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I NTRODUCTI ON

On behal f  of  t he Organi zi ng Commi t t ee f or t hi s X I CSMFE
1 woul d l i ke t o wel come you t o Sessi on 8 on t he subj ect  
of  pi l e f oundat i ons.  Thi s i s,  of  course,  a very l arge 
and compl ex subj ect .

The t opi cs f or t oday' s di scussi ons suggest ed by t he Orga.- 
ni zi ng Commi t t ee and chosen by t he General  Repor t er  and 
mysel f  are t he f ol l owi ng t hree:
1- Use of  st ress-wave t heory i n predi ct i on of  pi l e per ­
f ormance,  i ncl udi ng compar i sons bet ween t he bear i ng ca­
paci t y det ermi ned by st ress wave measurement s and r e­
sul t s f rom st at i c l oad t est s.
2 - Fr i ct i on pi l es,  i ncl udi ng change of  soi l  proper t i es 
af t er  i nst al l at i on of  dr i ven and cast - i n-pl ace pi l es.
3 - Behavi our  of  pi l e groups,  i ncl udi ng compar i sons be­
t ween set t l ement  of  si ngl e pi l es and pi l e groups.
In t hese t opi cs t here are t he l argest  uncer t ai nt i es and 
several  poi nt s t hat  coul d be di scussed.

As regards t he order  of  our  di scussi on,  we shal l  
f i r st  have t he General  Report .

Three t opi cs wi l l  be di scussed i n t urn,  about  60 mi ­
nut es f or  each t opi c.  In t hese 60 mi nut es we shal l  have 
t wo di scussi ons by panel i st s and about  5 di scussi ons 
f rom t he f l oor .  Af t er  di scussi ng of  each t opi c we shal l  
have some shor t  comment s or  summary made by of f i cers of  
t he panel .

The wi de use of  pi l e f oundat i ons al l  over  t he wor l d has 
made t hi s probl em qui t e i mpor t ant .  Dur i ng t he past  20 
years t he quant i t y of  pi l es used has i ncreased by seve­
ral  t i mes and reached several  t ens of  mi l l i on each year .  
Cross sect i on of  pi l es and t hei r  l engt h i ncreased con­
si derabl y,  as wel l  as al l owabl e l oad per  pi l e,  whi ch 
reached more t han 100 t f or dr i ven and several  hundred 
t ons f or cast - i n-pl ace pi l es.  The expenses i nvol ved i n 
pi l e f oundat i ons are consi derabl e.  Savi ng of  a f ew per ­

cent s of  t hese expenses by i ncreasi ng al l owabl e bear i ng 
capaci t y of  a pi l e and i mprovi ng const ruct i onal  t echni ­
que wi l l  gi ve consi derabl e economi cal  ef f ect .

In spi t e of  l ong and wi de use of  pi l es,  many probl ems 
of  pi l e f oundat i ons have not  been sol ved as yet .

I wi l l  t ouch t wo of  t hem whi ch are connect ed wi t h t o­
day' s di scussi on.

Fi rst .  I t  i s a pi t y t hat  up t o now we have no general ­
l y accept ed def i ni t i on of  t he t erm "bear i ng capaci t y 
of  a pi l e".  Even i f  we have t he curve of  a pi l e l oad 
t est ,  whi ch more of t en has no vert i cal  t angent ,  t he de­
t ermi nat i on of  t he ul t i mat e l oad of  a pi l e i s qui t e 
vague.

