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T he C hairm an

I  declare  o p en  th e  s ix th  session o f  the  conference , a n d  I  call 
first o n  th e  G en era l R e p o rte r, P. C. R u tledge.

G eneral R eporter

T o  in tro d u ce  th e  sub ject o f  p iled  fo u n d a tio n s  I  sh o u ld  like 
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to  refer to  K . T erzag h i’s c lassifications o f  engineering  m ad e  in 
h is open ing  add ress to  th e  conference. U n lik e  K . T erzag h i, w ho  
d iv ided  eng ineering  in to  tw o  p a rts , th a t  o f  th e  h ead  a n d  th a t  
o f  th e  hips, I sh o u ld  like  to  d iv ide engineering  in to  fo u r p a rts . 
F irs t , th e re  is th eo re tica l engineering , w hich  is based  s tric tly  
o n  th e  resu lts o f  th eo re tica l an a ly se s ; secondly , th e re  is ra tio n a l 
engineering , w hich  is b ased  o n  ra tio n a l p ro cedu res , b u t  is n o t  
based  stric tly  o n  th e  resu lts  o f  th e o ry ; th ird ly , th e re  is in tu itive  
engineering , w hich  is som etim es called  engineering  a r t ,  o r  in  
A m erica  w e say ‘sea t o f  th e  p a n ts ’ eng ineering ; a n d  fou rth ly , 
th e re  is w h a t I  ca ll naive engineering , w hich  p roceeds o n  the  
basis o f  over-sim plification  a n d  elem en tary  fo rm u lae , fre 
quen tly  w ith  in a d eq u a te  basic  in fo rm atio n , to  illogical an d  
som etim es ab su rd  conclusions.

F o rtu n a te ly  fo r  m e, as G en e ra l R e p o rte r, p iled  fo u n d a tio n s  
p re sen t a  com ple tely  p ra c tica l sub jec t w hich  is exclusively 
engineering  a n d  w hich ca n  be  d iscussed in  te rm s o f  th e  p re 
ced ing  classifications. I  am  h ap p y  th a t  th e  m o re  a b s tra c t 
theore tica l p ro b lem s w hich, as J. B rin ch  H an sen  said  yesterday , 
a re  becom ing  to o  difficult fo r  th e  soil m echanics engineers to  
u n d e rs tan d  fall en tire ly  w ith in  th e  dom ain s o f  th e  o th e r  G enera l 
R ep o rte rs . In  p iled  fo u n d a tio n s , I  d o u b t seriously  th a t  any  
th eo ry  will help  a  p ile  to  su p p o rt its load .

T o  begin  w ith  an  op tim istic  no te , I believe th a t  th e  tre n d  in 
design  o f  p iled  fo u n d a tio n s  is in  th e  d irec tion  o f  ra tio n a l 
engineering , a n d  th a t  it is p ro ceed in g  in  th is  d irec tion  fro m  th e  
tw o ex trem es o f  th eo re tica l engineering  a n d  o f  na ive  eng ineer 
ing. T h is tre n d  seems to  m e to  be d em o n stra ted  by  m any  
recen t papers , inc lud ing  those  p resen ted  to  th is conference. A s



a n  exam ple, a  g row ing  body  o f  p ub lished  field o bserva tions 
seem s to  d e m o n stra te  th a t  th e  capac ity  o f  p iles em bedded  
en tire ly  in  clays, even in  th e  stiff an d  h a rd  clays, is lim ited  to  
relatively  sm all lo ad s in  co m p ariso n  w ith  th eo re tica l loads 
co m p u ted  e ith e r fro m  th e  sh ear s tren g th  o f  the  clay  o r  fro m  the  
large d riv ing  resistances th a t  a re  frequen tly  enco u n te red  in such 
soils. F u r th e r , th e re  is a  g row ing  rea liza tio n  th a t  tim e changes 
th e  d is tr ib u tio n  o f  lo ad  tran sfe r fro m  a  p ile  em bedded  partia lly  
o r  w holly  in  so ft clay. W hile  it h a s  been  largely  neglected in 
theories fo r  lo a d  tran sfe r, it seem s qu ite  obv ious th a t  w henever 
lo ad  is tran sfe rre d  fro m  a  p ile  to  so ft clay, th e  resu ltin g  stresses 
in  th e  clay will cause  co n so lid a tio n . T h e  settlem ents in  th e  clay 
caused  by  co n so lid a tio n  w ith  respec t to  th e  pile , w hich  does n o t 
co nso lida te , w ill inev itab ly  cause  changes in  m ag n itu d e  a n d  
lo ca tio n  o f  lo a d  transfe r. T hese  changes in  d is tr ib u tio n  o f  lo ad  
tran sfe r co n tin u e  over a  long  p e rio d  o f  tim e, u n til  finally  an  
equ ilib rium  co n d itio n  is achieved. U n fo rtu n a te ly , these  tim e 
effects hav e  been  largely  ig n o red  in  m o st o f  th e  p ub lished  
rep o rts  o n  tests o n  th e  so-called  in s tru m en ted  piles in  w hich 
d is tr ib u tio n  o f  lo ad  tra n s fe r  fro m  piles to  so ft clays h as been  
m easured .

P iled  fo u n d a tio n s  a re  som ew hat u n iq u e  in  o u r  general field 
o f  fo u n d a tio n  eng ineering  in  th a t  h e re  we hav e  m any  com 
m ercial o rg an iza tio n s w ith  large financial in terests in  supply ing  
a n d  in sta lling  p iled  fo u n d a tio n s . W ith  all d ue  respec t to  m y 
m any  friend s in  these  o rg an iza tio n s, I  believe th a t  they  have , to  
say th e  least, n o t  d iscou raged  th e  n a ive  engineering  a p p ro ach  
to  p iled  fo u n d a tio n s , pa rticu la rly  w hen  they  a re  try in g  to  sell 
p a ten te d  types o f  piles o r  very  la rge  lo ad s o n  piles. I  reg re t 
also th a t  som e engineers still seem  to  set aside  th e ir  n o rm al 
ra tio n a l processes w hen  it com es to  p iles an d  to  assum e th a t  the  
sim ple  a c t o f  p o u n d in g  a  p ile  in to  th e  g ro u n d  au to m a tica lly  
assures a  safe fo u n d a tio n .

G e ttin g  b ack  to  ra tio n a l engineering  in  th e  design  o f  p iled  
fo u n d a tio n s , I  believe th a t  th e re  a re  th ree  p o in ts  o f  m a jo r 
im portance .

(1) In  o rd e r  fo r  p iles to  ca rry  fo u n d a tio n  loads sa tisfacto rily  
th e  piles m u st te rm in a te  a t  o r  in  a  b ea rin g  s tra tu m  w hich  is 
cap ab le  o f  tak in g  th e  fu ll lo a d  o u t  o f  th e  p iles by  sk in  fric tion , 
by  p o in t resis tance  o r  by  b o th . T h e  d e te rm in a tio n  o f  sa tis 
fac to ry  b ea rin g  s t ra ta  sh o u ld  be m ad e  fro m  th e  resu lts  o f  an  
a d eq u a te  n u m b e r o f  g o o d  ex p lo ra to ry  borings. P aren the tica lly , 
it is y o u r  R e p o r te r’s o p in io n  th a t  it  is fu tile  even  to  discuss 
p iled  fo u n d a tio n s  w ith o u t firs t h av ing  availab le  g o o d  subso il 
profiles fro m  borings. In  general, it is m y p erso n a l op in io n  
th a t  i t  is becom ing  m o re  a n d  m o re  ev iden t th a t  th e  only  tru ly  
sa tisfac to ry  b earin g  s tra ta  fo r  p iles a re  g ra n u la r soils o r  so u n d  
rock.

(2) W ith  a d eq u a te  tran sfe r o f  lo ad s fro m  th e  piles to  a  b e a r 
ing s tra tu m , th e  p e rfo rm an ce  o f  a  p iled  fo u n d a tio n  is co n tro lled  
by th e  m ate ria ls  in  th e  so il pro file  below  th e  p ile  tips. I t  is 
obv ious th a t, i f  com pressib le  soil s tra ta  ex ist below  th e  b earin g  
s tra tu m  in  w hich  th e  piles te rm in a te , se ttlem ents will resu lt. 
Such com pressib le  s tra ta  a re  n o t  chang ed  in  an y  w ay by  th e  
act o f  d riv ing  piles, a n d  th e  piles ca n  only  be beneficial in  
m in im izing  settlem ents d ue  to  com pressib le  s tra ta  w hich  they 
pen e tra te  com ple tely .

(3) M o st theories fo r  bearing  capac ity  o f  p iles a n d  p ractically  
all lo a d  tests o n  full-scale piles a re  fo r  single piles. In  p ractice , 
how ever, p iles ra re ly  o ccu r as ind iv iduals a n d  a re  a lm o st alw ays 
used  in  closely spaced  g ro u p s o r  clusters. T hese  usually  a re  
n o t te sted  because o f  the  large  loads involved  a n d  th e  ra th e r  
large cost. F u r th e r , lo ad  tests a re  a lm o st alw ays o f  sh o rt 
d u ra tio n , w hereas th e  a c tu a l lo ad in g  o f  p ile  fo u n d a tio n s  covers 
long  periods o f  tim e. T h u s th e  resu lts  o f  b o th  theories an d  
p ile  lo a d  tests ca n  b e  used  only  as gu ides to  engineering  ju d g 
m ent a n d  in  them selves ra re ly  have  any  d irec t significance fo r  
fo u n d a tio n  design.

I  h o p e  th a t  th o se  ta k in g  p a r t  in  th e  d iscussion  in th is  D iv ision  
will keep  th o se  th ree  p o in ts  in  m ind .

In  closing, I  w ish to  m en tio n  th a t  th e  a r t  o f  engineering  com es 
in to  th e  driv ing  o f  piles. In  n a tu re , th e  bearin g  s tra ta  fo r  piles 
a re  ra re ly  u n ifo rm  in  d ep th , th ickness o r  consistency . Selec 
t io n  o f  driv ing  eq u ip m en t an d  driv ing  p ro ced u res w hich will 
secure a d eq u a te  a n d  u n ifo rm  res is tance  o f  p iles fo r  a  fo u n d a 
t io n  in  a  b earin g  s tra tu m  w ith o u t dam age  to  th e  s tru c tu ra l 
in teg rity  o f  the  piles o r  to  th e  su p p o rtin g  capac ity  o f  th e  bearing  
s tra tu m  is a n  a r t  based  o n  experience a n d  ju d g m en t. H e re  I 
believe th a t  dynam ic  fo rm u lae  m ay som etim es be used  as a 
gu ide fo r  co n tro l o f  p ile  driv ing , even th o u g h  they  m ay  have  
little  re la tio n sh ip  to  the  design lo ad  o n  th e  piles.

I  sha ll n o t  tak e  y o u r tim e by  rep ea tin g  th e  recom m ended  
top ics fo r  d iscussion  as listed  in  th e  G en e ra l R e p o r t  fo r  th is 
D iv ision , because I  am  su re  th a t  such  rep e titio n  w ou ld  have  no  
effect w hatsoever o n  th e  m an y  d iscussions th a t  a re  already  
p rep ared .

G . G . M e y e r h o f  (C anada)

T h e  in teresting  p a p e r  (3b /6 ) by  M . P. P. d o s  S a n t o s  an d  
N . A . G o m e s  show s th a t  a  rea so n ab le  estim ate  o f  th e  u ltim a te  
bearin g  capac ity  o f  p iles can  be o b ta in e d  fro m  soil tests an d  
sim ple  s ta tic  th eo ry  if  th e  piles a re  em b edded  en tire ly  e ith e r in  
clay o r  in  san d  o f  fa irly  c o n s ta n t re la tive  density . H ow ever, 
w here  piles a re  d riven  th ro u g h  clay in to  san d  o r  th ro u g h  loose 
san d  in to  dense san d , th e  th eo re tica l p o in t resis tance  in  the  sand  
will b e  to o  h igh  unless th e  ac tu a l em b ed m en t ra t io  o f  d e p th / 
w id th  o f  p iles w ith in  th e  low er s tra tu m  o r  denser p o r tio n  is 
ta k e n  in to  accou n t. F ro m  a n  analysis o f  pub lished  resu lts  o f  
p ile  lo ad in g  tests, I  p rev iously  suggested ( M e y e r h o f ,  1951) a 
m in im u m  em bedm en t ra tio  o f  10, w hich is su p p o rted  by 
P a p e r 3b /10  by  A . K ezdi. F o r  sm aller em bedm en ts the  
th eo re tica l p o in t bea rin g  capac ity  fa c to r  w as sho w n  to  be 
red u ced  ro u gh ly  in d irec t p ro p o rtio n  to  th e  em b ed m en t ra tio . 
M o reover, th e  average soil p ro p erties  to  be  used  in  estim ating  
th is  p o in t res is tance  a re  th o se  w ith in  th e  fa ilu re  zone, w hich 
theore tica lly  depen ds o n  th e  fr ic tio n  ang le  <f> a n d  ex tends from  
th ree  o r  fo u r  tim es th e  pile  d iam ete r above  base level to  a  d ep th  
o f  a b o u t o ne  p ile  d iam ete r below  th e  base ( M e y e r h o f ,  1952). 
T h e  im p o rtan c e  o f  these  lim its o f  th e  govern ing  soil s tren g th  
n e a r  p ile  p o in ts  is fu lly b o rn e  o u t by  th e  analyses c o n ta in ed  in 
P a p e r 3b /15  by C . v a n  d e r  V e e n  a n d  L . B o e r s m a  a n d  P a p e r 
3 b /16 by  A . F . v a n  W e e l e  a n d  sho u ld  lead  to  a  c loser estim ate  
o f  th e  s ta tic  bearing  capac ity  o f  p iles resting  o n  sands.
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B . H a n s e n  (D en m ark )

I  sh o u ld  like  to  ra ise  a  few p o in ts  concern in g  the  bearing  
capac ity  o f  single piles in  sand.

I t  can  easily be agreed  th a t  a  p ro p e r u n d e rs tan d in g  o f  th is 
p ro b lem  can  only  be o b ta in e d  if  a  re liab le  m eth o d  o f  co m p u tin g  
s ta tically  th is  b ea rin g  capac ity  c an  b e  fou nd . In  th is  co n 
n ec tio n  it  is especially  in teresting  to  n o te  th a t  th e  resu lts  o f
H . O . I r e l a n d  (3b /9) ind ica te  m uch  h igher values o f  skin  
fr ic tio n  in san d  th a n  have  p rev iously  been  assum ed . T h is is in 
acco rdance  w ith  recen t lo ad in g  a n d  pu lling  tests w hich have 
been  m ad e  in  D e n m a rk  in con n ec tio n  w ith  th e  consu lta tive  
p rac tice  o f  the  D a n ish  G eo techn ica l In s titu te . W e have  fou nd  
fac to rs  o f  sk in  fr ic tio n  o f  th e  sam e o rd e r o f  m ag n itu d e  as those  
given  in  th e  p a p e r by  H . O . Ire lan d , b u t I  do  n o t  th in k  it  is
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desirab le  to  express them  by m eans o f  a  R a n k in e  passive e a r th  
p re ssu re  m u ltip lied  by  ta n  <f>. T h is ca n  be con fusing  because 
R a n k in e ’s e a r th  p re ssu re  is co m p u ted  u n d e r th e  specific assu m p 
tio n  th a t  th e  w all is sm oo th . T h e  passive e a r th  p ressu re  o n  a  
ro u g h  w all is m u ch  h igher, so  th a t  th e  resu lts  c a n n o t p ro perly  
be in te rp re ted  in  th is  way.

T h e  sc a tte r o f  th e  te s t resu lts ro u n d  th e  bearing  capacities 
com p u ted  s ta tically  seem s to  b e  o f  th e  sam e o rd e r o f  m ag n itu d e  
as th a t  fo u n d  by  th e  dynam ic  pile  d riv ing  fo rm u lae . A lth o u g h  
th e  d e te rm in a tio n  o f  b ea rin g  capacities by  m eans o f  a  p ile  
driv ing  fo rm u la  is n o t  theo re tica lly  a  very sa tis fac to ry  m ethod , 
it seem s to  be  o n e  o f  th e  m o st re liab le . T h e  accu racy  o f  th is 
m eth o d  can  be  fu r th e r  increased  if  a  lo ad in g  te s t is perfo rm ed  
so  th a t  a  co rrec tio n  fa c to r  can  be  in tro d u ced  in  th e  dynam ic  
fo rm u la . T h e  s ta n d a rd  dev ia tio n  fo r  th e  piles o n  a  fa irly  h o m o 
geneous site  will th en  be  app reciab ly  sm aller th a n  in d ica ted  in 
P a p e r 3b/13.

I t  seem s to  b e  th a t  a lm o st every co m p ariso n  betw een  lo ad in g  
tests a n d  pile  d riv ing  fo rm u lae  u n til now  hav e  resu lted  in  the  
p ro p o sa l o f  a  new  p ile  d riv ing  fo rm u la . P e rh ap s it is n o t  
su rp rising , therefo re , th a t  T . S o r e n s e n  a n d  m yself (3b /13) have 
fo u n d  i t  exped ien t to  do  exactly  th e  sam e th ing . I t  w as o u r 
in ten tio n  to  find  a  fo rm u la  w hich  w as as accu ra te  as th e  best o f 
th e  ex isting  ones a n d  as easy to  u se  in  p rac tice  as possib le .

T h e  d im ension less co n sid era tio n s in  o u r  P ap e r 3b/13  m ake 
it possib le  to  o b ta in  very sim ple d riv ing  c rite ria  in  o rd e r to  
avo id  over-d riv ing  a n d  cru sh in g  o f  th e  pile. F ro m  th e  g raphs 
it can  be seen th a t  a  p ile  o u g h t n o t to  be  d riven  h a rd e r  th an  
c o rresp o n d in g  to  Q IQ o  =  0 -9 ,  w here

Q o  =  (2  a W H ^ f

T o  2 /G o  g re a te r th a n  0-9 co rre sp o n d  very sm all se ttlem ents per 
b low , so  th a t  th e  driv ing  is u n eco nom ical a n d  in  ex trem e cases 
im possib le. I f  Q I Q 0 is less th a n  a b o u t 0-9 it can  also  easily be 
sho w n  by  considering  th e  sho ck  w aves in  th e  p ile  th a t  the  
m ax im um  com pression  stress in  th e  p ile  is g iven by  a =  
Q 0 fVpi j A W ± .  I f  a  becom es g re a te r th a n  th e  s tren g th  o f  the  
p ile  m a te ria l th e  p ile  to p  will b e  cru shed . F o r  sm aller values 
o f  a  c ru sh in g  ca n  also  o ccu r if  Q j Q 0 is to o  g reat. T h e  sho ck  
w aves can  th e n  b e  reflected  fro m  th e  p ile  tip  so  th a t  c ru sh ing  
c a n  o ccu r there . T a k e n  toge the r, th e  tw o c rite ria  give fo r  each  
sep a ra te  case  u p p e r lim its fo r  W p j W  an d  H ,  w hich  hav e  to  be 
obeyed  if  i t  is to  be possib le  to  d rive  th e  p ile  to  th e  desired  
bearin g  capac ity  w ith o u t c ru sh in g  it d u rin g  th e  process.

R . l ’H e r m i n i e r  (F rance)

L e  p é n é tro m è tre  e t le p o u v o ir p o r ta n t  des pieux.
P o u r  év a luer le  p o u v o ir p o r ta n t  des p ieux , l’ingén ieur 

géotechnicien  d ispose d e  deux  m éthod es générales: o u  bien  
p ré lever des échan tillons in tac ts  d an s les différentes couches 
ren co n trées  ; ou  b ien  u tilise r u n  p é n é tro m è tre  à  cone.

D a n s  le p rem ier cas, o n  dé te rm in e  les carac téris tiques 
m écan iques, e t en  p articu lie r l’angle  de fro tte m e n t in te rn e  e t la  
co h ésio n  de c h aq u e  so l échan tillonné , e t à  p a r tir  d e  ces re n 
se ignem ents précis , o n  calcu le  le p o u v o ir p o r ta n t  d u  p ieu  en  
u tilisa n t les fo rm u les q u i a p p a ra issen t les p lu s  app rop riées . 
O r  ces fo rm u les so n t e n  p le ine  évo lu tion . Ju sq u ’à  ces tem ps 
d ern ie rs , l ’effo rt en  p o in te  é ta it  fixé à  l ’a ide  des fo rm u les 
é tab lies  p o u r  les fo n d a tio n s  quasi-superficielles. D ep u is  la  
p u b lica tio n  fa ite  p a r  G . G . M e y erh o f d an s la  rev ue  G é o te c h n i 

q u e  de  D écem bre  1951, o n  a  reconsidéré  com plè tem en t le 
p ro b lèm e  e t les fo rm u les nouvelles actuelles d o n n e n t p o u r  la  
p o in te  u n e  co n tra in te  de ru p tu re  b eau c o u p  p lus élevée. 
D ’au tre s  fo rm u les ap p a ra issen t d ’année  en  année , de  telle  so rte  
q u e  si le p o in t de  d é p a r t  (ca rac téris tiques m écan iques d u  sol) 
e st ce rta in , le p o in t d ’arrivée  (p o u v o ir p o r ta n t  des pieux) p eu t

p re te r  à  d iscussion . D ’a u tre  p a r t,  les p ieux  so n t e n  général 
u tilisés p o u r  asseo ir u n e  fo n d a tio n , p a r  leu r in te rm éd ia ire  su r  
u n e  couch e  rés is tan te  p lus o n  m o ins p ro fo n d e . E n  F ra n ce , 
ce tte  couch e  ré s is tan te  est so u v en t con stitu ée  p a r  des a lluv ions 
anciennes sab lo-graveleuses. L ’ang le  de  fro tte m e n t d e  ces 
alluv ions est élevé e t difficilem ent dé te rm inab le  en  la b o ra to ire .
Il suffit q u e  l ’e rre u r so it de  2° à  3°, p o u r  q u e  le  p o u v o ir p o r ta n t  
évalué à  l’a ide  des fo rm u les de  p o in te , varie  d u  sim ple  ou  
double .

E nfin , le sol est p re sq u e  to u jo u rs  h é térogèn e  e t p lu s  o u  m o ins 
stratifié . E t  au cu n e  fo rm u le , à  m a  conna issance , n e  d o n n e  le 
p o u v o ir p o r ta n t  d ’u n  p ieu  dans u n  tel m ilieu.

L ’u tilisa tio n  d ’u n  p é n é tro m è tre  à  cô n e  su p p rim e  o u  p re sq u e  
les difficultés q u e  je  v iens de signaler. L e  p é n é tro m è tre  garde  
le secret des fo rm u les q u ’il u tilise  p o u r  d é te rm in e r l ’effo rt en  
p o in te  e t le  fro tte m e n t la té ra l, m ais  les ré su lta ts  so n t exacts.

T ou tefo is  u n e  a u tre  difficulté se  p résen te . C o m m en t p asse r 
d u  p o u v o ir p o r ta n t  d ’u n  p e tit  p ieu  d e  3 à  6 cm , d e  d iam ètre , à  
celui d ’u n  p ieu  o rd in a ire , n o rm a lem en t utilisé  d an s les trav au x  
de fo n d a tio n  ?

J. K érise l no u s  a  m o n tré  h ier qu e  le  te rm e  N q (je  ne  rev iend ra i 
pas ici su r  sa défin ition  q ue  to u t  le m o n d e  co n n a ît), é ta it  à  la  
fois fo n c tio n  d u  d iam ètre  d u  p é n é tro m è tre  e t de  la  p ro fo n d e u r 
de fiche d an s la  couch e  résis tan te . C es résu lta ts  n ’o n t rie n  
d ’é to n n a n t. E t  déjà, a u  co u rs  des jo u rn ées  de M é c a n iq u e  d e s  
so ls  à  P a ris  en  ju ille t 1952, j ’avais d o n n é  u n e  fo rm u le  de p o in te  
où  le te rm e  N q é ta it  fo n c tio n  d u  ra p p o r t  D j H ,  D  é ta n t  le 
d iam ètre  d u  p iu e  o u  d u  p é n é tro m è tre  e t H  la  fiche. M ais 
j ’ob tenais, si j ’a i b o n n e  m ém oire , des chiffres in férieu rs à  ceux 
p résen tés, p a r  J. K érise l p o u r  les p e tits  d iam ètres . L es c o n 
s idéra tions q u i p ré céd en t in d iq u e n t q ue  le te rm e  N q e s t effective 
m en t u n e  fon ction , n o n  p as seu lem ent de l ’ang le  d e  fro tte m e n t 
in terne , m ais égalem ent d u  ra p p o r t  D / H ,  e t il n ’est p a s  exclu 
qu e  d ’au tres  p a ram è tre s  a p p a ra is s e n t ... I l d o it ré su lte r de  la  
m ise  a u  p o in t  de fac teu rs  co rrec tifs  u n e  p lus g ra n d e  p réc is ion  
dans l ’em p lo i d u  pén é tro m ètre .

Q uo i q u ’il en  so it, les expériences p résen tées p a r  J . K érisel 
m o n tre n t éga lem en t q u e  l ’even tail des va leu rs de N q c o rre 
sp o n d a n t aux  d ifférents d iam ètres , se re ferm e très  n e ttem en t 
lo rsq u e  la fiche H  cro it.

Il a rriv e  m êm e q u e  p o u r  u n e  v a leu r suffisam m ent élevée d u  
d iam ètre  d u  p én é tro m è tre  (60 m m  p a r  exem ple), les différences 
e n tre  le  N q des p ieux  e t celu i m esu ré  a u  p é n é tro m è tre  so n t 
négligeable à  l’échelle  de  n o s conna issances en  m atiè re  de 
p o u v o ir p o r ta n t  des p ieux , sous réserve  q u ’u n e  ce rta in e  p ro 
fo n d e u r d ’an crag e  des p ieux  d an s la  couch e  rés is tan te  so it 
a tte in te : c ’est ce tte  v a leu r p articu liè re  de H ,  qu e  n o u s  avons 
appelée  ‘h a u te u r  c r i tiq u e ’, en  1952.

A . C a q u o t et J. K érise l d o n n e n t d ’a illeu rs d an s l’éd itio n  1956, 
de  leu r T ra ité  d e  M é c a n iq u e  d e s  S o ls ,  les va leu rs q u e  l ’o n  p eu t 
a d o p te r  p o u r  la  h a u te u r  c ritique , e n  fo n c tio n  d ’u ne  p a r t  de  
l ’angle  de fro ttem en t d e  la  couch e  ré s is tan te , o ù  est fichée la  
p o in te  des pieux, e t d ’a u tre  p a r t, d u  d iam ètre  des pieux.

Les co n sid é ra tio n s générales q u i p récéd en t so n t illustrées p a r  
des essais effectués en  1956 a u  B ec d ’A m bés, p rè s  de  B ordeaux .

