  a c tu a l ra t io  o f  sh earin g  
fo rces to  ax ia l fo rces o n  th e  en d  su rfaces d epen ds n o t  on ly  on  
th e  re s tra in in g  fr ic tio n  b u t  also  on  th e  ra tio  o f  ax ia l to  ra d ia l 
ex te rn a l p ressu res, a n d  i t  m u st be zero  w hen  the  ex te rn a l lo ad 
in g  does n o t  p ro d u ce  ra d ia l  d e fo rm a tio n s  o f  th e  cy linder. I t  
is h o p ed  th a t  th is  in te res tin g  an d  p o te n tia lly  very  v a lu ab le  p a p e r  
will be m ad e  av a ilab le  in  a  m o re  co m p le te  fo rm .

Soils a re  n o t  ideal elastic  m a te ria ls , a n d  th eo re tica l d e te rm in a 
tio n s  o f  stresses, s tra in s  a n d  v o lum e chang es in  v a rio u s  p a r ts  o f  
a  tr iax ia l te s t specim en sh o u ld  be su p p lem en ted  by  ex p erim en ta l 
inv estig a tio n s. In  1953 th e  W aterw ay s E x p e rim en t S ta tio n  o f  
th e  C o rp s  o f  E ng ineers , U .S . A rm y , b u ilt  a  la rg e  v acu u m -ty p e  
triax ia l a p p a ra tu s  fo r  te s t specim ens w ith  a  d iam e te r o f  35-7 in . 
a n d  a  h e ig h t o f  70 in . T h e  a p p a ra tu s  is sho w n  in  F ig . 2 an d
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p rim arily  is in tend ed  fo r  inv estig a tio n  o f  th e  ac tio n  o f  W E S  
so il p re ssu re  cells, as d escrib ed  in  a  p a p e r  b y  Ahl vin (1956). 
T h ese  cells h av e  a  d iam e te r  o f  6  in . a n d  a  th ick n ess o f  1 in . 
T h e  ax ial lo a d  is tra n sm itte d  th ro u g h  rig id  e n d  p la te s  a n d  th e  
stress d is tr ib u tio n  in  th e  test specim en  is n o t  u n ifo rm , b u t i t  w as 
h o p e d  th a t  b o th  th e  stress d is tr ib u tio n  a n d  the  re g is tra tio n  ra tio s  
o f  th e  p re ssu re  cells co u ld  be  d e te rm in ed  by  co n d u c tin g  tests  
w ith  d ifferen t p rin c ip a l stress ra tio s  a n d  w ith  p re ssu re  cells o f
50 lb ./sq . in . a n d  100 lb ./sq . in . cap ac ities  a n d  co rre sp o n d in g  
differences in  m o d u li o f  d e fo rm a tio n . H ow ever, i t  w as fo u n d  
th a t  b o th  th e  stress d is tr ib u tio n  a n d  th e  p re ssu re  cell reg is tra tio n  
ra tio s  a re  in flu enced  by  so  m an y  fa c to rs  th a t  a d d itio n a l  tests  
m ay  h av e  to  be  p e rfo rm ed  b e fo re  th e  te s t re su lts  so  fa r  o b ta in e d  
c a n  be  fu lly  eva lu a ted .

E x p erim en ta lly  d e te rm in e d  d is tr ib u tio n s  o f  ax ia l stresses a t  
th e  m id -h e ig h t a n d  en d s o f  a  te s t sp ecim en o f  m ed iu m  dense 
sa n d  a re  sh o w n  in  F ig s. 3 a n d  4  a n d  th e re  c o m p ared  w ith  th e

Distance from  axis

Fig. 3 Stress distribution a t m id-height in a triaxial test specimen 
o f m edium  dense sand 

D istribution des contraintes à m i-hauteur d ’un échantillon de 
sable (densité moyenne) p our essais triaxiaux

th e o re tic a l stress d is tr ib u tio n  o b ta in e d  b y  D ’A p p o lo n ia  a n d  
N ew m ark . T h e  ex p erim en ta l a n d  th eo re tica l stress d is tr i 
b u tio n s  a re  a like  in  gen era l fo rm , b u t  th e  ex p erim en ta l d a ta  
h av e  n o t  b een  co rrec ted  fo r  over- o r  u n d e r-re g is tra tio n  o f  th e  
p re ssu re  cells, a n d  th e re  is a lso  co n sid e rab le  sca tte rin g  in  
th e  re su lts  o f  in d iv id u a l tests . T h e  reg is tra tio n  ra tio s  o f  th e  
p re ssu re  cells d ep en d  u p o n  th e  d e fo rm a tio n  o f  th e  cells a n d  the  
co rre sp o n d in g  ax ia l s tra in s  in  th e  san d , a n d  th ey  v a ry  w ith  
th e  stress c o n d itio n s . T h e  reg is tra tio n  o f  cells  c lose  to  th e  
cy lin d rica l su rface  is a lso  in flu enced  by  th e  n ea rn ess  o f  th is  
su rface  a n d  b y  a  stress g ra d ie n t ov er th e  face  o f  th e  cells. E x 
t ra p o la tio n  o f  th e  ex p erim en ta l stress d is tr ib u tio n  cu rves to  th e  
cy lin d rica l su rface  is n o t  re liab le , a n d  th e  o v era ll re g is tra tio n  
ra tio  o f  th e  cells c a n n o t be d e te rm in e d  w ith  sufficien t accu racy  
by  su m m a tio n  o f  th e  in d ica ted  stresses ov er th e  en tire  cro ss- 
sec tiona l a rea .

T h e  in flu ence o f  en d  re s tra in t  o n  v a r ia tio n s  in  vo lu m e  chang es 
o v er th e  leng th  o f  triax ia l te s t specim ens o f  san d  h av e  a lso  been  
in v estig a ted  b y  the  W aterw ay s E x p erim en t S ta tio n . A  sh o rt 
d e sc rip tio n  o f  these  tests  w as given  by  Shockl ey in  a  d iscussio n  
p re p a re d  fo r  th e  1953 C o n fe ren ce  in  S w itzerland . I t  w as fo u n d  
th a t  th e  v o lu m e  o f  th e  c en tra l p a r t  o f  th e  test specim en  in 
creases, w hereas th a t  o f  th e  en d  sec tions d ecreases to w ard s  th e

en d  o f  th e  tes t. T h is  p a tte rn  o f  v o lum e chang es p rev a ils  fo r  
b o th  m ed iu m  dense a n d  loose  san ds. I t  sh o u ld  b e  n o te d  th a t  
th e  v o lu m e  ch an g es w ere  d e te rm in e d  fo r  r a th e r  la rg e  s tra in s  o f  
7-5 a n d  10 0 p e r  c en t a n d  th a t  th e  v o lu m e o f  th e  en tire  te s t 
specim en  h a d  been  in c reased  a t  these  stra in s.

S u p p lem en tin g  th e  ab o v e -m en tio n ed  tests , Tayl or  (1951) 
in v estig a ted  th e  m ig ra tio n  o f  p o re  w a te r a n d  co rre sp o n d in g  
lo ca l v o lu m e ch an g es d u r in g  u n d ra in e d  triax ia l te s ts  o n  clay. 
H e  fo u n d  th a t  w a te r  m ig ra ted  f ro m  th e  cen tra l p a r t  to  th e  en d  
sec tions o f  a  te s t specim en, o r  th a t  a  v o lu m e decrease  occurs 
in  th e  cen tra l p a r t  a n d  a  v o lu m e in crease  n e a r  th e  en d s , w h ich  
is th e  o p p o s ite  o f  th a t  o b serv ed  fo r  san d . T a y lo r  suggested  
th a t  th is  d ifference in  b eh a v io u r o f  san d  an d  clay  m ay  be  due 
to  d ila tio n  o f  san d  a n d  co n so lid a tio n  o f  clay  a t  h ig h  sh ea rin g  
s tra in s  a n d  failu re.

I t  is possib le  th a t  th e  n o n -u n ifo rm  d is tr ib u tio n  o f  stresses a n d  
s tra in s  cau sed  by  th e  e n d  re s tra in t  m ay  n o t  se riou sly  affect th e

Distance fro m  axis

Fig. 4

re liab ility  o f  s tren g th  d e te rm in a tio n s  by  m ean s o f  tr iax ia l te s t 
specim ens w ith  a  len g th -d ia m e te r ra t io  o f  a t  le a s t 2-0 . H o w 
ever, th e  s im u ltan eo u s o ccu rren ce  o f  a  v o lu m e in c rease  in  o n e  
p a r t  a n d  v o lu m e  decreases in  o th e r  p a r ts  o f  a  tr iax ia l test 
specim en  g rea tly  decreases th e  va lue  a n d  o b scu res  th e  sign ifi 
c ance o f  m easu red  v o lu m e  ch an g es o f  th e  en tire  te s t specim en. 
T h e  p a tte rn  o f  v o lu m e ch an g es in  b o th  ax ia l a n d  ra d ia l  d irec 
t io n s  fo r  tr iax ia l te s t specim ens su b jec t to  en d  re s tra in t  m u s t be  
in v estig a ted  in  g re a te r  d e ta il b e fo re  re liab le  d a ta  c a n  be  
o b ta in e d  o n  th e  c ritica l v o id  ra t io  o f  san d s a n d  o n  the  co n so li 
d a tio n  ch a rac te ris tic s  o f  so ils su b jec ted  to  a rb itra ry  triax ia l 
stress ch an g es a n d  failu re.
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D . H . Tr ol l ope (A u stra lia )

I  sh o u ld  like  to  co m m e n t o n  som e o f  th e  im p lica tio n s o f  th e  
in te restin g  h y p o th es is  p re sen ted  by  P . W . Rowe ( l b / 12), as I 
feel m u ch  is to  be  gained  fro m  ex am in in g  eq u ilib riu m  co n d itio n s  
in  c o n tra s t  to  th e  m o re  u su a l c o n c e n tra tio n  o n  c o n d itio n s  a t  
fa ilu re . W e h av e  o bserved , in  u n d ra in e d  c o n tro lle d  ra te  o f  
stress tests , th e  b eh a v io u r w h ich  th e  a u th o r  p red ic ts . I f  w e 
im ag ine a  ty p ica l so il to  co n s is t o f  co a rse  g ra in s  d is tr ib u te d  
th ro u g h o u t a  co llo id a l m a tr ix , th e ir  re s is tan ce  to  d e fo rm atio n  
th ro u g h  fr ic tio n  b e tw een  th e  la rg e r  g ra v ita tio n a l g ra in s  can  
on ly  be  d ev e lo p ed  a f te r  a  s ta te  o f  p la s tic  y ield  h as  d eveloped  
in  th e  m a tr ix . T h is  is in  lin e , I  believe , w ith  th e  view s ex pressed  
by T -K . T a n  a n d  E . C . W . A . G euze.

W ith  a  co n d itio n  o f  m a tr ix  y ield , i t  c a n  b e  v isualized  th a t  
on ly  e n o u g h  g ra v ita tio n a l g ra in s  a re  b ro u g h t in to  c o n ta c t  to  
p ro v id e  th e  res is tan ce  necessary  to  en su re  eq u ilib riu m . W h en  
th e  m ax im u m  p o ssib le  n u m b e r  o f  g ra in s  h av e  m o v ed  in to  c o n 
ta c t  in  th e  fa ilu re  zone , th e n  sh e a r fa ilu re  w ill d evelop  o n  th e  
a p p lic a tio n  o f  fu r th e r  stress.

T h e  co n ce p t I  w ish  to  sug gest is th a t  th e  m ech an ism  o f  sh ea r 
fa ilu re  involves th e  b u ild -u p  o f  w h a t is p o p u la rly  k n o w n  as a 
g ra n u la r  s tru c tu re  in  th e  zo n e  o f  fa ilu re . T h u s  i t  a p p ea rs  th a t,  
p ro v id ed  a  c o n d itio n  o f  m a tr ix  y ie ld  is d ev e lo p ed  creep  w ill 
o ccu r u n d e r  d ra in e d  c o n d itio n s  w hen  4>aq< 4 ’e- 

I t  a lso  fo llo w s th a t ,  p a r tic u la r ly  fo r  very  sensitive so ils , the  
co llo id a l s tru c tu re  m ay  c a rry  th e  im p o sed  stresses r ig h t u p  to  
fa ilu re  a n d  h e re  th e  n a tu re  o f  th e  p o re  w a te r  as a n  e lec tro ly te  
as w ell as th e  ac tiv ity  o f  th e  c lay  w ill in fluence th e  b eh av io u r.

F in a lly , I  w o u ld  like  to  d ra w  a tte n tio n  to  th e  fa c t  th a t  th e  
sta te m en ts  C e =  0 a n d  C ' =  0  a re  n o t  sy n o n y m o u s. I t  can  
read ily  be  sh o w n  th a t  <j>d— th e  ang le  o f  sh ea rin g  res is tan ce  
m easu red  in  a  d ra in e d  te s t— includes a  fa c to r  w h ich  c a n  be 
re la te d  to  C e in  th e  H v o rs lev  s tre n g th  eq u a tio n . I t  is p e rh ap s  
w ell to  b e a r  th is in  m in d  in  view  o f  th e  sug gestions fo r  d is 
cu ssio n  la te r  in  th e  co n feren ce  co n ce rn in g  th e  C '= 0 h y p o th es is  
ap p lied  to  lo n g -te rm  s tab ility  p ro b lem s.