There exi st s a l ot  of  recommendat i ons of  how t o det er ­
mi ne t hi s ul t i mat e l oad,  but  no one i s general l y est ab­
l i shed.  There i s addi t i onal  compl i cat i on,  i n t hat  
t he di agram of  a l oad t est  i s t i me dependabl e and depends 
on t he procedure of  t he l oad t est .  From t hese t wo concl u­
si ons f ol l ow:  i n our  t oday' s di scussi on,  we shoul d t ry 
t o def i ne t he t erm "bear i ng capaci t y of  a pi l e" when we 
use i t ,  and i n our  f ut ure work we shoul d speed up t he 
preparat i on of  our  Soci et y' s recommendat i ons on pi l e 
1oad t est  procedure.  They shoul d not  be very r i gi d,  but  
merel y a set  of  mi ni mum' requi rement s,  whi ch wi l l  hel p 
us i n t he eval uat i on of  t he t est  resul t s.

Second.  I t  i s i mpor t ant  t o remember ,  t hat  a group of  
pi l es shows compl et el y di f f erent  behavi our  f rom a 
si ngl e pi l e.  But  i n pi l e f oundat i ons,  pi l es work al ­
most  al ways as a group of  pi l es.  That  i s why any i nves­
t i gat i on,  t heoret i cal  or  exper i ment al ,  on a si ngl e 
pi l e shoul d not  be appl i ed di rect l y t o a rn' l e f ounda­
t i on.  Most  of  t he recommendat i ons on t he rel at i ng of  
t he resul t s of  a l oad t est  on a si ngl e pi l e t o t he 
behavi our  of  a pi l e group are based on el ast i csol u-  
t i ons whi ch are of t en not  adequat e.  Now are j ust i ­
f i ed so-cal l ed ef f i ci ency coef f i ci ent s.  Set t l ement  
observat i ons on exi st i ng st ruct ures coul d hel p t re­
mendousl y t o rat i onal  desi gn and const ruct i on of  ac­
t ual  pi l e f oundat i ons.  And we woul d very much appr e­
ci at e t hese dat a i n our  t oday' s di scussi on.

A. F.  van Weel e,  Panel i st  

WAVE EQUATI ON FOR DRI VEN PI LES

Mr .  Chai r man,  my  cont r i but i on wi l l  be appl i cabl e t o 
pi l es i nst al l ed on l and i n non- cement ed soi l s.  
Al t hough i t  was qui t e some t i me ago,  many  of  you wi l l  
r emember  t hat  t he Engi neer i ng News Recor d has once 
publ i shed an ar t i c l e about  pi l e- dr i v i ng f or mul ae,  i n 
whi ch t hey expl ai ned a gr eat  many  of  t hese,  maybe as

many  as one hundr ed.  I n Hol l and Mr .  Hui z i nga di d t he 
same ar ound 1950 f or  hi s book  " Soi l mechani cs " . Unf or t un ­
at el y  f or  you,  t hi s book  was wr i t t en i n t he Dut ch l ang­
uage,  so you cannot  use i t  and one of  i t s i nt er es t i ng 
di agr ams.  The di agr am I  mean i s gi ven i n f i gur e 1.  I t  
has been of  gr eat  hel p t o us i n many  i nst ances.  I t  shows
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Fi g.  1.  Rel at i on bet ween penet rat i on resi st ance and pi l e penet rat i on 
per  l ast  bl ow accordi ng t o var i ous dr i vi ng f ormul ae f or  a 
t i mber  pi l e dr i ven wi t h a f ree fal l  hammer.

t he r el at i on bet ween t he pi l e- penet r at i on per  bl ow 
( usual l y  t aken as t he aver age of  t he l ast  10 bl ows)  and 
t he ul t i mat e bear i ng capaci t y ,  as gi ven by 14 di f f er ent  
dr i v i ng f or mul ae.  So I  dec i ded t o pr esent  i t  t o you.
So l et  us assume t hat  your  pi l e ended wi t h a penet r at i on 
of  5 mm per  bl ow and t hat  t he des i r ed pi l e- capac i t y  
amount s  t o ’ 600 kN.  The di agr am i mmedi at el y  ' t el l s you 
t hat  i n t hat  case you shoul d use t he f or mul ae of  Br i x.
I t  i s j ust  at  t he saf e si de.  For  anot her  pi l e,  however ,  
you need 1000 kN whi l e your  penet r at i on i s as much as 
10 mm.  Now you r ecommend t he Dut ch dr i v i ng f or mul a or  
t hat  of  Ossant .  The di agr am l ear ns you ot her  i nt er est i ng 