L a  coupe  d u  te rra in  est la  su iv an te : to u t  d ’a b o rd  14 m  de  vase 
très  p eu  co h éren te ; p u is  7 m  d ’alluv ions anciennes sab lo - 
graveleuses assez résis tan tes ; enfin  des m arnes com pactes.

L es ouvrages envisagés devaien t ê tre  fondés su r  des p ieux  
ancrés d an s la  couch e  sab lo-graveleuse.

A  la  su ite  d ’u n e  cam pagne  de  reconnaissance  effectuée au  
p én é tro m è tre  de 60 m m  de  d iam ètre , l ’em plo i de  p ieux  b a ttu s  
fû t décidé. L ’angle  de fro ttem en t de la  couch e  sab lo-graveleuse 
fû t évalué à  31°, e t la  ‘h a u te u r  c r itiq u e ’ c o rre sp o n d an te  estim ée 
à  1 m  60. 11 en  résu lta  p o u r  les p ieux  u n e  fiche to ta le  de 15 m  
60.

E n  acco rd  avec le m aitre  de l’œ uvre, ces conclusions, dédu ites 
des seuls essais de  p én é tra tio n , fu ren t vérifées p a r  des essais
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de b a ttag e  e t des essais de  fonçage su r p ieux  réels de 0-30 x 
0-30.

U n  p ieu  fû t d o n c  b a ttu  a u  voisinage d ’u n  essai de  p én é tra tio n  
ju sq u ’à  la  co te  —15-60. L e raccou rc issem en t é lastiq u e  d u  
p ieu  e t  d u  so l fû t m esu ré  à  l’a ide  de  fléxim ètres e t l ’in te rp ré ta 
tio n  du  b a ttag e  réa lisée  p a r  ap p lica tio n  de  la  fo rm u le  de H iley, 
d o n t B. H an sen  e t T . S0 ren sen , o n t m o n tré  to u t l ’in té rê t dans 
leurs in te rven tions a u  cou rs  d u  p ré sen t C ongrès. L a  fo rce 
p o r ta n te  d u  p ieu  a insi évaluée fû t  de  125 à  130 tonnes.

A p rès b a tta g e  le p ieu  fû t  foncé à  l’a ide d ’u n  vérin  p re n a n t 
ap p u i su r des fers I .P .N ., fixés à  des charges voisines. L a  
co u rb e  efforts dé fo rm atio n s, rec tifée  co m p te  te n u  d u  ra c 
courc issem ent é lastiq u e  d u  p ieu  e t d u  sol, m o n tra  que la  ru p tu re  
p o u v a it ê tre  considérée  com m e a tte in te  ap rès u n  enfoncem en t 
d u  p ieu  d an s le  so l d ’en v iro n  2-5 cm . C e tte  co u rb e , in te r 
p ré tée  à  l’a ide  de  la  m éth o d e  exposée p as  C . van  d e r V een au  
cours d u  3 èm e cong rès in te rn a tio n a l de  Z urich , d o n n a  u n  
p o u v o ir p o r ta n t  d e  123 tonnes.

O r, o n  p re n a n t l ’enveloppe des valeurs m in im a  données p a r  
l ’essai d e  p é n é tra tio n  d an s  la  traversés de la  couche sab lo- 
graveleuse (il s’ag it de l’essai de  p é n é tra tio n  éxécuté  au  voisinage 
im m éd ia t des essais su r p ieu  d e  0 -3 0 x 0 -3 0 ) la  rés is tance  de 
p o in te  à  15-60 m  de p ro fo n d e u r é ta it  de  128 k g  cm 2, ce  qui 
ra p p o rté  à  la  sec tion  d u  p ieu  rée l fo u rn issa it 115 to n n es  environ . 
D ’a u tre  p a r t  le  fro tte m e n t la té ra l é ta it  d ’env iro n  1 to n n e , à  la  
m êm e p ro fo n d e u r de  15-60. E n  a d m e tta n t des fro ttem en ts  
la té rau x  p ro p o rtio n n e ls  aux  d iam ètres , o n  a rr iv a it a insi p a r  le 
seul éxam en  d u  d iàg ram m e de  p é n é tra tio n  à  u n e  fo rce  p o r ta n te  
g lobale  de  120 tonnes, to u t  à  fa it c o m p arab le  à  celle o b ten u e  
so it p a r  b a tta g e  so it p a r  fonçage.

E n  conclu sion , n o u s  p ensons q u e  l’essai de  p én é tra tio n  d o it 
d o n n e r avec u n e  ap p ro x im a tio n  très  sa tisfa isan te  le p o u v o ir 
p o r ta n t  des p ieux  ancrés d an s u n e  couch e  rés is tan te  sous réserve 
to u te fo is  q u e  d ’u n e  p a r t,  le  d iam ètre  d u  p é n é tro m è tre  so it 
suffisant, e t q u e  d ’a u tre  p a r t  les p ieux  so ien t ancrés d an s la  
couch e rés is tan te , d ’a u  m oins la  ‘h a u te u r c r i tiq u e ’.

T o u te  a u tre  m éth o d e  basée su r l’em p lo i de  form u les a p p a ra it  
à l’h eu re  actuelle  b eau co u p  m oins sûre.

m en t le d iag ram m e C o u lo m b -M o h r . Si o n  p e u t ê tre  perm ise  
la  sim plification , p o u r  po u v o ire  o b te n ir  u n e  idée de la  v a ria tio n  
d u  m o d u le  de  d é fo rm a tio n  e n  fo n c tio n  de  la  p ro fo n d e u r —  on  
p e u t ca lcu le r les va leu rs a „, expression  1, de  la  c o n d itio n  de 
ru p tu re , d ed u ite  d u  d iag ram m e C o u lo m b -M o h r

cr„ =  2C -
cos <j> , v  1 — sin<f>

1 — sin  <j> +  sin  <j>
(2)

D a n s  ce tte  expression  to u te s  les n o ta tio n s  so n t b ien  connues. 
L a  v a leu r K 0 est to u jo u rs  considérée  c o n s tan t e t  hypersta tique . 
D a n s  les cas des so ls a u  rep o s  la  v a leu r K 0 p e u t ê tre  considérée 
co n stan te . E n  ex p lo itan t les co n d itio n s q u e  les sections 
verticales p lanes, sous l’ac tio n  des forces de p esan teu r res ten t 
verticales p lanes, o n  o b tien t l’expression  connu e

K „ =
l - / x

(3)

Sous l ’a c tio n  des forces ex térieures, p ro v e n a n t des fo n d a 
tions, la  v a leu r K 0 n e  p e u t p as ê tre  calcu lée de  l ’expressions 3,

(V

(2)

(3)

D. Lazarevic (Y ugoslav ia)

Je  v o u d ra is  d o n n e r quelques rem arq u es su r le p ro b lèm e de 
varia tions des m odules d e  d éfo rm atio n s du  so l avec la  p ro 
fo ndeur.

Il sem ble légitim e, e n  te n a n t co m p te  de  l’influence des 
poussées d u  so l a u  rep os su r  la  défo rm ab ilité  des couches, de 
p re n d re  e n  co n s id éra tio n  la  possib ilité  des d is trib u tio n s 
curvilignes des poussées —  n o n  seu lem ent h y d ro sta tiq u es, 
com m e o n  fa it hab itue llem en t. L e  sol sollicité , qu i se tasse, se 
tro u v e  d an s l’é ta t  c iném atique  e t le coéfficient d e  poussée  du  
sol a u  rep o s ne  co rre sp o n d  p as  à  l’é ta t  p hysique  d u  phénom ène .

Si o n  p e u t su p p o se r ex istence de la  sim ilitude  a u  p o in t de 
vue de  co m p o rtem en t s ta tiq u e  des so ls rocheux  e t des bé tons, 
on  p e u t fo rm e r u n e  sim ple  lo i de v a r ia tio n  des m odules de 
défo rm a tio n  en  fon c tion  de la  p ro fo n d eu r.

L a  lia ison , co n n u e  com m e la p lu s  sim ple  a u  p o in t  d e  vue 
d ’algèbre, p a rm i la  résis tance d e  ru p tu re  e t de  m o d u le  d ’élasti 
cité , est éxprim ée p a r  la  lo i d ed u ite  des résu lta ts  sta tistiqu es

E 0 =  A ( a n) i (D

D a n s  ce tte  expression  A  e s t u n e  co n stan te , q u i p e u t ê tre  

dé term inée en  m esu ran t su r p lace  E  e t â N  à  la  co n d itio n  co rre 

sp o n d an te , d ’o ù  o n  o b tien t A  =  E / ( â n) i .

L a  co u rb e  in trin sèq u e  d u  b é to n  est rep résen tée  p a r  l’enveloppe 
des cercles de M o h r. A n  ex p lo itan t les résu lta ts  des nouvelles 
recherches d an s le do m ain e  des résis tance des sols rocheux , o n  
peu t conclu re  q ue  ces m até riau x  aussi ne  su iven t p a s  rigourese-

parceq u e  les sections verticales ne  re s te ro n t p lus p lanes, e t les 
valeurs K a se ra p p ro c h e n t vers le coéfficient de  la  butée.

D a n s  le cas d o n n é  les valeurs : C, <j>, y ,  p., E 2=0 p eu v en t ê tre  
m esurées su r  p lace. E n  ex p lo itan t les expressions 1 à  3, on  
p e u t d é te rm in e r la  ligne qu i exprim e la  dépen dence  d u  m odu le  
de  d é fo rm a tio n  e t la  p ro fo n d e u r (z ) .  S u r la  F ig . 1 so n t rep ré 
sen tés en  tra its  p le ins tro is  d ifféren ts m odules de d éfo rm a 
tio n , calculés d an s l ’h ypo thèse : p .= 0-3, K o =  0 -4 3 ;  /x =  0-5, 
K a =  1 e t K a =  ta n 2 (45° +  </>/2) ; y =  1-8 t /m 2, <¿ =  30°. L a  
ligne in te rro m p u e  rep résen te  la  v a ria tio n  p ro b a b le  d u  m odu le  
de  d é fo rm a tio n  sous l’a c tio n  de  su rcharg e  p ro v en an t des fo n d a 
tio n s  e t de  la  p e san teu r d u  sol m êm e. C e tte  co u rb e  se tro u v e  
e n tre  la  co u rb e  E omax, q u a n d  il est üf0 =  ta n 2 (45° +  ^ /2 ) , e t 
E 0min calcu lé  d an s l’hypo thèse  K 0 =  a { \  - p . ) ,  en  p re n a n t p o u r  le 
coéfficient de  P o isson  la  v a leu r m esurée su r p lace. L a  cou rbe  
e n tre  ces deux  rep résen te  le cas idéalisé , q u i concerne  les 
m até riau x  incom pressib le , d an s l’é ta t des tensions h y d ro 
s ta tiq u e : a x  =  a y =  a 2.

L a  ligne po in tillée  rep résen te  E  p ro b ab le . L ’a llu re  d e  ce tte  
ligne dépend  des c irconstences physiques d an s ch aq u e  cas

Variations des m odules 
en fonction de la profondeur

Z { m)

Fig. 1

E0 (k/cm2)
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spécial, e t su r to u t dépend  d u  jeu  d e  tensions h o rizo n ta ls  hyper- 
sta tiques. A  p ré sen te  ép o q u e  il sem ble q u ’o n  p e u t ob ten ire  
une idée d ’évo lu tio n  d u  je u  des forces in ternes seu lem ent en  
m esu ran t su r p lace  les d é fo rm atio n s q u i ca rac té r isen t le 
phénom ène.

P o u r  p o u v o ir su ivre  quelques d é fo rm atio n s in téréssentes, 
nous som m es a u  co u rs  d ’é tu d e  de  deux  ap p are ils  spéciaux . 
D a n s  le m êm e b u t n o u s  exp lo itero ns n o tre  p r e s s e  rad ia le ,  en 
au g m en tan t leu r cap ac ité  de 2000 à  3000 t. T o u s ces tro is

les résistances à  l ’en foncem ent, su r to u t d an s les rég ions des 
pieux  o ù  se m an ifeste  v ivem ent la  v a leu r de  K 0^ ~ K p .

Les recherches m ath ém atiq u e s  su r  ce  p ro b lèm e  ne  so n t pas 
encore  très  poussées. L ’idée des m athém atic iens à  c lasse r ce  
p ro b lèm e  com m e u n  des m u ltid im ensionels , d u  do m ain e  des 
pro b lèm es de  R iem an n , n o u s  sem ble p o u r  le  m o m en t u n e  très  
in téressan te  spécu la tio n  in te lectuelle . L es ingén ieurs do iven t 
chercher les so llitions, q u o iq u e  b ru ta le m e n t ap p ro x im atifs , qu i 
év ite ron t év idem m ent les inconvénien ts des choses im prévues.

F ig . 2  D isp o s itif  des a p p a re ils  d iffé ran ts  p o u r  e ssay e r les 
m o d u le s

T e s t a r ra n g e m e n ts  fo r  th e  d e te rm in a tio n  o f  m o d u li

appare ils  v o n t ê tre  décrits u n e  a u tre  fois. L es nom s des 
appare ils  d o n n e n t l ’idée d e  leu rs fonctions. N o u s  avons 
su rn o m m é u n  d ’eux d ila to m è tr e  d u  son da ge . Il est d an s son 
essentiel un e  presse  rad ia le , qu i se m et en  fo n c tio n  d an s u n  tro u  
fo ré  de p e tit d iam ètre , e t fo n c tio n n e  à  d istance. N o u s avons 
su rn o m m é l’a u tre  p é n é tr o m è tr e  e x p a n sif.

L a  p resse rad ia le  e t le pén é tro m è tre  expan sif so n t p révus p o u r  
les m esurem ents d an s les zones les p lus in téressan tes —  une 
v ing ta ine  des m ètres sous les fo n d a tio n s  d u  ba rrag e . L a  
d ila to m è tre  d u  son d ag e  est p rév u  p o u r  les p ro fo n d eu rs  ju sq u ’à  
ce n t m ètres. Il n o u s  sem ble p ro b a b le  à  o b ten ir, p a r  m esure  
ap p ro p riée s , la  v a ria tio n  p ra tiq u em en t réele  des m odules des 
couch es du  sol à la p ro fo n d e u r oscultée. P a r  éx trap o la tio n , 
n o u s  p o u rrio n s  estim er les valeurs dans le dom ain e  in téressan t 
p o u r  le co m p o rtem en t du  barrage.

S ans ten ir co m p te  de la  v a ria tio n  d u  m o d u le  de d é fo rm atio n  
avec  la  p ro fo n d e u r —  o n  o b tien t p a r  le calculs h ab u te ls , q uel 
que  fois, les tassem ents qu i gênen t n o n  seu lem ent les élém ents 
géom étriques d u  ba rrag e , m ais aussi les b ilans des eaux . Il 
arriv e , aussi, q ue lque  fo is q ue  les tassem ents m esurés n e  son t 
p as m êm e sem blables au x  tassem ents calculés.

Il sem ble possib le  de d o n n e r u n e  exp lica tion  log ique su r 
quelques p ro b lèm es d e  fo rce  p o r ta n te  des p ieux , en  ten an t 
co m p te  des v a ria tio n s n o n  linéaires des poussées de te rre  la té 
ra les. Ces poussées augm en ten t p a r  fro ttem en t su r la  p o u r to u r

F ig . 3

J .  F e l d  (U .S .A .)

M y rem ark s will re la te  to  P apers  3b /10  by  A . K e z d i  an d  
3 b / l l  by G . P l a n t e m a  a n d  C . A . N o l e t .  T h e  a u th o r’s 
re p o rte d  conclusion  th a t  a  g ro u p  o f  fr ic tio n  piles ca n  safely 
su p p o rt m o re  th a n  th e  ind iv idual p ile  va lue  p e r  p ile  w ith  equa l 
se ttlem en t w hen  p ile  spac ing  is less th a n  six tim es p ile  d im ension  
c a n n o t be accep ted  w ith o u t fu r th e r  p ro o f. I t  is c o n tra ry  to  
p resen t-day  p rac tice , based  o n  m any  fu ll-scale lo a d  tests, sum 
m arized  in  C hellis’ P ile  F ou nd ation s , th a t  th e  experim ents 
described  by  th e  a u th o r  m u st be  considered  as a  special case 
n o t typ ical o f  ac tu a l p ractice.

T he s ta te m en t m ad e  by  the  a u th o r :  ‘T h e  less th e  d istance 
betw een pile cen tres , th e  sm aller w ill be  the  se ttlem en ts u n d e r a  
g iven lo a d ’ is also  c o n tra ry  to  recogn ized  a c tio n  a n d , if  tru e , 
w ou ld  vo id  all specifications an d  codes lim iting  m in im u m  pile  
spacing  (in  fr ic tio n  piles) to  tw ice th e  p ile  d iam eter, o r  30 in. 
w ith  red u c tio n s in  p ile  values if  such  spacing  is n o t  p ro v ided . 
T h e  large-scale tests by F ra n k  M . M aste rs  o f  w o o d  p ile  clusters 
in  soil o f  very s im ilar g ra d a tio n  to  th e  fine silt-sand  used  by the  
a u th o r  show ed resu lts  ju s t th e  o p p o s ite  to  th e  conclusions given 
in  th is paper.

T h e  p a p e r  does n o t ind ica te  w heth er the  p ile  g ro u p  load ings 
w ere o n  single piles o r  o n  the  en tire  g ro up . I f  th e  resu lts  a re  
the  su m m atio n  o f  ind iv idual p ile  load ings, such  tech n iq u e  m ay 
be a  clue to  th e  unexpected  conclusions.

O ne  ex p lan a tio n  is p ro b ab ly  th e  sm all scale  o f  th e  tests. 
T h e  silt-sand  in th e  space o f  fro m  10 to  50 cm  betw een  pile  faces 
ca n  be  sm all enoug h  to  w edge th e  fill a n d  p rev en t d ifferential 
m ovem ents o f  ad jacen t piles. N o rm a l gap  betw een p iles is o f  
th e  ran ge  o f  40 to  60 cm . A n o th e r  fa c to r  m ay  be the  sm all pile 
loadings, 2  to  5 tons p e r  pile .

Dilatomètre de sondage

1 Etui en caoutchouc

2 Cylindre en acier

3 Fermeture

4 Support de fermeture

5 Support de l ’instrument

6  Instrum ent MCH

7 Sortie des cables

8 Ouverture de remplicage

9 Dispositif pour élim iner le jeu
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U n til  fu r th e r  tests su b sta n tia te  th e  a u th o r’s conclusions, it 
w ou ld  be  unw ise to  use  th em  in  ac tu a l fo u n d a tio n  designs.

R eference is also  m ad e  to  P ap e r 3 b / l  1 to  th e  co nclu sion  th a t  
a ro u n d  th e  p ile  a t  a  d istance  o f  1 00  m  th e  influence o f  th e  pile  
d riv ing  is less m ark ed  in  increasing  the  co n e  resistances o f  th e  
soil layers a t  a n d  below  th e  p ile  tip  level.

T h e  resu lts  in  san d  co n so lid a tio n  a t  an d  below  th e  p ile  tips 
a re  reaso n ab le  a n d  co n fo rm  to  expected  soil ac tio n . H ow ever, 
th e  tim e fa c to r  m u st a lso  be considered  a n d  som e experience in 
sim ila r tests ind icates th a t  som e if  n o t  all o f  th e  soil s tren g th en 
ing d issipates q u ite  rap id ly .

In  a  la rge  su p p o rte d  h ighw ay  p ro jec t 18 in. steel p ipes, ^-in. 
th ick , w ith  cas t steel con ica l p o in ts  w ere d riven  w ith  a  N o . 0 
V ulcan  h am m e r to  a n  in d ica ted  safe b earin g  o f  80 tons, to  a 
d e p th  o f  50 to  60 ft. T h e  so il w as a  varved  silty  san d  o f  g rea t 
d ep th  covered  w ith  som e 10 ft. o f  m ed ium  san d . S ta tic  load  
tests p laces o n  several p iles w ith in  days a fte r d riv ing  show ed all 
p iles to  be  sa tis fac to ry  u n d e r 120 a n d  160 to n  load ings. U p o n  
fu r th e r  driv ing , som e e rra tic  d ep ths o f  resis tance  p en e tra tio n  
ind ica ted  a  necessity  fo r  re -ev a lu a tio n  o f  p rev iously  accep ted  
piles. L o a d  tests o n  th e  piles p rev iously  fo u n d  sa tisfac to ry  
b o th  by  d riv ing  resis tance  a n d  by s ta tic  lo ad  te st w ere n o w  (a t 
a n  age o f  a b o u t a  m o n th ) u nsa tisfac to ry . T h e  n e t se ttlem ents 
u n d e r s ta tic  lo ad in g  ap p lied  in  increm ents to  a  m ax im um  o f  
80 to n s  w ere fa r  b ey o n d  perm issib le  lim its. T h e  piles w ere 
th e n  re -d riven  w ith  a  V ulcan  N o . 00 h am m e r an d  accep ted  u p o n  
driv ing  res is tance  req u irem en ts  only.

B orings ta k e n  close  to  d riven  piles generally  in d ica ted  spo on  
resis tance  g re a te r th a n  re p o rte d  in  th e  bo rings m ad e  before 
w o rk  sta rted . S im ilar in d ica ted  loss in  bearin g  value o f  steel H  
p iles d riv en  in  fine m arly  san d  h as been  n o te d  o n  a  recen t 
p ro jec t w here  th e  ex te rio r p iles o f  a  g ro u p  w ere fo u n d  to  carry  
s ta tic  te s t lo a d  w ith  less n e t se ttlem en t th a n  in te r io r piles, an d  
lo ad  tests a t  24 h o u rs  a fte r  d riv ing  w ere b e tte r  th a n  o n  piles 
a lread y  sub jec ted  to  v ib ra tio n  fro m  sub sequen t p ile  driving.

L. v a n  d e r  V e e n  (N etherlands)

I sh o u ld  like  to  d raw  a tte n tio n  to  P a p e r 3 b / l l  by  G . P l a n -  

t e m a  a n d  C . A . N o l e t  concern in g  th e  influence o f  pile  driv ing  
o n  th e  resis tance  o f  th e  soil as m easu red , fo r  in stance, by  th e  
D u tc h  co n e  p e n e tra tio n  test. U n d o u b ted ly , in  th e  p red ic tio n  
o f  th e  b earin g  capac ity  o f  a  p ile  to  be  expected  a fte r such  a  
p en e tra tio n  test, th e  influence o f  th e  pile  d riv ing  on  th e  bearing  
c ap ac ity  o f  th e  soil is o f  g rea t im portance . T h e  p a p e r is 
in teresting  as it gives som e d a ta  o n  th is influence.

A s w e hav e  to  deal w ith  a  very  co m plica ted  p ro b lem , I d o u b t 
w h e th er it will b e  possib le  to  p re d ic t th e  influence o f  the  pile 
d riv ing  on  th e  cone  resis tance  w hich  is m easu red  befo re  th e  
piles a re  d riven . I  hav e  dw elt o n  th is  sub ject in  p a p e r 3b /15 , 
in  w hich are  co m p ared  lo ad in g  tests o n  piles w ith  cone  pen e 
t ra tio n  tests. 1 am  so rry  th a t  L . B oersm a a n d  I  w ere n o t c lear 
en o u g h  in  th a t  p ap er, as th e  G en era l R e p o rte r  s ta tes th a t it was 
n o t m ade  c lear w h e th er th e  co n e  m easu rem en ts w ere m ade  
befo re  o r  a fte r p ile  driv ing . A ctua lly , all p en e tra tio n  tests 
w ere m ad e  b efo re  p ile  driv ing. T h e  influence o f  th e  p ile  
d riv ing  is to  be derived  sta tistica lly  fro m  the  co m p ariso n  o f  the  
a c tu a l b ea rin g  capac ity  de term ined  by  p ile  lo ad in g  tests a n d  
th e  bearing  capac ity  w hich is p red ic ted  fro m  th e  cone  p e n e tra 
t io n  test. I t  ap p ea rs  th a t  nearly  all th e  test resu lts a re  c o n 
ta in ed  w ith in  th e  lim its o f  50 a n d  150 p e r cen t o f  th e  bearing  
cap ac ity  p red ic ted  fro m  th e  co n e  p e n e tra tio n  test, acco rd in g  to  
th e  m eth o d  described  in  m y p ap er. T h a t m eans th a t  the  
influence o f  th e  p ile  driv ing  o n  th e  b earin g  capac ity  o f  th e  pile 
is included  in th e  m easu red  accuracy  o f  50 p e r  cen t m o re  o r  less. 
A s th e  average o f  th e  test resu lts is a b o u t 100 p e r cen t o f  the  
bearing  capac ity  to  be expected  from  th e  co n e  p en e tra tio n  tests, 
it seem s th a t  th e  influence o f  the  p ile  driv ing  is n o t o f  such g rea t

im p o rtan c e  as is to  be derived  fro m  th e  test resu lts o f  G . 
P lan tem a . N evertheless, it  seem s to  m e essential th a t  m o re  
te s t resu lts  o f  th is  k in d  sho u ld  be m ad e  availab le , so  as to  give 
a  b e tte r  u n d e rs tan d in g  o f  th is im p o rta n t p h eno m eno n .

T h e  second com m en t th a t  I  sh o u ld  like to  m ak e  concerns the  
p a p e r o f  N . B. H o b b s  (3b /8 ), w ho  describes th e  influence o f  
a rte s ian  flow  o n  cast-in -p lace  co n cre te  piles w ith o u t shells. 
A s a  re su lt o f  th is  a rtesian  flow , neck ing  o f  a  large  n u m b er o f 
th e  piles w as observed  in  a  loose san d  s tra tu m  n e a r  th e  to p  o f  
th e  piles. I  th in k  th a t  N . B. H o b b s d raw s o u r  a tte n tio n  to  a  
very  im p o r ta n t th in g — th e  fa ilu res w hich can  o ccu r in  the  
concre te  o f  cast-in -p lace piles.

In  th is co n n ec tio n  I  m igh t give a  sh o rt com m en t o n  th e  s ta te 
m en t o f  the  G en e ra l R e p o rte r, w ho  concludes: ‘T h e  rem edy  is, 
o f  course , to  c a s t th e  piles in  shells w ith  sufficient s tren g th  to  
m a in ta in  th e  o rig ina l o p en  h o le  an d  to  su p p o rt fu lly  th e  co n 
c re te  o f  th e  p ile .’ I  ag ree  th a t, by do ing  so , n o  influence o f 
a rte s ian  flow is to  be feared . I  m u st em phasize, p e rh ap s 
superfluously , th a t  th e  ap p lica tio n  o f  such  a  shell does n o t 
necessarily  g u a ran tee  in  every case a  g o o d  concre te  p ile , as th e  
a rte s ian  flow  is n o t  th e  only  c ircum stance  w hich  c an  cause 
w eak  spo ts in  the  co n cre te  pile.