H . U . Smol t czyk (G erm an y )

C o n ce rn in g  th e  q u es tio n  o f  th e  fa c to rs  w hich  in flu ence the 
d e fo rm a tio n  p ro p e rtie s  o f  cohesion less so il, I  re a d  w ith  g rea t 
in te re s t th e  in v estig a tio n s o f  P a p e r  l b / 8 . H o w ev er, I  am  
w o n d erin g  a b o u t  th e  po ssib ility  o f  d e te rm in in g  a  m o d u lu s  o f  
e lastic ity  a n d  P o isso n ’s ra t io  o f  a  san d . A re  w e rea lly  a llow ed  
to  ta k e  b o th  te rm s fro m  th e  m echan ics o f  rig id  b o d ies to  soil 
m echan ics, in  sp ite  o f  th e  fac t th a t  th ey  h av e  b een  defin ed  by 
ex p erim en ts  w h ich  c a n n o t be m ad e  w ith  cohesion less so il?

O n  th e  o th e r  side w e can  m easu re  tw o  e lastic  q u a litie s  the  
sh e a r m o d u lu s  a n d  th e  b u lk  m o d u lu s— d u e to  th e ir  m ech an ica l 
defin ition— by sep a ra tin g  th e  p la s tic  a n d  th e  e lastic  b eh av io u r 
fro m  each  o th e r. T h is  c a n  be  d o n e  by  ta k in g  a  sh e a r b o x  o r  a  
co m p ress io n  b o x  w ith  a  sa n d  specim en  a n d  p u ttin g  a  slow ly 
a lte rn a tin g  stress o n  it. A s a  fu n c tio n  o f  th e  n u m b e r  o f  lo ad  
cycles, th e  in crease  o f  th e  p la s tic  c o m p o n e n t o f  d e fo rm a tio n  
becom es sm alle r a n d  sm alle r ; finally, o n e  gets th e  p u re  e lastic  
d e fo rm a tio n  left. D o in g  th is , a n d  p lo ttin g  th ese  e lastic  d e fo r 

m a tio n s  in  th e  u su a l m a n n e r  as  fu n c tio n s  o f  th e  cau s in g  stress, 
w e h av e  th e  po ssib ility  o f  m easu r in g  th e  a c tu a l b u lk  a n d  sh e a r 
m o d u li o f  san d .

Fig. 5

E la s tic  c o m p re s s io n  t n 

Fig. 6

B o th  s ta r t  w ith  a  d is tin c t in itia l va lue , th e  b u lk  m o d u lu s 
c o n s tan tly  in c reas in g , th e  sh e a r  m o d u lu s  decreasing  to  zero , 
F ig . 5. F o r  in s ta n ce , w ith  B erlin  san d , I  m easu red  a  b u lk
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m odu lu s  o f  ab o u t 4000 k g /cm 2 and  an  in itia l sh e a r  m odu lu s o f  

ab o u t  500 kg /cm 2. T h e  la tte r  w as re la ted  to  th e  fu ll h e igh t o f  

th e  sp ec im en : in  fac t, i t  w ou ld  be m o re  re a so n a b le  to  re la te  it  
to  th e  h e ig h t o f  th e  sh e a r  zone , the  sh e a r m o d u lu s  becom ing  
ra th e r  sm alle r. A nyw ay , th e  P o isso n ’s ra tio  re su ltin g  fro m  th is 
(F ig . 6) h as  a  va lue  o f  a b o u t 0-4  a t  ze ro  a n d  is converg ing  
to  a  va lue  o f  0-5, th is  v a lu e  being  th e  u p p e r  lim it o f  it. I t  is 
difficu lt to  rea lize  a  ra t io  o f  a b o u t 0 -6 , fo r  in s tan ce , as c a n  be 
seen  in  F ig . 2  o f  l b / 8 . I  w o u ld  th e re fo re  lik e  to  s ta te  th a t  th e  
P o isso n ’s ra t io  an d  th e  m o d u lu s  o f  e la stic ity  can  o n ly  be  g o t 
in d irec tly  by  te stin g  th e  b u lk  a n d  th e  sh e a r m o d u lu s  a n d  by  a 
p u re  e lastic  s tre s s -s tra in  test.

A n o th e r  im p o r ta n t fa c to r  in  th e  sh e a r-b o x  ex p erim en ts  is 
th e  tim e. T h e  decrease  o f  th e  p la s tic  c o m p o n e n t o f  d e fo rm a 
t io n  as a  fu n c tio n  o f  th e  n u m b e r  o f  slow  lo a d  cycles w as fo u n d  
o n ly  u p  to  a b o u t  h a l f  o f  th e  s ta tic a l lim it lo ad . T h a t  co u ld  
m ean  th a t  th e  d y n am ica l ang le  o f  in te rn a l fr ic tio n  m ig h t 
o ccas io n a lly  be on ly  h a l f  th e  sta tica l one.

P . Ha bib  (F ran ce )

Si l’é tu d e  de l ’in fluence de  la  c o n tra in te  p rin c ip a le  in te r 
m éd ia ire  su r  la  rés is tan ce  au  c isa illem en t d u  sab le  e s t ex trêm e 
m e n t im p o r ta n te  p o u r  l ’an a ly se  des re la tio n s  e ffo rts-d é fo rm a- 
tio n s  des c o rp s  so lid es en  gén éra l, il n ’en  d em eu re  p as  m o in s 
q u e , d u  p o in t  de vue de  l ’ing én ieu r, so n  in té rê t es t b eau c o u p  
p lu s  lim ité . I l  y a  en  effet de n o m b reu ses h y p o th èses  b eau co u p  
p lu s  c ritiq u ab le s  com m e p a r  exem ple  l’ass im ila tio n  d u  so l à  u n  
c o rp s  p las tiq u e , m êm e lo rsq u e  la  co u rb e  de  cisa illem en t 
p ré sen te  u n  m ax im um .

L ’é tu d e  de  l ’in fluence de  la  c o n tra in te  p rin c ip a le  in te r 
m éd ia ire  est délica te  p o u r  p lu sieu rs  ra iso n s.

E lle  rep o se  en  p re m ie r lieu la  q u es tio n  d u  c ritè re  de  ru p tu re  ; 
ce lu i-c i est to u jo u rs  issu  d ’u n e  co u rb e  e ffo rt-d é fo rm a tio n  ; p o u r  
e s tim e r la  ru p tu re , il es t nécessaire  de  c o m p a re r  des co u rb es 
p a r la n t  des m êm es g ra n d e u rs : il es t difficile p a r  exem ple  de 
c o m p a re r  des d é fo rm a tio n s  de  to rs io n  e t des d é fo rm a tio n s  
linéaires.

E n  seco n d  lieu , l ’ex p é rim en ta tio n  es t difficile. O n  sa it q u e  
les essais  tr iax iau x  c lassiques o n t m is lo n g tem p s av a n t d ’ê tre  
a u  p o in t e t c ep en d an t, à  ce tte  con féren ce  m êm e, o n  s’in te rro g e  
en co re  su r la  ré p a r ti tio n  des co n tra in te s  d an s  l’é p ro u v e tte  en  
c o u rs  d ’essai.

E nfin , il y a  p eu  de m o d e  o p é ra to ire ;  p o u r  les v a leu rs ex 
trêm es  de la  co n tra in te  in te rm éd ia ire : essais  tr iax iau x  o rd in a ire s  
av ec  racco u rc issem en t o u  a llo n g e m en t; p o u r  les v a leu rs  in te r 
m éd ia ire s : to rs io n s  com plexes, tu b e , c isa illem en t d irec t, to u te s  
m é th o d es  déjà  u tilisées p o u r  des co rp s  so lid es, frag iles ou  
m éta lliq u es, p a r  R ô s  en  Suisse.

L a  m é th o d e  de W . M . Kir k pa t r ic k  ( lb /9 ) ,  celle d u  tu b e , 
e s t  ce rtes très in té re ssan te , m ais s’il s ’a ffran ch it d u  cisa illem en t 
p a ra s ite  a p p o r té  p a r  la  m em b ran e , je  c ra in s  q u e  la  ré p a rtitio n  
d es co n tra in te s  p e n d a n t la  ru p tu re , su r  la  su rface  de g lissem en t 
q u i, ici, a  p o u r  d irec trice  u n e  g én éra trice  d u  cy lin d re , so it 
v a riab le , e t  qu e , p a r  le jeu  de la  d ila ta tio n  cu b iq u e  d u  sab le , la  
c o n tra in te  m o y en n e  d an s  le p la n  de ru p tu re , ne  so it p a s  celle 
q u e  l ’on  c ro y a it y av o ir m ise.

J ’ai é té  trè s  é to n n é  p a r  les ré su lta ts  o b ten u s  au  triax ia l 
{avec co m p ress io n  e t  avec  ex ten sio n ) q u i so n t très  d ifféren ts  
d e  ceux  q u ’on  p e u t tro u v e r  d an s  la  l i t té ra tu re  p o u r  le sab le  
e t  p o u r  des m a té r ia u x  à  fo r t  f ro tte m e n t in te rn e  co m m e les 
m o rtie rs .

P eu t-ê tre  les ré su lta ts  de  K irk p a tr ic k  so n t-ils  d u s à la  fo rm e  
■des g ra in s?

E nfin , p o u r  ré p o n d re  à  la  p ro p o s itio n  de  n o tre  ra p p o r te u r  
généra], je  v o u d ra is  s ig n a le r q u e  d an s  les essais tr iax iau x  
c lassiq u es , l ’in fluence de  la  m em b ran e  de  c a o u tc h o u c  est 
ind éce lab le  si so n  ép a isseu r est in férieu re  à  1 /10  m m .

T . J . Os t e r ma n  (S w eden)

I  w o u ld  lik e  to  m ak e  som e rem ark s  in  co n n e c tio n  w ith  th e  
seco n d  su b jec t th a t  th e  A ss is tan t R e p o r te r  h a s  p ro p o se d  fo r  
d iscussio n , ‘T h e  effect o f  th e  in te rm ed ia te  p rin c ip a l s tress o n  
th e  m easu red  ang le o f  in te rn a l fr ic tio n  in  s a n d ’.

A . W . B ish o p  a n d  H . U . S m o ltczy k  h av e  ju s t  m ad e  som e 
in te re s tin g  s ta te m en ts  o n  th e  sa n d  d e fo rm a tio n  p ro b le m , w hich  
w e h av e  a lso  b een  in v estig a tin g  a t  th e  Sw edish  G eo te ch n ica l 
In s titu te . H e re  I  w ill re fe r o n ly  to  th e  p h e n o m e n o n  in  p rin c ip le , 
n o t  co n s id e rin g  fo r  in s ta n ce  such  im p o r ta n t  fa c to rs  as sh ap e  
a n d  ro u n d n e ss  o f  th e  sa n d  g ra ins .

In  d iscussin g  th e  ang le  o f  in te rn a l fr ic tio n  it  is b e tte r  to  tre a t  
th e  p ro cess  o f  fa ilu re  in  te rm s o f  th e  energy  re q u ire d  ra th e r  th a n  
th e  c ritic a l stress.

In  a  g ra n u la r  m ass th e  w o rk  d o n e  in  d e fo rm a tio n  is r a th e r  
m o re  co m p lica ted  th a n  is th e  case  w ith  a  so lid  b o d y . I f  th e  
fo rces a re  a p p lied  slow ly , how ev er, k in e tic  energy  c a n  be 
n eg lec ted  a n d  th e  w o rk  d o n e  w ill be ab so rb e d  as  d e fo rm a tio n  
energy  (fro m  n o rm a l a n d  sh e a r  stresses) in  th e  g ra in s  a n d  in  
fr ic tio n  betw een  th e  g ra in s . M o reo v er, g ra in  trav e l, in  m o s t 
cases p ro d u c in g  d ila tan cy , w ill o ccu r as c a n  be o b se rv ed  a t  th e  
b o u n d a rie s  o f  a  m ass e lem en t, F ig . 8 .
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Fig. 7 Forces a t the point o f contact between two grains. D otted  
lines indicate changes in position o f boundaries 

Forces agissant au  point de contact entre deux grains. Les 
lignes hachurées représentant des changements dans la 
position des limites

T h e  w o rk  e q u a tio n  can  be w ritten

W  =  W g + W f + W d +  . . .  . . . .  (1)

w here  W =  ex te rn a l w o rk  (n o t in c lu d in g  d ila tan cy ); W g =  th e  
su m m a tio n  o f  w o rk  a b so rb ed  in  g ra in  d e fo rm a tio n ; W f=  th e  
su m m atio n  o f  w o rk  ab so rb e d  in  fr ic tio n  betw een  g ra in s ; a n d  
f V j = t h e  su m m atio n  o f  w o rk  ab so rb e d  in  d ila tan cy .

T h e  w o rk  ab so rb ed , in  fo r  in s ta n ce  edge ru p tu re , is ta k e n  to  
be  in c lu d ed  in  th e  ab o v e  th ree  term s.

In  the  case  o f  a  den se  san d , g ra in  trav e l w ill be m u ch  h in d e red  
by  in te r lo ck in g , a n d  o n  th e  w ho le  th e  d ila tan cy  w ill be  positive . 
W h e n  th e  a p p lied  stresses b eco m e h ig h  en o u g h , sufficien t 
energy  can  be  m o b ilized  to  overcom e th e  res is tan ce  du e  to  b o th  
fr ic tio n  a n d  d ila tan cy , as o ccu rs a t  th e  p e a k  p o in t o f  th e  stress- 
d e fo rm a tio n  cu rve . T h e  stress th en  fa lls  o ff g ra d u a lly  to  th e  
u ltim a te  value . In  a loose  san d  n o  p e a k  p o in t  exists, a n d  h e re  
th e  q u e s tio n  o f  d is lo ca tio n s  is m o re  im p o r ta n t .