t hi ngs:  The Rot t er dam f or mul a ar r i ves  at  300 kN anyway 
no mat t er  what  your  pi l e penet r at i on i s ! Appar ent l y  
a f or mul a made by  or  f or  t he super v i s i ng aut hor i t i es.
Mr ,  Rank i ne seems t o be t he mos t  opt i mi s t i c  per son i n 
t he gr oup.  Was he a cont r ac t or  ? Spr enger ,  Cr andel l ,  
St er n and Mohr  show l i t t l e di f f er ences.  Whi ch 3 of  t hem 

copi ed t he r esul t s  mor e or  l ess ?
I t  wi l l  be c l ear  t hat  f or  a gi ven pi l e,  a gi ven dr i v i ng 
assembl y  and a gi ven soi l - pr of i l e,  onl y  one si ngl e 
r el at i on bet ween pi l e- penet r at i on and bear i ng capac i t y  
can exi st .  Out  of  t he 14 poss i bi l i t i es  shown,  I  t hi nk 
al l  14 wi l l  l ead t o a wr ong answer .  Never t hel ess  such 
dr i v i ng f or mul ae ar e st i l l  i n use.  Al so i n t he pr esent  
cont r i but i ons  sever al  aut hor s  st i l l  ment i on such an 
appr oach.  I n my  opi ni on i s what  t hey do maybe appr op ­
r i at e t o t hem but  cer t ai nl y  not  t o us.  Why  ?

Our  pr of ess i on i s one i n whi ch knowl edge i s t o be com­
bi ned wi t h exper i ence.  The pi l edr i v i ng f or mul ae ar e 
mai nl y  based on exper i ence and ar e t her ef or e mai nl y  
val i d,  i f  at  al l ,  under  gi ven l ocal  condi t i ons.  Thei r  
r esul t s  can cer t ai nl y  be i n good agr eement  wi t h t he r e ­
sul t s of  st at i c  l oadi ng t est s and so j us t i f y  t hei r  
exi st ence.  They  shoul d,  however ,  not  be r ecommended t o 

ot her s  on t he f al se bas i s  of  knowl edge or  t heor et i cal  
backgr ounds  f or  ot her  l ocat i ons wher e ei t her  t he soi l -  
condi t i ons  ar e di f f er ent  or  t he pi l e- t ype or  t he dr i v i ng 
means.  Thi s  woul d l ead t o t he k i nd of  conf us i on shown 
t o you by  t he Engi neer i ng News Recor d or  Mr .  Hui z i nga' s  
exampl e.

Thi s exampl e i s onl y one of  t he many  t hat  appl y  t o t he 
f oundat i on pr obl ems,  we have t o sol ve dai l y.  We must  be 
awar e of  t he f act  t hat  our  soi l s,  even when we descr i be 
t hem as " st i f f  gr een c l ay"  or  " uni f or m medi um dense f i ne 
sand"  show an enor mous v ar i at i on i n pr oper t i es  and t hus 
al so i n behavi our .  A gr eat  deal  of  t he di f f er ence be ­
t ween a good and a bad s oi l s - engi neer , l i es i n hi s 
exper i ence wi t h compar abl e pr obl ems i n compar abl e soi l -  
c ondi t i ons .
A good soi l s - engi neer  i s al ways awar e of  t he gr eat  many  
f act or s,  i nf l uenc i ng t he out come of  any f oundat i on 
sol ut i on t o be j udged by  hi m.  The i deal  homogeneous -  
and i sot r opi c  soi l  wi t h a bi - l i near  el as t o- pl as t i c  be­
hav i our ,  f or mi ng t he bas i s  of  many  t heor et i cal  appr oach­
es,  i s cer t ai nl y  a gr eat  except i on.  So f ar  I  mysel f  di d 
not  come acr oss any such soi l .
The st ep f r om t he dr i v i ng f or mul a t o t he wave- equat i on 
met hod was a f undament al  st ep f or war d t o dec r ease t he 
cont r i but i on of  exper i ence and t o i ncr ease t he con­
t r i but i on of  knowl edge.  I t  has r esul t ed i n a t heor et i cal  
appr oach of  assess i ng t he dynami c  r es i s t ance i n a much 
mor e appr ec i abl e way.  I t  does,  however ,  not  mean t hat  
we can be sat i s f i ed and t el l  our  col l eagues  t hat  we have 
sol ved our  ol d pr obl em once and f or  al l .
We shoul d namel y  not  f or get  t hat :
1)  Accor di ng t o sever al  cont r i but i ons  t o our  t odays 