R ecen t investigations in  th e  N e th e rlan d s hav e  p o in ted  o u t 
th a t  w hen casting  concre te  in  a  tube , even w hen th is  tu b e  does 
n o t exceed a  leng th  o f  10 to  15 m , an d  especially  w hen  re in fo rce 
m en t h as been  p u t in  it, p a r tia l seg regation  o f  th e  concre te  an d  
even  th e  fo rm in g  o f  ho les in  the  p ile, c a n  occur. T o  avo id  th is, 
th e  resu lts  o f  these  investiga to rs seem  to  in d ica te  th a t  som e 
v ib ra tio n  o f  the  concre te , in  on e  w ay o r  th e  o th er, is necessary.

E . C. W . A . G e u z e  (N etherlands)

I  have  been  asked  by H . K . S. P . B egem ann  a n d  M r. H eynen , 
o f  th e  D e lf t  Soil M echanics L a b o ra to ry , to  give y o u  a  b rie f 
sum m ary  o f  th e ir  com m en ts o n  P a p e r 3 b / 16 by  A . F . v a n  

W e e l e .  T h o se  conclusions a re :
(1) F ig . 6b  (r ig h t-h an d  side) show s th e  to ta l  resis tance  a long  

th e  so u n d in g  tubes (circum ference 11-2  cm ) a n d  th e  sum  o f  the  
loca l sk in  fric tion , th e  la tte r  hav ing  been  m easu red  w ith  the  
fr ic tio n  ja c k e t cone  (see P ro c . 3 r d  C o n f ,  V ol. I, p . 213).

T h e  cu rve  o f  the  sum  o f  th e  local sk in  fric tion  is co rrec t dow n 
to  th e  sandy  layer, since i t  has been  fo u n d  th a t  the  angles o f  
in te rn a l fric tion  betw een  clay a n d  iro n , a n d  clay  a n d  concre te  
a re  prac tica lly  iden tical. H ow ever, th is  is n o t th e  case in  sand . 
F o r  sm o o th  concre te  th e  ang le  o f  in te rn a l fr ic tio n  fluctuates 
a ro u n d  20  d eg rees; fo r  iro n  an d  tigh tly  packed  fine sh a rp  sand  
th e  ang le  o f  in te rn a l fric tion  m ay  increase to  33 degrees. In  
c o n n ec tio n  w ith  th is a n d  the  speed  o f  sound ing , th e  local sk in  
fric tion  values fo u n d  in  th e  sandy  layer o u g h t to  have  been  
red u ced  to  a b o u t 55 p e r  cen t o f  th e  values m easured .

(2) I t  is im p o rta n t to  p o in t to  th e  c lose ag reem en t betw een 
th e  m a x im u m  fric tion  m e a s u r e d  u n d e r th e  test lo ad  a n d  the  
m ax im um  fr ic tio n  ca lcu la ted  fro m  th e  lo c a l  sk in  fric tion . A t 
the  level o f  ex tensom eter II , a  to ta l  m ax im um  fric tio n  o f  14-8 
to n  w as m easu red  a t a  p ile  lo a d  o f  175 to n , w hilst the  sum  o f  
th e  local sk in  fr ic tio n  gives 15 ton .

A t the  level o f  ex tensom eter I I I  (still in  th e  clay layer) 33 to n  
w as fo u n d  fo r  b o th , w hilst fo r  th e  to ta l p ile  leng th  these 
am o u n ts  a re  60-8 to n  an d  66-8  to n  respectively  (on ly  th is la tte r 
a m o u n t w as ca lcu la ted  w ith  th e  co rrec ted  local sk in  fric tion  
values in  th e  sand).

(3) A fte r co rrec tio n  t) is fo u n d  to  becom e 0-27 fo r  th e  curve 
show ing  th e  sum  o f  th e  local sk in  fric tion , w hilst fro m  the  load  
test, a fte r re c ti lin e a r  in te rp o la tio n  betw een  th e  m easuring  
po in ts , a n  77 value o f  0-255 is o b ta in ed . F o r  th e  m easu red  to ta l 
fric tion  cu rve 17 =  0-247 w as found .

In  th is co n n ec tio n  it m ay  be po in ted  o u t th a t  in  th is case the  
difference betw een 77 ca lcu la ted  fro m  th e  m easu red  to ta l fric tion
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a n d  i) ca lcu la ted  fro m  th e  sum  o f  th e  local sk in  fric tion  is n o t 
so  very  m uch . H ow ever, fo r  o th e r cases the  differences m ay  be 
considerab ly  g rea ter. F o r  in stance, values o f  respectively  0-22 
a n d  0-34 have  a lready  been  fo u n d . In  A . F . van  W eele’s final 
eq u a tio n  these  differences in  17 m ay  give dev iations in  the  
ca lcu la ted  sk in  fr ic tio n  of, fo r  in stance, 10 to  possib ly  18 p e r 
cen t, o r  m ore.

(4) T h e  m eth o d  o f  ca lcu la tio n  developed  in th e  artic le  can  
only  be  used  if  no  res idu al stresses rem ain  in  th e  p ile  a n d  th e  
pile  p o in t a fte r th e  lo ad  has  been  rem oved . W ith  th e  te st loads 
app lied  in  A m ste rd am  these stresses p ro v ed  to  be  a lm o st absen t, 
b u t th is  will n o t  necessarily  be th e  case in  all c ircum stances. A  
n o tew o rth y  p o in t is th a t, acco rd ing  to  F ig . 3, a  p ile  p o in t 
se ttlem en t o f  3-1 m m  w as needed  fo r  the  developm en t o f  the  
m ax im um  sk in  fric tion  a lo n g  th e  en tire  p ile, w hilst th e  elastic  
b o u n ce  o f  th e  p o in t w as p rac tica lly  as large, viz. 3-4 m m .

(5) In  co n n ec tio n  w ith  th e  above  rem ark s, it seem s desirab le  
to  s ta r t  fro m  a n  77 v a lue  ca lcu la ted  fro m  the  sum  o f  th e  local 
sk in  fric tion  m easu red  w ith  th e  fr ic tio n  ja c k e t cone.

F u rth e rm o re , m easu rem en t o f  th e  local sk in  fric tion  m akes it 
p ossib le  to  investigate  w heth er the  resu lts  o b ta in e d  w ith  the  
eq u a tio n  developed  by A . F . van  W eele have  led  to  in co rrec t 
resu lts , p e rh ap s  as a  resu lt o f  res idu al stresses in  th e  pile . I f  
these  a re  m a jo r  d ifferences th is  will defin itely have  to  be the  
p o in t fo r  investigation .

I  sh o u ld  like now  to  p ro ceed  to  m ake som e rem ark s  in 
co n n ec tio n  w ith  th a t  co n trib u tio n  a n d  also  th o se  m ad e  earlie r 
by  C . v an  d e r V een a n d  o th e r m em bers o f  th e  conference on  th e  
effects o f  res idu al stresses in  the  soil o n  th e  b eh av io u r o f  a  p ile  
d u rin g  a  lo ad in g  test.

A fte r p u sh in g  a  p ile  in to  th e  soil dow n to  its u ltim ate  dep th , 
re s id u a l stresses will hav e  been  developed  ac ting  betw een  the  
p ile  su rface  a n d  th e  su rro u n d in g  so il. T h e ir m ag n itu d es will 
b e  de te rm ined  m ain ly  by  th e  elastic  p ro p erties  o f  th e  pile  and  
th o se  o f  th e  soil. D iv id in g  th e  resu ltan ts  o f  these  stresses as 
u su a l in to  a  p a r t  ac ting  o n  th e  p ile  p o in t a n d  a n o th e r  p a r t  
ac ting  o n  th e  la te ra l su rface  o f  th e  pile , it is obv ious th a t  befo re  
a  lo ad in g  test is ca rried  o u t  th e  sum  o f  th e  resu ltan ts  will equa l 
th e  w eigh t o f  th e  pile. T h e  fac t th a t  by  th e  p e n e tra tio n  o f  the  
p ile  th e  rad ia l effective stresses in  th e  cohesion less m ate ria l 
a ro u n d  the  p ile  p o in t will be  grea tly  increased  is o f  considerab le  
in te rest in  th e  case o f  th e  settlem en t o f  en d -b earin g  piles in  san d  
layers o f  low  to  m ed iu m  density . In  P a p e r 3 b / l l  by G . 
P l a n t e m a  a n d  C. A . N o l e t  th is  fac t is clearly  d em o n stra ted  
by  th e  resu lts  o f  sub sequen t p e n e tra tio n  tests.

In  a  p a p e r  to  th e  P aris  C onference in  1952 I  gave a  series o f  
resu lts o b ta in e d  by  lo ad in g  tests o n  piles o f  d ifferen t d iam eter. 
T h e  resu lts  show ed  th a t  th e  settlem en t curves o f  th e  p ile  p o in ts  
in  re la tio n  to  th e  forces ac ting  o n  th o se  p o in ts  all h a d  th e  sam e 
shape , a n d  th a t  th e ir  average slopes increased  in d irec t p ro p o r 
t io n  to  th e ir  d iam eter.

In  tak in g  in to  acco u n t the  res idu al stresses a t the  p ile  po in ts , 
th a t  is, th e  stresses w hich  d id  n o t p ro d u ce  any  settlem en t u n d er 
sub sequen t load ing , I  a rriv ed  a t  tw o co n c lu s io n s:

F irs t, th e  settlem en t curves p ro v ed  to  be perfectly  re p ro 
ducib le , th a t  is, an y  o f  th e  curves o f  a  series belong ing  to  
d ifferen t d iam eters co u ld  be  o b ta in e d  fro m  a n o th e r by  the  
re la tio n sh ip :

S=a?-=^D  . . . .  (1)
" L

w here S  rep resen ts the  settlem en t o f  th e  pile  p o in t, P R < P < P L 
rep resen ts  th e  vertica l fo rce  ac ting  on  the  p ile  p o in t, P L  rep re 
sen ts th e  sam e fo rce re la ted  to  som e a rb itra rily  chosen  c o n s tan t 
speed  o f  p en e tra tio n , D  rep resen ts the  d iam ete r o f  th e  pile  p o in t, 
a n d  a  rep resen ts a  co n s tan t, rep resen ting  th e  stress d efo rm atio n  
ch arac te ris tic  o f  th e  p re ssu re  b u lb  su rro u n d in g  th e  p ile  po in t.

Secondly , th e  valid ity  o f  these  re la tionsh ip s is lim ited  to  the  
ran g e  o f  p ile  p o in t forces p ro d u c in g  in s ta n tan e o u s  d e fo rm ations 
in  th e  san d  layers a n d  n o t  to  th e  ran g e  o f  forces involv ing  
sub sequen t p a r tia l  b reak d o w n s in  th e  stressed  area , w hich  has 
been  so  ap tly  described  by  G . de Josse lin  de  Jo n g  as th e  
‘h e s ita n t’ p a r t  o f  th e  d e fo rm a tio n  process. T h e  ran g e  o f  
va lid ity  h as  been  ind ica ted  by  th e  sym bol Pe■ I t  p ro v ed  to  be 
ro u gh ly  equal to  o ne  h a lf  o f  th e  m ag n itu d e  P L w ith  a  sligh t 
tendency  to  decrease w ith  increasing  d iam eter.

W e m ay  w rite  eq u a tio n  1 a s :

In  th is  w ay w e m ay  expect th a t  th e  m odel law , w hich 
ap p a ren tly  ca n  be app lied  to  deep  fo u n d a tio n s , m ay  p ro v id e  us 
w ith  a  w o rk ing  basis fo r  a  p red ic tio n  o f  settlem ents o f  piles 
w ith in  th e  ran g e  o f  a llow able  d e fo rm atio n s, in  w hich  w e are  
m ostly  in terested , i f  th e  b eh av io u r o f  th e  m o d e l is perfectly  
kn o w n  a n d  if  th e  soil co n d itio n s w a rra n t th e ir  ap p lica tio n . 
N eedless to  say, m an y  checks a n d  fu r th e r  resea rch  w ill be 
needed  before  th is  stage w ill be  reached . T herefo re , th e  s tudy  
o f  th e  b eh av io u r o f  p iles in  th e  field sh o u ld  b e  en cou raged , b u t 
a t  th e  sam e tim e th e  resu lts sh o u ld  be  checked  w ith  th e  p re 
d ic tions fu rn ished  by  th e  availab le  ap p lied  th eo re tica l m e th o d s 
a n d  th e  resu lts  o f  investiga tions o n  a  sem i-technica l scale 
o b ta in e d  in  s i tu .  I f  n o t, th e  va lue  o f  these  case  reco rds m igh t 
b e  g reatly  reduced .

H . P e t e r m a n n  (G erm any)

I  sh o u ld  like  to  give th e  resu lts o f  tests m ad e  by  a  research  
g ro u p  consisting  o f  m y colleagues E . L ackner, H . S chenck  and  
m yself o n  th e  bearing  capac ity  o f  th in  re in fo rced  concre te  piles 
fo r  h ouse  fo u n d a tio n s .

In  th e  N o rth -w est G e rm a n  co as t a re a  th e re  a re  o ften  d iluvial 
a n d  a lluv ial san ds covered  w ith  geologically  young , still soft, 
deposits  o f  clay, m u d  a n d  p ea t. In  th e  B rem en  a re a  these  
com pressib le  layers have  a  th ickness o f  betw een  2  a n d  6  m : 
u n d e rn e a th  a re  fine a n d  m ed ium  sands. I f  w ith  these  soil 
co n d itio n s p revailing  w e a re  n o t  w illing to  choose  a  fo o tin g  
fo u n d a tio n  because o f  th e  settlem ents w hich  m u st b e  expected  
due  to  th e  com pressib ility  o f  th e  u p p e r layers, w e m u st a rran g e  
fo r  a  p iled  fo u n d a tio n . In  B rem en  th e  leng th  o f  th e  piles in  
such  cases is o ften  only  6  m  o r  less.

T h e  lo ad s a re  qu ite  sm all in  h o u s in g ; fo r  exam ple, in  the  case 
o f  m ed ium  sized bu ild ings th e  fo u n d a tio n  lo ad  is on ly  6  to
8 t /m . W ith  p ile  fo u n d a tio n s  only  relatively  sm all p ile  loads 
resu lt as th e  d istance  betw een  th e  piles c a n n o t be  o f  any  size 
o ne  chooses. I t  w ou ld  n o t be  econom ical to  em ploy  th e  usual 
piles, fo r exam ple o f  30 x 30 cm , fo r  such  sm all lo ad s since th e ir  
b earin g  capac ity  co u ld  n o t  be  fully utilized . T herefo re , in 
B rem en , w e use fo r th e  housing  fo u n d a tio n s  re in fo rced  co ncre te  
piles o f  20 x 20 a n d  25 x 25 cm . N o  s ta n d a rd s  ex ist fo r  th e  
adm issib le  lo ad  o n  these th in  piles. Such  piles a re  scarcely  
k n o w n  in o th e r a reas as fo u n d a tio n  elem ents.

W hen  estim ating  the  b earin g  capac ity  o f  these  th in  co ncre te  
piles w e hav e  re lied  u p  till now  o n  p ra c tica l o bse rva tions a n d  
o n  experience w ith  fo u n d a tio n s  th a t  have  been  ca rried  o u t u p  
to  th e  p resen t. T h e  econom ics o f  h o u sin g  co n s tru c tio n  to d ay  
m ake  it necessary  to  m ak e  full u se  o f  bu ild ing  m a te ria l a n d  
bu ild ing  elem ents w hile a t  the  sam e tim e g u aran tee in g  sufficient 
safety . N ow , if  w e w an t to  m ake  econo m ic  use  o f  th in  co n 
c re te  piles it is necessary to  be fu lly  in fo rm ed  o f  th e ir ch a ra c te r 
istic  qualities w hich conce rn  h and lin g , p iling  techn iq ue  a n d  
th e ir  s ta tic  a n d  dynam ic  streng th . D e te rm in a tio n s  c a n  be 
m ad e  reg ard ing  h and lin g , a n d  th e  rea c tio n  o f  th e  p iles to  
d ynam ic  driv ing . H ow ever, o n  th e  question  o f  adm issib le  
load , th e  necessary  leng th  o f  em bedm en t in  th e  bearing  san d ,
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F ig . 4  A rra n g e m e n t o f  th e  tes t p iles 

A rra n g e m e n t des p ieu x  d ’essai

an d  the a m o u n t o f  accep tab le  se ttlem en t u n d e r load , exact 
recom m enda tion s c an  be g a ined  only  fro m  tests o n  a  la rge  
scale.

T h e re  is need  fo r  gu id in g  d irec tions fo r  th e  e s tim a tio n  o f  
bearing  capac ity  a n d  adm issib le  lo a d  o n  th in  concre te  piles o f  
20 x 20 a n d  25 x 25 cm , a n d  an  ex tensive series o f  tests w ith  such  
piles has th e re fo re  been  ca rried  o u t. T h e  a rran g em en t o f  the  
te s t p iles is show n in  F ig . 4. P iles o f  20 x 20 an d  25 x 25 cm ,
4 to  8 m  leng th , a n d  w ith  em b ed d ed  leng ths in  th e  bearing  
san d  o f  1 to  5 m , w ere first driven  an d  co n tro ls  th e reb y  ob ta in ed ,

F ig . 5 T e s t e q u ip m e n t

E q u ip m e n t d ’essai

th en  test load ings w ere m ad e  a n d  finally  they  w ere pu lled  o u t 
again . F ig . 5 show s th e  a rran g em en t fo r  testing . T est lo a d 
ings w ere m ad e  sh o rtly  a fte r  driv ing , a n d  th e n  3 m on ths , 
6 m o n th s  an d  on e  y ear la te r. T h e  g ro u n d  w ate r level was 
no rm a l, th a t  is to  say  a b o u t \  m  below  th e  surface. A t a  tim e 
o f  low  g ro u n d  w a te r 4  piles w ere sep ara te ly  d riven  a n d  test 
lo ad ed : these  p iles w ere pu lled  o u t w hen  g ro u n d  w a te r was 
no rm al, as a test. D rillings, so u n d in g  tests an d  tria ls  o f  density  
an d  shearing  res is tance  o f  th e  bearing  san d  w ere m ade.

N o  influence o f  tim e  o n  the  bearing  capac ity  o f  these  piles

w as estab lished . T h u s in  p rac tice  te st loads m ad e  sho rtly  a fte r 
d riv ing , as is cu s to m ary , w ou ld  ac tua lly  suffice. A  typical 
lo ad -se ttlem en t d iag ram  is show n in  F ig . 6. T h e  critical 
lo ad s  g crit in  th e  tests w ere fixed a t  values fo r  w hich  th e  se ttle 
m en t o f  the  20 x 20 piles reach ed  5 m m , a n d  th a t  o f  the  25 x 25 
cm  piles reach ed  6 m m . T h e  m ax im um  lo ad s g cr¡t a t  the  end  
o f  th e  tests w ere n o ted , b u t n o t  ta k en  in to  accou n t.

F o r  the  ch a rac te ris tic  fo rm  o f  d iag ram  th e  adm issib le  lo ad  
w as fixed w ith  2 a =  2 / 3 g crit, giving a  safety  fa c to r  1-5.

T h e  critica l lo ad  Q crit increased  nearly  p ro p o rtio n a te ly  w ith

F ig . 6 L o a d /se ttle m e n t d ia g ra m

D ia g ra m m e  c h a rg e /ta s se m e n t d u  p ieu

increasing  leng th  o f  em bedm en t in  th e  bearin g  san d  L e as show n 
in  F ig . 7. In  a  zone  o f  sand  o f  low er density  w hich  had  
been  lo ca ted  by  o th e r  tests th e  critical load  w as p ro p o rtio n a te ly  
sm aller. F o r  a  leng th  o f  em bedm en t o f  3 m  th e  resu lting  
adm issib le  lo a d  fo r  th e  20 x 20 cm  pile  w as 13 to n  an d , fo r the  
25 x 25 cm  pile, 21 to n . F o r  only  2 m  leng th  o f  em bedm ent
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th e  adm issib le  lo a d  w ou ld  be red uced  to  11 a n d  16 to n , respec 
tively. F o r  a n  em b edded  leng th  o f  less th a n  1 m , th e  em pirica l 
re la tio n  fo u n d  in  th e  tests  ca n n o t be used . M easu rem en t o f  
th e  u p lif t fo rce  in  th e  pu lling  tests enab led  th e  se p a ra tio n  o f  
po in t-resis tan ce  a n d  sk in -fr ic tio n ; th e  la tte r  a lso  increased  w ith  
th e  g re a te r leng th  o f  em bedm en t in  th e  san d . A  m axim um  
value  o f  sk in  fr ic tio n  o f  0-25 k g /cm 2 w as fo u n d  fo r  b o th  piles. 
T h e  ap p lica tio n  o f  these  te st resu lts  fo r  fixing th e  adm issib le 
lo ad  p re -supp oses th a t  th e  bearing  san d  layer received a  p re ssu re  
fro m  overlay ing  soils o f  2 to n /m 2. A t  a  sm aller overlay ing  
lo a d  th e  bearing  capac ity  o f  th e  piles decreases.

R e la tionsh ip s w ere also  estab lished  betw een  th e  s ta tic  critical 
lo a d  2 crit a n d  th e  dynam ic  resis tance to  p e n e tra tio n  2 dyn o f  
th e  piles d u rin g  driv ing . T h e  critica l lo a d  w as a lw ays th e  
sm aller. W ith  increasing  leng th  o f  em bedm en t o f  th e  p iles in 
th e  san d  th e  s ta tic  an d  dynam ic  values becam e sim ilar, a n d  th e  
sam e occu rred  w hen  th e  density  o f  th e  san d  w as red uced . T h e  
p en e tra tio n  o f  th e  th in  piles u n d e r th e  la s t 10 blow s w as p ro 
p o rtio n a te ly  g rea te r th a n  cu s to m ary  in  th e  case o f  th ick e r piles. 
T h u s th e  values as s ta te d  u n d e r th e  G e rm a n  s ta n d a rd  fo r  th e  
th ick e r piles c a n n o t be u sed  here.

In  acco rd an ce  w ith  th e  know ledge gained , a  p iling  code  has 
been  developed w hich , besides th e  w eigh t o f  th e  m onkey , pile- 
w eigh t a n d  he igh t o f  fa ll a lso  tak es in to  acco u n t leng th  o f  
em bedm en t o f  th e  p ile  in  the  sand .

In  o rd e r to  reach  a  ce rta in  c ritical lo a d  Q c[it=  1-5 g acj fo r  a  
p ile  it does n o t suffice ju s t  to  issue in stru c tio n s o n  a  ce rta in  
p en e tra tio n  o f  th e  p ile  d u rin g  th e  la st 10 b low s a t  a  ce rta in

heigh t o f  fa ll a n d  ce rta in  re la tio n sh ip  o f  th e  m onkey  w eight to  
th e  w eigh t o f  p ile  +  p ile -h o o d ; a  fixed leng th  o f  em b ed m en t o f  
th e  p ile  in  th e  bearing  san d  m u st be  stip u la ted . I f  th is is know n  
th e  lim it w hich sh o u ld  b e  given to  th e  p e n e tra tio n  o f  th e  p ile  
u n d e r th e  la s t 10 b low s to  enab le  th e  necessary  critica l lo ad  to  be 
reach ed  ca n  b e  ca lcu la ted  in  con fo rm ity  w ith  th e  p iling  code.

I f  th e  p iling  code  is ap p lied  to  p iles w hich  a re  em b ed d ed  in 
san d  o f  low  density  th e n  th e  ca lcu la tio n  is o n  th e  safe side.

T h e  resu lts  o f  th ese  tests  c a n n o t be ap p lied  to  o th e r  co n 
d itio n s w ith o u t fu r th e r  investiga tions. W e h o p e  th a t  so o n  co n 
t ro l  tests  w ith  b o th  th in  a n d  th ick  concre te  piles will be  s ta rte d . 
A  p u b lica tio n  o n  th e  te s ts  m ad e  u p  till n o w  w ill so o n  be m ade.

I  w ou ld  like to  tak e  th is o p p o rtu n ity  to  m en tio n  A . K ezd i’s 
in teresting  p ub lica tion . H e  has been  co n ce rn ed  w ith  th in  piles, 
by  u sing  m odel p iles o f  10 x 10 cm , b u t these  a re  h a rd ly  u sab le  
in  p rac tica l fou nda tions .

H . Z w e c k  (G erm any)

W ith  reg a rd  to  th e  th ird  p o in t  p ro p o se d  fo r  d iscussion, I 
sho u ld  like  to  re p o rt o n  settlem en t o b serva tions o f  a  p ile  
fo u n d a tio n  a n d  o f  a  slab  fo u n d a tio n , b o th  p e rfo rm ed  in  soft 
clay u n d e r prac tica lly  th e  sam e cond itions. T h e  se ttlem ent 
o f  the  slab  fo u n d a tio n  p ro v ed  to  be  m uch  sm aller th a n  th a t  o f  
th e  pile  fo u n d a tio n .

T h e  co n stru c tio n  site  w as s itua ted  n e a r  th e  lake  o f  C onstance , 
in  S o u th ern  G erm any . T h e  subso il is so ft clay w hich  reaches 
d ow n  to  dep th s o f  50 m , an d  som etim es m ore.
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Fig . 8

T h e  clay frac tio n  lies betw een  40  a n d  60 p e r cen t, th e  L L  
betw een  45 a n d  54 p e r cen t, th e  P L  betw een  21 a n d  24 p e r cen t, 
an d  th e  consistency  betw een  0-5 a n d  0-4. T h e  uncon fined  
com pression  stren g th  w as a b o u t 0-5 k g /c m 2. By a  la terally  
confined  co m pression  test th e  coefficient o f  com pressib ility  w as 
fo u n d  to  be  0-05.

In  1928 th e  co n s tru c tio n  o f  a  gas oven  w as s ta rted  o n  th is 
soil. D u rin g  th e  d riv ing  o f  th e  piles th e  resis tance  d id  n o t 
increase ; fu rth e rm o re , o n  acco u n t o f  th e ir  c lose spacing , the  
piles caused  th e  clay betw een  th em  to  bulge. F o r  these reasons 
it w as decided  to  cover th e  p ileheads w ith  a n  80 cm  th ick  co n 
c re te  s lab , th u s  tran sfo rm in g  th e  p ile  fo u n d a tio n  in to  a  slab  
fo u n d a tio n . T h en  th e  re in fo rced  concre te  bu ild ing  w as 
erected . T h e  fo u n d a tio n  p re ssu re  o f  th e  18 0 x 2 1 - 4  m  slab  
w as 1-35 k g /c m 2. D u rin g  co n s tru c tio n  co n siderab le  se ttle 
m en t occu rred . O bservations co n tin u ed  fo r  several years 
show ed th a t  a f te r  l l i  years settlem en t ran g in g  betw een  11-5 
an d  18-5 cm  an d  a fte r 19 years betw een 12 cm  an d  20 cm  h a d  
occurred .

In  1936 th e  p la n t h a d  to  be en larged . T h e  new  bu ild ing  w as 
n o t  erec ted  o n  piles b u t o n  a  s lab  16-4 m  long  a n d  13 -2 m  w ide. 
T h e  fo u n d a tio n  p ressu re  w as 0-98 k g /c m 2 d ue  to  the  som ew hat 
ligh ter co n s tru c tio n  o f  th e  new  build ing . T h e  se ttlem en t a fte r 
11^ years am o u n ted  to  only  6-5 cm.