F ig . 8 show s th e  re lev an t re la tio n sh ip s .
C o n sid e r th e  sec tio n  o f  an  e lem en t o f  a  g ra n u la r  m ass sh o w n  

in  F ig . 9 a n d  su p p o se  th a t  th e  sh e a r  stress r  p ro d u c e d  by  
th e  p rin c ip a l stresses a  y an d  a 2 is la rg e  en o u g h  to  cau se  fa ilu re  
o n  a slip  su rface  (o r m o re  co rrec tly , in  a  slip  lay er o f  th ick n ess  h ) 
such  as A B .

L e t th e  th ird  p rin c ip a l stress be a 2 a n d  th e  average  an g le  o f  
sh e a r  dy . T h e n  th e  u n it  d ila tan cy  w ill ch an g e  d 8„ in  a  d irec tio n  
n o rm a l to  the  slip su rface , dS, p a ra lle l to  th e  slip  su rface  in  th e
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p lan e  o f  th e  sec tion  a n d  dS3 p a ra lle l to  th e  slip su rface  b u t  

n o rm a l to  th e  p lan e  o f  th e  sec tion , th e  n o rm a l stresses being  

<j„, <j , a n d  cr3.
A t th e  p eak  p o in t  W =  W f +  W d a n d  we hav e

T =  a n t a n ^  +  < T „ .^  +  CT|. g '  +  CT3. ^  . . . .  (2)

w h ere  cj> =  an g le  o f  fr ic tio n .
T h e  d ila tan cy  c a n  be p re v en ted  f ro m  o ccu rrin g  in  d irec tio n s

F ig . 8 R e la t io n sh ip  b e tw ee n  s tre ss  a n d  d e fo rm a tio n  in  d e n se  a n d  
lo o se  s a n d

R a p p o r t  e n tre  la  s o llic ita tio n  e t la  d e fo rm a tio n  d a n s  des  
sab le s  d e  h a u te  e t  b a sse  d e n s ité

o th e r  th a n  n o rm a l to  th e  slip layer, as  fo r  in s ta n ce  in  a  d irec t 
s h e a r  m ach in e  w here  th e  ch an g e  o f  to ta l  n o rm a l d ila tan cy  can  
b e  m easu red .

A t fa ilu re , th e  m ean in g  o f  d y  is v ague  a n d  it  is b e tte r  to  p u t  
d s = h d y  w hen  w e can  w rite :

d§
t  =  <j„ ta n  <f> +  crn -h —̂ j  ___  (3)

w h ich  becom es
His

ta n  ij)'= ta n  <j> +  h - - ~  . . . .  (3a)

w h ere  «// =  a p p a re n t ang le  o f  fr ic tio n .

8

F ig . 9  A n  e le m e n t o f  a  s lip  la y e r  in  sa n d

E le m e n t d ’u n e  c o u c h e  d e  g lis sem en t d a n s  d u  sa b le

T h e  specific case  o f  e q u a tio n  3 h a s  a lso  b een  t re a te d  by  
B ish o p  a n d  o th e rs , a n d  e q u a tio n s  3 a n d  3a  a re  in  p rin c ip le  
th e  sam e as th e irs .

F ro m  th e  ra th e r  m o re  gen era l e q u a tio n  2 i t  is seen  th a t  the  
in te rm e d ia te  stress h a s  a n  in fluence o n  th e  a p p a re n t ang le  o f  
f r ic t io n  a n d  th a t  th is  an g le  m u s t be  re la te d  to  th e  den sity  o f  
th e  san d . T h e  o rie n ta tio n  o f  g ra in s  a t  th e  b o u n d a rie s  c a n  also  
h a v e  a n  effect.

B . Jakobson (Sw eden)

M y  firs t im p ressio n  w as th a t  H . U . Smol t czyk d id  n o t  
believe in  m y  re su lts  b ecau se  I  h av e  v a lu es o f  P o isso n ’s ra t io  
g re a te r  th a n  0-5. H o w ev er, in  th e  a p p a ra tu s  u se d  by  m e, all 
s tresses  a re  perfectly  k n o w n , a n d  th is  is necessary  in  o rd e r  to  be  
a b le  to  c o m p u te  th e  va lue  o f  P o isso n ’s ra t io , so  I  th in k  th e re  will 
be  n o  d o u b t a b o u t th e  resu lts . B esides, it is q u ite  easy  to  ex p la in  
v alues o f  P o isso n ’s ra t io  g re a te r  th a n  0-5 , b u t  I  w ill n o t  d iscuss 
th e  m a tte r  fu r th e r  a t  p re sen t.

I  n o w  u n d e rs ta n d  th a t  H . U . S m oltczyk  m ean s th a t  th e re  is 
n o  rea so n  to  use  th e  co n ce p tio n  o f  P o isso n ’s ra t io  d u e  to  its 
g re a t v a r ia tio n . B earin g  in  m in d  th e  still g re a te r  v a r ia tio n s  in  
E  a n d  G  I  q u ite  ag ree  w ith  h im  th a t  o u r  o ld  H o o k e ’s law  is n o t  
a  g o o d  o n e  to  u se  w ith  so ils , b u t as th e re  is n o t a  m o re  su ita b le  
o n e  to  rep lace  it, w e u n fo rtu n a te ly  h av e  n o  choice.

P . W . R o w e is ce rta in ly  c o rre c t w h en  h e  su p p o ses d ifferen t 
coeffic ients o f  fr ic tio n  be tw een  th e  g ra in s  in  m y  tw o  k in d s  o f  
san d , d en o ted  A  a n d  B . A s I  h av e  s ta te d  in  m y  p a p e r , sa n d  A  
c o n ta in s  so m e  p o lish ed  g ra in s  b u t san d  B  does n o t. I  th in k  
th is  is th e  g re a te s t d ifference betw een  th e  tw o  k in d s o f  san d . 
I  h av e  b ro u g h t sam ples o f  th e  tw o  san d s w hich  I  w ill p lace  o n  
th e  C h a irm a n ’s ta b le  fo r  in sp ec tio n .

T . K. Chapl in (U.K.)

T h e  A ss is tan t R e p o r te r  h as  suggested  in  h is  p ro p o sa ls  fo r 
d iscu ssio n  th a t  w e sh o u ld  d iscuss th e  effect o f  th e  in te rm ed ia te  
p rin c ip a l stress o n  w h a t h e  ca lls  th e  ‘ ang le  o f  in te rn a l fr ic tio n  
o f  s a n d ’. I  h o p e  h e  w ill n o t  m in d  i f  I  assu m e th a t  h e  rea lly  
m ean s th e  ‘ang le  o f  sh ea rin g  re s is ta n c e ’, th e  te rm  o ften  u sed  
in  th is  c o u n try  to  av o id  an y  am b ig u ity  w h en  d escrib in g  te s t 
re su lts  w h ich  h av e  n o t  b een  c o rrec ted  fo r  th e  d ila tan cy  co m 
p o n e n t o f  th e  co m p ress io n  s tre n g th  o r  th e  sh e a r  s tren g th , as 
th e  case  m ay  be.

T h e  in fluence o f  d ila tan cy  c a n  b e  very  g re a t in  dense  san d s, 
th a t  is, in  san d s  a t  a  h ig h  re la tiv e  p o ro s ity , th e  ang le  o f  sh ea rin g  
res is tan ce  being  th e n  co n s id e rab ly  h ig h e r th a n  th e  tru e — I 
em p h asize  tru e— ang le  o f  in te rn a l fr ic tio n . T w o  so ils w ith  th e  
sam e  tru e  ang le o f  in te rn a l fr ic tio n , fo r  a  given  re la tiv e  p o ro s ity  
a n d  in itia l effective la te ra l p re ssu re  cr3',  c a n  h av e  m ark ed ly  
d ifferen t ang les o f  d ra in e d  sh ea rin g  res is tan ce  d u e  solely to  the  
d iffe ren t a m o u n ts  o f  d ila tan cy . T h a t,  in  tu rn , d ep en d s o n  th e  
sh ap e— th a t  is, ro u n d n e ss  a n d  sp h eric ity — o f  th e  g ra in s . A  
c o m p a c t o r  dense  san d  o r  silt, su ch  as u sed  by  Bishop a n d  
El din (1950), Nash (1953) a n d  Penman (1953), n eed s a  very  
la rg e  effective la te ra l p re ssu re  cr3/ to  s to p  i t  d ila tin g  in  a  co n 
s ta n t v o lu m e triax ia l tes t. C onversely , i t  w ill d ila te  read ily  a t  
th e  sam e p o ro s ity  b u t  a t  a  lo w er v a lu e  o f  cr3'  in  a  fu lly  d ra in e d  
test. T h e  d ev ia to r stress is m ad e  u p  o f  tw o  co m p o n en ts , one 
d u e  to  in te rn a l fr ic tio n  a n d  th e  o th e r  to  th e  p ro d u c t o f  th e  
effective  la te ra l p re ssu re  cr3'  a n d  th e  ra te  o f  v o lu m e ch an g e  w ith  
resp ec t to  la te ra l s tra in . W e c a n n o t  th en  ig n o re  th is  large  
cau se  o f  v a r ia tio n  w h ich  I  believe m ay  be  stro n g ly  affected  by  
th e  in te rm ed ia te  p rin c ip a l s tress as th e  c o m b in a tio n  o f  severa l 
d iffe ren t w ays.
Bishop (1950) h a s  sh o w n  th a t  in  th e  fam ilia r sh e a r b ox  te s t 

th e  ra te  o f  v o lu m e ch an g e  h as  to  be  m u ltip lied  by  th e  vertica l 
p re ssu re , th a t  is, by  th e  n o rm a l p re ssu re  o n  th e  sh e a r  p lan e , to  
o b ta in  th e  d ila tan cy  c o rrec tio n . H e  h as  a lso  p o in te d  o u t  th a t  
in  th e  s ta n d a rd  triax ia l co m p ressio n  te s t th e  ra te  o f  v o lu m e 
ch an g e  h as to  be  m u ltip lied  by  th e  m in o r  p rin c ip a l stress, a n d  
n o t  as o n e  m ig h t su p p o se , a t  firs t sigh t, by  th e  average  p rin c ip a l 
s tress. T h e  in te rm ed ia te  p rin c ip a l stress is ob v io u sly  eq u a l in  
th e  triax ia l co m p ress io n  te s t to  th e  m in o r p rin c ip a l stress. A  
sim ple  ca lcu la tio n  can  be  m ad e  to  sh o w  th e  c o n tr ib u tio n  o f  
ch an g es in  th e  in te rm ed ia te  p rin c ip a l stress u n d e r  an y  given 
c o n d itio n s  o f  te s t o n  th e  d ila tan cy  co rrec tio n .
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O f co u rse , th e  in te rm ed ia te  p rin c ip a l s tress m u st affect th e  
d ev e lo p m en t o f  th e  d e v ia to r  stress  ra t io , t h a t  is, (ctj — ct3)I<j3'.

T o  su m  u p , th e  in flu ence o f  th e  in te rm e d ia te  p rin c ip a l stress 
c a n  d irec tly  a ffec t: firs t, th e  t ru e  an g le  o f  in te rn a l f r ic tio n ; 
second ly , th e  ra te  o f  d ila tio n  in  a  d ra in e d  te s t;  th ird ly , th e  fo rce  
th e  sam p le  develops to  p re v e n t itse lf  d ila tin g  a t  a n y  stag e  in  th e  
u n d ra in e d  te s t;  fo u rth ly , th e  fa c to r  by  w h ich  th e  ra te  o f  vo lu m e 
ch an g e  m u s t be  m u ltip lied  to  o b ta in  th e  d ila ta n c y  c o rre c tio n ; 
a n d  finally , th e  rise  a n d  fa ll o f  th e  d ev ia to r  stress ra t io  w ith  
increase  o f  s tra in .
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G . G . Meyer hof  (C an ad a)

I n  view  o f  th e  w ide  u se  o f  s ta n d a rd  p e n e tra tio n  tests  fo r  
e s tim a tin g  th e  re la tiv e  d en sity  o f  san d s in s itu ,  th e  re sea rch  o f
H. J. Gibbs a n d  W . G . Hol t z ( la /9 )  is tim ely . T h e ir  resu lts  
sh o w  th a t  p e n e tra tio n  res is tan ce  in creases  ro u g h ly  w ith  th e  
s q u a re  o f  re la tiv e  d en s ity  a n d  in  d irec t p ro p o r t io n  to  th e  
effective o v e rb u rd e n  p re ssu re  o f  th e  san d  a t  sp o o n  lev e l; m o re 
over, th e  re s is tan ce  is n o t  m u ch  affected  by  len g th  o r  w eigh t o f  
th e  ro d s. T h ese  ex p erim en ta l re su lts  can , ap p ro x im ate ly , be  
rep resen ted  by  th e  re la tio n sh ip  th a t  th e  s ta n d a rd  p e n e tra tio n  
res is tan ce  (b low s/ft.)

N  =  l-7Z>r2( p + 10)

w here  D r =  re la tiv e  d en s ity ; a n d  p  =  effective o v e rb u rd en  p re s 
su re  ( lb ./sq . in .) .