sessi on,  t he dr i v i ng r es i s t ance may  i nc r ease con­
s i der abl y  af t er  dr i v i ng,  by  al l owi ng t he pi l e and 
even mor e i t s sur r oundi ng soi l ,  some r est .  We al l  
have exper i enced t hat  an i ncr ease i n pi l e- capac i t y  
wi t h t i me af t er  i ns t al l at i on,  t akes v er y  of t en pl ace 
al t hough not  al ways.

2)  We shoul d nei t her  f or get  t hat  pi l es  ar e mos t l y  i n­
st al l ed at  shor t  r el at i ve di s t ances.  Nei ghbour i ng 
pi l es i nst al l ed l at er  t han a gi ven pi l e,  wi l l  compact  
t he soi l  f ur t her  and i n sands,  gener at e an i ncr ease 

i n l at er al  ef f ec t i ve st r esses.  Thi s  ef f ec t  may  i n­
c r ease t he bear i ng capac i t y  of  t hat  gi ven pi l e con ­
s i der abl y  af t er  dr i v i ng as has been i ndi cat ed by 
Li ndqv i s t  and Pet al a f r om Fi nl and.

Onl y  t hese t wo f act s make i t  obv i ous t hat  i f  we want  t o
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use wave- equat i on met hods  f or  a c l ear  j udgement  of  pi l e 
bear i ng capac i t y  or  pi l e i nt egr i t y,  we shoul d onl y  appl y 
t hi s met hod by r edr i v i ng pi l es  af t er  t he cor r espondi ng 
sect i on of  t he whol e f oundat i on has been compl et ed.  We 
shoul d st op t o t hi nk  t hat  wi t h t he dr i v i ng of  a pi l e,  
i t s st at i c  bear i ng capac i t y  can aut omat i cal l y  be r ecor d ­
ed.  What  may be can be r ecor ded,  i s t he p i l e ’ s dynami c  
r es i s t ance,  whi ch mos t l y  i s a di f f er ent  i t em.  Of  cour se,  
t her e wi l l  be cases wher e someone wi l l  be l ucky enough 
t hat  t he di f f er ences  bet ween t he t wo ar e smal l .  Don' t  
use,  however ,  such a case t o suggest  t o ot her s  t hat  such 
a r esembl ance i s common pr act i ce.  I t  s i mpl y  i s not  
t r ue !