In  o rd e r to  get co m p arab le  resu lts  th e  se ttlem en t to  be 
expected  u n d e r the  new  bu ild ing  w as ca lcu la ted  on  th e  a ssu m p 
tio n s  th a t  its slab  h a d  th e  sam e ou tline  an d  th e  sam e fo u n d a tio n  
p ressu re  as th e  slab  o f  the  bu ild ing  erected  first. T h u s a  se ttle 
m en t o f  10 cm  w as o b ta in ed . I t  is 50 p e r  cen t g re a te r th a n  the  
ac tually  m easu red  se ttlem en t o f  th e  slab  b u t still considerab ly  
sm aller th a n  th e  observed  18 cm  se ttlem en t o f  th e  p rev iously  
b u ilt p ile  fo u n d a tio n .

T herefo re , th e  piles d id  n o t d im in ish  th e  settlem en t b u t  m ade

it increase. T h is resu lt can  only  be  exp la in ed  by  th e  assu m p 
t io n  th a t  th e  clay w as d is tu rb ed  by  p ile  driv ing  a n d  h a d  thus 
becom e m o re  d isposed  to  se ttlem ent.

A. Kezdi (H ungary )

I  sh o u ld  like to  m ak e  a  few rem ark s  by  w ay o f  ad d itio n  to  m y 
p ap e r, 3b/10.

P a p e r 3 b /10 deals w ith  th ree  specia l cases: (a) rig id  p ile  w ith  
sk in  fr ic tio n  o n ly ; (b) com pressib le  pile, fixed a t  th e  pile 
p o in t;  a n d  (c) rig id  pile , w ith  p o in t resis tance  a n d  sk in  friction . 
I  have , since th en , succeeded in  w riting  d ow n  th e  d ifferential 
e q u a tio n  fo r  th e  general case  (com pressib le  p ile  w ith  p o in t 
resis tance  a n d  sk in  fric tion ) a n d  giving a  so lu tio n  by  successive 
ap p ro x im a tio n . I t  w ou ld  ta k e  u p  to o  m u ch  tim e fo r  m e  to  
p re sen t the  so lu tio n  in de ta il now , b u t th e  resu lt is show n in 
F ig . 9, w hich  p resen ts th e  fo rce  in  th e  p ile  a t  d ifferen t dep ths. 
T h e  c h a ra c te r  o f  th e  curves fits very well w ith  th e  experim ents 
o f  M . K a u fm a n n  a n d  H . Z w eck. W ith  th e  a id  o f  these  curves 
th e  lo ad  se ttlem en t d iag ram  cou ld  be  co n stru c ted  as show n on  
th e  illu stra tio n . T h e  co n s tan ts  in  th e  eq u a tio n s  a re  de term ined  
by  a  pile  lo ad in g  test.

M y nex t rem ark s  re fe r to  p ile  g ro ups. F ig . 10, co n stru c ted  
on  th e  basis o f  tests  w ith  m odel piles, 2  m  in  leng th , show s 
clearly  th a t  th e  g ro u p  effect ceases a t  p ile  spacing  d = 6 D .  
F ig . 11 show s th e  te s t resu lts  o f  a  g ro up  w ith  five p iles: the  
cen tra l p ile  h as been  lo ad ed  a n d  th e  settlem ents o f  u n lo ad ed  
piles m easu red . T h e  g ro u p  effect ceases a t  spac ing  d =  6 D . I 
ag ree  w ith  o u r  G en era l R e p o rte r  th a t  w ith  a  g re a te r n u m b er o f 
p iles in  a  g ro u p  th e  g ro up  effect com es in to  d isp lay  even a t 
g re a te r d istances. Som e new  tests su p p o rt th is  suggestion.

I  ag ree  com ple tely  w ith  th e  G en e ra l R e p o r t th a t  th e  resu lts 
sho w n  in F ig . 12 in  m y p a p e r , w ith  the  increasing  ra tio  o f  p o in t
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resis tance  to  sk in  fric tion , a re  a  consequence  o f  th e  test p ro 
cedure . T h e  rea l va lue  o f  p o in t resis tance  c a n n o t be d e te r 
m ined  w ith  th is  m e th o d ; it  develops only  w ith  th e  lo ad ed  m antle . 
H ere  th e  th eo re tica l resu lts  a re  satisfacto ry .

Load in  p i/e  in  tons

Fig. 9 Force in a compressible pile embedded in uniform soil with 
point resistance and skin friction, a t various settlements; 
theoretical loading diagram 

L’effort dans un  pieu compressible enfoui dans un  sol uni 
forme avec résistance à  la pointe et frottem ent superficiel, 
à différents tassements ; graphique de chargement théorique

F inally , I  sh o u ld  like  to  p o in t o u t a n  in teresting  resu lt fro m  
th e  m o d e l tests . W e investiga ted  th e  case  w here  in  th e  sand  
a ro u n d  a n d  b en ea th  th e  p ile  th e  w ate r level rises a t  a  ce rta in

Fig. 10 Settlement o f pile groups in sand
Tassement de groupes de pieux dans du sable

ra te . T h is rising  causes, o n  the  o ne  h a n d  su d d en  sagg ing ; th e  
a p p a re n t cohesion  d isap p ea rs ; th e  seepage p re ssu re  o n  th e  o th e r 
h a n d  causes n e u tra l stresses a n d  th e  bearin g  capac ity  decreases. 
F ig . 12 show s th e  degree  o f  th is  in  th e  case  o f  a  m odel pile.

in sta n ce fix 'm  cen tre o f /oededp //e

0  W  2D 3D 4D 5D SD 7Û SB

Fig. 11 Settlement o f unloaded model piles
Tassement de modèles pieux sans chargement

W ith  re g a rd  to  th e  rem ark s  o f  J . F e ld , I  sh o u ld  like  to  p o in t  
o u t th a t  m y s ta tem en ts  re fe rrin g  to  p ile  g ro u p s re fe r on ly  to  a  
ce rta in  g ro u p in g  o f  th e  piles w here  th e  in n e r e a r th  co re  is su r 
ro u n d e d  by  piles resu ltin g  in  a n  increased  co m p ac tio n . F u r th e r 
m o re , it sh o u ld  be  em phasized  th a t  th e  experim en ts w ere m ad e  
in  a  non-cohesive san d  w ith  d riven  piles. T h e  tests firs t m ad e  
w ith  m odel p iles w ere fully verified  in  th e  field , a lso  in  th e  case 
w hen  only  th e  low er th ird  o f  th e  p iles w ere em b ed d ed  in  sand , 
th e  u p p e r layer being  so fter. T h e  fac t th a t  u p  till now  we did

Fig. 12 Effect o f rising water level on ultim ate load o f pile embedded 
in sand

Effet d ’un niveau d’eau m ontant sur la charge de rupture 
d’un pieu enfoui dans le sable
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n o t ta k e  th is g ro u p  effect in to  acco u n t in  th e  p ra c tica l design 
ca n n o t in v a lid a te  th e  te st resu lts , su p p o rted  by  th eo re tica l 
considera tions.

J. G . S t u a r t  (U .K .)

M y co n trib u tio n  is p ro m p te d  by th e  la s t p a r t  o f  P a p e r 3 b / 10 
by  A . Kezdi, a n d  m y resu lts  m ay  also  be  o f  som e in terest to  
J . F eld .

I  w ish  to  say  a  few  w ords a b o u t som e tests o n  g ro ups o f 
m odel p iles in  san d  w hich  have  been  c a rried  o u t a t  Q ueen ’s 
U niversity , B elfast.

T h e  m odel piles a re  fla t-ended  w o o d  dow els f  in . (a b o u t 9 m m ) 
a n d  |  in. (a b o u t 16 m m ) d iam ete r w hich  a re  p ushed  dow n  as a 
g ro u p  in to  a  c lean  d ry  fine san d  co n ta in ed  in  a  cub ica l b o x  o f  
a b o u t 2 i  cu. ft. capacity . T h e  d ry  density  o f  th e  san d , w hich 
is co m p ac ted  in  th in  layers, h as  been  k e p t c o n s ta n t a t  100 lb ./  
cu. ft. fo r  m o st o f  th e  experim ents.

T h e  experim en ts, w hich  w ere ca rried  o u t by  M r. S carle t an d  
M r. F lem ing , w ere firs t d irec ted  to w ard s o b ta in in g  th e  load - 
settlem en t re la tio n sh ip  fo r  single piles, a n d  these  resu lts  have  
been  used  as a  basis fo r  th e  co m p ariso n  o f  th e  efficiency o f  the  
g roups.

S q u are  g ro u p s o f  p iles consis ting  o f  fro m  4 to  25 piles have  
been  tested  u n d e r ax ial lo ad s a n d  th e  spacings o f  th e  piles have 
been  v aried  to  investigate  th is effect o n  th e  bea rin g  capac ity  and  
settlem en t b eh av io u r o f  th e  g ro ups.

Fig. 13 Spacing/efficiency graphs for groups o f piles in sand
G raphiques distance/efficacité pour groupes de pieux dans 

le sable

F ig . 13 show s som e o f  th e  resu lts fo r  th ree  o f  th e  group ings 
used. I t  show s th e  p lo t o f  cen tre  to  cen tre  spacing  against 
the  efficiency, w hich  is defined  as the  lo a d  b o rn e  by  th e  g ro up  
d iv ided  by  th e  n u m b er o f  p iles in  th e  g ro u p  m ultip lied  by  the 
fa ilu re  lo ad  o f  a  single p ile  a t  th e  sam e d ep th . I t  will be seen 
th a t a t  a  spacing  o f  a b o u t 2 d iam eters a  c ritical co n d itio n  is 
reached  in  th e  la rg er g roups. F u r th e rm o re  w e find  th a t  below  
the  critica l spacing  the  soil is ca rried  dow n  by  th e  piles as if  it 
w ere a  so lid  b lock . W e have  m ade experim en ts w ith  so lid  
piers o f  sim ila r overall e n d  a re a  to  th e  p ile  g ro ups below  the  
critica l spacing , a n d  these  give load -se ttlem en t curves sim ilar 
to  th e  p ile  g ro u p s a t  c lose spacings.

F ig . 14 show s th e  load -se ttlem en t curves fo r  a  g ro up  o f
9 piles a t  a  d ep th  o f  7-8 in. a t  several spacings. T h e  curve 
m ark ed  co is fo r  a  single p ile  w ith  th e  lo ad  m u ltip lied  by a  
fac to r o f  9 to  sim u la te  a  g ro u p  o f  9 p iles w ith  very  w ide spacing .

A  few  tests have  a lso  been  ca rried  o u t in  loose san d  a n d  th e  
resu lts show  th e  sam e general p a tte rn .

T h e  d is tr ib u tio n  o f  lo ad  am o n g  th e  piles in  a  g ro up  is a lso  
being  s tud ied , a n d  a lth o u g h  th is  p a r t  o f  th e  w o rk  is in  its early  
stages it h a s  been  fo u n d  th a t  th e  cen tre  p iles ca rry  m o re  lo ad  
th a n  th e  o thers . T h is suggests a  sim ila r type  o f  d is tr ib u tio n  
to  th a t  w hich exists u n d e r stiff su rface fo u n d a tio n s  o n  sand .

Load  lb.

Fig. 14 Load/settlement graphs for a group o f 9 piles o f |  in. 
diameter a t depth 7-8 in. with various spacings 

Graphiques charge/tassement pour groupes de 9 pieux avec 
un diamètre de 9-5 mm à  une profondeur de 19-8 cm et 
à des distances différentes

W e h o p e  sh o rtly  to  be ab le  to  en large th e  research  p ro g ram m e 
to  inc lude  som e field tests o n  la rg er m odels, a n d  it has been  
very encou rag ing  to  see th a t  Â . K ézd i’s tests o n  a  m uch  la rger 
scale  show  a  s im ilar tre n d  to  th e  sm all m odels th a t  T have  ju s t  
described.

T . W h i t a k e r  (U .K .)

W o rk  o n  piles a n d  p iling  a t  the  B u ild ing  R esearch  S ta tion  
has inc luded  a  ce rta in  n u m b e r o f  experim en ts on  th e  load 
d is tr ib u tio n  am o n g  m odel piles in  g roups.

Fig. 15

F ig. 15 show s a  sq u are  g ro up  o f  25 m odel p iles each  having  
a  lo ad  gauge. T h e  to p  en d s o f  th e  lo ad  gauges a re  cast in to  
a  so lid  cap , a n d  th e  lo ad  is ap p lied  th ro u g h  a  cen tra l ball. 
T hese  m odel p iles give resu lts  w hich  a re  show n in  F ig . 16. 
T h e  o rd in a te  gives the  lo ad  p e r p ile  (the  lo ad s have  been 
averaged  fo r  sim ilarly  p laced  piles) a n d  th e  abscissa  th e  to ta l 
load . T h e  to ta l lo a d  exceeds th e  fa iling  lo a d  by  rea so n  o f  
m ore  lo ad  being  ad d ed  w hile the  g ro up  w as sink ing  in to  the  soil, 
th a t  is a fte r fa ilu re  h a d  been  reached .
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T he in teresting  p o in t is th a t  the  co rn e r p iles exh ib it p lastic  
fa ilu re . T hey  rea ch  a  m ax im um  lo ad  bearing  an d  th e n  p roceed  
to  go  stead ily  in to  the  g ro u n d  w ith o u t tak in g  m o re  lo ad . A t 
th a t  tim e th e  p iles in  the  cen tre  o f  th e  g ro u p  begin  to  tak e  p ro 
p o rtio n a te ly  m o re  load .

oA qB çp  o B oA
oB o0 0E aD QB

0F  o f  oC 
r £  nD „3O 0 O » .  _ - 

cyA o® o® oA

•  • Average of piles A

Plan of group

%
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o O do. do. B
+ + do. do. C
X X do. do. D

A do. do. E ,
□ □ pile F

0  2 0  40 60 80 100 1 2 0 %
Total load as a percentage of the load at failure

F ig . 16 L o a d  d is tr ib u tio n  in  a  52 g ro u p  o f  p iles, 2  d ia m e te rs  spacin g . 
C e n tre  p ile  d r iv en  first, c o m e rs  las t 

R é p a r t i t io n  d es  ch a rg es  s u r  u n  g ro u p e  d e  52 p ie u x  à  deux  
d ia m è tre s  d e  d is ta n c e . L e  p ie u  d u  m ilieu  e s t fo n cé  en  
p re m ie r  lieu , ceu x  des co ins  e n  d e rn ie r  lieu

I f  such  a  g ro u p  o f  p iles is u n lo ad ed  a fte r fa ilu re , th e re  is 
every  in d ica tio n  th a t  o n  re lo ad in g  th e  reg im e o f  lo a d  d is tr i 
b u tio n  changes. T h e  co rn e r piles ap p e a r to  ta k e  very  little  
lo ad  d u rin g  the  second  load ing , w hile th e  cen tre  co re  o f  piles 
tak e  m o st o f  th e  load .

L . Z e e v a e r t  (M exico)

F o llow ing  th e  req u est o f  the  G en e ra l R e p o rte r , I  sh o u ld  like 
to  p re sen t u p -to -d a te  se ttlem en t reco rds o f  th e  co m p en sa ted  
ra ft-fric tio n  p ile  fo u n d a tio n  w hich  I  re p o rte d  a n d  d iscussed in 
P a p e r 3b/17.

T h e  se ttlem en t reco rd s hav e  been  ex tended  to  o ne  y ea r m o re  
o f  levelling observa tions . A s m ay  be seen fro m  F ig . 17, c o rre 
sp o n d in g  to  F ig . 9 in  m y p ap e r, th e  o b serva tions show  a  fa irly  
good  ag reem en t w ith  co m p u ted  se ttlem en t cu rve b  fo r  w hich 
the  bu ild ing  w as designed .

T h e  se ttlem en t c o m p u ta tio n s  o f  cu rve  b  w ere p e rfo rm ed  
w ith  p a ram e te rs  o b ta in e d  fro m  co n so lid a tio n  curves show ing  
d istinc tly  th e  secondary  tim e  effect. T h e  tests w ere ca rried  o u t 
in  th e  o ed o m ete r o n  g o o d  u n d is tu rb e d  sam ples. T h e  p a ra 
m eters re fe r to  th o se  m en tio n ed  in  se ttlem en t analysis p ro 
c edu re  w hich  I  sum m arized  in  m y  co n trib u tio n  in  P ro c . 3 r d  
C o n f , V ol. I l l ,  p . 129.

O ne p ro b lem  th a t  has n o t been  re p o rte d  in  th e  P roceedings 
o r  suggested  in  th e  excellent G en e ra l R e p o r t  o f  P. C . R u tledge  
is th a t  concern in g  th e  negative fr ic tio n  in  p iles, a n d  p articu la rly  
th a t  connec ted  w ith  th e  p h en o m en o n  o f  th e  re d u c tio n  in  b e a r 
ing  capac ity  o f  p iles because o f  negative f r ic t io n : how ever, th is 
p ro b lem  m ay  en te r in to  p o in ts  4 a n d  5 suggested  by the  G en era l 
R e p o rte r. T h is p h en o m en o n  tak es p lace  w hen  com pressib le  
soil deposits  co n so lid a te  w ith  respect to  firm  layers w here  th e  
p iles a re  su p p o rted , th u s  c rea tin g  a n  ad d itio n a l lo a d  o n  the  
p iles a n d  a t  th e  sam e tim e red ucing  th e ir  bearing  capac ity . In  
o rd e r to  ap p ro a c h  th e  ph ilo so p h y  o f  th is  p ro b lem , assum e 
F ig . 18 to  rep resen t a  large g ro u p  o f  piles d riven  in to  th e  s u b 
so il to  p o in t bea rin g  res is tance  in  a  san d  layer. T h e  in itia l 
effective o v e rb u rd en  p re ssu re  is p 0. N o w  assum e th a t  the  
com pressib le  deposits  a re  conso lid a tin g  to  d ep th  h  u n d e r th e  
in itia l p re ssu re  p a. T herefo re , d u rin g  th is  vertical m ovem ent, 
a n d  as negative fr ic tio n  is in duced  on  th e  piles, th e  vertica l 
p re ssu re  g radually  reduces fro m  p 0 to  a  v a lue  eq u a l to  p„. 
T h e  ra te  o f  lo a d  tra n sfe r  w ith  d ep th  m ay  b e  co m p u ted  by 
lim iting  equ ilib rium  c o n d itio n  expressed  by fo rm u la  1:

(i)

in  w hich  n  =  n u m b e r o f  p iles p e r u n it a rea , w =  th e  p e rim ete r o f  
th e  p ile , a n d  s  =  shearing  resis tance  a lo n g  th e  sh a ft o f  pile .

Fig . 17

Tim e m o n th s
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T h e  value o f  the  shearing  resis tance s  m ay  be expressed  as a  
lin e a r  fu n c tio n  o f  p m an d  eq u a tio n  1 m ay  be so lved  fo r  d ifferent 
specific cases concern in g  a  la rge  g ro u p  o f  piles.

T h e  to ta l negative fr ic tio n  Q  m ay  b e  com p u ted  kno w in g  the  
a p p ro x im a te  va lue  o f  p „ as a  fu n c tio n  o f  d ep th , a n d  using  
fo rm u la  3, F ig . 18.

T h e  average u n it  b ea rin g  capac ity  o f  th e  g ro u p  o f  p iles given 
by fo rm u la  4  is largely  red u ced ; first because o f  th e  negative 

fr ic tio n  Q  ac ting  on  th e  p iles; a n d  secondly  as Q j  becom es 
sm aller because o f  th e  inev itab le  red u c tio n  in  th e  confin ing

,4s 0 increases . Qd decreases

n r Number of piles in the group 

A -Total area of the qroup 

Qd -Total bearing capacity of one pile in the group 

Q -Total negative friction

Fig. 18

p ressu re  a t th e  su p p o rtin g  layer as th e  in itia l effective p ressu re  
p 0 reduces to  p v.

In  M exico C ity , the  w ell-know n g ro u n d  su rface  subsidence 
induces negative fr ic tio n  in long  piles, w ith  th e  resu lt th a t, in 
som e cases, th e  p o in t b ea rin g  capac ity  o f  th e  piles is s trong ly  
red uced  a n d  th e re fo re  u n d es irab le  a n d  n o n -u n ifo rm  p en e tra tio n  
o f  th e  piles tak es p lace  in  the  su p p o rtin g  deposits.

T h is th eo ry  m ay  b e  u sed  to  d em o n stra te  th a t  th e  positive  
fr ic tio n  o f  p iles sh o u ld  n o t be  sep ara ted  fro m  th e  to ta l by 
m easu ring  the  resis tance  to  pu lling  th e  pile.

J. W . A l e x a n d e r  ( U .K . )

A . F . v a n  W e e l e  (3b /16) w ill be in terested  to  know  th a t 
th e re  is in  th is  co u n try  a  specia lis t p iling  c o n tra c to r  w ho  is able 
n o t on ly  to  ca lcu la te  b u t also  ac tua lly  to  m easu re  th e  fric tion al 
resis tance o f  a  p a te n te d  shell pile . T h is m e th o d  o f  m easu re 
m en t is un ique .

T h e  p ile  is a  re in fo rced  concre te  tu b e  m ad e  u p  fro m  p re 
fab rica ted  sec tions (o r shells) th re a d e d  o n  to  a  steel m andre l, 
th e  w hole  being  assem bled  u p o n  a  so lid  concre te  d riv ing  shoe. 
T h e  tube , m an d re l a n d  sho e  a re  d riven , new  sections being 
a d d ed  as req u ired , u n til th e  ca lcu la ted  p re -d e te rm in ed  set is 
o b ta in ed , w hen  th e  steel m an d re l is w ithd raw n . A  cage o f  
re in fo rcem en t is th en  suspended  in  th e  tu b e  a n d  concre te  is 
p o u red  in to  fo rm  a n  un stre ssed  so lid  co re . M easu rem en t o f  
the  final se t gives a  va lue  fo r  th e  to ta l d riv ing  resis tance o f  the  
shell pile. I f  the  d riv ing  head , w hich n o rm ally  ap p o rtio n s  the

ham m e r b low  betw een  th e  shell a n d  m an d re l, is d isconnected  
fro m  th e  shell by rem oving  th e  fibre  rings betw een  th e  h e a d  a n d  
shell, o r by  ex trac tin g  th e  to p  shell, th e n  th e  h am m e r blow  
tran sm its  a ll its energy to  the  shoe. I f  a  se t is now  tak en , the  
resis tance to  driv ing  o f  the  sho e  on ly  can  b e  ca lcu la ted , a n d  by 
su b tra c tio n  fro m  th e  to ta l resis tance  th e  fric tio n a l resis tance  o f 
th e  p ile  is ob ta in ed . T h is test can  be app lied  to  each  a n d  
every  shell p ile  w ith o u t in te rru p tin g  p ro g ress o r  causing  
a d d itio n a l cost. T h u s, w e have  a  m eth o d  o f  de term in ing  in  the  
field, to  an  accuracy  sufficient fo r  p ra c tica l pu rposes , th e  skin  
fr ic tio n a l values o f  soils.

T o  q u o te  ju s t  o ne  exam ple, the  co m p an y  re fe rred  to  have  
ca rried  o u t extensive p ile  lo ad in g  tests a t  C rossness o n  the  
so u th e rn  b a n k  o f  th e  R iver T ham es, w here  the  17^ in. d iam ete r 
shell p iles w ere d riven  to  a  d e p th  o f  31 ft. 6 in. to  a  set req u ired  
fo r  th e  p ro p o sed  w o rk ing  loads. T h is c o n tra c t inc luded  tw o  
u p lift tests fo r  w hich  each  p ile  w as capped  w ith  a n  encastre  
beam , th is  being  ja c k e d  u p  ag a in st tw o an ch o r piles. U p w a rd  
d isp lacem ents o f  th e  p ile  w ere m easu red  fo r  1 to n  increm ents o f 
load  u n til yield  o f  th e  subso il occu rred . T h e  te s t w as th e n  
s to p p ed  an d  the  pile  com ple tely  ex trac ted  fo r  la b o ra to ry  testing. 
T he  to ta l  u ltim a te  driv ing  resis tance o f  a  ty p ica l p ile  w as 188 to n  
o f  w hich 139 to n  w as end -bearing  an d  49 to n  fric tion al. T h e  
ac tu a l fo rce req u ired  to  p ro d u ce  a  yield  o f  th e  subso il in  the  
u p lift test w as 48 to n . F ro m  d e ta iled  site  investiga tions ca rried  
o u t  o n  an  ad jacen t site , th eo re tica l sk in  fr ic tio n  values gave

to n /f t.  o f  12 in. x 12 in. p ile  in  the  L o n d o n  clay an d  1^ to n /f t.  
o f  p ile  in  the  overly ing  gravel. T hese  resu lts  w hen  converted  
to  app ly  to  th e  17^ in. d iam ete r shell p iles a t  C rossness w ould  
ind ica te  a  th eo re tica l fric tio n a l resis tance  o f  ap p rox im ate ly  
45 to n . T h u s com ple te  ag reem en t w as reached .

N o t  all th e  tests u n d e r ta k e n  a t  C rossness co m p ared  to  th is 
degree o f  accuracy , b u t, nevertheless, it  w as fo u n d  th a t  th e re  is 
m o re  sim ila rity  betw een  th e  values o b ta in e d  by  such  test driv ing  
a n d  te s t lo ad in g  th a n  th ere  is betw een  n o rm a l site  investigations 
a n d  test load ing .

R epetitive  lo ad in g  an d  un lo ad in g  cycle tests w ere also  carried  
o u t a t  C rossness. A lth o u g h  th e  m ain  p u rp o se  o f  these  24-hour- 
cycle tests w as to  ind ica te  th e  fa tig ue  likely to  be induced  in the  
sub so il by  c o n s ta n t w a te r changes in  th e  a e ra tio n  tan k s  su p 
p o r te d  by th e  piles, th e  field m easu rem en ts ta k e n  b o re  a  
re la tio n sh ip  to  th o se  m en tio n ed  in  A . F . v an  W eele’s p ap er, an d  
I  th in k  reaso n ab le  resu lts  w ou ld  have  been  o b ta in e d  if  I h a d  had  
th e  cou rage  to  assess a  co rrec t va lue  fo r  th e  m o d u lu s o f  elastic ity  
fo r  th e  concrete .

T h e  tests a t  C rossness w ere co n cluded  by test lo ad in g  a  single 
20 in. d iam ete r p ile  o f  leng th  65 ft. w ith  300 to n  dead  load . T he  
vertical d isp lacem ent w as n o t  m easu rab le  an d  th e  residual 
h o r iz o n ta l se ttlem en t w as 0-13 in.