F o r  in te rp re tin g  th e  re la tiv e  density , va lues w h ich  a re  sim ila r 
to  th o se  u se d  b y  G ib b s  a n d  H o ltz  a n d  a re  so m ew h a t m o re  
u n ifo rm  in  d iv is io n  h av e  b een  suggested  (Meyer hof, 1956), 
n a m e ly :

Sta te  o f  
packing

Very
loose

Loose
Compact

(or
medium)

Dense
Very

dense

Relative density 0  to  0 -2 0 -2  to  0 -4 0 -4  to  0 -6 0 -6  to  0 -8 0 -8  to  1 0

T h e  im p o r ta n t  influence o f  th e  effective o v e rb u rd e n  p re ssu re  
o n  th e  p e n e tra tio n  res is tan ce  is a lso  sh o w n  b y  th e  p re se n t tests  
w ith  sa tu ra te d  san d s in  w h ich  th e  res is tan ce  d ro p p e d  even  m o re  
th a n  c o rre sp o n d in g  to  th e  effective in te rg ra n u la r  p ressu re . 
W hile  som e o f  th is  red u c tio n , especia lly  fo r  th e  fine  san d , w as 
p ro b a b ly  d u e  to  a  q u ick  c o n d itio n  n e a r  th e  sp o o n , th e  a u th o rs ’ 
te s ts  su p p o rt  th e  p rev io u s co n clu sio n  by  m e  (Meyer hof , 1956) 
a n d  fu r th e r  field ev idence (E. Schul t ze a n d  H . Knausen- 
ber ger , p a p e r  2 /9 ) th a t  th e  in fluence o f  th e  w a te r  ta b le  is 
a lread y  in c lu d ed  in  th e  o b serv ed  p e n e tra t io n  res is tan ce  a n d  
n eed  n o t  th e re fo re  be  a llow ed  fo r  sep a ra te ly  w hen  ap p ly in g  th e  
re su lts  to  fo u n d a tio n  p ro b lem s o n  san ds.
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T -K . Tan (C h ina)

I  w ish first to  c o n g ra tu la te  L . Sukl je o n  h is excellen t p a p e r  
( lb /1 4 )  o n  th e  c o n so lid a tio n  p ro cess in  w h ich  h e  tak es  acco u n t 
b o th  o f  th e  c o n so lid a tio n  a n d  o f  th e  w ell-know n B u ism an

e q u a tio n  z = h q{ap +  a s log  /), in  w h ich  z =  se ttlem en t, h  =  h e ig h t 
o f  c lay  layer, q =  lo ad in g  in ten s ity , a p = coefficient o f  p rim ary  
co n so lid a tio n  a n d  a s =  coeffic ient o f  secu la r tim e  effect.

T h e  c o m p u ta tio n  o f  th e  w a te r  p re ssu res  a n d  se ttlem en t o f  clay  
lay ers d u e  to  co n so lid a tio n  a n d  seco n d ary  tim e  effects, w h ich  
is a im ed  a t  by  S uklje  in  a  sem i-em pirica l w ay, c a n  a lso  be 
ca rr ie d  o u t  o n  th e  basis o f  m y  m a th em a tica l th eo ry . T h is  
th eo ry , w h ich  w as c o m m u n ica ted  to  th e  la s t co n ference , s ta r ts  
f ro m  th e  a ssu m p tio n  th a t  c lay  u n d e r  sh e a r m ay  be reg a rd ed  as 
a  M axw ell so lid . In  th is  d iscussio n  I  w ill n o t  d ea l w ith  m a th e 
m a tica l p ro b lem s, b u t  w ill sho w  th a t  th e  p h e n o m e n o n  o f  c o n 
so lid a tio n  a n d  seco n d ary  tim e  effect m ay  be  i llu s tra te d  by  
sim p le  m odels .

F ig . 10 sho w s th e  w ell-know n T erzag h i m o d e l a n d  th e  m o d e l 
w hich  I  h av e  d e riv ed  fo r  T a y lo r’s th e o ry — in  th is  m o d e l th e  
p re ssu re  is ta k e n  u p  by  th e  sp rin g  a n d  th e  d a sh p o t. I t  can  
be  seen d irec tly  th a t  th e  u ltim a te  se ttlem en t in  th is  m o d e l is

( a )  ( b )

( c )  ( d )

Fig. 10 Rheological m odels for one-dimensional theories o f con 
solidation. (a) M odel for the au tho r’s theory ; (b) m odel 
fo r Taylor’s and  G oldstein’s theory; (c) m odel for 
Terzaghi’s and  B iot’s theories; (d) generalized model 

M aquettes pour l’étude rhéologique des théories de consoli
dation  unidimensionelle. (a) M aquette représentant la 
théorie advancée p our l’au teur; (b) M aquette  repré 
sen tan t la  théorie de Taylor e t G oldstein; (c) M aquette 
représentant la théorie de Terzaghi et celle de B iot; 
(d) M aquette  généralisée

d e te rm in ed  by  th e  sp rin g  (w hich  is th e  sam e as  in  th e  T erzag h i 
th eo ry ) a n d  th a t  th e  m o d el w ill n o t  sho w  secu la r effects. T h e  
i llu s tra tio n  also  show s th e  m o d e l u n d erly in g  m y  th eo ry . 
D irec tly  a f te r  lo ad in g  th e  w a te r  w ill be  squ eezed  o u t  a n d  b o th  
sp rin g s w ill d e fo rm , b u t th e  p is to n  in  th e  d a s h p o t m oves on ly  
very  slow ly  ow ing  to  th e  la rg e  viscosity  ( 1013 to  1015 p o ises); 
so  th a t  th e  p ro cess a f te r  lo ad in g  is m ain ly  gov ern ed  by  th e  
sp rin g s a n d  is n ea rly  s im ila r to  th a t  in  T e rzag h i’s th eo ry . T h is  
first p a r t  is k n o w n  as th e  p r im a ry  c o n so lid a tio n ; fo r  la rg e r 
values o f  th e  tim e  th e  sp rin g  G 2 h a s  re a ch ed  its  m ax im u m  
sh o rte n in g  a n d  th e  fu r th e r  p ro cess is m a in ly  g o v ern ed  b y  th e  
slow  v iscous m o v em en t o f  th e  d a sh p o t, w h ich  is th e  seco n d ary  
tim e  effect.

I  h av e  m ad e  a n  ex ten sio n  o f  m y  m o d e l to  a n  in fin ite  series o f  
p a ra lle l d a sh p o ts  a n d  sp ring s, w h ich  is also  show n.

In  F ig . 11 w a te r  p re ssu res  ca lcu la ted  fo r  a  lay er o f  2 cm  a re  
sho w n . T h e  d ifference in  th e  iso ch ro n es ca lcu la ted  acco rd in g  
to  m y  th e o ry  a n d  th a t  o f  T erzag h i is neglig ib le. T h is  c o n 
c lu sio n  o n ly  fo llo w s fo r  very  th in  layers o f  clay.

F ig  12 show s th e  iso ch ro n es ca lcu la ted  fo r  a  lay er o f  200 cm  
acco rd in g  to  m y th e o ry  a n d  th a t  o f  T erzag h i. I t  w ill be  seen  
th a t  fo r  th e  sam e tim e  fa c to r  T , th e  w a te r  p re ssu re  acco rd in g
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Fig. 11 Isochrones, after Terzaghi (dotted lines)

Isochrones d’après Terzaghi (lignes pointillées)

to  m y th eo ry  is a lw ays h ig h e r th a n  th a t  p red ic ted  by  T erzagh i. 

T h is  re su lt  is in  ag reem en t w ith  th e  conclu sions o f  Suklje  

conce rn in g  th e  w a te r  p re ssu re  in  layers o f  la rge  th ickness.

T h e  se ttlem en t h a s  b een  ca lcu la ted  fo r  a  lay e r o f  2 cm  

th ickness  a n d  i t  m ay  be  seen  in  F ig . 13 th a t  th e  types o f  low  

seconda ry  com p ress ion  to  h igh  secondary  com press ion  m ay  be
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Fig. 12 Isochrones, after Terzaghi (dotted lines)

Isochrones d’après Terzaghi (lignes pointillées)

seen  th a t  th e  lo g a rithm ic  p e r io d  m ay  con tin u e  u p  to  12£ years. 

I t  is obv io u s th a t  th e  se ttlem en t a f te r  th e  h y d ro d y n am ic  p e r io d  
sh o u ld  rea ch  a n  u ltim a te  v a lu e ; acco rd in g  to  m y  th e o ry  th is  
m ay  b e :

1  =  3 ( i z £ s \
g 2 \ l  +  v jg-

o r  1 to  3 tim es th e  se ttlem en t p re d ic te d  b y  th e  T erzag h i th eo ry . 
O n e  o f  th e  m o s t co m p lica ted  p ro b lem s in  ap p ly in g  a  th eo ry
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p re d ic ted  f ro m  m y th e o ry  d ep en d in g  o n  th e  coefficient o f  co n 
so lid a tio n , th e  v iscosity  a n d  th e  P o isso n ’s ra t io  o f  th e  e lastic  
p a r t  o f  th e  so il ske le ton .

T h e  sam e c o m p u ta tio n  h as  b een  m ad e  fo r  a  com pressib le  
lay er o f  200 cm  th ick n ess  a s  sh o w n  in  F ig . 14. I t  m ay  be

Fig. 14 Tim e settlem ent curves for h =  200 cm, after Terzaghi
Courbes de tassem ent en fonction du temps pour h  =  200 cm, 

d ’après Terzaghi

to  p ra c tic e  is to  m easu re  th e  physica l q u an titie s . I  w ill 
n o t  d iscuss th a t  n o w , b u t  i f  y o u  a re  in te rested  in  i t  I  w o u ld  
re fe r y o u  to  m y  p a p e r  S e c o n d a ry  tim e  e ffe c ts  a n d  con so lida tion  
o f  c lays, A cad em ia  S inica, In s ti tu te  o f  C ivil E ng in eerin g  a n d  
A rch itec tu re , So il M ech an ics L a b o ra to ry , H a rb in , Ju n e  1957.

log

Fig. 13 Tim e settlement curves for h =  1 cm, after Terzaghi
C ourbes de tassem ent en fonction du  temps pour h =  1 cm, 

d’après Terzaghi
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E. C. W. A. Geuze (N etherland s)

M ay  I  com m en t o n  c e rta in  p o in ts  in  th e  G en e ra l R ep o r t  o f  

N.Janbu?
Since m y  ow n  genera l re p o rt  a t  th e  Z u rich  C onfe rence  

in c lu d ed  som e suggestions o n  these  p o in ts , I m ay  do  th is  very  
b riefly .

I  w as a t  th a t  tim e m o stly  co n ce rn ed  w ith  th e  fa ilu re  c o n 
d itio n s , te s tin g  te ch n iq u e  a n d  in te rp re ta tio n . A fte r  th e  tests  
c o n d u c ted  by  T -K . T a n  a n d  m yse lf h a d  sh o w n  th a t  th e  c lay  
m a te r ia l b eh av ed  perfec tly  as a  rh e o lo g ica l m a te r ia l, D e  
Jo sse lin  de  Jo n g  a n d  I  e n d ea v o u red  to  s tu d y  its  b eh av io u r 
fo llo w ing  th e  m o re  accep ted  tech n iq u es o f  tr iax ia l te s tin g . 
F ro m  these  re su lts , a s  p re sen ted  in  a p a p e r  to  th is  co nference , 
i t  fo llo w s th a t  i f  e ith e r  o f  th e  d ifferen t tech n iq u es o f  tr iax ia l o r  
cell tests  a re  ap p lied , n o  v irtu a l d ivergencies a re  to  be  fo u n d .

O nce  th e  sh earin g  stresses a re  d ev e lo p ed  acco rd in g  to  som e 
p ro g ra m m e  o f  lo ad in g , th e  c lay  w ill b eh av e  as a  rh eo lo g ica l 
m a te ria l, ex h ib itin g  flow  ch a rac te ris tic s  w h ich  d o  n o t  d ep en d  
in  th e  firs t p lace  o n  th e  v a r ia tio n  o f  stresses b u t  o n  th e  m ag n i 
tu d e  o f  th e  d e fo rm a tio n .

W e a re  c o n fro n te d  w ith  th is  b eh a v io u r as w ell in  an y  s ta te  
o f  stress in vo lv ing  sh earin g  stresses o n ly  as in  a  p u re  s ta te  o f  
c o m p ress io n  in  th e  in itia l stage. F o r  w e m ay  w ell define th e  
b eh a v io u r o f  th e  m a te r ia l o n  th e  s tren g th  o f  b u lk  stresses, b u t  
w e a re  com pelled  to  ta k e  th e  s tru c tu ra l  in te rp a rtic le  fo rces in to  
c o n s id e ra tio n .

In  lim itin g  ou rselves to  th e  b e h av io u r u n d e r  a  p u re  s ta te  o f  
sh ea rin g  stresses, a  n o rm a lly  c o n so lid a ted  c lay  w ill sho w  a  
sh e a rin g  res is tan ce , d ep en d in g  o n  th e  speed  o f  d e fo rm a tio n , so  
in  th e  a p p lic a tio n  o f  te s t re su lts  to  p ra c tic a l p ro b lem s w e h av e  
to  ack n o w led g e  a  lo w er lim it o f  c o n s ta n t stress, w hich  m ay  lead  
to  a n  accep tab le  lim it o f  speed  o f  d e fo rm a tio n , as I  p ro p o se d  
in  m y  G e n e ra l R e p o r t  a t  Z u rich . T h ere fo re , an y  law  express 
in g  th e  sh earin g  s tre n g th  as  a  fu n c tio n  o f  stress sh o u ld  co n ta in  
th is  m ag n itu d e .