I f  we use t he wave- equat i on t heor y  ei t her  al ong t he 
l i nes gi ven by Smi t h i n 1960 or  by  t he Case Wes t er n 
met hod as now f ur t her  expl ai ned by Sant oyo and Gobl e,  
our  appr oach r emai ns t o be a v er y  r ough appr ox i mat i on 
of  what  happens  i n r eal i t y.
We st i l l  have t o guess t he val ues  of  a number  of  soi l  
par amet er s  such as quake and dampi ng f or  f r i c t i on as 
wel l  as f or  end- bear i ng and al so t he di s t r i but i on of  
t he shaf t  f r i c t i on al ong t he pi l e.  I n or der  t o make 
t hi ngs even mor e compl ex,  you wi l l  r ecal l  t hat  Pr of .
Ves i c  has shown t hat  t he shaf t  f r i c t i on i n a gi ven soi l -  
l ayer  has not  a f i xed val ue but  decr eases  wi t h i ncr eas ­
i ng pi l e- penet r at i on.  Fur t her  i s i n t he usual  t heor et ­
i cal  appr oach assumed t hat  each hammer bl ow i s gi ven 
exac t l y  cent r i cal l y  and al so,  t hat  t he soi l  sur r oundi ng 
t he pi l e r emai ns absol ut el y  mot i onl ess.  Ever yone hav i ng 
exper i enced onl y  one s i ngl e pi l edr i v i ng j ob,  knows t hat  
t he r eal i t y  i s di f f er ent  so t hat  our  t heor et i cal  model  
cer t ai nl y  needs f ur t her  r ef i nement .
I n f act  bas i c  r esear ch i s needed as t o how t he shear  
r es i s t ance of  di f f er ent  soi l t ypes r eact s,  when a cont act  
sur f ace moves  f as t  ( 0, 50 -  5, 0 m/ sec)  and t hat  onl y  
dur i ng a f ew mi l l i seconds .  I f  we woul d under s t and t hi s 

phenomenon we may  be abl e t o r ef i ne on our  soi l par a-  
met er s  or  we may  even need t o adapt  our  mat hemat i cal  
model .  The i nf or mat i on on negat i ve and pos i t i ve wat er -  
pr essur es  as gi ven by Mol l er  f r om Sweden,  cont r i but es  
t o a bet t er  under s t andi ng of  t he behav i our  of  dense 
sands,  al t hough model  t est s have t hei r  l i mi t at i ons.

Let  us not  concent r at e on our  l ucky j obs,  wher e t he 
act ual  condi t i ons  wer e appar ent l y  so f avour abl e t hat  
t he t heor y  coul d be appl i ed i n such a way,  t hat  i t s out ­
come was i n good har mony  wi t h t he pi l e- behav i our . The

M.. Appendi no,  Panel i st  

DYNAMI C LOAD TESTS I NTERPRETATI ON

T h e  n u m b e r  o f  c o n t r ib u t io n s  in  th is  C o n f e r e n c e  a s  w e l l  

a s  in  r e c e n t  s p e c i a l i z e d  m e e t in g s  b r in g s  u s  to  ju d g e  

th a t d y n a m ic  t e s t in g  o f  p i l e s  is  b e c o m i n g  a s u b j e c t  o f  

g r e a t  i n t e r e s t . L e t  m e  a l s o  r e f e r  to p a p e r s  in  th e  "N u  

m e r i c a l  m e t h o d s  in  o f f s h o r e  p i l i n g "  C o n f e r e n c e - L o n d o n  ,, 

79  a n d  in  th e  " A p p l i c a t i o n  o f  s t r e s s - w a v e  t h e o r y  o n  p ile s  

-S t o c k h o lm  80  an d  C o l o r a d o  81 -  S e m in a r s .

T h e  lo a d  f o r  d y n a m ic  t e s t in g  m a y  be  o r ig i n a t e d  b y  th e  

d r iv in g  h a m m e r ,  e i t h e r  o n  d r iv in g  o p e r a t io n  o r  on  r e  

d r iv in g ,  o r  by  d r o p p in g  a  w e ig h t  o r  by  a  p e r i o d i c  f o r c e .  

T h e  l a s t  tw o  lo a d in g  p r o c e d u r e s  a r e  s u it a b le  p a r t i c u l a r  

ly  f o r  n o t - d r i v e n  p i l e s ,  s u c h  a s  c a i s s o n  p i l e s .