I  have  fo u n d  th a t  som e p e n e tra tio n  tests a re  a p t to  be m is 
lead ing  to  th e  p iling  c o n tra c to r  as they  o ften  e ith e r ignore  o r 
loosely  in te rp re t th e  th ree  fo llow ing  c o n d itio n s :

(1) T h e  effect o f  subsoil co n so lid a tio n  caused  by  the  driv ing  
o f  a  large n u m b e r o f  p iles a t close cen tres , o r  conversely  the  
reco n so lid a tio n  o r  tigh ten in g  u p  o f  the  so il a fte r driv ing . In  
th is  con n ec tio n  it w ou ld  be  usefu l to  k now  w h eth er any  p en e 
tra tio n  tests have  been  m ad e  befo re  a n d  a fte r co n cen tra ted  
piling  as a  co m p ariso n  o f  the  resu lts w ou ld  be m o st enligh ten ing .

(2) A llow ance fo r  g ro u n d  heave, as m en tio n ed  in  M . J. 
T o m l i n s o n ’s  p a p e r , 3b /14 .

(3) M easu rem en t o f  negativ e  sk in  fric tion .

I t  w ill be  ap p rec ia ted  th a t  these  fac to rs  sh o u ld  be m ade  
kn o w n  to  th e  p iling  c o n tra c to r  if  h e  is to  be expected  to 
g u a ran tee  th e  fo u n d a tio n . I  hope, therefo re , th a t  th e  tech 
n ic ians in  th is c o u n try  will be ab le , befo re  th e  nex t conference, 
to  devise  a  p e n e tra tio n  testing  a p p a ra tu s  th a t  will be  ab le  to  
assess these fac tors.
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F ina lly , I  sh o u ld  be m o st g ra tefu l if  o u r  P re sid en t w o u ld  say 
w h eth er th e  rem ark s  he  m ad e  yesterday  o n  th e  usefulness o f the 
p e n e tra tio n  tests fo r sp read  foo tings also  app ly  to  p iled  fo u n d a 
tio n s , w ith  p a r tic u la r  re ference to  the  th ree  fac to rs  s ta te d  above, 
as these  th ree  fac to rs  a lone  p ro v ide  th e  p iling  c o n tra c to r  w ith  
to o  large a  p e rcen tag e  o f  his p rob lem s.

K . V. H e l e n e l u n d  (F in lan d )

I  sh o u ld  like to  m ake a  few com m en ts o n  the  se ttlem en t an d  
h o riz o n ta l m ovem en t o f  s tru c tu re s  o n  pile  fo u n d a tio n s . 
F ric tio n  piles a re  used  to  som e ex ten t in the  sou th -w estern  pa rts  
o f  F in la n d  w here th e  th ickness o f  th e  so ft, n o rm ally  co n 
so lid a ted  clay layers m ay  exceed 30 m . O bservations o f  the  
se ttlem en t o f  s tru c tu re s  o n  fr ic tio n  p ile  fo u n d a tio n s  in clay 
show , how ever, th a t  th e  settlem en t in  m o st cases is qu ite  large. 
B u ild ings in  these  low  a reas have  o ften  been  su rro u n d ed  by 
g ravel o r  san d  filling, an d  th is filling affects th e  settlem en t to  a 
very  la rge  extent.

A m o n g  th e  cases w ith  large  settlem ents th e re  a re  a lso  p ile  
fo u n d a tio n s  designed  u n d e r the  a ssu m p tio n  th a t  on ly  a  p a r t  o f 
th e  load  will be ta k e n  by  th e  piles, th e  o th e r  p a r t  being  ca rried  
d irectly  by  th e  subsoil, th a t  is, the  sam e assu m p tio n  w hich, 
acco rd in g  to  P ap e r 3b /17  by  L . Z e e v a e r t ,  h as  been  used  
recen tly  in  designing  a  pile  fo u n d a tio n  o n  th e  h ighly  co m p res 
sib le  clay in  M exico C ity . A s a n  exam ple, I  c an  m en tio n  a  five- 
s to rey  b rick  bu ild ing  in th e  c ity  o f  T u rk u , w here  th e  th ickness 
o f  th e  so ft, p a rtly  o rg an ic  clay layers varies betw een  20 a n d
30 m . T h e  bu ild ing , w hich w as fou nded  o n  tim b er piles w ith  
a  leng th  o f  less th a n  10 m , settled  a b o u t 60 to  120 cm  a n d  h a d  
to  be rep laced  by  a  new  bu ild ing  resting  o n  p o in t bearing  
piles.

O bservations o n  th e  m ovem ents o f  b ridge fo u n d a tio n s  on  
com pressib le  soil layers show  th a t  they  u n d erg o  ra th e r  large 
h o r iz o n ta l m ovem ents. In  som e cases th e  d istance  betw een  the  
ab u tm e n ts  decreases to  such  a n  ex ten t th a t  th e  bearings o f  the  
b rid g e  co n stru c tio n s hav e  to  be m oved  several tim es. T h is m ay 
in  som e cases be du e  to  a  tilting  o f  th e  a b u tm e n t caused  by 
d ifferen tial se ttlem ents , as s ta te d  by L . B j e r r u m ,  W . J o n s o n  

a n d  C . O s t e n f e l d  in  P a p e r 3b /3 , b u t in  m an y  cases th e  m ove 
m en t is caused  by  h o rizo n ta l d isp lacem ents o f  th e  soil layers 
u n d e r th e  a b u tm e n t a n d  th e  em b an k m en t filling b eh in d  the  
bridge. In  th is  co n n ec tio n  I  re fe r to  a p a p e r by  P e c k ,  I r e l a n d  

an d  T e n g  (1948) concern in g  re ta in in g  w all fa ilu res in  the  
U .S .A . Since th e  d irec tio n  o f  th e  p rinc ipa l stresses u n d e r the  
en d  o f  th e  em b an k m en t is n o t  vertical b u t is inclined  tow ards 
th e  o p p o site  a b u tm e n t, th e  com pressib le  soil layer u n d e r a n d  
betw een th e  ab u tm e n ts  will u n d erg o  co n so lid a tio n  d efo rm ations 
resu ltin g  n o t on ly  in se ttlem ents b u t a lso  in h o rizo n ta l m ove 
m en ts  o f  th e  ab u tm e n ts  a n d  th e  em b an k m en t filling b eh in d  the  
bridge. In  so ft so ils th e re  a re  also  considerab le  h o rizo n ta l 
m ovem ents caused  by  sh e a r d isp lacem ents u n d e r th e  em b an k 
m en t filling. L arg e  h o rizo n ta l m ovem ents have  been  observed  
n o t  on ly  o n  bridges fo u n d ed  d irectly  o n  com pressib le  soil layers 
an d  o n  fr ic tio n  piles in  clay, b u t also  o n  bridges resting  on  
p o in t  bearin g  piles su rro u n d ed  by  clay.

F ig . 19 show s th e  re la tio n sh ip  betw een  th e  observed  m ove 
m en ts an d  th e  soil cond itions a t  50 ra ilw ay bridges in  F in lan d  
( H e l e n e l u n d ,  1951). T h e  la rgest m ovem ents a re  observed  
a t  bridges on  piles em bedded  in  soft o rg an ic  clay layers and  
a t  bridges p laced  d irectly  on  such  com pressib le  cohesive soil 
layers . B ridges o n  fric tio n a l soil layers show  m uch  sm aller 
m ovem ents. T h e  p ile  fo u n d a tio n s  a re  generally  designed 
acco rd ing  to  th e  m eth o d s o f  V 0 kken tved  o r  C u lm an n  a s 
sum ing  th a t  th e  p iles can  ta k e  loads only  in  th e  d irec tion  o f  
th e ir  axis. In  reality , th e  piles will get considerab le  transverse  
lo ad s w hen th e  soil layers co nso lida te  an d  m ove in a  h o rizo n ta l 
d irec tion , I t  h a s  been  fo u n d  im prac ticab le  to  p ro v id e  the
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ab u tm e n ts  w ith  such  a  s tro n g  pile  fo u n d a tio n  th a t  no  m ove 
m en ts  w ou ld  o ccu r; instead , th e  m o st p rac tica l m e th o d  fo r  
e lim inatin g  th e  m ovem ents has been fo u n d  to  be to  p ro v id e  n o t 
on ly  th e  ab u tm e n ts  b u t also  a  ce rta in  p a r t  o f  th e  em b an k m en t 
filling beh ind  th e  b ridge w ith  a  p ile  fo u n d a tio n .

In  P ap e r 3b /3 , T h e  S ettlem ent o f  a  B ridge A b u tm e n t on  
F ric tio n  Piles, th e  au th o rs  s ta te  th a t  th e  observed  se ttlem en ts 
a n d  h o riz o n ta l m ovem ents have  been  g rea te r th a n  expected 
and  also  g rea te r th a n  the  ca lcu la ted  values. In  ca lcu la tin g  the

Bridges on sa n d  or other 
frictional so il

(a)

( b )

Fig. 19 Horizontal movements observed at 50 railway bridges in 
Finland, (a) N um ber of bridges and the observed move
ments as a  function o f the soil conditions, (b) N um ber 
o f bridges on frictional and cohesive soil in per cent o f the 
to tal num ber o f the observed bridges. Forty  per cent 
of the bridges are provided with pile foundations 

Mouvements horizontaux observés sur cinquante ponts de 
chemin de fer en Finlande, (a) N om bre de ponts et 
mouvements observés en fonction des conditions des sols, 
(b) N om bre de ponts bâtis sur sols cohérents et mon 
cohérents, comme pourcentage du nom bre total de ponts. 
Quarante pour cent des ponts sont bâtis sur pieux

se ttlem en t th e  au th o rs  have  n o t ta k e n  in to  co n s id e ra tio n  the 
influence o f  th e  em b an k m en t load , w hich  causes considerab le  
stresses a n d  d isp lacem ents n o t  only  in  th e  soil layers u n d e r the  
pile  p o in ts  o r  u n d e r tw o -th ird s  o f  th e  leng th  o f  th e  piles b u t 
a lso  in  the  u p p e r soil layers. B ecause o f  th e  th ickness o f  the  
com pressib le  soil layers a ll th e  co n so lid a tio n  d efo rm atio n s 
ca n n o t have  occu rred  d u rin g  th e  o v erload ing  p erio d  as n o  sand  
piles o r  o th e r  m eans fo r speeding  u p  the  co n so lid a tio n  process 
have  been  used . A  la rge  p a r t  o f  the  secondary  tim e effect 
observed  m ay  be d ue  to  slow  sh ear d isp lacem ents caused  by  the  
em b an k m en t filling. A s th e  secondary  settlem ents observed  
a re  very in teresting  I  suggest th a t the  au th o rs  ta k e  a  new  series



o f  soil sam ples fro m  th e  site  in  o rd e r to  p erfo rm  lo n g -te rm  c o n 
so lid a tio n  a n d  lo n g -te rm  u n d ra in e d  a n d  d ra in ed  triax ia l tests.

T h e  o bse rva tions a t  th is  b ridge  seem  to  confirm  th e  co n 
c lusion  d raw n  fro m  o th e r observa tions , th a t  b ridge  ab u tm e n ts  
o n  com pressib le  soil sh o u ld  n o t  be  p ro v id ed  w ith  fric tion  
{‘flo a tin g ’) p ile  fo u n d a tio n s  unless th e  influence o f  the  e m b an k 
m e n t lo a d  h as been  e lim inated  th ro u g h  em b an k m en t filling, 
lo n g -te rm  overload ing , o v erload ing  in  co n n ec tio n  w ith  san d  
piles o r  o th e r  effective m e th o d . In  th e  design  o f  p o in t bearing  
p ile  fo u n d a tio n s , w here  th e  piles a re  su rro u n d ed  by so ft co m 
p ressib le  soil layers, th e  h o riz o n ta l d isp lacem ents o f  th e  soil 
a n d  th e  resu ltin g  la te ra l forces o n  th e  piles have  to  b e  ta k en  in to  
co n s id era tio n .
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A . L a z a r d  (F rance)

M o n sieu r le p résid en t, m essieurs, je  v o u d ra is  p a r le r  très 
rap id em en t des com m u nica tio ns présentées à  ce  congrès co n 
c e rn a n t le flam bem en t des p ieux  d an s l ’arg ile  m olle. I l s ’ag it 
des com m u nica tio ns 3b /2 , de A . B e r g f e l t ,  de la  co m m u n i 
c a tio n  3b /4 , de A . B r a n d t z a e g  a n d  E . H a r b o e  auxquelles il 
co n v ien t de  jo in d re  u n  artic le  récen t de  L . B jerrum , p a ru  dans 
G é o te c h n iq u e  de ju in , a insi q ue  l ’artic le  de 3b /7  H .  Q . G o l d e r  

e t B. O . S k ip p .  B. O. S kipp  d o it p re n d re  la  p a ro le  ap rès m oi 
p o u r d o n n e r des renseignem ents p lus précis su r l’é ta t  d ’avance 
m en t de ses essais. Je  ne  peux  d o n c  p as en  fa ire  é ta t.

Je  v o u d ra is  p ré sen te r des rem arq u es d ’o rd re  th éo riq u e  p o u r 
fin ir p a r  un e  co n tr ib u tio n  d ’o rd re  p ra tiq u e .

T h é o r ie  —  (a) L a  p lu p a r t  des cas cités o n t m o n tré  u n  
flam bem ent avec d é fo rm atio n s p e rm anen tes , a lo rs  q u e  les 
co n tra in te s  sem bla ien t res te r d an s le do m ain e  é lastiqué  des 
p ieux  essayés. I l y a  là  u n e  g rave lacune  qu e  la  th éo rie  ne 
sem ble pas actue llem en t cap ab le  de com bler, (b ) L es essais 
3 b /4  ne sem blen t p o u v o ir s’in te rp ré te r co rrec tem en t q u ’en  
a d m e tta n t, e n  p lus d ’u ne  résis tance au  dép lacem en t p lus o n  
m o ins é lastiqué, u n e  résis tance  co n tre  des ro ta tio n s  aux  
ex trém ités des zones flam bées, c a r  le p ieu  so r ta it  d ’u n e  couche 
d u re  d e  g rav ier p o u r  e n tre r  p lu s  bas d an s u n e  couch e  d ’arg ile 
p lus d u re  q ue  celle o ù  s ’est p ro d u it le  flam bem ent. P o u r 
calcule rces cas o n  p o u r ra it  s’in sp ire r d e  quelques g raph iqu es 
qu e  j ’a i donnés dans les A n n a le s  d e  l ' i n s t i t u t  d u  B â t im e n t  e t  d e s  
T r a v a u x  P u b l ic s , S ep tem bre  1949 (Paris) (F lam b em en t d ’unetige 
posée  su r su p p o rts  équ id istan ts).

P ra tiq u e  —  (a) Les résu lta ts  o b tenus, en  p a rticu lie r en  3b/4, 
n e  p eu v en t s’exp liquer qu e  p a r  u n e  g ran d e  hé térogénéité  du  
te r ra in : co n d u isa n t, p a r  exem ple, à  des charges v a r ia n t de
9 t. à  16 t. so it de  1 à 1 -8 ; o ù  à  des longeurs flam bées de 1 -30 m  
e t 1 -60 m  p o u r  la  m êm e charge de 9 t. I l est d e  m êm e p o u r  de 
n o m b reu x  résu lta ts  ra p p o rté s  en  3b/2 . (b) E n  conséquence 
l 'a u te u r  p ro p o se  de suivre A . B ergfelt e t d ’a d o p te r  u ne  fo rm u le  
de la fo rm e

a =  c ( z x £ 7 ) i

o ù  C a u ra it  la va leu r cen tra le  g  m ais p o u rra it  v a rie r en tre  
^ (2 ) i /2  e t g ( 2 )i en  a d m e tta n t u ne  d ispersion  générale  de l ’o rd re  
de 1 à  2 (com m e il l ’a  co n sta té  p o u r  le R enversem en t des 
F o n d a tio n s , co m m u n ica tio n  3a/19).

B. O . S k ip p  (U .K .)

F o llow ing  the  ind ications in P ap e r 3b /7  (H . Q. G o l d e r  a n d
B. O . S k ip p )  th a t the fa ilu re  o f  end  bearing  piles in various soft

clays w as elastic-p lastic , it has been possib le  to  develop  an  
analysis o f  elastic-p lastic  co llapse. T h e  basis is a  co n tr ib u tio n  
o f  W . M a rc h a n t to  th e  S ym posium  o n  th e  P lastic  T h eo ry  o f  
S tru c tu res , he ld  in C am bridge , in  1956.

B efore any  p lastic ity  develops in  e ith e r p ile  o r  clay th e  load  
deflection  curve is governed  by  th e  re la t io n :

w here P cn c a n  be ta k en  as G ra n h o lm ’s critica l load . T h is is a  
sim plification  o f  som e w o rk  by R . V. S o u t h w e l l  in  1932 (P ro c . 
R o y .  S o c . A ,  135, 606). I f  the  a rg u m en t is confined  to  a  single 
c u rv a tu re  d e fo rm a tio n  o f  a  slender p in -ended  p ile , in itia lly  
defo rm ed  as a  h a lf  sine w ave o f  am p litu d e  8 a, it c an  be sup posed  
th a t  a  p lastic  h inge develops a t  1/2, a t  fa ilu re. A n o th e r  re la tio n  
betw een  P  an d  S can  then  be defined by  exam in ing  th e  m om en ts

Elastic load - deflection curve

Plastic load - deflection curve

F ig . 20  C o lla p se  o f  s le n d e r  p ile s in  clay . L o ad -d e fle c tio n  cu rves  
fo r  e la s tic  a n d  p la s tic  co n d itio n s  

R u p tu re  d e  p ieu x  m in ces  d a n s  l ’a rg ile . C o u rb e s  d e  c h a rg e ' 
defléc tio n  p o u r  les c o n d itio n s  p la s tiq u e s  e t  é la stiq u es

associa ted  w ith  th e  m echan ism  su rro u n d ed  by  a  yield ing  clay. 
T h is m echan ism  now  consists o f  tw o rig id  m em bers h inged  a t 
th e  cen tre . T h e  te rm  M p is th e  p in  lo ad  a t  u p p e r a n d  low er 
ex trem ities. A  co llapse c o n d itio n  is in d ica ted  by th e  in te r 
sec tion  o f  th e  tw o  load-deflection  curves.

F ro m  F ig . 20 it can  be seen th a t  th e re  a re  values o f in itia l 
deflections E /c ,  c, fo r  w hich  a  co llapse m ay  tak e  place well 
below  th e  critica l value. T h e  clay is assum ed  to  fail w hen 
th e  stress u p o n  it a t  / /2  exceeds 2(2 +  7t)c .

T his e lastic-p lastic  analysis h as  been  ex tended  to  cases w here 
th e  e lastic  d e fo rm a tio n  o f  th e  p ile  is in  th e  fo rm  o f  a  d am ped  
h a lf  sine w ave, by  assum ing  a  p lastic  h inge a t  the  m axim um  
am p litu d e  o f  th e  first h a lf  sine w ave.

T h is w o rk  will be  pub lished  in  full shortly .

A. J. d a  C o s t a  N u n e s  (B razil)

Je  v o u d ra is  d iscu ter tro is  p o in ts  du  ra p p o rt  général du  P. C. 
R u tledge.
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D ’a b o rd  je  cra ins que la  conclu sion  présen tée  a u jo u rd ’hu i p a r  
le  ra p p o rte u r  général de  q u ’il fa u t lim iter l’u tiliza tio n  des p ieux 
a u  cas de te rra in  de base p u lv eru lan t est p e u t ê tre  tro p  générale . 
Je  v o u d ra is  à  ce  p ro p o s  m en tio n n e r ce que a  d it A . C um m ings, 
anc ien  p ré s id en t d u  C o m ité  A m erican  de M écan iq ue  des sols 
à  la  P u rd u e  C onference.

Il a  rem arq u é  q u ’il y a  au  m o n d e  des m illiers de  fo n d a tio n s  
su r p ieux  avec leurs bases su r arg ile  et qu i se so n t co m p o rtés  très 
b ien. C e qu e  se ra t a rriv é  avec u n  a u tre  type  d e  fo n d a tio n  
res te ra  to u jo u rs  m atiè re  d e  spécu la tion .

D a n s  sa  d iscussion  d e  l ’a rtic le  de N . B. Hobbs (3b /8 ), o n  lit 
d an s le ra p p o r t  général q u e : ‘T h e  rem edy  is, o f  course , to  cas t 
th e  piles in  shells w ith  sufficient stren g th  to  m a in ta in  th e  orig inal 
o p en  h o le  a n d  to  su p p o rt fully th e  concre te  o f  th e  p i le ’. Je  
pense  qu e  l’effet est p ro v o q u e  p a r  la  force ascensionelle de la  
v ib ra tio n  em ployée p o u r  l’execu tion  d u  p ieu  e t q u ’o n  p o u rra it  
aussi ev iter l’acc iden t en  d a m a n t le b é to n  au  m o n to n  o u  bien 
en  le co m p rim a n t à l’a ir  com prim é au  en co re  en  fa isan t u n  tro u  
p réa lab le  d an s le te rra in .

F in a lem en t, d an s so n  ap p réc ia tio n  de  l ’artic le  3b /5 , P. C. 
R u tled g e  a  d it q u ’il n ’a p p a ra it  pas c la irem en t en  q u o i le 
flam bage est u n  p rob lèm e.

N o u s  v o u d rio n s éc la irc ir le fa it que, dans ce  cas p articu lie r, 
com m e il est in d iq u é  dans le titre  m êm e de l’a rtic le , il s ’ag it de 
pieux  avec g ra n d e  h a u te u r  lib re  a u  dessus d u  sol.

L ’é lam em ent, ra p p o r t  en tre  la  lo n g u eu r lib re  e t le ra y o n  de 
g ira tio n  a tte in t, com m e o n  p eu  d éd u ire  de l’artic le , en v iro n  
130 p o u r  u n  p ieu  de 50 cm  de d iam ètre . Se o n  tien t co m p te  
de la  lo n g u eu r d an s le sol ju sq ’au  p o in t  de  ro ta t io n  o n  a u ra  
en co re  des ra p p o rts  p lus g rands, d o n c  u n e  réd u c tio n  rad ica le  
de la  chang e  adm issible .

A u  dessous de la  cô te  d ’é ro sio n  le sol est très rés is tan t. O n  a  
d u  sab le  assez com pact, d u  sab le  arg ileux  aussi assez co m p ac t 
e t  de l’arg ile  sab loneu se  du re . L e  n o m b re  de coups d u  c a ro ttie r  
no rm alisé  est d ’env iro n  20 à 30, en  m oyenne  e t la  résis tance  à  la 
p é n é tra tio n  d u  cône h o llan d a is  est d ’en v iro n  80 à  150 k g /c m 2.

T . E. Mao ( C h in a )

W ith  reference to  P a p e r 3 b / l ,  F o u n d a tio n  E ng ineering  a n d  
" D rill in g  by  th e  V ib ra tio n  M e th o d , by  D . D . Ba r ka n, o u r  
G en e ra l R e p o r te r  m a d e  th is  s ta tem en t w hich  I h eartily  su p p o rt : 
‘ M an u fac tu re rs  o f  c o n s tru c tio n  eq u ip m en t a n d  C o n tra c to rs  in 
all p a r ts  o f  th e  w orld  w ou ld  do  well to  investiga te  th e  possi 
bilities o f  d riv ing  a n d  ex trac tin g  shee t p iles w ith  v ib ra to ry  
e q u ip m e n t’. I  w o u ld  like, how ever, to  go on e  step  fu r th e r  by 
recom m end ing  investigations o f  th e  possib ilities o f  v ib ra to ry  
eq u ip m en t n o t on ly  in  th e  field o f  sheet piles b u t also  in the  w ide 
do m ain  o f  tu b u la r  p iles o r  co lum n s w ith  o rd in a ry  sizes as well 
as e x trao rd in a ry  sizes such  as sink ing  wells. I  w o u ld  even 
suggest exp lo ring  th e  possib ility  o f  sink ing  caissons by  the  
v ib ra to ry  m eth o d .

I t  w as s ta te d  in  3 b / l  th a t  ‘M o re  pow erfu l v ib ra to rs  o f  th e  
T a ta rn ik o v  type  w ere used  sim u ltaneously  w ith  w ate r je ts  fo r  
d riv ing  re in fo rced  concre te  cylinders w hen  b u ild ing  b ridge 
p ie rs ’ ; I  w ish to  ad d  th a t  such  is th e  case w ith  b ridge  bu ild ing  
in  C h ina . In  fac t, w e have  ju s t  fin ished using  th e  v ib ra to ry  
eq u ip m en t w ith  g rea t success in  th e  s ink ing  o f  u nusually  big 
re in fo rced  concre te  cy linders o n  an  unpreceden ted ly  large scale, 
b o th  in  reg a rd  to  th e  d ep th  o f  sink ing  a n d  th e  n u m b e r o f  
cy linders sun k . I  re fer to  th e  fo u n d a tio n  w o rk  o f  th e  Y ang tze  
R iver B ridge  a t  H an k o w , C h ina .

T h is b rid g e  has a  to ta l m a in  span  leng th  o f  1,156 m , consist 
ing  o f  th ree  un its  o f  th ree  spans each , o f  steel co n tin u o u s  trusses 
o f  128 m  span . I t  is a  doub le-decked  s tru c tu re  w ith  a  d o u b le 
tra c k  ra ilw ay o n  th e  low er deck  a n d  a  six-lane h ighw ay  o n  the  
u p p e r deck.

B o th  th e  n a tu re  o f  th e  Y ang tze  R iver a n d  th e  geological

co n d itio n  o f  its b o tto m  a t  th e  b ridge s ite  m ak e  th e  fo u n d a tio n  
w o rk  o f  th e  b ridge  ex trem ely  difficult. T h e  difference betw een 
th e  h ighest an d  low est w a te r levels is 19 m , a n d  th e  d u ra tio n  o f  
th e  h igh  w a te r  season  in  a  y ea r is u su ally  seven to  e igh t m o n th s . 
T h e  deepest w a te r to  b e  expected  in  b u ild ing  th e  b rid g e  p ie r is 
m uch  over 40  m , an d  th is  is th e  w ate r d ep th  th a t  h as to  be 
co n stan tly  d e a lt w ith  d u rin g  th e  co n s tru c tio n . P n eu m atic  
caissons a re  the re fo re  n o t  m u ch  to  o u r  ad v an tag e . T h e  b ed 
ro c k  a t  th e  b ridge  site , com posed  o f  lim estone, m a rl o r  shale , 
is n o t  very  deep  b u t its to p  su rface  h as  so  steep a  slope  th a t  
u n d e r th e  base o f  th e  fo u n d a tio n  o f  a  p ie r th e re  is a  d ifference 
in  e levation  o f  over 5 m  w ith in  a  circle o f  16-5 m . T h e  o pen  
ca isson  process is, therefo re , n o t  to  o u r  ad v an tag e  e ither, a n d  
w e c a n n o t u se  p iled  fo u n d a tio n s  fo r  m o st o f  th e  p iers because 
th e  so il d ep o sit o f  a  m ax im um  d ep th  o f  27 m  is sub jec t to  a  
m ax im u m  sco u r o f  10 m , a t  th e  m id -channe l a n d , fo r  o n e  o r 
tw o p iers, th e  b ed ro ck  m ay  even  hav e  n o  overly ing  d ep o sit a t 
all. A s a  final re so rt a n d  o u t o f  sheer necessity  w e developed  
th e  ‘C o lo n n a d e ’ fo u n d a tio n  process a fte r m u ch  experim en ting , 
in  w hich  th e  p rin c ip a l s tru c tu ra l p a r t  is a  re in fo rced  concre te  
tu b u la r  co lu m n  an ch o red  in to  th e  b ed ro ck  a t  b o tto m  a n d  cast 
in to  th e  base  o f  th e  p ie r a t  th e  to p .