Secondly , I  m ay  p o in t  o u t th a t  th e  ap p lic a tio n  o f  th e  p rin c ip le

o f  p o re  p re ssu re  in  c o m b in a tio n  w ith  an y  law  on  th e  sh ea rin g  
s tren g th  is a p t  to  lead  to  m islead in g  resu lts , as p a r t  o f  th e  system  
w ill ta k e  u p  th e  effective stresses d ep en d in g  o n  th e  n a tu re  o f  its 
resiliency .

I  am  a fra id  th a t  w e still w ill h av e  to  in c lu d e  som e m ag n itu d e  
expressing  th e  rig id ity  o f  th is  p a r t  o f  th e  system  as  a  fu n c tio n  
o f  tim e a n d  a m o u n t o f  d e fo rm a tio n .

J .  E . Jennings (U n io n  o f  S o u th  A frica)

I  sh o u ld  like  to  co m m e n t o n  P a p e r  la /2 5  by  A . W . Skempt on  

a n d  D . J. Henkel . F ig . 5 o f  th is  p a p e r  ra ises  som e very  im 
p o r ta n t  p rin c ip les  to  a ll w h o  a re  in te re s ted  in  th e  ch an g es in  
effective p re ssu re  w h ich  a re  b ro u g h t a b o u t  by  chang es in  w a te r  
tab le s , in  p a r tic u la r  th e  e s tab lish m en t o f  p e rch ed  w a te r  tab les 
f ro m  th e  c o n d itio n  w h ere  n o  su ch  ta b le s  ex isted  a t  th e  s ta r t. 
L o o k e d  a t  f ro m  th e  very  lo n g -tim e  p o in t  o f  view , th e  u ltim a te  
c o n d itio n s  b eco m e th e  sam e as th o se  given  by  A . W . S k em p to n , 
b u t  th e  in te rm e d ia te  p ro cesses  a re  so m ew h a t d ifferen t.

C o n sid erin g  firs t th e  case  o f  th e  so il p ro file  w ith  a  w a te r 
ta b le  a t  d e p th  D — F ig . 15a— a n d  accep tin g  th e  c o n d itio n  th a t  
th e re  is n o  m o is tu re  deficiency  d u e  to  d es icca tio n  in  th e  soil, 
th e  neg a tiv e  p o re  p re ssu re  is g iven  genera lly  by

« =  PYw(D~z)
a n d  is n egativ e  ab o v e  th e  w a te r  tab le . jS is a  fu n c tio n  re la ted  
to  C ro n e y ’s fa c to r  a  a n d  B ish o p ’s p a ra m e te r  B .  I n  clays fo r  
p ra c tic a l lim its o f  w a te r  ta b le  d ep th , ¡3 is p ro b a b ly  n e a r  u n ity . 
F o r  silts a n d  san d s ¿9 w ill b eco m e p ro gressive ly  sm alle r th a n  
u n ity  a s  th e  p a rtic le  sizes b eco m e larger.

I f  a  p e rch ed  w a te r  tab le  is n o w  estab lish ed  in  th e  u p p e r  sa n d  
as  sh o w n  in  F ig . 15b, th e  effect w ill n o t  be  fe lt in  th e  lo w er 
c lay  u n til  t im e  h a s  e lap sed . A t th e  s ta r t  a n  eq u ilib riu m  c o n 
d itio n  m ay  b e  v isualized  as  i f  an  im p e rm ea b le  m em b ran e  
ex isted  o n  to p  o f  th e  c lay  lay er a n d  fo r  th is  c o n d itio n  th e  p o re  
p re ssu res  in  th e  c lay  w ill still be  n eg a tiv e  ab o v e  th e  w a te r  tab le . 
T h is  co n ce p t o f  a n  effective im p erm eab le  m em b ran e  is a  re a l

Effective

Pressure

F ig . 15 P o re  p re s su re  c h a n g e s  d u r in g  th e  e s ta b lis h m e n t o f  a  p e rc h e d  w a te r  ta b le — c o n d it io n s  a t  final 
e q u il ib r iu m : (a )  w ith  d e e p  w a te r  ta b le , (b ) im m e d ia te ly  a f te r  p e rc h e d  w a te r  ta b le  is e s ta b 
lish ed , (c) a f te r  in fin ite  tim e  w ith  d y n a m ic  e q u ilib r iu m  c o n d it io n s  e s ta b lish e d  b e tw ee n  u p p e r  a n d  
lo w er w a te r  tab le s

C h a n g e m e n ts  d a n s  la  p re s s io n  in te rs tit ie lle  p e n d a n t  la  re a lis a t io n  d ’u n e  n a p p e  d ’e a u  su sp e n d u e —  
c o n d itio n s  d ’e q u ilib re  f in a l : (a ) av e c  n a p p e  d ’e a u  p ro fo n d e , (b ) im m é d ia te m e n t a p rè s  la  re a lis a 
t io n  d ’u n e  n a p p e  d ’e a u  su sp e n d u e , (c) a p rè s  u n e  p e r io d e  d e  te m p s  in f in ie  av e c  c o n d itio n s  
d ’e q u ilib re  d y n a m iq u e  e n tre  les  n a p p e s  su p é r ie u re s  e t in fé rieu re s
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one , since  m any  activ e  clays ex h ib it a  very  g re a t d ecrease  in  
p e rm eab ility  o n  w e tted  b o u n d a rie s  a n d  th e  p re sen ce  o f  very  
d ry  clay  b e n e a th  a p e rch ed  w a te r  ta b le  is a  c o m m o n  o b se rv a tio n  
in  A frica . T h is  is m o re  im p o r ta n t  w h en  th e  u p p e r  p e rch ed  
w a te r  tab les  a re  sea so n a l in  ch a rac te r .

If, h ow ever, th e  p e rc h e d  w a te r  ta b le  level is m a in ta in e d  
indefin ite ly  a n d  co m p le te  h y d ra u lic  c o n tin u ity  is estab lish ed  
b e tw een  th e  u p p e r  a n d  lo w er w a te r  tab les , flow  o f  w a te r  tak es 
p lace  d irec tly  a s  in  a  sim p le  p e rm eab ility  te s t u n d e r  th e  g ra d ien t 
sh o w n  in  F ig . 15c, w h ich  c o r re sp o n d s  to  F ig . 5 in  P a p e r  la /2 5 . 
T h is  is p ro b a b ly  a lso  th e  m ech an ism  o f  th e  p e rch ed  w a te r  
ta b le  re su ltin g  f ro m  lo w erin g  o f  w a te r  by  p u m p in g . T h e  
im p o r ta n t  d ifference in  th e  case  o f  th e  w e ttin g  u p  c o n d itio n  is 
th e  ex istence  o f  th e  n eg a tiv e  p re ssu re  c o n d itio n s  in  m o st 
p ra c tic a l cases.

K . S. Bawa  (U .S .A .)

I  w o u ld  lik e  to  co m p lim en t th e  a u th o rs , J . Fl or ent in, G . 
L’Her it eau a n d  M . Fa r hi ( la /7 )  fo r  ad d in g  to  th e  m u ch  
n eed e d  d a ta  co n ce rn in g  th e  en g in eerin g  p ro p e rtie s  o f  la te rite  
so ils . S u ch  d a ta  c an  be  o f  co n s id e rab le  v a lu e  in  th e  p re 
l im in a ry  p la n n in g  a n d  design  o f  en g in eerin g  s tru c tu re s  in  a reas  
w here  sim ila r so ils  a re  en co u n te red .

D u e  to  lack  o f  sufficien t in fo rm a tio n  co n ce rn in g  th e  expec ted  
b e h a v io u r o f  la te r ite  so ils w e h a d  to  u n d e r ta k e , som e tim e  ago , 
a n  ex tensive so il e x p lo ra tio n  a n d  te s tin g  p ro g ra m m e  in  c o n 
n e c tio n  w ith  th e  design  o f  a n  e a r th  d am  in  M edellin , C o lo m b ia  
(S o u th  A m erica ) . I n  o u r  in v estig a tio n s, w h ich  w e h o p e  to  
re p o r t  so o n , w e en co u n te re d  so ils sim ila r to  th o se  re p o rte d  by  
th e  ab o v e  a u th o rs  in  th e ir  p a p e r . H o w ev er, in  o u r  w o rk  a  
d iffe ren tia tio n  is b e in g  m a d e  (Bawa , 1957) be tw een  la te rite s  
a n d  la te r itic  so ils  w h ich  is n o t  in d ic a te d  in  P a p e r  l a /9 .  T h is 
d is tin c tio n  is b ased  o n  th e  m ag n itu d e  o f  th e  silica-sesquiox ide 
ra t io  c o m m o n ly  u se d  in  re feren ce  to  th ese  soils. I n  th e  absence 
o f  an y  o th e r  w ell k n o w n  d is tin g u ish in g  p ro p e rty , w e use  th is 
ra t io  to  id en tify  la te rite s  a n d  la te r itic  soils.

I  w o u ld  like  to  ta k e  th e  o p p o r tu n ity  a t  th is  co n feren ce  to  
u rg e  eng ineers w o rk in g  in  d ifferen t p a r ts  o f  th e  w o rld  to  re p o r t  
th e ir  o b se rv a tio n s  co n ce rn in g  th e  p h y sica l p ro p e rtie s  a n d  
en g in eerin g  b eh a v io u r o f  these  so ils , w h erev er fo u n d , as th e re  
is a  d e a r th  o f  su ch  d a ta .  A  d e ta iled  so il d e sc rip tio n  a n d  
p ro p e r  id en tifica tio n , w h e th e r  th e  d ep o s it  is la te r ite  o r  la te r itic  
so il, w ill fa c ilita te  co n s id e rab ly  th e  p ro p e r  h an d lin g  o f  th ese  
so ils  in  fu tu re  a n d  w o u ld  e lim in a te  u n n ecessa ry  so il in 
v estiga tions.

R eference

B a w a ,  K . S. (1957). L a te r i te  so ils  a n d  th e ir  e n g in ee rin g  c h a ra c te r 
is tics . P a p e r  N o . 1428. Proc. ASCE-J. Soil Mech. Found. Engng.,
83 , N o . S M 4  (P t. 1) N o v .

T . W . Lambe (U .S .A .)

I  sh o u ld  like  to  give a  few  w o rd s  o f  e x p lan a tio n  o n  m y 
co n ce p tio n  o f  th e  ro le  o f  w a te r  in  so il, p a r ticu la r ly  a f te r  th e  
co m m e n ts  I h av e  received . I  w ish  to  em p h asize  th e  fac t th a t  
I  c o n s id e r w a te r  very  im p o r ta n t to  so il b eh av io u r, a n d  I d id  n o t  
m e a n  to  give an y  d ifferen t im p ressio n . T h e  p ro p e rtie s  o f  w ater, 
p a r tic u la r ly  th e  d ie lec tric  c o n s ta n t , in  develop ing  th e  co llo id a l 
p ro p e rtie s  o f  th e  so il a re  w ell recogn ized . I  a lso  w ish  to  em 
p h as ize  th e  g re a t im p o rta n c e  o f  p o re  w a te r  ten sio n s a n d  o u r  
k n o w led g e  o f  in te rg ra n u la r  p ressu res.

A s I  p o in te d  o u t  th is  m o rn in g , th e  la s t tw o  o r  th re e  m o lecu la r 
layers o f  w a te r  a re  he ld  very  stro n g ly  to  th e  so il su rface . W e 
hav e  m a d e  m easu rem en ts  by  iso th e rm  a d s o rp tio n  o f  a s  h igh  
as  3000 a tm . re q u ire d  to  p u ll th is  w a te r  off.

I  d id  n o t  q u es tio n  th e  fac t th a t  ten sio n  can  be  m ob ilized

betw een  th e  w a te r a n d  th e  soil. T o  m e  th e  n ex t step , o n  
assu m in g  th e  fac t th a t  th a t  so il c a n  m o b ilize  ten s io n , i.e. to  
assu m e th a t  th e  w a te r is u sin g  th is  ten s io n  to  h o ld  p a rtic les  
to g e th e r, is a n  e rro n eo u s  co n cep t. T h a t  is th e  im p ressio n  I 
m e a n t to  leave th is  m o rn in g .

I  w a n t to  em p h asize  ag a in  th a t  I  d o  n o t  th in k  th a t  th is  
p o te n tia l  ten s io n  h o ld s p a rtic le s  to g e th e r. I f  so , h o w  w o u ld  
w e ex p la in  th e  p o s itiv e  p o re  p re ssu res  th a t  a re  m easu red  in  
sh e a r  o n  sam ples h av in g  h ig h  s tre n g th ?

I  w o u ld  a lso  like  to  say  a  w o rd  o r  tw o  a b o u t  th e  q u es tio n , 
h o w  d ry  is a  d ry  so il. T h e  sp e ak e r w ho co m m e n ted  o n  m y d ry  
s tre n g th  sa id  th a t  I h a d  n o t  d ried  th e  sam p le : w e h av e  m ad e  
tests  w ith  sam ples d ried  a ll th e  w ay  to  1200° C . I f  y o u  m ak e  
m easu rem en ts  o f  s tre n g th  a t  a ll d ry in g  te m p e ra tu re s  I  th in k  
y o u  w ill find  th a t  th e  s tre n g th  in creases. A s b es t w e c a n  tell, 
th e  w ho le  o f  th e  w a te r  h a s  b een  rem o v ed  fro m  th e  so il a t  a b o u t 
150° C . ; a t  a b o u t  600° C . w e h av e  d riv en  o ff a ll o f  th e  O H  
g ro u p s : th is  co n s titu te s  p o ly m eriza tio n . E ven  if  y o u  get th e  
m o is tu re  d riv en  o u t  a t  600° C . y o u  still h av e  co h es io n : i f  y o u  
go  h ig h er, y o u  can  get co m p le te  fu s io n  a n d  get a  b rick . Su rely  
th e  g en tlem en  fro m  th e  U .K . w o u ld  n o t  sp eak  o f  w a te r  in  th e  
so il in  th is  b r ic k !