T h e  f o l l o w in g  a p p l i c a t i o n s  a r e  s o  p o s s i b l e  :

1. s t r e s s  c o n t r o l  d u r in g  d r iv in g  o p e r a t io n ,

2 . d r iv in g  h a m m e r  e f f i c i e n c y  c o n t r o l ,

3 . p i l e  in t e g r i t y  c o n t r o l ,

4 . d r i v i b i l i t y  d e t e r m in a t io n ,

5. s t a t i c  b e a r in g  c a p a c i t y  d e t e r m in a t io n .

I w i l l  l i m i t  m y  c o n t r ib u t io n  to  in t e r p r e t a t iv e  p r o b le m s

l apse i n t i me bet ween our  conf er ences  i s cer t ai nl y  l ong 
enough f or  each of  us t o gener at e at  l east  one such a 
happy  occasi on.  No,  I  woul d pr ef er  t o set  our  pol i cy  f or  
t he next  4 year s.  What  ar e our  most  i mpor t ant  bl ank  
ar eas i n knowl edge ? What  ar e we goi ng t o do about  i t  ? 
How can we co- or di nat e i n or der  t o pr event  dupl i cat i ons  
and omi ss i ons  ?

Who wi l l  i nst r ument  t hor oughl y  a st eel  cas i ng t ube whi ch 
i s t o be used f or  t he i ns t al l at i on of  dr i ven uncased 
cas t - i n- s i t u pi l es  ? Such a t ube can be used f or  hund­
r eds of  pi l es  so t hat  t he i ns t r ument at i on can be used 
dur i ng a l ong per i od.  End r es i s t ance and f r i c t i on di s ­
t r i but i on as wel l  as f r i c t i on- changes  dur i ng penet r at i on 
can t hen be obt ai ned di r ec t l y  and compar ed wi t h t he 
l i mi t ed i nf or mat i on whi ch i s usual l y  gat her ed at  t he 
pi l et op.  A di sadvant age i s t hat  r edr i v i ng i s onl y  
poss i bl e f or  t he f i r st  pi l e of  each day  pr ov i ded t he 
t ube r eached f ul l  penet r at i on t he pr ev i ous  day  or  even 

ear l i er .  Fr om t est s wi t h f ul l  scal e i ns t r ument ed pi l es,  
i t  i s known t hat  i t  shoul d be poss i bl e t o cor r el at e pi l e 
di spl acement  t hr ough pi l evel oc i t y  wi t h pi l e- accel er at i on 
by means  of  di f f er ent i at i on and/ or  i nt egr at i on.
1)  Who has measur ement s  whi ch wer e so accur at e t hat  t hi s 

cor r el at i on was  poss i bl e wi t hout  subs t ant i al  " s t r eam­
l i ni ng"  of  t he r ead- out s  ? Pl ease l et  hi m speak.

2)  Who has done or  has pl anned t o do r esear ch as t o what  
exact l y  happens bet ween pi l eshaf t  and sur r oundi ng 
soi l  dur i ng one s i ngl e hammer bl ow ?

3)  How i mpor t ant  i s excent r i c i t y  of  t he dynami c  l oad,  
t r avel l i ng t hr ough t he pi l e i n t he t heor et i cal  model  ? 
Does i t  i nf l uence si de f r i c t i on ?

4)  Can we r eal l y  di scover  t he di f f er ences  bet ween a pi l e 
of  accept abl e qual i t y  and anot her  one whi ch i s j ust  
bel ow st andar d,  i f  we use t he dynami c  met hod f or  i n­
t egr i t y  t est i ng ? I t  may  be easy  t o not e t he di f f er ­
ence bet ween unhar med and f ul l y  br oken pi l es,  but  
wher e exact l y  l i es t he bor der l i ne f or  act ual  pi l es  ?
I n Hol l and we can l i ve wi t h t he pr esence of  t ensi l e 
cr acks i n pr ecast  pi l es under  compr essi on.  We have 
never  been puni shed f or  i t .  Such t ens i l e cr acks,  
however ,  can l ead t o st r ong r ef l ec t i ons  r ai s i ng doubt s 
about  pi l e- qual i t y .