T h e  co lum n , 1 -55 m  in  o u tsid e  d iam ete r, is firs t su n k  as a 
tu b e , in  sections o f  9 m  leng th , by  v ib ra to ry  eq u ip m en t in  co n 
ju n c tio n  w ith  w ate r je ttin g . T h ere  a re  30 to  35 tu b u la r  co lum ns 
u n d e r  each  p a ir. T hese  tubes a re  su n k  a n d  th e  sheet p ile  
co fferdam  su rro u n d in g  th em  a re  d riven  w ith  th e  he lp  o f  a  
cy lindrica l gu id ing  a n d  b rac in g  fram e  w hich  is d ism an tled  a fte r 
th e  p ie r sh a ft is built.

A ll th e  tu b u la r  co lum n s fo r  th e  en tire  b ridge  a re  sun k  th ro u g h  
so il deposits  o f  fine san d  to  co arse  san d  a n d  gravel by v ib ra to ry  
equ ipm en t, to g e th e r w ith  w a te r je ttin g . T h e  v ib ra to r  is o f  the  
type  designed  by T a ta rn ik o v , as m en tio n ed  in  D . D . B a rk a n ’s 
p ap e r, b u t  is m uch  en larged  a n d  m ad e  a t  th e  b ridge  site . T he  
v ib ra to r  is rig id ly  connec ted  to  th e  tu b u la r  co lu m n  below  and  
th e  electric  m o to r abo v e  so  th a t  a ll th e  th ree  v ib ra te  a t  th e  sam e 
frequency .

T h e  specifications o f  th e  v ario u s v ib ra to rs  u sed  a re  as 
fo llow s: (1) v ib ra tin g  fo rce : 17-5 to  120 to n , (2) lo a d  carry in g  
ax les: 4  to  8, (3) m o m en t o f  eccen trics: 10,000 to  38,000 k g /cm ,
(4) frequency , rev /m in .: 408 to  1,000, (5) capac ity  o f  electric  
m o to r :  60 to  220 kW , (6) w eigh t o f  v ib ra to r: 4-5 to  11-25 
ton .

T hese  v ib ra to rs  are  very effective, sink ing  the  tubes in to  10 m  
o f  soil d ep o sit w ith o u t th e  help  o f  w a te r je ttin g . C om bined  
w ith  w a te r je ttin g  we c a n  sink  tw o  to  six o f  these  tubes th ro u g h  
san d  deposits  o f  u p  to  25 m  d ep th  in  every 24 hou rs.

T h ere  a re  a lto g e th e r 224 tu b u la r  co lum n s o f  1 -55 m  ou tside  
d iam ete r fo r  seven  p iers, a n d  116 tu b u la r  piles o f  0-55 m  o u tside  
d iam ete r fo r  o ne  p ie r sun k  by v ib ra tin g  a n d  w ate r je ttin g  fo r 
th e  m a in  spans o f  th is  bridge. T h e  deepest p ie r th u s  co n 
s tru c ted  is 64 m , d ow n  to  th e  bedrock .

A c tu a l co n s tru c tio n  w o rk  o n  th e  Y ang tze  R iv e r B ridge  w as 
n o t  s ta rte d  u n til Ju ly  1955 a n d  a  re p o rt h as ju s t  been  received 
th a t  a  ra ilw ay  tra in  p assed  over th e  bridge, as a  tria l ru n , 
yesterday , 15 A u g u st 1957. T h is u n u su a l speed  o f  co n s tru c tio n  
is due, to  n o  sm all ex ten t, to  the  g rea t success achieved  in sink ing  
th e  tubes by  v ib ra tin g  a n d  w ater je tting .

T o  call y o u r a tte n tio n  to  th e  fu tu re  developm en t o f  th e  
v ib ra tin g  process, I  w ish to  fu rn ish  som e m o re  in fo rm a tio n  
derived  from  several tests w e hav e  recently  m ade  a t  the  b ridge 
s ite  a n d  elsew here concern in g  th e  sink ing  o f  re in fo rced  concre te  
cy linders o f  1 -55 m , 3 m , a n d  5 m  d iam ete rs  in to  d ifferen t soils 
by  v ib ra ting , w ith  o r  w ith o u t w a te r je ttin g . T h e  p rim ary  
p u rp o se  o f  these  tests w as to  exp lo re  th e  p o ten tia lity  o f  th is 
type o f  tu b u la r  co lu m n  in  b ridge  fo u n d a tio n s  o f  w hatever 
req u irem en ts  a n d  in  fo u n d a tio n s  o f  bu ild ings a n d  h y d rau lic  
stru c tu res .
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T h e  v ib ra to r  used  has a  v ib ra tin g  fo rce  o f  120 to n  a n d  the  
lo ad  axles have  tw o frequencies, 500 a n d  1,000 rev /m in .

(1) In  clay (w ith o u t w a te r je ttin g ) : 1-55 m  tube  sinks th ro u g h  
17-9 m  a f te r  v ib ra tin g  fo r  177 m inu tes , 3-00 m  tu b e  sinks 
th ro u g h  17-76 m  a fte r  v ib ra tin g  fo r 207 m inu tes, 5-00 m  tu b e  
sinks th ro u g h  16 -5 m  a fte r  v ib ra tin g  fo r 180 m inu tes.

(2) In  fine san d  (w ith  w a te r je ttin g ): 1-55 m  tu b e  sinks 
th ro u g h  35 m  a fte r  v ib ra tin g  fo r  56 m inu tes, 3 00 m  tu b e  sinks 
th ro u g h  23 m  a fte r v ib ra tin g  fo r  14 m inu tes.

(3) In  sand  an d  gravel, w ith  40  cm  b o u ld ers  (w ithou t w ater 
je ttin g ) : 3 00  m  tu b e  sinks th ro u g h  16-31 m  a fte r  v ib ra tin g  fo r  
113 m inu tes.

F . R . Bul l en (U .K .)

I t  is refresh ing  to  find  acknow ledged  to d ay  th e  fact th a t  a  pile  
in th e  g ro u n d  o b ta in s  su p p o rt aga inst se ttlem en t fro m  tw o 
fac to rs , (a) p o in t b ea rin g  an d  (b ) fric tion . T h is fac t w as n o t 
alw ays recognized , b u t tim e  is show ing  an d  science is p ro v ing  
th a t  p iles ga in  su p p o rt fro m  b o th  these  fac to rs . I  w ould  
ven tu re  to  com m en t, how ever, th a t  the  re la tive  values o f  these 
fac to rs  d ep en d  en tire ly  u p o n  th e  g ro u n d  co n d itio n s w here  the  
p ile  is in sta lled , a n d  som etim es th e  fr ic tio n  va lue  varies acco rd 
ing  to  th e  p ro p o rtio n  o f  th e  s tren g th  a t  th e  toe . B ecause o f  
th is  jo in t  su p p o rt to  a  d riv en  p ile  I  find it difficult to  u n d e rs tan d  
w hy dynam ic  fo rm u lae  such  as th o se  referred  to  by  T . S o r e n s e n  

a n d  B. H a n s e n  (3b /13) still receive so  g re a t p o p u la rity .

F ig . 21 T es t p ile  N o . 2 , S ilv e rto w n , a b o u t  40  ft. p e n e tra tio n

P ieu  d ’essai N o . 2, S ilv e rto w n , p é n é tra t io n :  12 m  e n v iro n

P a p e r 3 b / 16 by  A . F . van Weel e suggests th a t  the  va lue  o f 
th e  fr ic tio n  su p p o rt is ap p ro x im ate ly  co n s tan t. T h is seem s 
reaso n ab le  once  the  p ile  h as b egun  to  m ove, since th e  fric tion  
th en  m ay  p a r ta k e  o f  th e  n a tu re  o f  a  res is tance  to  slid ing. If, 
therefo re , a d d itio n a l lo ad  be ad d ed  to  the  p ile  it m igh t seem 
th a t  th e  to e  lo ad  is increasing , b u t I do  n o t u n d e rs tan d  w h a t th is 
m eans. I  sho u ld  hav e  th o u g h t th a t  th e  va lue  o f  the  su p p o rt a t 
th e  to e  w ould  be reaso n ab ly  c o n s tan t, d epen d ing  as it m u st do  
u p o n  th e  p ro p erties  o f  th e  g ro u n d  a t  th e  toe . I t  w ou ld  follow , 
therefo re , th a t  th e  a d d itio n  o f  m o re  load  to  the  to p  o f  the  pile 
is p ro b ab ly  causing  th e  pile  to  accelerate  in to  th e  g ro u n d , a n d  
I  hav e  a n  idea th a t  if  the  se ttlem en t d iag ram  be co n stru c ted  fo r 
such  lo ad in g  the  cu rve will be  fo u n d  to  have  tu rn e d  over and  
to  have  becom e nearly  para lle l to  th e  settlem en t axis. Indeed , 
I have  p lo tte d  the  lo ad in g  d iag ram  fo r th e  pile  m en tio n ed  by 
A . F . van  W eele, a n d  I find th a t  fo r  a  se ttlem en t o f  a b o u t 10 per 
cen t o f  th e  p ile  size th e  d iag ram  in  fac t ru n s  a lm o st p a ra lle l to

th e  se ttlem en t axis. O n  th is basis I  su b m it th a t  th e  u ltim a te  
v a lue  o f  th is  p ile  is som eth ing  o f  the  o rd e r o f  155 to n . In  a 
p a p e r  re a d  befo re  the  A m erican  Society  o f  C ivil E ng ineers in  
1955 Seed a n d  R eese show ed  th a t  a  p ile  d riven  in to  a  un ifo rm  
clay  so il h a d  a  rea so n ab ly  c o n s ta n t to e  value a t  failu re. 
F u r th e r , they  fo u n d  th a t  th e  fr ic tio n  su p p o rt  h a d  a n  u ltim a te  
v a lue  as w ell, a lth o u g h  th e ir  experim ents show ed th a t  the  
fr ic tio n  resis tance increased  ap p rec iab ly  w ith  age.

R efe rrin g  aga in  to  the  p a p e r by  A . F . van  W eele, I  shou ld  
like to  ask  h im  w h eth er he w as ab le  to  m easu re  the  va lue  o f  the  
tem p o ra ry  com pression  o r  q u ak e  a t  th e  to e  o f  the  p ile  d u rin g  
d riv ing . F u r th e rm o re , w o u ld  h e  be p re p a re d  to  say w heth er 
th e  q u a k e  d u rin g  d riv ing  is in  num erica l re la tio n sh ip  to  the  
e lastic  co m pression  o f  th e  su b g rad e  re fe rred  to  in  h is F ig . 5. 
A cco rd in g  to  h is F ig . 5, th e  e lastic  recovery  o f  th e  toe  o f  the

F ig . 22  T e s t p ile  N o . 2, S ilv e rto w n

P ieu  d 'e s sa i N o . 2, S ilverto w n

pile  u n d e r a  lo ad  o f  100 to n  is 4  m m , th a t  is, 0-15 in. T h is 
figure is a b o u t eq u a l to  th a t  w hich  is q u o te d  by H iley  an d  o thers , 
a lth o u g h  acco rd ing  to  m y ow n m easu rem en ts it is a b o u t tw ice 
w hat I shou ld  expect.

R eg ard in g  P ap e r 3b /16  by  M . P . P. D o s S a n t o s  a n d  N . A . 
G o m e s ,  I  sh o u ld  like to  ask  w heth er th e  tem p o rary  com pression  
referred  to  in  th e  p a p e r is ac tua lly  th e  to ta l  o f  the  tem porary  
com pression  o f  th e  p ile  a n d  o f  th e  g ro u n d  a t  the  toe , th a t  is, 
C 2 p lus C 3, u sing  th e  u su al sym bols.

A  m eth o d  o f  m easu ring  th e  value o f  th e  q u ak e  a t  the  toe  o f  
a  p ile  is given  in F ig . 21 w hich show s th e  resu lt o f  som e experi 
m en ts on  a p re -cast re in fo rced  concre te  p ile  14 in. x 14 in. 
x 45 ft. long  d riven  in to  gravel in  E a s t L o n d o n . I have found  

th a t  if  th e  sets fo r  d ifferen t h am m er d ro p s are  p lo tted  the  
resu ltin g  d iag ram  is a  s tra ig h t line. I f  th is s tra ig h t line be p ro 
d uced  th ro u g h  th e  h o rizo n ta l axis o f  h am m e r d ro p  to  cu t the  
vertical axis, th e  in te rcep t o n  th e  vertical axis is equa l to  the  
tem p o ra ry  com pression  o r  g ro u n d  q u a k e  C 3. T h is s ta tem en t 
is su p p o rted  by  F ig . 22, w here th e  values o f  C 2 p lus C } fo r 
th e  pile  a re  p lo tted  against th e  squ are  ro o t  o f  the  h am m er dro p . 
I t  will be seen th a t  aga in  th e  d iag ram  is lin ea r and  a com parison  
o f  the  resu lts  ind ica tes a  good  su p p o rt fo r  th is con ten tion . 
P erhaps I  m igh t ask  A . F . van W eele, M . P . P . D o s  S an tos an d
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T. So rensen  w heth er they  have  fo u n d  an y th in g  sim ila r to  
th is.

In  passing , it m igh t be  n o te d  th a t  these  tests have  been  ca rried

V H a m m e r  drop  ft.

Fig. 23 Test pile, N o. 3, W andsworth 
Pieu d’essai No. 3, W andsworth

o u t u sing  vary ing  w eights o f  h am m e r a n d  in  a ll cases th e  sam e 
conclusions hav e  been  d raw n .

A  developm en t o f th is  idea  fo r  a  p ile  d riven  in to  clay in  W est 
L o n d o n  is g iven in  F ig . 23. In  th is  case th e  p ile  w as d riven  
firs t w ith  a  he lm et a n d  th e n  w ith o u t a  helm et. T h e  te m p o ra ry

H a m m e r  d r o p  in.

Fig. 24 Test pile, N o. 3, W andsworth
Pieu d’essai N o. 3, W andsworth

com pressions o r  quak es a t  th e  to e  o f  th e  p ile  u n d e r b o th  co n 
d itio n s a re  e q u a l to  th e  in te rcep t o f  th e  set /d ro p  line u p o n  th e  
vertica l axis.

In  th e  ligh t o f  these  fac ts  I  w ou ld  suggest th a t  w hen p iling  
o p e ra tio n s  a re  being  u n d e r ta k e n  it w o u ld  be o f  g re a t benefit i f  
engineers co u ld  a rran g e  to  m easu re  an d  pu b lish  th e  vary in g  sets 
w ith  th e  vary ing  ham m er d ro p s, since if m y w o rk  is c o rrec t th e  
va lue  o f  th e  to e  q u ak e  w ill th e n  becom e a p p a re n t.

O ne o f  th e  in teresting  resu lts  w hich  arises is th a t  th e  va lue  
S +  C3 a p p ea rs  to  be  m o re  im p o r ta n t th a n  s +  C 3/2  a n d  i t  h as 
o ccu rred  to  m e th a t  th is m ay  co n ta in  o ne  rea so n  w hy th e  H iley  
a n d  o th e r dynam ic  fo rm u lae  d o  n o t  alw ays give sa tis fac to ry  
resu lts. M ay  I  ap p ea l, th e re fo re , to  eng ineers h e re  to d ay  to  
en d ea v o u r to  inc lude  th is  a d d itio n a l in fo rm a tio n  w hen  they  
pu b lish  th e ir  reco rd s as I  believe i t  w o u ld  be  o f  trem en d o u s 
benefit in  p u rsu in g  research  in to  th e  b earin g  capac ity  o f  driven  
piles.

C . Szechy (H ungary )

T . Sor ensen a n d  B. Hansen have s ta te d  in  P a p e r 3b/13  th a t  
d riv ing  fo rm u lae  a re  based  u p o n  th e  assu m p tio n  th a t  th e  energy  
o f  a  b low  is consum ed  by  th e  e lastic  com pression  o f  th e  p ile , 
so il a n d  d riv ing  cap  a n d  by  th e  p las tic  d e fo rm a tio n  o f  th e  so il. 
I t  is w ell k n o w n  th a t  c ritic ism  as to  th e  re liab ility  o f  th e  co m 
p u ta tio n  o f  these  tw o  fac to rs  is ju stified . I  w o u ld  like  to  d raw  
a tte n tio n  to  o th e r  item s w hich  a re  still neg lected  in  these  
fo rm u lae  a lth o u g h  they  hav e  a n  essential in fluence u p o n  th e  
bearin g  capac ity  o f  th e  pile.

F irs t , th e  p lastic  d e fo rm a tio n  o f  th e  soil is generally  c o n 
s idered  eq u a l to  th e  p lastic  se t o f  th e  pile . I t  m u st be  s ta te d  
how ever th a t  a  co n sid erab le  p a r t  o f  th e  im p ac t energy  is tra n s 
fo rm ed  in to  la te ra l th ru s t  a t  th e  p o in t o f  th e  p ile , w h ich  
consum es energy  en tire ly  d ifferen t fro m  th e  p e n e tra tio n  p ro p e r. 
I t  is on ly  th e  p a r t  co inc id ing  w ith  th e  d irec tio n  o f  th e  d riv ing  
fo rce  w hich  m ay  b e  reg ard ed  as usefu l w o rk , th e re fo re  th e  
second  te rm  in  eq u a tio n  11 o f  P a p e r 3 b /13 o u g h t to  b e  m u lti 
p lied  by a  fac to r (1+ /3 ). C onsidering  th a t  th is  la te ra l co m 
p a c tio n  solidifies th e  so il in  th e  im m ed ia te  vicin ity  o f  th e  lo ad ed  
p ile  sh a ft it m ig h t be  reg a rd ed  as a  k in d  o f  ov erload ing  over th e  
n e ig h b o u rin g  surfaces s ta rtin g  fro m  below  th e  p o in t  o f  th e  p ile  
in  th e  stage  o f  fa ilu re . T h e  increase o f  th is  o v erlo ad in g  stress 
m ay  b e  co m p u ted  fro m  th e  chang e  in  v o id  ra t io  d u e  to  th e  
p e n e tra tio n  o f  th e  p ile  sha ft.

In  th e  case  o f  a  c ircu la r p ile  o f  rad iu s  r ,  p en e tra tin g  in to  th e  
soil by  a  d is tance  s  th e  la te ra l e a r th  m asses a re  com pressed  to  
a n  ex ten t vary ing  w ith  th e  d istan ce  A r  f ro m  th e  p ile  sh a ft 
(F ig . 23). T h e  degree o f  com pression  m ay  be expressed  by  
th e  specific vo lum e ch ang e: e.e m ay  be expressed  by  th e  he lp  
o f  th e  com pression -m odu lus M ,  by  the  vo id  ra t io  e  a n d  by  th e  
increase o f p re ssu re  A p

M

O n  th e  o th e r  h a n d  th e  increase o f  vo lum e as co m p ared  to  th e  
to ta l  vo lum e is also  e  an d  m ay  b e  expressed  a s :

_  A  V  _  r 2 .TT.s _  r 2 

e V  (r + A r ) 2 . v . s  (r + A r ) 2

F ro m  these tw o  expressions:

A p  =  ( r + A r ) 2 ' M

fro m  w hich  w e can  conclude  th a t  th e  g rea te r th e  d istance  A r  
fro m  th e  p ile  sh a ft as co m p ared  to  th e  rad iu s  o f  th e  sh a ft 
th e  less will b e  the  increase o f  in n e r stress A p  (F ig . 25). I t  
c a n n o t be den ied  th a t  in  ad d itio n  to  th e  w eigh t o f  th e  overly ing  
layers th is exerts a  beneficial influence u p o n  th e  b earin g  value, 
b u t  th e re  is n o  d o u b t th a t  losses in  d riv ing  energy  by  la te ra l 
lo ad in g  d im in ish  th e  effectiveness o f  d irec t com pression  resis 
tan ce  u n d e rn ea th  th e  p ile  sh a ft itse lf an d  th e re fo re  th is  m em b er 
o f  th e  energy eq u a tio n  c a n n o t be  sim ply  expressed  as P .s .  b u t  
(1 + j8 )P .s .

A n o th e r fa c to r w hich  is neglected  in  th e  d riv ing  fo rm u lae  is 
th e  cross-sec tional shape  o f  th e  p ile . I t  is generally  k n o w n  th a t  
th e  driv ing  resis tance  is largely  d ep en d en t u p o n  th e  sh ap e  o f
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the  p ile , e.g. th e  sm all d riv ing  res is tance  o f  th e  th in  steel sheet 
piles as co m p ared  to  th e  m u ch  th ick e r R .C . o r  w o o d en  sheet 
p iles is o n e  o f  th e ir  ackno w ledged  advan tages. T h e  b earin g  
c ap ac ity  o f  shee t p iling  is n o t  u su ally  im p o r ta n t b u t  ‘box  
se c tio n s’ give a  g o o d  bearin g  capac ity  because o f  th e  fo rm a tio n

Fig. 25

o f  a  co m p ac ted  e a r th  co re . T o  a  sm aller ex ten t th is  occu rs in  
th e  case  o f  s inuso ida l steel shee t p iles (L arssen -K lockner, 
In la n d , etc.). T hese  p h e n o m e n a  a re  ev idence th a t  th e  d im in u 
t io n  o f  d riv ing  resis tance  does n o t  necessarily  in cu r a  p ro p o r 
t io n a l d im in u tio n  o f  b earin g  resistance , a n d  th a t  th e  sh ap e  m ay

Fig. 26

have  a  very  im p o rta n t in fluence u p o n  th e  bearin g  capac ity  o f  
a  g iven p ile .

T h is  fac t w as clearly  d e m o n stra ted  by  a  series o f  tests ca rried  
o u t w ith  tu b u la r  p iles in  th e  la b o ra to rie s  o f  th e  T echn ica l 
U n iversity  o f  B ud ap est. Steel tu b es 50 cm  long  w ere d riven  
w ith  a  5 k g  d ro p  h am m er in to  a  steel case  o f  80 x 130 x 60 cm  
deep , filled  w ith  u n ifo rm  fine san d . T h e  ex terna l d iam ete r o f  
th e  tu b e  ran g ed  fro m  14-7 to  70-5 m m  a n d  a t  d iam ete r 2 9 -6  m m  
th e  w all th icknesses w ere varied  fro m  1 m m  u p  to  14-8 m m

(solid  pile). T h e  bearin g  capac ity  w as d e te rm in ed  by  a  p isto n  
ja c k .

I t  w as fo u n d  th a t  w ith in  th e  lim its o f  h e ig h t/ra d iu s  ra tio  
te sted  th e re  w as p rac tica lly  n o  difference in  th e  bearing  cap ac ity  
o f  a  tu b u la r  p ile  an d  a  so lid  p ile  o f  th e  sam e d iam e te r; b u t  th e re  
w as a  difference in  th e  energy  necessary  to  d rive  th e  tu b es to  
th e  sam e d ep th . T w o  series o f  tests w ere ca rried  o u t w ith  
tubes o f  th e  sam e ex terna l d iam ete r b u t o f  v a rio u s w all th ickness.

F ig . 26 show s th e  b ea rin g  capac ity  o f  th e  tu b es as a  fu n c tio n  
o f  w all th ickness. (A  w all th ickness  o f  14-8 m m  rep resen ts  a  
so lid  steel ro d .)  I t  is to  be seen  th a t  b o th  th e  u ltim a te  bearing  
capac ity  a n d  th e  u ltim a te  res is tance  to  pu lling  a re  p rac tica lly  
th e  sam e fo r  all th e  tes te d  w all th icknesses. O n  th e  o th e r 
h a n d , a n  increase  in  w all th ickness in cu rs  a  progressive increase 
in  th e  d riv ing  energy  req u ired .

W e c an  conc lude  th a t  these  resu lts  a re  in  ag reem en t w ith  the  
p rev ious sta tem en ts  o f  W . A ic h h o m  a n d  B. F ellen ius. T hey  
h av e  fo u n d  fo r  foo tings th a t  th e  least b ea rin g  res is tance  is 
y ie lded  by  a n n u la r  surfaces a n d  th e  g rea tes t by  so lid  c ircu la r 
ones. D riv in g  res is tance  is chiefly du e  to  th e  bearin g  resis tance  
o f  th e  su rface a t  th e  to e  o f  th e  p ile  a n d  th e re fo re  tu b u la r  p iles 
w ill need  less d riv ing  energy  th a n  so lid  rod s.

Fig. 6/23/c

T h e  fo rm er s ta te m en t concern in g  th e  eq u a l bearing  capac ity  
in  sp ite  o f  th e  vary ing  d riv ing  energy c a n  be exp lained  on ly  by 
th e  developm en t o f  a  co m p ac ted  in n e r ea rth -c o re  w ith in  the  
tu b e  w hich  augm en ts th e  resis tance o f  th e  a n n u la r  su rface  o f  
th e  p ile  toe . T h e  g ra d u a l co m p ac tio n  o f  th is e a r th  co re  w as 
observed  d u rin g  th e  tests a n d  it  w as n o ted  th a t  a  decrease o f
6 p e r cen t in  th e  o rig ina l vo id  ra tio  (« =  0-335 p e r cen t) o f  th e  
san d  w as sufficien t to  ensu re  th e  fu ll p o in t resistance . T h is 
resis tance  w ill n a tu ra lly  develop only  w ith  la rg e r d isp lace 
m en ts o f  th e  p ile  sh a ft ow ing to  th e  g re a te r com pressib ility  o f  
th e  e a r th  core. T h is fac t is d em o n stra ted  by  F ig . 27 w here 
th e  se ttlem en t u n d e r u ltim a te  lo ad  is in d ica ted  as a  fu n c tio n  o f  
w all th ickness fo r  tu b es o f  th e  sam e d iam ete r w hen  th e ir  bearing  
capac ity  w as p rac tica lly  th e  sam e. I t  is to  be  seen th a t  a t  1 m m  
w all th ickness, w hen  th e  d iam ete r o f  th e  in n e r e a r th  co re  w as 
th e  biggest, th is se ttlem en t w as a b o u t fo u r tim es as g rea t as th a t  
in  th e  case o f  a  so lid  rod .