M y  co n ce p t o f  n o  w a te r  b o n d  sh o u ld  n o t  s ta r tle  an y b o d y . 
In  a ll o f  th e  c lassical co llo id a l chem ica l w o rk  I  h av e  n ev er seen  
a  d esc rip tio n  o f  a  w a te r  b o n d . T h e  fo rces b e tw een  th ese  
co llo ids h av e  b een  ex p la in ed  com ple te ly  w ith o u t re s o r t  to  a  
w a te r  b o n d . I  th in k  th a t  th is  ad so rb e d  m o is tu re  very  c lose  to  
th e  p a rtic le  is ex trem ely  im p o r ta n t in  so il b eh av io u r, p a r 
t icu la rly  in  tim e  effects, in  seco n d ary  co m p ressio n , a n d  in  
s tre n g th  b u ild -u p  d u r in g  th e  seco n d ary  co m p ressio n .

P . W . Rowe (U .K .)

R eg a rd in g  th e  first p ro p o sa l fo r  d iscussio n , I  w ish  to  em 
p h as ize  th e  d ifference be tw een  sh e a r s tren g th  a t  fa ilu re  in 
vo lv ing  v iscous flow , a n d  m o b ilized  sh e a r  s tre n g th  w h en  th e  
so il is in  eq u ilib riu m . I f  lo n g -te rm  fa ilu res , in v o lv ing  fu ll 
sh e a r  s tren g th , give sa tis fac to ry  ana lyses ta k in g  C '= 0  w ith  
sh o rt- te rm  m easu rem en ts  o f  </>', th en  th is  m ay  be co n sis ten t 
w ith  fina l fa ilu re  ta k in g  p lace  in  a  few  h o u rs  o r  d ay s ; b u t  i f  a  
s tru c tu re  p rev en ts  m o tio n  w ith  a  co m p le te  cessa tio n  o f  v iscous 
flow , th e n  w e m u s t expec t lo w er values o f  </>'. I n  th is  c o n 
n e c tio n  P a p e r  5/2  by  E . DiBia gio a n d  L . Bjer r um sh o u ld  be 
s tu d ied . I f  c lay  rea lly  possessed  a  t ru e  ang le  o f  sh ea rin g  
res is tan ce  in  fr ic tio n , su ch  as H v o rs lev ’s ang le <f>e w hich  
S k em p to n  a n d  B je rru m  accep ted  as th e  m o s t fu n d am e n ta l basis  
fo r  sh e a r  s tren g th  a t  th e  la s t co n ference , th en  th e  ab so lu te  
lo w er lim it to  <f>' fo r  c a lcu la tin g  eq u ilib riu m  p ressu res c a n n o t 
fa ll m u ch  below  <f>e. T h is  seem s to  be  in  ag reem en t w ith  D .  H . 
T ro llo p e ’s s tu d ies  o f  th e  c lay  m a tr ix  an d , I  believe , w ith
E . C . W . A . G eu ze ’s a p p ro a c h . In  th e  life tim e o f  eng in eerin g  
s tru c tu re s  th e  m o b ilized  ang le  o f  sh ea rin g  res is tan ce  w ith  
resp ec t to  effective stresses m ay  be  expec ted  to  lie  betw een  <f>' 
fro m  sh o rt- te rm  tests  a n d  <j>e. A . W . B ish o p  a n d  D .  J . H en k e l 
sug gest th e  p ra c tica l lim it o f  0-8  ta n  <f>' p re su m ab ly  fo r  clays o f  
low  to  m ed iu m  p lastic ity .

T u rn in g  to  th e  th ird  p ro p o sa l fo r  d iscussio n , P a p e r  l b /8  by
B. Jakobson p re sen ts  fu n d a m e n ta l in fo rm a tio n  by p lo ttin g  th e  
in s ta n ta n e o u s  ‘P o isso n ’s r a t io ’ /x fo r  san d s ag a in s t th e  m ob ilized  
ang le  o f  sh ea rin g  re sis tance . T h is  re la tio n sh ip  can  be  ca l 
c u la ted  p ro v id ed  th e  tru e  ang le  o f  fr ic tio n  </>M betw een  g ra in s  
o f  th e  q u a r tz  is k n o w n ; h ow ever, J a k o b so n  does n o t  s ta te  these  
values. T a k in g  fo r  h is sa n d  A  17-3° a n d  fo r  sa n d  B 
</>„ 23-7° ag reem en t betw een  th e o ry  a n d  o b se rv a tio n s  c a n  be  
o b ta in e d . H e  q u o te s  m ax im u m  angles o f  sh earin g  res is tan ce  
d ifferin g  by  6-5°, w h ich  is o f  th e  sam e o rd e r  as  th e  p ossib le  
d ifferences in  t ru e  in te rg ra n u la r  fr ic tio n  ^  be tw een  th e  tw o  
san d s  w h ich  I  h av e  suggested .
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F in a l ly ,  M .  R o c h a  (P a p e r  l b /1 1 )  is  i n c o r r e c t  in  h i s  g e n e r a l  

s t a t e m e n t  t h a t  s im i la r i ty  b e tw e e n  m o d e l  a n d  p r o t o t y p e  c a n n o t  

b e  o b t a i n e d  i f  t h e  s o i l  h a s  m a s s .  F o r  s h e e t  p i l in g ,  f o r  e x a m p le ,  

w e  d o  n o t  r e q u i r e  h i s  f a c t o r  1 ¡a t o  b e  e q u a l  t o  u n i t y  b u t  to  e q u a l  

h is  1/A.

T . K . E . Ka l l st enius (Sw eden)

I  w an t to  say  a  few  w o rd s a b o u t th e  tw o  types o f  n o rm a l san d  
d e m o n s tra te d  by B . Ja k o b so n . E ven  la rg e  p h o to g ra p h ic  en 
la rg em en t d oes n o t  reveal to  th e  u n sk illed  eye an y  ev iden t 
d ifferences be tw een  th e  g ra in s  o f  th o se  tw o  san ds, b u t  a  carefu l 
p e tro lo g ic a l s tu d y  reveals  th a t  th e  re la tio n sh ip  betw een  the  
av erag e  ra d iu s  o f  p ro tru d in g  edges a n d  av erage ra d iu s  o f  the  
w ho le  g ra in s  is a b o u t 10 tim es g re a te r  fo r  th e  san d  w ith  th e  
g rea tes t ang le  o f  fr ic tio n  th a n  fo r  th e  o th e r  san d . T h is  teaches 
u s to  ta k e  p e tro lo g y  in to  serio u s c o n s id e ra tio n  w h en  study ing  
th e  b eh a v io u r o f  san d s an d  to  p re se n t th a t  d a ta  w hen  m ak in g  
re p o rts  o n  resea rch  co n ce rn in g  th e  q u a litie s  o f  san d .

S. J . Buchanan (U .S .A .)

In  listen ing  to  th e  d iscussio n  reg ard in g  th e  sh e a r p ro p e rtie s  
o f  so ils a n d  th e ir  e lastic  b e h av io u r I w as rem in d ed  so m ew h at 
o f  a  re m a rk  th a t  th e  la te  T . A . M id d leb ro o k s  m ad e  a t  th e  
Z u ric h  C on fe ren ce , w h en  h e  vo iced  th e  th o u g h t w h e th e r soils 
w ere  co g n izan t o f  o u r  a ssu m p tio n s reg a rd in g  h o m o g en eity  an d  
elastic ity . W ith in  th e  la s t six m o n th s  I  h ave b een  very  p leased  
to  find  th a t  so ils som etim es b eh av e  m o re  elastica lly  th a n  w e 
n o rm a lly  th in k .

W e h av e  b een  in v estig a tin g  th e  b e h av io u r o f  san d s a n d  clays 
su b jec ted  to  rep e titiv e  lo ad in g  in  a  triax ia l device, u sin g  a  4 in. 
d iam e te r device , a n d  su b jec tin g  th e  clays a n d  san d s to  tw o  
c o m p arab le  p ressu res. W e h av e  fo u n d  th a t  a f te r  som e 20 
rep e titio n s  o f  stress w e h av e  th e  specim en  b eh av in g  elastically  
w ith  lean  clay , th e  s ta n d a rd  O tto w a  san d  a n d  a  very  an g u la r 
a n d  g ra d ed  san d . F o r  exam ple , w e find  th a t  o u r  m o d u lu s  o f  
e lastic ity  av erag es a b o u t 20,000, o u r  P o isso n ’s ra t io  ran g es 
fro m  0-15 to  0-2  a n d  o u r  re la tiv e  density  ran g es fro m  0-7 to  
0-95.

T h ese  values a n d  th is  b eh av io u r cau se  m e to  p o n d e r  th e  u se  
o f  th is  in fo rm a tio n  fo r h ighw ays a n d  fo r airfield  pav em en ts  an d  
su b g rad es , b ecau se th e re  w e d o  h av e  rep e titiv e  lo ad s. I  th in k  
th a t  possib ly  in  th e  p a s t  I h av e  b een  a  little  to o  p ro n e  to  th in k  
o f  lo ad in g s o f  soils o f  th e  s ta tic  n a tu re , so  th a t  I th in k  as w e 
g e t in to  m o re  ad v an ced  design  o f  airfields a n d  h ighw ays it 
w o u ld  be  w ell fo r  u s to  ta k e  a  lo o k  a t  th e  b eh av io u r o f  o u r 
m a te ria ls  su b jec ted  to  rep e titiv e  lo ad in g .

E . T . Hanr ahan (Ire lan d )

I  w o u ld  lik e  to  describe  an  in te restin g  p h en o m en o n  observed  
in  co n n e c tio n  w ith  th e  sh ea rin g  b eh a v io u r o f  b o u ld e r  clay. A  
la rg e  n u m b e r  o f  tests  h av e  been  ca rrie d  o u t o n  rem o u ld ed  
specim ens o f  th is  so il w ith  th e  frac tio n  c o a rse r th a n  B .S .S . N o . 7

F ig . 16

rem o v ed , an d  c o m p ac ted  in  a  screw  p ress to  a  c o n d itio n  o f  zero  
a ir  vo ids. T h e  ty p e  o f  te s t w as th e  q u ick -sh ea r tr ia x ia l te s t 
w ith  p o re  p re ssu re  m easu rem en ts . F ig . 16 show s th e  observed  
re la tio n sh ip  be tw een  w a te r  c o n te n t a n d  d e fo rm a tio n  o f  th e  
sp ec im en  a t  fa ilu re .

V a ria tio n s  o f  th e  m ag n itu d e  o f  th e  ax ia l d e fo rm a tio n  o f  th e  
specim en  in  th e  ra n g e  o f  5 to  40  p e r  ce n t w ere  re c o rd ed . T h e  
w a te r  c o n te n t co rre sp o n d in g  to  th e  p e a k  o f  th e  cu rv e  w as 
w ith in  a  few  p e r  cen t o f  w h a t m ig h t be  te rm ed  th e  ‘co rrec ted  
P L ’ o f  th e  soil.

A . Kezdi (H u n g ary )

M . J . H v o rs lev  re fe rred  in  h is rem a rk s  to  P a p e r  l b /2  by  
A . Ba l l a . A s h e  is w o rk in g  a t  th e  T ech n ica l U n iv e rsity  o f  
B u d ap es t I  sh o u ld  like , in  h is absence, to  m a k e  a  few  rem a rk s
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Slenderness■■ h/R  

F ig . 17

o n  h is  w o rk  a n d  to  p re se n t som e te s t re su lts  w h ich  he  has 
ach ieved  since w ritin g  th e  p ap e r.

H is  th e o ry  offers th e  p o ssib ility  o f  in v estig a tin g  th e  s tressed  
s ta te  o f  th e  u n co n fin ed  co m p ress io n  te s t ( p 2= 0 ) .  In  th is  
respect i t  is in te re s tin g  to  ex am in e  th e  effect o f  th e  slenderness 
o f  th e  specim en  a n d  o f  th e  ro u g h n ess  o f  th e  lo ad in g  p la te  o n  
th is  s ta te  o f  stress. B a lla  co n s id e rs , as a  p ra c tic a l  a p p ro x i 
m a tio n , as co m p ress io n  s tre n g th  th e  v e rtica l p \  s tress w hich  
ac ts w hen  th e  p la s tic  d o m a in s  d ev e lo p in g  fro m  th e  b o u n d a ry  
a n d  fro m  th e  c en tre  m eet. T h e  ex ten sio n  o f  th e  p la s tic  d o m a in  
co u ld  be  d e te rm in e d  b y  u sin g  th e  th ree -d im en sio n a l co n d itio n  
o f  p lastic ity . T h e  so  defin ed  co m p ress io n  s tre n g th  h a s  b een  
p lo tte d  versus  s len d ern ess  in  F ig . 17 (co m p ressio n  s tre n g th  in  
th e  case  o f  h /R =  1 is ch o sen  100 p e r  cen t). T h e  sam e  d iag ram  
gives te s t re su lts  fo r  a  clay  (B alia ’s te s ts ) a n d  fo r  co n c re te  
(B ach’s tests). I n  th e  case  o f  co n cre te , th e  th eo re tic a l cu rve

F ig .  18
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fits th e  expe rim en ta l d a ta  v ery  w ell; in  th e  case  o f  clay , o n ly  
th e  c h a ra c te r  o f  th e  cu rv es is th e  sam e.