T h is p h en o m en o n  is sim ilar to  th a t  o f  the  steel sheet piles an d  
b ox  sections re ferred  to  above . A n  ap p ro x im ate  theo ry  
verify ing th e  g re a te r se ttlem en t o f  a  tu b u la r  p ile  is as fo llow s:

U n d e r a  so lid  c ircu la r p ile  p o in t th e  given lo ad  P  will se t u p  
a  specific p o in t resis tance  o f  a ,  a n d  it m ay  b e  w ritten  th a t  
P = R 2 . t t . < j ,  a n d  th e  settlem en t ( A s )  =  ( a t . t ) / M  app rox im ate ly  
w here  M  deno tes th e  com pression  m o d u lu s o f  soil a n d  t  th e  
d e p th  o f  th e  influence ( t  S  4R ).

U n d e r  a  tu b u la r  p ile  w ith  th e  sam e settlem en t th e  sam e load  
P  c a n n o t be  exerted  because u n d e rn e a th  th e  sm aller a n n u la r  toe
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su rface  only  a  force P '  =  ( R 2 — r 2) n . a ,  c an  be tran sm itted  to  the 
soil. T h e  soil-m ass encased  w ith in  the  tube  will n o t  pen e tra te  
in to  the  soil to  the  sam e am o u n t A s ,  because it will p rinc ipa lly  
slide fu r th e r in to  th e  tu b e  itse lf a n d  the  fo rce ac ting  o n  the  
subso il w ill be only  th a t  frac tio n  P "  w hich can  be tran sm itted  
to  the  in n er su rface o f  th e  tu b e  by  fric tion . T h is m ay be 
expressed : P " =  crx .2 n r .  A h .  ta n  8 , w here  A h  is th e  he igh t o f  the  
e a r th  cy linder in  th e  tu b e  (F ig. 28), a n d  A h  =  A s  — d h  w here d h
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sq u a re ; the  ex te rio r ones being a t  a  b a tte r  o f  3 :1  o r  4 :1 . 
T h e ir ax ial coefficient o f  rea c tio n  w as sup p o sed  to  be c o n s ta n t 
an d  equal to  k „ = \ 0  t /m m , w hile th e ir  la te ra l coefficient o f  
reac tio n  lc, v aried  from  k ,  =  0 to  k ,  =  2  t /m m . T h e  cases o f  
lo ad in g  exam ined  w ere: a  h o rizo n ta l lo ad  X = 2 0 t  in  th ree  
p ositions X u  X 2, X]-, a  vertical lo ad  Y =  100 t  in  tw o po sitio n s : 
Y i  (eccentric) a n d  Y 2 (cen tra l). T h e  ax ial reac tions N ,  tra n s 
verse  reac tions T  a n d  bend ing  m om en ts M  in  th e  p iles w ere 
evaluated .

F ig . 30 show s th e  v a ria tio n  o f  N ( X )  a n d  T ( X ) ;  F ig . 31 
th e  v a ria tio n  o f N ( Y )  in  th e  b a tte r  p iles 1, as a  fu n c tio n  o f  
A =  k , l k „.  In  F ig . 32 the  ro ta tio n s  <f> o f  th e  fo u n d a tio n  
caused  by th e  loads X  an d  Y  a re  given. In  th e  abscissae  are  
p lo tted  a lso  the  co rresp o n d in g  values o f  Y o u n g ’s m o d u lu s  o f  
th e  soil E s (a fte r a th eo ry  assum ing  piles as beam s in  a n  e lastic  
m edium ).

T h e  type o f curves show n in th e  illu stra tio n s is ch arac te ris tic

Fig. 27

is th e  com pression  o f  the  in tru d in g  soil m ass u n d e r the  effect 
o f  th e  fo rce  P " ,  app rox im ate ly  d h = P "  l ( r 2'ir). t ' / M '  w here  t ' 
a n d  M '  a re  the  som ew hat m odified  values o f influence dep th  
( i 'S  4 r) a n d  o f  com pression  m odu lu s w hich will be also 
fu n c tio n s o f the  chan g e  o f  v o id -ra tio  (A e ). A cco rd ing  to 
Jam ieso n ’s silo -theory

a n d  w hen  su b stitu tin g  th is value to  the  eq u a tio n  o f  P "  we get 
P "  =  r 2 .tt.y . A h ,  w hich  is th e  w eight o f  the  in tru d e d  soil m ass 
a n d  considering  th a t  y . A h  is essen tially  less th an  <j,; P—P' will 
be  a t any  ra te  g rea te r th a n  P " ,  an d  if  w e w an t to  tra n sm it the  
sam e fo rce P  a d ifference o f  P 0 = P — ( P ' +  P " )  m u st be  p u t in 
a d d itio n  o n  th e  pile , w hich  will u n d o u b ted ly  se t up  a  fu rth e r d s  
se ttlem en t u n d e r th e  a n n u la r  p ile, w hich will be ad d ed  to  th a t  
( J i )  o f th e  so lid  pile.

A . V e s i c  (Y ugoslavia)

In  P ap e r 3b /2  A . B e r g f e l t  h as p re sen ted  som e valuab le  
o b serva tions o n  th e  b eh av io u r o f  p ile  ben ts in  so ft clay. 
Special a tte n tio n  sho u ld  be called  to  th e  fac t th a t, w hen his 
p iles w ere sufficiently long, th e  fa ilu res occu rred  by  b reak ing  
o f  th e  p iles, a lth o u g h  th e  ax ial bearing  capac ity  w as n o t  
reached .

T h is p o in ts  once  m o re  to  the  im p o rtan ce  o f  th e  la te ra l 
resis tance  o f  p iles w hich  is still o ften  d isreg arded  in  th e  analysis 
o f  fo u n d a tio n s  w ith  b a tte r  p iles. W e w ish  to  em phasize  th a t  
th e  a u th o r’s o b serva tions a re  in  full ag reem en t w ith  recen t 
theo re tica l investigations w e have  m ade o n  th is  subject.

In  o rd e r to  d em o n stra te  th e  influence o f  la te ra l resis tance 
w e have  exam ined  d ifferen t types o f  fo u n d a tio n s  w ith  b a tte r  
p iles, s tudy ing  th e  v a ria tio n  o f  ax ial reac tions, transversa l 
reac tions an d  bend ing  m om en ts in  th e  in d iv idua l p iles as a 
fu n c tio n  o f  th e  re lative la te ra l resis tance o f  piles A = & ,/£„.

O ne  o f  th e  typ ical fo u n d a tio n s  exam ined  is show n in 
F ig . 29. T he  piles w ere re in fo rced  concrete , 30 x 30 cm

F ig . 29  T h e  fo u n d a tio n . T h e  sh o w n  p o s itio n s  o f  th e  e la s tic  c e n tre  
C  c o rre sp o n d  to  th e  b a t te r  4 :1  o f  th e  e x te r io r  piles 

F o n d a tio n . L es p o s itio n s  in d iq u ées  p o u r  le  c e n tre  é la s tiq u e  
C  c o rre sp o n d e n t à  u n e  in c lin a iso n  4 :1  des p ieux  ex té rieu rs

fo r all th e  analyses: w hen th e  lo ad  is vertical an d  cen tra l th e  
influence o f  the  la te ra l resis tance  o f  p iles is neglig ible ; w ith  the  
increase o f  in c lina tion  a n d  eccen tric ity  o f  th e  loads th is  in 
fluence becom es m o re  a n d  m o re  im p o rtan t.

In  such  cases a  re latively  sm all la te ra l su p p o rt o f  the  so il is 
sufficient to  change th o ro u g h ly  the  d is tr ib u tio n  o f  th e  reac tions 
betw een  th e  ind iv idual piles, a n d  to  decrease  considerab ly  th e  
d isp lacem ents o f th e  fo u n d a tio n . T h u s, neglecting  th e  la te ra l 
resis tance o f  piles we can  o ften  en te r in to  conside rab le  e rro rs .

T h e  conclusion  th a t  can  be in ferred  from  these  co m p u ta tio n s , 
a s well as from  th e  observed  fac ts, is: th a t  in  the  analysis o f  
s tab ility  o f  p ile  fo u n d a tio n s , b o th  th e  ax ial a n d  th e  la tera l 
resistances m u st be  considered , a lth o u g h  the  la tte r  a re  sm all 
co m p ared  to  th e  fo rm er.

A  very  sim ple  m eth o d  fo r  such  an  analysis has been  developed  
recently  ( V e s ic ,  1956, 1957).
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F ig . 30 V a ria tio n  o f  th e  ax ia l re a c tio n s  N  a n d  
th e  tra n sv e rsa l re a c tio n s  T  in  th e  
e x te r io r  b a t te re d  p ile  1 a s  a  fu n c 
t io n  o f  th e  re la tiv e  la te ra l re s is ta n ce  
X =ktlk „.  F u ll  lines  c o rre sp o n d  to  
a  b a t te r  o f  3 :1  ; d o tte d  lines  to  4 :1 .  
H o riz o n ta l lo a d  A "= 201  in  d iffe ren t 
p o s itio n s : X \ ,  X i ,  X )

V a ria tio n  des ré a c tio n s  ax ia les N  e t  
tran sv e rsa le s  T  d a n s  u n  p ie u  ex 
té r ie u r  inc liné  1, e n  fo n c tio n  d e  la  
ré s is ta n c e  la té ra le  re la tiv e  A=&</&„. 
L es lignes re p ré se n te n t u n e  in 
c lin a iso n  d e  3 :1  j les p o in tillés  
u n e  in c lin a iso n  d e  4 :1 .  C h a rg e  
h o r iz o n ta le  À '= 2 0 1  d a n s  différen tes 
p o s itio n s  X ],  X ] , X-i

F ig . 31 V a ria tio n  o f  th e  ax ia l re a c tio n s  N  
c a u se d  by  a  v e rtic a l lo a d  Y =  100 t 
in  a  c e n tra l  ( Y2) o r  e c cen tric  ( Kj) 
p o s itio n

V a ria tio n  d es  ré a c tio n s  ax ia les  N  
cau sées  p a r  u n e  c h a rg e  v e rtic a le  
Y =  1 0 0 1 d a n s  u n e  p o s itio n  c e n tra le  
o r  e x c e n tr iq u e  ( Ki)

F ig . 32 R o ta tio n s  $ o f  th e  fo u n d a tio n , ca u se d  
by  h o r iz o n ta l lo a d s  X  o r  by  an  
ec cen tric  v e rtica l lo a d  Kj. F u ll  
lines c o rre sp o n d  to  a  b a tte r  o f  3 :1  ; 
d o tte d  lines to  4:1 

R o ta t io n s  </> d e  la  fo n d a tio n  causées  
p a r  les c h a rg es  h o r iz o n ta le s  X  o n  
p a r  u n e  c h a rg e  ex c e n tr iq u e  vertica le  
Y. L es lignes c o rre s p o n d e n t à u n e  
in c lin a iso n  d e  3 :1 , les p o in tillé s  à 
u n e  in c lin a iso n  4:1
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M . Buisson (F rance)

L e s  re n se ig n e m e n ts  d o n n é s  p a r  N . B . Hobbs (3 b /8 )  s o n t  
p ré c ie u x  e n  c e  q u i  c o n c e rn e  la  p a th o lo g ie  d e s  p ie u x  m o u lé s  d a n s  

le  so l.
T ou tefo is, no u s p ensons q ue  le p h éno m ène observé est p lus 

général. N o u s  avons eu  l’occasion  de  re n c o n tre r  de  te ls 
ré trécissem en ts d e  sec tion  e t délavage d u  b é to n  en  d eho rs des 
zones o ù  l’ea u  est artésienne.

C e ph én o m èn e  p e u t aussi b ien  se p ro d u ire  d an s tous les p ieux  
b é tonnés à  sec d an s le so l n oyé  lo rsq u ’o n  ne  se p ro tèg e  pas 
co n tre  l’in tru s io n  de l’eau  de la  n ap p e , e t ceci est d ’a u ta n t p lus 
difficile qu e  la  p ro fo n d e u r d ’ea u  est p lu s  g rande .

Ju sq u ’à  ces dern ières années, je  pensais q u ’il suffisait de 
vérifier:

(1 °) q ue  le b é to n  n e  rem o n te  p as  d an s le tu b e , a u  m o m en t 
o ù  o n  relève celui-ci;

(2°) q ue  l’eau  n ’ap p a ra issa it pas à  la  su rface  d u  b é to n  (ce 
q u i se tra d u it  p a r  u n  m ouillage  d u  m o u to n  se rv an t au  p ilonnage  
d u  b é to n  p e n d a n t le relevage d u  tube).

T ou tefo is, j ’a i e u  l’occasion  de  co n s ta te r  que, si ces co n 
d itio n s so n t en  effet nécessaires, elles n e  so n t p a s  suffisantes. 
T rès sou ven t, les p ieux  trav e rsen t de  l’arg ile  assez m olle, o u  de 
la  vase, a v an t de  re n c o n tre r  u n e  couche p o r ta n te  de g rav ier e t 
de  sab le  perm éables. C es phéno m ènes se p ro d u isen t sou ven t 
d an s les estua ires, là  o ù  la  h a u te u r  de m arée  e n tra în e  des 
m ouvem en ts d ’eau  d an s le sol. Ils se p ro d u ise n t aussi au  
vo isinage de riv ières o u  de fleuves su jets au x  crues. II en  
résu lte  q ue  d an s to u s  ces cas, e t su r to u t lo rsq u e  la  p ro fo n d e u r 
d ’eau  dépasse  quelques m ètres, ce  genre  de p ieux  d o it ê tre  
écarté , d u  fa it d u  risq u e  t ro p  g ran d . C e risq u e  de  délavage e t 
d e  ré trécissem en t du  b é to n  existe m alheu reu sem en t aussi en  ce 
q u i concerne  les p ieux  b é tonnés d an s le so l sous charge  d ’eau , 
p o u r  év ite r ju s te m en t l’effet de l’eau  artésienne . L es causes de 
déficience so n t a lo rs  :

(1 °) u n  accrochage  du  b é to n  au  tu b e  en  cou rs de  relevage;
(2°) u n  m ouvem en t de l ’eau  d an s le sol, susceptib le  d ’en 

t ra în e r  le c im ent. C e m ouvem en t p e u t ê tre  dû  à  l’excès de 
p re ssio n  d ’ea u  d an s le tube . L ’eau  rem o n te  a lo rs  le long  du  
p ieu  d an s l’espace p eu  co m p ac t libère p a r  l’épa isseur d u  tube. 
S’il est nécessaire d ’équ ilib re r la  p ression  d ’eau  dans le tube , 
il e s t d o n c  aussi nécessaire de  ne  p as l’aug m en te r indûm en t. 
D e  fausses m anœ uvres p euven t co n d u ire  à  u n e  in jec tio n  de 
c im en t d an s le  so l très  p e rm éab le  (cas des p ieux  exécutés sous 
p re ssion  d ’a ir  com prim é  o u  d ’eau  com prim ée). M êm e si ces 
causes d ispara issen t, l ’en tra în em en t des particu les de c im en t 
p a r  l ’eau  du  sol p e u t se p ro d u ire  a v an t p rise  de celui-ci. P o u r 
l ’év iter, il e s t b o n , a v an t de b é to n n e r le p ieu , de  m élanger de 
l ’eau  e t de  l ’arg ile, e t de  co lm ate r les po res  de  la  zone  perm éab le  
p a r  in jec tion  sous fa ib le  pression . Il est b o n  égalem ent d ’em 
p lo y er des accé léra teu rs de p rise  p o u rév ite r u n e  du rée  tro p  
g ran d e  de p rise  de bé ton . T o u t cela d o it ê tre  co n trô lé  de très 
près.

M ais in d ép en d am m en t des fa its  observés e t rep o rtés  p a r  
N . B. H o b b s , e t  de  ceux qu i p récèden t e t s ’y re lien t, je  signale 
aussi les ru p tu re s  qu i se p ro d u ise n t dans les p ieux  m oulés dans 
le  sol, lo rsq u e  d ’au tres  p ieux  so n t b a ttu s  à  cô té. Si la  p rise  n ’est 
p as en co re  faite , il sem ble qu e  des ré trécissem en ts se p ro d u isen t 
là  o ù  la  résis tance est m o ind re . Si la  p rise  a  déjà eu  lieu , les 
ru p tu re s  observées so n t de  trac tio n . Les surfaces de ru p tu re  
so n t h o rizon ta les. U n  v ide se p ro d u it en tre  deux  tro n ço n s  du  
pieu . C es phéno m ènes se p ro d u isen t lo rsq u e  le te rra in  traversé

est co m p ac t; ils so n t observés aussi b ien  p e n d a n t le  b a ttag e  q ue  
p e n d a n t le b é tonnage , si l’o n  essaie d ’au g m en te r le d iam ètre  du  
fû t o u  de la  base  d ’un e  façon  excessive eu  é g a rd  à  l’incom p ressi 
b ilité  du  sol (so it sous la  p o in te , so it dans la  h a u te u r  d u  fû t). 
C es coupu res, q ue  n o u s  avons p u  observer à  p lu sieu rs rep rises, 
p euven t ê tre  decelées p a r  la  m esu re  d u  sou lèvem ent de la  p a rtie  
sup érieu re  du  p ieu  d an s lequel o n  p lace  u n e  b a rre  d e  scellem ent 
au  m o m en t d u  bé to n n ag e  d e  la  tête . O n  a  observé des sou lève 
m en ts de p lusieu rs m illim ètres à  7 m  de d istance  d ’un  p ieu  b a ttu  
de 12 m  de longeu r. L e  sou lèvem ent to ta l  est d o n c  la  som m e 
des sou lèvem ents dus a u  b a tta g e  de to u s  les p ieux  b a ttu s  d an s 
u n  ce rta in  ray o n .

C e ra y o n  c ro ît avec la  lo n g u eu r des p ieux . N o u s avons c o n 
s ta té  a in si q ue  ce  sou lèvem ent p e u t a tte in d re  d an s ce rta in s  cas
7 cm  e t m êm e plus. I l est ce rta in  q u e  l’o n  p e u t s’a tte n d re  a lo rs  
à  u n  g ra n d  n o m b re  de  co u p u res qu i en  généra l o n t quelques 
m illim ètres d e  h au te u r , e t à  u n  affaissem ent im p o r ta n t e t inégal 
des p ieux  en  cou rs  de  co n s tru c tio n . L e c rité riu m  qu e  no u s 
avons re ten u  est u n  sou lèvem ent to ta l  d e  7 à  8 m m .

D a n s  to u s  les cas dou teu x , la  m esu re  de  re lèvem ent de  la  tê te  
d u  p ieu  s’im pose. D a n s  les deux  cas envisagés (celu i d e  N . B. 
H o b b s  e t le cas signalé) il e s t nécessaire  de  p re n d re  des p ré 
c au tio n s  q u i peu v en t ê tre  différentes su iv an t les co n s tru c teu rs  : 
d an s le p re m ie r cas, le  chem isage est le m eilleu r rem èd e ; dans 
le deuxièm e cas, il p e u t en  ê tre  u n  égalem ent. O n  p e u t aussi 
p ré p a re r  la  cav ité  d u  p ieu  so it en  d é c a ro tta n t, so it en  tra n s 
fo rm a n t le p ieu  b a ttu  en  p ieu  fo ré  avec les p ré cau tio n s  ind iquées 
précédem m ent.

R . PffiTKOW SKi (P o land)

I w an t to  b rin g  to  y o u r a tte n tio n  som e in teresting  a ttem p ts  
to  d rive  piles a n d  sheet p iles by  v ib ra tio n . I  hav e  fo u n d  m any  
descrip tions o f  th is in  R u ss ian  lite ra tu re , b u t  n o  m echan ical 
ex p lan a tio n s o f  th e  p h en o m en o n . I  tr ie d  to  d o  i t  m yself, a n d  
a rr iv ed  a t  som e in teresting  resu lts.

I  ta k e  th e  n u m b ers  acco rd in g  to  R u ss ian  lite ra tu re . A s 
sum ing  a = t h e  am p litu d e  o f  v ib ra tio n s  eq u a l to  0-5 cm , 
n = v ib ra tio n  frequency  e q u a l to  25 c /s , I  get th e  acce lera tion  
con fo rm in g  to  th e  w ell-know n fo rm u la  o f  dynam ics :

p  =  a4TT2n 2 =  12,500 cm /sec2

e.g. a b o u t 13 tim es the  te rre s tr ia l acce leration . I f  w e tak e  
th e  w eight o f  the  p ile  as 2 to n , th e  sup erim posed  w eigh t 4-5 to n  
acco rd ing  to  R u ss ian  recom m endation s, w e get a  fo rce c o rre 
spo nd ing  to  sta tica l force  89 to n , w hich  is q u ite  sufficient to  
d rive  in a  p ile  in co n d itio n s o f  soil w hich a re  n o t  difficult.

T h is c o m p u ta tio n  explain s th e  m echan ica l sense o f  th e  v ib ra 
t io n  m eth o d  o f  d riv ing  in  piles.

The Chairman

I  now  ask  the  G en era l R e p o r te r  to  sum m arize  th e  d iscussion.

General Reporter

W e have  h a d  to d ay  a  la rge  n u m b e r o f  in te restin g  c o n tr i 
b u tio n s , a n d  I  shall n o t  even  a tte m p t to  sum m arize  th em . I  
sho u ld  like  to  rem in d  you  th a t  p iles a re  a  very p rac tica l sub ject. 
T h e  m any  experim en ts a n d  tests a n d  theo ries  th a t  hav e  been  
described  fo r  th e  b earin g  capac ity  o f  a n  in d iv idual p ile  a re  
ap p licab le  to  the  tak in g  o f  th e  lo a d  o u t o f  th e  p ile  in to  th e  
bearin g  s tra ta . H ow ever, as a  n u m b e r o f  th e  d iscussions o n  
g ro up  load ing s o f  p iles have  show n, th e  p erfo rm an ce  o f  a  g ro u p  
o f  p iles does n o t  necessarily  have  very m u ch  re la tio n sh ip  to  th e  
lo ad  capac ity  o f  a n  ind iv idual p ile , a n d  th e  d is tr ib u tio n  o f  lo a d  
am o n g st th e  g ro u p  o f  p iles is n o t  necessarily  re la ted  to  th e
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lo ad in g  capac ity  o f  a n  in d iv idual p ile . T herefo re , in  p rac tica l 
engineering  w e a re  co nce rned  w ith  a  ju d g m e n t as to  w h a t w e 
can  d o  w ith  a  g ro u p  o f  piles. Z eev aert also  m en tio n ed  negative 
sk in  fric tion s in  clays. T h is is, o f  course , th e  tim e p h en o m en o n  
to  w hich  I  re ferred , an d  is a n  im p o rta n t fac to r w henever piles 
p en e tra te  th ro u g h  so ft clays.

The C hairm an

I am  su re  th a t  we shall all be  g lad  to  h e a r  som e rem ark s  fro m  
o u r P residen t.

K . Ter za ghi, P resid en t (U .S .A .)

T h e  G en e ra l R e p o r t  w hich  h as been  p re sen ted  by  P . C . 
R u tledge  h as given u s  a  very c lea r p ic tu re  o f  th e  p ro g ress  th a t  
has been  m ad e  since th e  la s t con ference  in  o u r  u n d e rs tan d in g  
o f  th e  in te ra c tio n  betw een  p ile  an d  so il, a n d  w e a re  ce rta in ly  all 
g ra tefu l fo r  th e  tim e  a n d  la b o u r  he  h as spen t o n  p re p a rin g  h is 
R ep o rt.

T h e  a p p lica tio n  o f  th e  p ro ced u res a n d  th e  p rinc ip les w hich  
have  been  described  req u ire , as a  m a tte r  o f  course , first o f  all 
th a t  th e  so il co n d itio n s a t  th e  site  o f  th e  p ile  to  w hich  they  re fe r 
a re  th o ro u g h ly  k n o w n  a n d , secondly , th a t  th e  soil co n d itio n s 
a re  rea so n ab ly  u n ifo rm  over th e  en tire  a re a  to  b e  covered  by  
th e  p ile  fo u n d a tio n . H ow ever, these  co n d itio n s a re  by  n o  
m eans alw ays satisfied , th e re fo re  it is necessary  in  a n  early  
p h ase  o f  c o n s tru c tio n  to  find  o u t by  o b se rv a tio n  w h eth er o r  n o t  
th e  assu m p tio n s o n  w hich  th e  design  w as based  a re  satisfied a n d  
to  ta k e  steps to  p rev en t th e  consequences o f  e rro rs  in  o u r  
a ssu m p tio n s b e fo re  it  is to o  la te . I f  th a t  is n o t  d o n e  th e  conse 
quences c an  b e  very  em barrassing , a n d  I  w ish  to  illu stra te  th em  
by th e  fo llow ing  exam ples.

A b o u t 11 o r  12 years ago  a  la rge  sch oo l b u ild in g  w as to  be 
erected . T h e  m a in  tra c t  o f  th e  b u ild ing  w as lo ca ted  o n  b ed 
ro c k  a n d  on e  o f  th e  w ings ab o v e  a  valley w hich  w as carved  o u t 
o f  th e  b e d ro ck  a n d  sub sequen tly  filled w ith  sed im ents . T he  
site  w as investiga ted  by  m ean s o f  bo rings spaced  50 ft. b o th  
w ays. T h e  b o rin g  reco rd s in d ica ted  th a t  th e  b o tto m  o f  th e  
ro c k  valley  an d  th e  slope  lo ca ted  b en ea th  th e  w ing w ere covered  
w ith  a  layer o f  dense gravel w ith  a  th ickness o f  a b o u t 10 ft. 
T h e  g ravel s tra tu m  w as b u ried  b en ea th  a  s tra tu m  o f  so ft clay 
w ith  a  th ickness u p  to  30 ft. overla in  by  a  th in  b la n k e t o f  p ea t. 
T he  u p p e rm o st p a r t  o f  th e  subso il consisted  o f  recen t fill. O n  
the  basis o f  th is  in fo rm a tio n  it w as decided  to  estab lish  the  
w ing  o n  cast-in -p lace  concre te  piles to  be d riven  to  re fu sa l in to  
th e  gravel.

W h en  th e  b u ild ing  w as a lm o st com ple ted , se ttlem en t cracks 
developed  in  th e  sidew alls o f  th e  w ing, w hereu p o n  settlem en t 
ob serva tions w ere s ta rted . T h e  read ings show ed  th a t  th e  
settlem en t o f  th e  s tru c tu re  increased  d u rin g  th e  fo llow ing  six 
m o n th s  by a m o u n ts  ran g in g  betw een  zero  an d  3£ in . T h e  
ow ners c la im ed  th a t  th e  c o n tra c to r  h a d  failed  to  d rive  th e  piles 
to  refusal in to  th e  gravel a n d  filed a  law su it ag a in st h im . A t 
th a t  stage I w as ask ed  by  th e  c o n tra c to r  to  investigate  the  causes 
o f th e  subsid ence.

W hen  I  exam ined  th e  c o n tra c to r’s co n s tru c tio n  rec o rd s  I 
no ticed  th a t  th e  d ep th  a t  w hich  th e  piles su p p o rtin g  o n e  in 
d iv idual c lu ste r h a d  m et re fusa l varied  by  am o u n ts  u p  to  16 ft. 
In  o rd e r to  find o u t w h e th er th e  piles h a d  really  m et re fusa l, th e  
up p e rm o st p o rtio n s  o f  th e  p iles su p p o rtin g  th e  foo tings a t  the  
site  o f  m ax im um  se ttlem en t w ere c u t o u t, on e  by  one. A  
lo ad in g  test w as p e rfo rm ed  o n  each  o f  th e  cu t-o ff p iles a n d  th e n  
the  co n n ec tio n  betw een th e  p ile  a n d  th e  base  o f  th e  fo o tin g  w as 
re-estab lished . T h e  tests show ed  th a t  n o n e  o f  th e  p iles s ta rted  
to  m ove u n d e r a  lo ad  o f  less th a n  100 tons a n d  only  tw o piles 
y ielded u n d e r a  lo a d  o f  less th a n  200 tons. Y et th e  d ead  lo ad  
p e r p ile  w as less th a n  40 tons, a n d  w hile th e  lo ad in g  tests w ere

being  p e rfo rm ed  th e  fo o tin g  co n tin u ed  to  settle. T h u s it 
becam e ev iden t th a t  th e  gravel s tra tu m  co n ta in ed  la rge  pockets 
o f  so ft clay w hich h a d  escaped  th e  a tte n tio n  o f  th e  drillers. 
M o st o f  th e  p iles h a d  m et refusal in  th e  gravel above  clay 
p ock e ts  a n d  th e  p ile -su p p o rted  foo tings settled  o n  acco u n t o f  
th e  g ra d u a l co n so lid a tio n  o f  po ck e ts  o f  so ft clay lo ca ted  b en ea th  
th e  p o in ts  o f  th e  p iles, in  sp ite  o f  th e  fac t th a t  th e  g ravel w as 
dense en o u g h  to  p re v en t th e  p en e tra tio n  o f  th e  p iles in to  th e  
clay.

T w o years a fte r th is  inc iden t I  h a d  to  design  th e  p ile  fo u n d a 
tio n  fo r  a  p u lp  a n d  p a p e r  m ill on  V ancouver Is lan d . T h e  te s t 
bo rings show ed th a t  th e  subso il consis ted  o f  so ft silt a n d  clay, 
resting  a t  a n  average d ep th  o f  a b o u t 40 ft. o n  a  th ick  s tra tu m  
o f  sa n d  u n d e r la in  by g lacia l till. I  recom m ended  u sing  w o o d  
p iles to  be  d riven  to  re fu sa l in to  th e  sand . W hen  I  received th e  
firs t p ile -d riv ing  rec o rd s  I  n o ticed  w ith  a la rm  th a t  th e  d ep th  a t  
w hich  th e  piles m et re fu sa l varied  w ith in  th e  sam e c lu ste r by  
am o u n ts  u p  to  16 ft. T h is in fo rm a tio n  rem in d ed  m e o f  th e  
s itu a tio n  I  h a d  en co u n te red  tw o  years ea rlie r in co n n ec tio n  w ith  
th e  sch oo l bu ild ing  w hich  I  hav e  described . I  ru sh ed  to  th e  site 
a n d  req u ested  th a t  b o rin g s sh o u ld  be p u t  dow n  a t  th e  fo u r 
co rn ers  o f  th e  c lu ster o n  w hich  th e  p e n e tra tio n  o b serv a tio n s 
w ere m ade . T o  m y  p leasan t su rp rise  all th e  bo rings e n 
co u n te red  th e  san d  a  sh o r t d istance  abo v e  th e  e leva tion  o f  th e  
sh o rte s t p ile , a n d  to  a  d e p th  o f  40  ft. below  th is  su rface, n o th in g  
b u t clean , co a rse  sa n d  w as en co u n te red . T h u s  i t  becam e 
ev iden t th a t  th e  v a ria tio n s  in  th e  to ta l  d e p th  o f  p en e tra tio n  
w ere only  du e  to  e rra tic  v a ria tio n s  in  th e  density  o f  th e  san d .

O n  th e  s tren g th  o f  th is  fac t, a n d  th e  resu lts  o f  a  sub seq u en t 
survey o f  th e  to p o g rap h y  o f  th e  san d  su rface, I  decided  th a t  
every  p ile  sh o u ld  be  co nsidered  sa tis fac to ry  p ro v id ed  it m et 
re fusa l below  th e  su rface  o f  th e  san d . S e ttlem en t o b serva tions 
o n  th e  co m ple ted  s tru c tu re  ex tend ing  n o w  o v er a  p e rio d  o f
14 years show  th a t  n o n e  o f  th e  p ile -su p p o rted  fo o tin g s settled  
m o re  th a n  0-4 in. in  sp ite  o f  th e  fac t th a t  som e o f  th e  foo tings 
su p p o rt strong ly  v ib ra tin g  loads.

N . J a n b u  (N orw ay)

In  th e  excellen t G en era l R e p o rt fo r  D iv is ion  3 b, P . C . R u t 

l e d g e  h as called  a tte n tio n  to  th e  im p o rtan c e  o f  being  ab le  to  
iden tify  th e  co n d itio n s lead ing  to  u n d e r- o r  over-d riv ing  o f  
p iles. In  th is  co n n ec tio n  a  b rie f  rev iew  will b e  given o f  the  
investigations c a rried  o u t a t  th e  N o rw eg ian  G eo techn ica l 
In s titu te  fo r  th e  p u rp o se  o f  estab lish ing  a  p ile  driv ing  c rite rio n  
to  avo id  u nder- a n d  over-driv ing , p a rticu la rly  o f  concre te  piles.

P r in c ip le  o f  c r ite r io n — T h e c rite rio n  is in  p rinc ip le  based  on  
th e  fo rm u lae  w hich  I  derived  in  1951. T h e  fo rm u lae  a n d  the 
necessary  n o ta tio n s  a re  given in  F ig . 33.

W h en  in tro d u c in g  th e  equ iva len t s ta tic  stress <Js = Q j A ,  a n d  
so lv ing  fo rm u la  (a) w ith  respect to  W H  o ne  o b ta in s  th e  fo llow 
ing  sim ple  re la tio n sh ip :

W H  =  e'V<js . . . .  (1)

T h e  ab b rev ia tio n  «' is defined in  F ig . 33, w hile K = p ile  
vo lum e.

F o r  sim plicity  C d  an d  a J E  a re  in tro d u ced  as co n s tan ts  in  the  
fo rm u la  fo r  e ', w hich  a lte rs  th e  m ean in g  o f  a s to  a „, herein  
called  n o m in a l stress. F o r  re in fo rced  concre te  piles the  
fo llow ing  values have  been  a d o p ted , Q =  1 an d  a J E =  1/2,500. 
W ith  these  a lte ra tio n s eq u a tio n  1 read s:

W H  =  e „V a „, w here  e„ =  j l o o  +  ZT ‘ ‘ ' (2)

T h e  va lue  given ab o v e  fo r  e„ is used  fo r  concre te  piles only. 
(F o r  tim b er a n d  steel p iles m o re  in fo rm a tio n  is still needed.)

S tu d y  o f  c a se  re c o rd s— O n th e  basis o f  37 cases reco rds fo r 
re in fo rced  concre te  piles a n  a tte m p t has been  m ade  to  o b ta in
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WeighI o f .— . 
hammer = \W\

Ground level

Weight of pile 

--Wp

Area of cross 

section - A ■

Modulus of 
elasticity - E-

H = height of fall

L- length of pile

s .-set per blow

Formula for bearing capacity Q :

0 --

W H

s
+ C A l+ y iïW H T ~ \ 

[  CdAEs2\

(a)

The average coefficient of driving , 

as obtained from some 1 0 0  case 

records, read,
WP

Cd = 0-75+0-15 - ÿ f (al)

F ig . 33 N o ta tio n s  a n d  fo rm u la e  fo r  b e a rin g  
c a p a c ity  d u r in g  c r ite r io n  

N o ta t io n s  e t fo rm u le s  p o u r  la  
c a p a c ite  p o r ta n te

When solving fo rm u la  (a) with respect 

to WH,one obtains,

W H = c ' 6 s V (b)

where

6S= - equivalent static stress

V^AL-volume o f pile

c'=Cd ^  - abbreviation

th e  lim iting  values o f  th e  n o m in a l stress <j„ w h ich  w ill ensu re  
a n  a d eq u a te  ap p lied  d riv ing  energy , W H ,  so  th a t  b o th  u n d e r 
a n d  over-d riv ing  m ay be p reven ted .

T o  in d ica te  th e  v a ria tio n  in  th e  co llected  reco rd s th e  ran ge  
o f  som e essen tia l d a ta  is sum m arized  b e lo w :

P ile  v o lu m e, V 
P ile  len g th , L  
D riv in g  energy , 
R a tio , s \L . 104 
T es t lo a d , Q

=  0 - 6 - 5 1  m3 
=  6-7 -27 -7  m  

W H =  0 -9 -6 -5  tm  
=  0-4 -16 -7  
=  3 2 -2 0 4  to n

T h e  soil co n d itio n s n e a r an d  a t  th e  p ile  tip  v aried  fro m  silty 
san d  to  firm  b ase  (h a rd  m o ra in e  o r  ro ck ) excep t fo r  th ree  p iles 
w hich  w ere d riven  in clay.

F ro m  th e  availab le  d riv ing  reco rds th e  b earin g  capac ity , Q, 

a n d  th e  n om ina l stress, cr„, hav e  been  ca lcu la ted  a n d  th e  ra tio  
betw een observed  (lo ad  tests) an d  ca lcu la ted  b earin g  capac ity  
is p lo tted  versus <j „  in  F ig . 34, fro m  w hich  th e  fo llow ing  observa 
t io n s  are  m ade.

F o r  a  n o m in a l stress o f  say 70  to  100 k g /c m 2 th e  difference 
betw een  ca lcu la ted  a n d  observed  bearin g  capac ity  is rough ly  
±  15 p e r  cen t fo r single p iles, a n d  less th a n  ±  10 p e r  cen t fo r  
th e  average o f  several p iles a t  th e  sam e fo u n d a tio n  site . F o r

<j„ g re a te r th a n  100 k g /c m 2, how ever, th e  lo a d  ra tio  is alw ays 
less th a n  100 p e r  cen t a n d  it decreases rap id ly  w ith  increasing  o n.

T h e  la tte r  o b se rv a tio n  leads to  th e  co nclu sion  th a t  th e  p ile  
d riv ing  fo rm u la  yields to o  h igh  values o f  Q  w hen  <rn>  100 
k g /c m 2. I  believe th a t  th is  m ay  be  d u e  to  dam age  o f  th e  c o n 
c re te  a ro u n d  a n d  betw een  th e  re in fo rcem en t, as w as ac tua lly  
observed  o n  o n e  occasion  by  w ithd raw ing  th e  pile . In  som e 
o th e r cases it w as fo u n d  th a t  th e  te s t lo ad  a t  fa ilu re  w hen  
<jn >  100 k g /c m 2 co rre sp o n d ed  m erely  to  th e  y ield  p o in t  o f  the  
vertica l steel b a rs  (neglecting  th e  concre te).

T o  o b ta in  a n  ap p ro x im a te  id ea  o f  th e  a c tu a l stresses in  th e  
piles d u rin g  driv ing , reference is m ad e  to  F ig . 35, fro m  w hich  
it is first observed  th a t  th e  n o m in a l a n d  s ta tic  stresses differ 
on ly  by  som e ± 2 0  p e r  cen t u p  to  a b o u t 150 k g /cm 2. F o r  
h ig h e r n o m in a l stress <rJ <  a„.

O n  th e  basis o f  s tra in  gauge m easu rem en ts o n  steel p iles 
d riven  to  re fusa l (see R . C . V o l d ,  N o r w . G e o t. I n s t .  P u b l .  17) 
it h as  been  fo u n d  th a t  th e  d ynam ic  p eak  stress d u rin g  driv ing  
w as ro u g h ly  50 p e r cen t h ig h e r th a n  th e  average  s ta tic  stress 
u sing  fo rm u la  (a) F ig . 33 fo r  s = 0 ,  an d  Q =  1, w hence

( W H E \ i
. . .  (3)

150

F ig . 34 L o a d  ra t io  versus n o m in a l s tre ss  fo r 
37 re in fo rc e d  co n c re te  p iles 

R e la tio n  e n tre  le  r a p p o r t  d e  c h a rg e  e t 
l’e f fo r t n o m in a l p o u r  37 p ieu x  en  
b é to n  a rm é
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App ly ing  a  stress co n c e n tra tio n  fa c to r  o f  1 -5 a lso  fo r  concre te  
piles a n d  tak in g  acco u n t o f  th e  sca tte rin g  o f  th e  o b serv a tio n  
p o in ts  in  F ig . 35 th e  ap p ro x im a te  ran g e  o f  possib le  peak  
dynam ic  stress w ill be  as in d ica ted  by  th e  sh a d ed  a rea , 
F ig . 35. I f  th is  p ic tu re  is tru e , on e  m ay  o b ta in  d ynam ic  
stresses as h igh  as 200 k g /c m 2 fo r a  n om ina l stress ju s t  above  
100 k g /c m 2.

In  m y o p in io n  it is by  n o  m eans su rp rising  th a t  rep ea ted  
d ynam ic  stresses chang ing  fro m  a  sm all ten sio n  to  a  h igh  com 
p re ssion  o f  th e  o rd e r  o f  m ag n itu d e  o f  20 k g /c m 2 m ay  lead  to  
severe dam age  o f  th e  com plex , co m posite  m a te ria l in  a  re in 
fo rced  co n cre te  pile.

F o r  p re -stressed  concre te  piles a n d  fo r  cy lindrica l p iles w ith  
sp ira l re in fo rcem en t it  is q u ite  possib le  th a t  th e  lim it fo r  over 
d riv ing  m ay  b e  ta k en  h ig h er th a n  in d ica ted  by  F ig . 34, b u t 
sufficient in fo rm a tio n  is n o t  ye t availab le.

T e n ta tiv e  p i le  d r iv in g  c r ite r io n  f o r  c o n c r e te  p i le s — O n  th e  basis 
o f  th e  s tu d y  ab o v e  it  h as  been  suggested  th a t  th e  c o n d itio n  o f 
safe, a d e q u a te  d riv ing  o f  co n cre te  piles be  de te rm ined  by

0  100 2 0 0  4 0 0

Nominal stress <Sn z ^~ 7 7  k g /c m 2

Fig. 35 Relationship between nominal and static stress with in 
dicated peak stress range 

R apport entre l’effort nominal et l’effort statique pour la 
gamme des efforts dynamiques les plus élevés

req u irin g  th a t  th e  ap p lied  ra m  energy  W H  sh o u ld  be  k e p t 
w ith in  th e  over-d riv ing  (U 0)  a n d  th e  u n der-d riv ing  ( Uu) lim its, 
th a t  is:

U0 >  W H >  U u 'I
w here  U0 =  en V a0 =  energy lim it fo r  over-d riv ing  > . (4) 

Uu =  e„ V a u =  energy lim iting  fo r u n d e r d riv in g j

F o r  co n cre te  piles e„ is ca lcu la ted  fro m  eq u a tio n  2 w hile 
cto~ 1 0 5  k g /c m 2~  1,500 lb ./sq . in ., cru~ 7 0  k g /c m 2~  1,000 lb ./ 
sq. in ., a n d  V =  volum e o f  pile.

I t  is believed th a t  if  W H <  Uu the  p ile  m ay  be under-d riv en  
so  th a t  th e  low  bearin g  capac ity  o f  th e  g ro u n d  w ill n o t  pe rm it 
fu ll u tiliz a tio n  o f  th e  a llow ab le  stress o f  th e  pile  m ate ria l, 
except p erh ap s in  sensitive c lays; a n d  if  W H >  Ua it is feared  
th a t  th e  pile  m ay  e ith e r be dam aged , o r  if  n o t  the  h ig h er bearing  
capac ity  o f  th e  g ro u n d  m ay  n o t  be  ad equ ate ly  u tilized  even  w ith  
fu ll u tiliza tio n  o f  th e  a llow ab le  p ile  stress. B o th  ex trem e co n 
d itio n s m ay  lead  to  u n eco nom ical design.

E x a m p le — R ein fo rced  concre te  piles w ith  d im ensions A  — 
0-125 m 2, Z ,=  18 m  a n d  V =  2-25 m 3 are  to  be d riven  th ro u g h  
so ft clay in to  a  bed  o f  gravelly  san d  u n d e rla in  by rock . A  d ro p  
h am m e r w eighing 3 to n  (m etric) is used  fo r  driv ing . T o  p re 
v en t over-d riv ing  th e  ap p lied  energy W H  sh o u ld  be lim ited

acco rd in g  to  eq u a tio n  4. W hen  u sing  <r0 =  105 k g /c m 2 o ne  can  
ca lcu la te  th e  co rresp o n d in g  W H — U 0 fo r  d ifferen t values o f  s  
d ow n  to  zero  (refusal), see tab le  below :

T a b le

Set per 
blow, s

m m

Maximum
W H = U 0

tm

Maximum 
drop H

cm

Calculated 
bearing 

capacity Q 
to n

3 ] -33 44-5 111
2 1-20 40-0 117
1 1-08 36-0 123
0 0-95 31-5 131

By m eans o f  th e  tab le  a  field co n tro l d u rin g  d riv ing  is read ily  
perfo rm ed . A s th e  p ile  tip  p en e tra tes  deeper in to  th e  san d  bed  
a n d  ap p ro ach es  th e  ro c k  th e  set p e r  b low  decreases. A cco rd 
ing  to  th e  tab le  th e  d ro p  o f  th e  h am m e r m u st be decreased  fo r  
decreasing  s ,  a n d  p a rticu la rly  if  it  is possib le  to  d rive  th e  p ile  to  
re fusa l th e  h e ig h t H  sho u ld  n o t exceed 30 cm , o r  1 ft, fo r  th is 
exam ple.

R . P. Mil ner  (U .K .)

In  read in g  th e  m an y  usefu l c o n trib u tio n s  to  th is D iv is ion  I 
find  th a t  on ly  sligh t re ference is m ad e  to  th e  effect o f  negative 
sk in  fr ic tio n  o n  p iled  fo u n d a tio n s , a  p h en o m en o n  w hich  in 
ce rta in  c ircum stances c an  be o f  m a jo r  im p o rtan ce . T h is 
re ference  is m ad e  in  P a p e r 3b /17  by  L . Zeevaer t .

In  a  recen t case in  th e  U .K ., w ith  w hich m y  D e p a rtm e n t was 
co ncerned , a  b u ild ing  o n  p ile  fo u n d a tio n s  w as enclosed  by  a 
25 ft. h igh  e a r th  m o u n d , th ro u g h  w hich  a n  access tu n n e l o f  
re in fo rced  concre te , a lso  o n  piles, w as co n stru c ted . T h e  in 
te rn a l face o f  th e  m o u n d  w as su p p o rte d  by a  re ta in in g  w all 
a b o u t 17 ft. h igh. T h e  re ta in in g  w all en d  o f  th e  tu n n e l h ad  
settled  excessively, a n d  caused  serious c rack ing  o f  the  tunnel. 
A  b rie f desc rip tio n  o f  th is  case  is I  feel o f  value, as a p a r t  from  
draw ing  a tte n tio n  to  the  effect o f  negative sk in  fr ic tio n  o n  piles 
it does a lso  in d ica te  th e  close ag reem en t th a t  exists betw een the  
p ra c tica l case a n d  th e  c u rre n t th eo re tica l p ile  design  m ethod s, 
w hich  a re  as yet n o t  generally  accep ted  w ith  com ple te  co n 
fidence.

T h e  soil p ro file  in  th e  a re a  is a  so ft a lluv ium  d eposit ap p ro x i 
m ately  25 ft. th ick  overly ing  b ou lders  a n d  so ft to  h a rd  shales 
w ith  lim estone  bands .

T h e  re in fo rced  concre te  tu n n e l is fo u n d ed  o n  15 in. d iam ete r 
b o red  piles p en e tra tin g  generally  in to  a b o u t 5 ft. o f  th e  shale .

T h e  piles w ere su n k  a b o u t a  y ea r befo re  co n s tru c tio n  o f  the  
m o u n d  w as sta rted . A  gap  w as left in  th e  m o u n d  fo r  the  
tu n n e l itse lf w hich  w as s ta rte d  a b o u t tw o  m o n th s  a f te r  w o rk  o n  
th e  m o u n d  h a d  com m enced . W h en  a b o u t 3 ft. o f  soil h a d  been 
p laced  o n  th e  to p  o f  the  tunnel, 2 in. o f  se ttlem en t occu rred  
sudden ly  a t  th e  re ta in in g  w all end . S e ttlem ent co n tin u ed  and  
in  a  p e rio d  o f  a b o u t 6 m o n th s  in. h a d  occu rred , th e rea fte r 
th e  ra te  o f  se ttlem en t red uced  considerab ly . S ettlem ent o f  the  
base  o f  th e  m o u n d  itse lf w as o f  th e  o rd e r  o f  18 to  24 in.

P ile  tests  ca rried  o u t in  th e  v icin ity  o f  th is  site , w here  th e  soil 
p ro file  w as s im ilar, in d ica ted  a n  u ltim ate  lo a d  o n  a  single pile  o f  
90 to  100 to n . F ro m  a  site  investigation  th a t w as ca rried  o u t 
o n  an  ad jacen t a re a  fo r  an o th e r  p ro jec t, th e  resu lts  o f  u n d ra in e d  
triax ia l tests  ca rried  o u t o n  th e  soil deposits  w ere used  to  
de te rm in e  th e  th eo re tica l u ltim a te  b earin g  load , inc lud ing  the  
negative sk in  fr ic tio n  du e  to  th e  h ighly  com pressib le  soils , on  a 
single pile. T h e  resu lt o b ta in e d  w as sligh tly  in  excess o f  
100 to n . T h e  p ro p o rtio n  o f  th e  negative sk in  fr ic tio n  in th is 
figure w as o f  th e  o rd e r o f  80 p e r cen t. T h e  ca lcu la ted  u ltim a te  
b earin g  capac ity  o f  a  single p ile  w as fo u n d  to  be ju s t  u n d e r
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100 ton . I t  w as th u s  ev iden t th a t  the  serious se ttlem en t th a t  
h a d  o ccu rred  w as d ue  to  th e  p iles hav ing  been  overlo ad ed  by 
negative sk in  fric tion .

S om e o f  th e  rem ed ia l m easures th a t  c o u ld  have  been  ta k en  
w ere as fo llo w s:

(a) T o  let se ttlem en t c o n tin u e  a n d  a fte r  it h a d  ceased  to 
re in s ta te  th e  tunnel.

(b ) T o  ta k e  off th e  lo a d  o f  soil abo v e  th e  tu n n e l a n d  thus 
p a rtia lly  red uce  th e  p re ssu re  o n  th e  p iles, a n d  to  rep lace  th is  soil 
a f te r  sufficient co n so lid a tio n  o f  the  com pressib le  soils h a d  tak en  
place.

(c) T o  u n d e rp in  th e  tu n n e l w ith  a d d itio n a l piles.
In  fac t, a  few  m o n th s  ago , m e th o d  (b ) w as a d o p te d  an d  so  fa r 

n o  fu r th e r  se ttlem en t h as occurred .
I t  is c lea r fro m  th is  case  th a t  w here  h igh ly  com pressib le  soils 

a re  co n ce rn ed  th e  sequence o f  c o n s tru c tio n  o p e ra tio n s  is o f  
im p o rtan ce , as if  th e  piles h a d  been  su n k  a fte r  co n so lid a tio n  
w as significantly  com ple te  o r  p a rtia lly  com ple te , o v erload ing  
d u e  to  negativ e  sk in  fr ic tio n  m ay  n o t have  o c c u rred ; th is  w as 
in  fa c t th e  case o n  a  n e ig h b o u rin g  site  w here  th is  p ro ced u re  w as 
ad o p te d . A lte rna tive ly  if  speed  is o f  im p o rtan ce , a  sufficient 
n u m b e r o f  p iles sh o u ld  be in c o rp o ra te d  in  th e  design  to  tak e  
a c co u n t o f  th e  negativ e  sk in  fric tion .

R .  A . S im p s o n  (N ew  Z ea lan d )

T h e  th eo re tica l a n d  experim en ta l w o rk  ca rried  o u t o n  the  
su p p o rtin g  p o w er o f  ind iv idual p iles an d  g ro u p s  o f  p iles offer

th e  eng ineer a  basis o f  design  fo r  p iled  fo u n d a tio n s , b u t  it 
rem ains fo r  th e  eng ineer to  u n d e rtak e  tests in  th e  field to  satisfy  
h im self o f  th e  in teg rity  o f  th e  design  theories a d o p ted  a n d  o f  
th e  p iles them selves fo r  th e  d u ty  req u ired  o f  them .

U nless test lo ad in g  o f  p iles is ca rried  o u t th e re  can  be  n o  
ce rta in ty  th a t  c o n s tru c tio n  is a d eq u a te  to  th e  service req u ired , 
a n d  un less such  test lo ad in g  is ca rried  to  th e  stage  o f  g ro u n d  
fa ilu re  little  in fo rm a tio n  is ava ilab le  to  th e  resea rch  w o rk e r 
to  enab le  h im  to  check  h is th eo re tica l a n d  experim en ta l 
studies.

T h e  In s titu tio n  o f  C ivil E ng ineers, L o n d o n , has set u p  a  
C o m m ittee  to  assem ble d a ta  o n  p ile  lo ad in g  tests a n d  to  s tudy  
th e  in fo rm a tio n  o b ta in e d . T h is C o m m ittee  h as req u ested  th e  
su p p o rt o f  assoc ia ted  eng ineering  in stitu tio n s  a n d  G o v ern m en t 
d ep a rtm en ts  in  C o m m o n w ealth  co u n tries  in  assem bling  d a ta  
o n  p ile  lo ad in g  tests fo r  s tudy  by th e  cen tra l C om m ittee . T h e  
in fo rm a tio n  req uested  is a  fu ll rec o rd  o f  th e  p ile , th e  site 
m a te ria ls  a n d  o f  th e  test load ing , an d  a  q u es tio n n a ire  fo r  th e  
g u idance  o f  th e  c o n tr ib u to rs  is ava ilab le  fro m  th e  C om m ittee . 
Inv estiga tions a re  in ten d e d  to  cover b o th  p re -cast a n d  ca s t in  
s i tu  types o f  piling.

I t  is conside red  th a t  any  c o n trib u tio n s  w hich  m em bers o f  th is  
conference  can  fo rw a rd  to  th e  In s titu tio n  o f  C iv il E ng ineers o n  
th e  sub jec t o f  te st lo ad in g  o f  p iles w ou ld  a d d  to  th e  sum  o f  
k now ledge o n  a  m o st im p o r ta n t a n d  difficult sub ject, a n d  
w ou ld  be  o f  m u tu a l benefit to  th e  In s titu tio n  a n d  to  th is  
conference .
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