F ig . 18 gives th e  v a r ia tio n  o f  th e  co m p ress io n  s tre n g th  
versu s  fr ic tio n a l coefficient o n  th e  lo ad ed  su rface  o f  th e  speci 
m en  (a t  / = t a n  S =  0 , cr =  100  p e r  cen t), w ith  d iffe ren t v a lu es o f  
h /R .  T h e  s tre n g th  d ecreases w ith  in c reas in g  slenderness , b u t  
increases w ith  in creas in g  ro u g h n ess  o f  th e  lo ad ed  p la te . I f  the  
lo a d e d  p la te  is co m p le te ly  sm o o th , th e  co m p ress io n  s tren g th  
d oes n o t  d ep en d  o n  slenderness.

J . Kol buszewski (U.K.)

I  sh o u ld  like  to  re fe r to  san d s w h ich  c re a te  difficulties fro m  
tim e  to  tim e , n o t  o n ly  in  th e  Sw edish  la b o ra to rie s  b u t  a lso  in  
m an y  o th e r  la b o ra to rie s . W e o ften  h av e  tw o  sam ples o f  san d  
w h ich , w hen  ju d g e d  b y  th e  eye, lo o k  exactly  th e  sam e, a n d  in  
g ra d in g  ana lysis  give tw o  cu rves co in c id in g  o n  th e  sam e g rap h , 
b u t  w h en  su b jec ted  to  sim ila r te s tin g  c o n d itio n s  give re su lts  
very  o ften  q u ite  d ifferen t.

A t o u r  la b o ra to rie s  w e h av e  sp e n t som e tim e  in  lo o k in g  fo r 
th e  re a so n , a n d  o n e  o f  th e  rea so n s  is very  sim p le . W h e n  w e 
s tu d y  th e  g ra in  o f  sa n d  w e h av e  to  be  ab le  to  m easu re  a n d  
describe  th a t  g ra in  in  so m e  w ay, w h ich  req u ire s  th e  assessm en t 
o f  tw o  v a lu es, th e  ro u n d n e ss  a n d  th e  sph eric ity . T h ese  tw o  
values d escrib e  h o w  fa r  th e  g ra in  is aw ay  fro m  a  rea l sph ere  
a n d  th e  su rface .

W e find , c o n d u c tin g  a  very  s im p le  ex p erim en t— fo r  exam ple , 
p o u r in g  th e  sa n d  in to  a  c o n ta in e r— w e get th e  v a lu e  th a t  is 
g en era lly  believed  to  be  th e  m ax im u m  p o ro s ity  o r  th e  m in im u m  
d en sity  fo r  a  g iven  m a te r ia l, w h ich  differs acco rd in g  n o t  on ly  
to  th e  ra te  o f  p o u r in g  b u t  a lso  acco rd in g  to  th e  values o f  
ro u n d n ess  a n d  sp h eric ity . U n fo r tu n a te ly , w h en  o n e  re a d s  th e  
lite ra tu re  o n e  finds th a t  m an y  p eo p le  u se  fo r  th e  d e sc rip tio n  o f  
th e ir  san d s  a  m e th o d  w hich , i f  ap p lie d  in  th e  case  o f  clays, 
w o u ld  c o r re sp o n d  to  te s tin g  by  p u sh in g  in  a n  u m b re lla  to  get 
th e  P I. N o b o d y  w o u ld  like  u s to  d o  th a t  an y  lo n g er, b ecau se 
w e h av e  s ta n d a rd  te sts  fo r  L L  a n d  P L . H o w ev er, a ll th e  
m e th o d s  w h ich  a re  a t  th e  m o m e n t a p p lied  to  san d s a re  very 
m u ch  o f  th e  u m b re lla  ch a ra c te r , becau se  they  d o  n o t  ta k e  in to  
a c c o u n t th e  in flu ence o f  th ese  tw o  fu n d a m e n ta l v a lu es th a t  
g o v ern , in  a d d itio n  to  th e  g ra d in g  a n d  th e  specific g rav ity , th e  
b e h a v io u r o f  e ach  san d . I  w o u ld  sug gest th a t  th e  m e th o d s  
d escrib ed  by  W ad d e ll o r  R it te n h o u se  sh o u ld  b e  a d o p te d  in  
so il m ech an ics fo r  th e  co m p le te  d esc rip tio n  o f  o u r  san d  
m ate ria ls .

R . V . Whit man (U .S .A .)

M y  co m m e n ts  a re  p ro m p te d  by  th e  ap p ea ra n c e  in  th e  P ro 
ceed ings o f  n u m ero u s  p a p e rs  reg a rd in g  th e  s tren g th  o f  clays 
u n d e r  lo n g -d u ra tio n  lo ad s, as  d e te rm in ed  by  creep  tests .

I  w o u ld  lik e  to  p re se n t a  h y p o th es is  fo r  th e  fa ilu re  o f  a  clay  
sam ple  a fte r  so m e  d u ra tio n  o f  lo ad  ap p lica tio n . W h en  a 
d e v ia to r  stress is ap p lied  to  a n  u n d ra in e d  triax ia l specim en  p o re  
p re ssu re  g ra d ien ts  a re  se t u p  w ith in  th e  sam p le  a n d  a  m ig ra tio n  
o f  th e  p o re  flu id  resu lts . E v en  a fte r  th e  p o re  p re ssu re  g rad ien ts  
hav e  d ecreased  to  very  sm all a n d  p e rh ap s  u n m easu rab le  values 
m o v em en t o f  th e  p o re  flu id  co n tin u es. I  believe th a t  in  m an y  
so ils th e re  is a  ten d en cy  fo r  w a te r  to  m ig ra te  in to  th e  zone o f  
la rg es t sh ea rin g  s tra in s  b ecau se  o f  a n  in crease  in  th e  ad so rp tiv e  
cap ac ity  o f  th e  c lay  m in era ls  in  th is  zo n e  as th e  re su lt o f  the  
sh e a r  p ro cess. T h u s , th e  sh e a r  s tren g th  decreases w ith  tim e, 
a n d  u ltim a te ly  th e  sam p le  m ay  fa il u n d e r  th e  fixed d ev ia to r 
stress.

L e t us n o w  p ass  to  th e  in te rp re ta tio n  o f  creep  tests . I f  the 
lo n g -te rm  s tre n g th  decrease  is th e  re su lt o f  w a te r  m ig ra tio n  th e  
tim e  fa c to r  o bserved  in  a  creep  te s t w ill d ep en d  n o t  o n ly  u p o n  
the  so il p ro p e rtie s  (i.e. th e  desire  o f  the  clay  p a rtic le s  to  a d so rb

a d d itio n a l w a te r a n d  th e  a m o u n t o f  w a te r  to  be  ad so rb e d  fo r a  
given  s tren g th  decrease) b u t  a lso  u p o n  th e  g eo m etry  o f  the  
sam p le  a n d  th e  w ho le  p a t te rn  o f  th e  s tra in s  w ith in  th e  sam ple. 
T h u s  a  very  ca re fu l in te rp re ta tio n  o f  creep  te s t re su lts  w ill be 
n eed e d  b efo re  it  w ill be  po ssib le  to  ap p ly  in  a  use fu l m a n n e r the  
tim e  fa c to r  values o b ta in e d  fro m  th ese  tests.

P. J . Al l ey (N ew  Z ea lan d )

W ith  so  m an y  acad em ic  p eo p le  a t  th is  co n feren ce  i t  w o u ld  
be  use fu l to  exchange in  som e m a n n e r  o u r  teach in g  m eth o d s  
a n d  o u r  la b o ra to ry  p ro c e d u re  fo r  th e  p re p a ra tio n  o f  u n d e r 
g ra d u a te s  fo r  th e ir  ex am in a tio n s , a n d  also  fo r  th e ir  k now ledge 
in  a f te r  life. N a tu ra lly  th e re  sh o u ld  n o t  be  an y  se t system  o f  
g a in in g  th ese  req u irem en ts , a n d  acad em ic  freed o m  a n d  cho ice  
o f  teach in g  m eth o d s  a t  a ll tim es sh o u ld  be o bserved . A  te ach e r 
ten d s to  b eco m e s te reo ty p ed  in  h is m e th o d s , a n d  an  exchange 
o f  in fo rm a tio n  w o u ld  be o f  va lue.

A t C a n te rb u ry  U n iv e rsity  C ollege th e  a im  in  th e  la b o ra to ry  
is th a t  th e  s tu d e n t sh a ll p e rfo rm  as  m u ch  in d iv id u a l w o rk  as 
possib le . T h is  c a n  be  acco m p lish ed  in  th e  sim p le  tests , such  
as L L , P L , sh rin k ag e  lim it, l in ea r sh rin k ag e , specific g rav ity , 
m o is tu re  c o n te n t versu s  th e  n u m b e r  o f  b low s, p a rtic le  size 
d e te rm in a tio n  w ith  h y d ro m e te rs  a n d  p ip e tte s , m echan ica l 
analysis, e tc . T o  d e m o n s tra te  tech n iq u es i t  is ad v isab le  to  
p e rfo rm  th e  te s t firs t, a n d  n o t  to  leave th is  to  p r in te d  in s tru c 
tio n s . O th e r  tests  such  as  p e rm eab ility  tests , co m p ac tio n , 
r o a d  tests , tr iax ia l co m p ressio n , u n co n fin ed  co m p ress io n  an d  
d ire c t sh e a r  tests  a re  b e tte r  ru n  in  g ro u p s. S e ttlem en t tests 
c a n  be  w ell p e rfo rm ed  by  allow in g  an  in te rv a l o f  5 to  10 m in u tes  
betw een  each  in c rem en t o f  lo ad in g . T o  co m p le te  th e  course , 
field  tr ip s  a re  m ad e , a n d  au g erin g , sam p lin g  a n d  u n d is tu rb e d  
sam p lin g  a re  d o n e , a n d  field  den sity  by  a ll th e  k n o w n  m eth o d s  
p e rfo rm ed . A lso  v an e  a n d  p e n e tra tio n  eq u ip m e n t is d e m o n 
s tra te d . T h e  co u rse  fo r  th e  la b o ra to ry  w o rk  is 36 h o u rs , 
lec tu res 26 h o u rs  a n d  p ro b lem s 26 h o u rs . T h e  p re sen t a re a  o f  
th e  la b o ra to ry  is 1000  sq . f t ., b u t  th e  new  eng in eerin g  school 
w ill h av e  2000 sq . ft. T h e  p re se n t space p e rm its  g ro u p s  o f
12 s tu d en ts  to  w o rk  a t  o n e  tim e. Soil m ech an ics is a  sep ara te  
su b jec t in  th e  u n iv e rs ity  sy llabus.

T he C hairm an

I  n o w  a sk  th e  A ss is tan t R e p o r te r  to  su m m arize  the  d is 
cussio n .

A ssistan t R ep o rte r

I t  is q u ite  im p o ssib le  in  th e  sh o r t  tim e th a t  is ava ilab le  to  
co v er th e  c o n te n t o f  a ll th e  c o n tr ib u tio n s  th a t  h av e  been  m ad e  
an d , m o reo v e r, to  d o  so  in  such  a  w ay th a t  th e  co m m en ts  
w o u ld  be w o rth  lis ten in g  to .

I  w ill th e re fo re  sim ply  say  th a t  p ro b a b ly  th e  m o st im p o r ta n t 
im p ressio n  I  have  fro m  th is  d iscussio n  is th a t  th e  p ro fess io n  is 
ce rta in ly  b eco m in g  m o re  a n d  m o re  aw are  o f  th e  c ircu m stan ce  
th a t  th e  sh e a r s tre n g th  ch a rac te ris tic s  a n d  th e  d e fo rm a tio n  
ch a rac te ris tic s  o f  so ils a re  by  n o  m ean s m a te r ia l co n s tan ts . 
O n  th e  c o n tra ry  th ey  m ay  d ep en d  o n  a la rg e  n u m b e r o f  fac to rs  
w h ich  I  believe w e h av e  n o  possib ility  o f  ag ree ing  o n  no w —  
th a t  gives us ju s t  o n e  m o re  rea so n  fo r  lo o k in g  fo rw a rd  to  the  
n ex t conference !

M . E . Buisson (F ran ce)

II a rr iv e  so u v en t qu e  des so ls sab lo -lim o n eu x  a tte ig n en t des 
résis tances re la tiv em en t élevées à  la  co m p ressio n , lo rsq u ’ils 
so n t secs. D ’u n e  faço n  classique, o n  se m éfie de  ces sols, e t 
on  leu r a ttr ib u e , en  g énéra l, un e  fo rce  p o r ta n te  q u i n e  dépen d

115



p as  de  la  cohés ion  e t est, p a r  con séquen t, basée u n iqu em en t su r 

le fro ttem en t. D an s  ce rta in s  cas, n éanm o in s , on  est am ené  à  

env isager des fo n d a tio n s  su r  de te ls  so ls p o u r  rec h e rch e r le 
m ax im u m  d ’écono m ie . D a n s  ces c o n d itio n s , il e s t n écessaire  de 
m esu re r la  rés is tan ce  n o ta m m e n t à  la  co m p ress io n  de  ces sols, 
lo rsq u ’ils so n t n a tu re lle m e n t sa tu ré s  o u  b ien  de n ’a ttr ib u e r  au x  
so ls en  q u es tio n  q u e  la  rés is tan ce  q u i est tro u v ée  so it  au x  essais 
tr iax iau x , so it év en tu e llem en t au x  essais  de c isa illem en t ap rès 
sa tu ra tio n  n a tu re lle , p a r  s im p le  m ise en  p résen ce  de  l ’eau .

A u  la b o ra to ire  d u  B u rea u  V eritas , n o u s  p ro céd o n s  sim p le 
m e n t su r  des éch an tillo n s  p ré levés en  v u e  d ’essais  de  co m p res 
s io n  san s c o n tra in te  la té ra le . L a issan t ces é ch an tillo n s  d an s 
le tu b e  c a ro ttie r , o n  les em pêche  de  gonfler e t  o n  les m e t en  
p résen ce  d ’eau  ju s q u ’à  a b s o rp tio n  d ’eau  m ax im u m . A  ce 
m o m en t, o n  d é c a ro tte  les é ch an tillo n s  e t  o n  les essaie  à  la  
co m p ressio n . I ls  c o n tie n n e n t en  gén éra l en co re  u n  p e u  d ’a ir, 
m a is  il sem ble  q u e  ce  p ro céd é  so it  su ffisan t p o u r  o b te n ir  
l ’ab a issem en t m a x im u m  de  la  v a leu r de  la  rés is tan ce  à  la  c o m 
p re ss io n , a u  m o m e n t o ù  la  s a tu ra tio n  e s t p ra tiq u e m e n t a tte in te .

N o u s  av o n s a in si tro u v é  des résis tan ces p o u v a n t v a r ie r  de 
p lu sieu rs  k ilo g ram m es p a r  c m 2 à  q u e lq u es cen ta in es  de  g ram m es 
seu lem en t, avec des gam m es in te rm éd ia ire s  c o r re sp o n d a n t à  
u n e  te n e u r en  arg ile  p lu s  im p o rta n te .

C e p ro céd é  trè s  sim p le  p e rm e t de  p ré v o ir  l ’in flu ence de  
l’in tru s io n  éven tuelle  de  l ’e a u  s u r  la  s tab ilité  des fo n d a tio n s  d u  
fa it d ’u n e  é lév a tio n  év en tu e lle  d u  p la n  d ’eau  d û  à  des fu ite s  de 
can a lisa tio n s .

B ien  e n te n d u , les p ré c a u tio n s  en  ré s u lta n t d o iv en t ê tre  co m 
p lé tées si l ’a b s o rp tio n  d ’eau  o u  l’é v a p o ra tio n  e n tra în e n t des

ch an g em en ts  de  v o lu m e d a n s  le so l. M a is  il a rr iv e  so u v en t, en  
F ra n c e , q u e  ces ch an g em en ts  de  v o lu m e d ev ien n en t trè s  fa ib les 
d an s  u n  g ra n d  n o m b re  de  cas , ce  q u i ju stifie  ce  p ro céd é .

W. M. Kir kpa t r ick (U.K.)

T h e  fo llo w in g  is in  rep ly  to  q u es tio n s  ra ise d  by  P . H a b ib  
in  th e  o ra l d iscussio n  in  re feren ce  to  m y  P a p e r  lb /9 .

H a b ib ’s first q u es tio n  re fers  to  th e  re su lts  o f  th e  triax ia l c o m 
p re ss io n  a n d  ex ten sio n  tests  o n  a  san d  d escrib ed  in  m y  p a p e r . 
T h ese  re su lts  sh o w ed  th a t  th e re  w as n o  ap p rec iab le  d ifference 
in  th e  ang le  o f  in te rn a l fr ic tio n  m easu red  in  th e  tw o  types o f  
tes t. T h is  find ing  is in  ag reem en t w ith  re su lts  p u b lish e d  by  
Bishop a n d  El din (P ro c . 3 r d  C o n f ,  V ol. I ,  p . 100) b u t  d iffers 
fro m  re su lts  re p o r te d  b y  Pel t ier  (in c lu d in g  re su lts  o f  P. Habib) 
(P roc . 4 th  C o n f., V ol. I ,  p . 179).

T h e  d ifferences be tw een  m y  re su lts  in  th e  tr iax ia l te s ts  a n d  
th o se  s ta te d  in  th e  p a p e r  b y  P e ltie r m u s t b e  d u e  to  so m e basic  
d ifference in  th e  c o n d itio n s  o f  test. U n less  th ese  c o n d itio n s  
a re  k n o w n  fu lly  o n e  c a n  o n ly  sp ecu la te  as  to  th e  rea so n s  fo r  th e  
d ifferences. I  k n o w  w h a t th e  co n d itio n s  in  m y  tests  w ere  an d  
these  w ere  p u b lish ed , in  a s  g re a t d e ta il a s  space a llo w ed , in  the  
P ro ceed in g s. V ery  little  in  th e  w ay  o f  te s t d e ta il  w as how ever 
given  in  P e ltie r’s p a p e r .

A  s ta te m e n t m ad e  by  A . C a sag ran d e  in  h is in tro d u c tio n  to  th e  
d iscu ssio n  in  Sessio n  1 o f  th e  3 rd  C o n fe ren ce  c a n  ap tly  be  
reca lled  h ere— ‘w ith o u t fu ll k n o w led g e  o f  every  d e ta il o f  a  te s t 
o n  th e  s tre n g th  o f  clays, i t  is v irtu a lly  im p o ssib le  fo r  m e  to  
u n d e rs ta n d  w hy I  o b ta in  re su lts  a n d  a rr iv e  a t  co n c lu sio n s

kg/cm 2
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w hich  a re  d ifferen t, fundam en ta lly  d ifferen t a t  tim es, from  those  

o b ta in ed  in  o th e r  la b o ra to r ie s ’. T h is  s ta tem en t w as m ad e  in  

re fe rence  to  th e  rep o rtin g  o f  tests  on  clays b u t  i t  is app licab le  

to  th e  rep o rtin g  o f  tests  o n  sands, concre te , o r  any  o th e r  

m a te ria l.

H ab ib  ask s i f  th e  differences a re  d ue  to  th e  g ra d ing  o f  the  

sa n d ?  I  shou ld  n o t  th in k  th is  to  be  so , b u t  it  c o u ld  easily be 
p ro v e d  by c o m p arin g  th e  g ra d in g  curves fo r  th e  m a te ria ls  used  
in  th e  tests  re p o rte d  by  P eltier, w h ich  w ere n o t  illu s tra te d , w ith  
th e  cu rv e  fo r  th e  m a te ria l u sed  by  m e given  in  m y  p ap e r.

I  -th ink a  m o re  likely rea so n  fo r  th e  d ifferences is a  m isu n d e r 
s tan d in g  in  th e  m ean in g  o f  th e  te rm  ‘fa i lu re ’. I n  m y  p a p e r 
fa ilu re  w as defined  as th e  p e a k  p o in t o n  th e  s tre s s -s tra in  cu rve. 
F o r  tests  o n  san d s i t  is ty p ica l th a t  th e  d ev ia to r stress increases 
fro m  zero  to  a  m ax im u m  a n d  th e n  red u ces to  values lo w er th a n  
th e  m ax im u m . T h e  m ax im u m , o r  p e a k  p o in t, is th e  on ly  
defin ite  p o in t o n  th e  s tre s s -s tra in  curve. M y  resu lts  ag ree  w ith  
th o se  o f  B ish o p  a n d  E ld in  w here  fa ilu re  is sim ila rly  defined.

N o  d efin itio n  o f  fa ilu re  c a n  be  fo u n d  in  P e ltie r’s p a p e r  b u t  i f  it 
w ere  n o t  th e  p e a k  p o in t  th e  re a so n  fo r  th e  d ifferences betw een  
th e  resu lts  m ay  n o t  be  h a rd  to  find. I f  fa ilu re  w as assu m ed  as 
o ccu rrin g  a t  som e a rb itra r i ly  ch o sen  ax ia l s tra in  in  th e  tw o  tests  
th e  d e v ia to r  stress w o u ld  be  low er (an d  co n seq u en tly  th e  ang le  
o f  in te rn a l fr ic tio n ) in  th e  case  o f  th e  ex ten sio n  test. T h e  
re a so n  fo r  th is  is th a t  th e  d e v ia to r  s tre ss-ax ia l s tra in  cu rv e  fo r 
th e  co m p ress io n  te s t is s teep er a n d  reach es its  m ax im u m , th e  
sam e m ax im u m  as fo r  th e  ex ten sio n  te s t a t  a n  eq u iv a len t 
p o ro s ity , a t  a  lo w er v a lu e  o f  ax ia l s tra in  th a n  in  th e  ex tension  
test. T h e  fac t th a t  th e  cu rves fo r  th e  tw o  tests  a re  n o t  c o m 
p a ra b le  is n o t  re m a rk a b le  since th e  ax ia l s tra in  is a  m a jo r  
p rin c ip a l s tra in  in  th e  case  o f  th e  co m p ress io n  te s t a n d  a  m in o r 
p rin c ip a l s tra in  in  th e  ex ten sio n  test.

H a b ib ’s o th e r  q u e s tio n  w as o n  th e  effect o f  d ila tio n  o n  th e  
v a lu e  o f  th e  in te rm ed ia te  p rin c ip a l stress in  th e  th ick  cy linder 
tests .

T h e  effect o f  d ila tio n  sh o u ld  n o t  a lte r  th e  v a lu e  o f  th e  axial
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stress  from  th a t  ca lcu la ted , n e ith e r  sh o u ld  i t  a lte r  th e  p o s itio n  

o f  th e  in te rm ed ia te  p rin c ip a l stress (ax ia l stress) in  re la t io n  to  

th e  m a jo r a n d  m in o r  p rin c ip a l stresses. Ev en  i f  th ese  a l te ra 
t io n s  d id  tak e  p lace  th e  v a lu e  o f  th e  ax ia l stress m u st be such  
as to  re m a in  in te rm ed ia te  be tw een  th e  values o f  th e  o th e r  tw o  
p rin c ip a l stresses, o th erw ise  th e  m o d e  o f  fa ilu re  o f  th e  sam p le  
w o u ld  be  d iffe ren t fro m  th a t  observed .

T h e  re su lts  o f  th e  th ick  cy lin d er tests  a c t to  co n firm  th o se  o f  
th e  triax ia l tests  a n d  allow  th e  co n c lu sio n  to  be  d raw n  th a t  the  
M o h r-C o u lo m b  th e o ry  is ap p lica b le  in  p re d ic tin g  fa ilu re  in  
san d s u n d e r  fu lly  d ra in e d  co n d itio n s . If , fo r  th e  sak e  o f  a rg u 
m en t, i t  is assu m ed  th a t  th e  ax ia l stress in  th e  th ick  cy linder 
tests  a d o p te d  a  v a lu e  e ith e r  c lo se r to  th e  m a jo r  p rin c ip a l stress 
o r  c lo ser to  th e  m in o r  p rin c ip a l stress th a n  th a t  ca lcu la ted , th e  
p o in ts  o n  th e  su rface  o f  fa ilu re  th a t  th is  rev ised  stress system  
rep resen ts  w o u ld  still lie  close  to  th e  th eo re tica l M o h r-C o u lo m b  
su rface  b u t  th ey  w o u ld  be  n e a re r  to  th e  d irec tio n s  1 o r  2  th a n  
th o se  illu s tra te d  in  F ig . 9 o f  m y  p a p e r . T h e  th ick  cy lin d er 
re su lts  w o u ld  th u s  still p ro v id e  co n firm a tio n  o f  th e  ap p licab ility  
o f  th e  M o h r-C o u lo m b  th eo ry .

C o rrec tio n  to  th e  P a p e r lb /1 4

T H E  A N A L Y S IS  O F  T H E  C O N S O L ID A T IO N  
P R O C E S S  B Y  T H E  IS O T A C H E S  M E T H O D

b y  L . Sukl je

T h e  v a lid ity  o f  th e  e q u a tio n  13 is lim ited  by  th e  co n d itio n s

Uq =S/1<7

h fy w c t j . l + e )

4-6052/:

. . . .  (a) 

. . . .  (b)

W h en  t<  t0, h a l f  p a ra b o lic  iso ch ro n es m ay  be  su p p o sed  hav in g  
m ax im u m  value  u 0= A o  a t  a  d is tan ce  z  f ro m  th e  m id p lan e  
(F ig . 19). E q u a tin g  th e  co rre sp o n d in g  seepage speed  a t  th e  
b o u n d a ry  su rface  a n d  th e  co n so lid a tio n  speed  expressed  by 
e q u a tio n  8 , gives

4-6052&/d<r/ 
h - z  = ------------7—  -----  (c)

y w&eh s

T h u s  th e  m ean  a d d itio n a l in te rg ra n u la r  p ressu re , defined  by 
th e  co n d itio n

m ay  be expressed

Aar'h =  $ A o (h  — z )

k t A aA a  =  1-53507 _________

A c  ~  h j y w (1 + e ){  — a e)

(d)

(e)

U sin g  e q u a tio n  e, th e  in itia l p a r ts  o f  som e curves 
(5 ' — e)„=const a n d t  — e, p re sen ted  in  F igs. 3 -6  o f  th e  p a p e r , 
m u s t be  c o rre c te d  in  th e  w ay  sh o w n  in  th e  new  F igs. 19-22.

T h is  c o rre c tio n  h a s  n o  fu r th e r  in fluence o n  th e  tex t o f  th e  
p a p e r  an d  does n o t  ch an g e  th e  co nclusions. N everthe less it  
m ay  be  p o in te d  o u t  th a t  th e  p r im a ry  c o n so lid a tio n  o f  th ick e r 
layers as d e riv ed  by  th e  iso tach es m e th o d  can  t e  fa s te r th a n  the  
o n e  co rre sp o n d in g  to  th e  T e rzag h i’s th eo ry .
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