I  do hope t hat  t hese t opi cs wi l l  get  t he at t ent i on t hey 
deser ve dur i ng our  conf er ence as wel l  as dur i ng t he 
comi ng 4 year s  so t hat  we may  l ear n t he pr ogr ess made at  
our  next  conf er ence.

c o n n e c t e d  w ith  th e  d e t e r m in a t io n  o f  s t a t i c  r e s i s t a n c e  

a n d  s t i f f n e s s .  T h is  i s  b a s e d  on  a  tw o  s t e p s  p r o c e d u r e  

c o n s i s t i n g  o f  :

1. D e t e r m in a t io n  o f  m o t io n  a n d  f o r c e s  a l o n g  th e  p i l e  e i _  

t h e r  f r o m  th e  a n a l y s i s  o f  r e f l e c t e d  f o r c e s  m e a s u r e d  

a t  p i l e  to p  o r  f r o m  m e a s u r e m e n t s  a lo n g  th e  s h a ft  a n d  

a t th e  p i l e  t ip .

2 . E l a b o r a t i o n  o f  o u tp u ts  th r o u g h  a  m o d e l  f o r  s o i l - p i p e  

in t e r a c t i o n .

T h e  m o d e l*  u s u a l ly  c o n s i s t s  o f  a  s e t  o f  e l a s t o - p l a s t i c  

s p r in g s  c o n n e c t e d  w ith  v i s c o u s  d a m p e r s ,  w h ic h  c a n  r e _  

p r e s e n t  b o th  th e  d y n a m ic  a n d  th e  s t a t i c  s o i l  in t e r a c t i o n .  

S t a t ic  s o i l  p a r a m e t e r s  s u c h  a s  r e s i s t a n c e  a n d  s t i f f n e s s  

( o r  Q u a k e )  d o  n o t  n e c e s s a r i l y  c o i n c i d e  n u m e r i c a l l y  w ith  

t h o s e  o b t a in a b le  f r o m  a d y n a m ic  t e s t .  A  c o r r e c t  e la b o r a  

t io n  r e q u i r e s  a  d u e  c o n s id e r a t i o n  o f  th e  w a y  by  w h ic h  

th e  l o a d in g  i s  a p p l ie d .

T a b le  1 , c o m p a r in g  t e s t in g  p r o c e d u r e s ,  p o in t s  o u t  th e  

l a r g e  d i f f e r e n c e s  b e t w e e n  s t a t i c  an d  d y n a m ic  a p p ro a ch e s
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T A B  L E  I

TEST D Y N A M I C STATI C

LOADI NG DRI VI NG REDRI V. FALLI NG MASS SYNUSOI DAL C R P M L CYCL I C

RATE ( 1 -  2 ) 106 KN/ SEC
2

10 KN/ SEC ( 2- 10) KN/ SEC 10' 2 -  i o~1
KN/ SEC

2- 10 KN/ SEC

DURATI ON ( 5 -  10 ) 1 0 ' 3 SEC
- 1

10 SEC 30/ 60 MI N HOURS- DAYS MI N- HOURS

REPETI TI ON
2 3 

10 -  10

CYCLES

1 -  i o 2

CYCLES

1 -  10

CYCLES

/ V 1 0 3

CYCLES

NONE FEW
10- 20 CYCLES 
PERSTAGE 

5- 10 STAGES

I NTENSI TY FAI LURE FAI LURE ?
LOW TO 

DESI GN LOAD
VERY LOW FAI LURE OR UP TO 1,5 -  2 THEŒSI GN LOAD

a s  w e l l  a s  th e  im p o r t a n t  d i f f e r e n c e s  e x i s t in g  a m o n g  the

t e s t s  in  th e  s a m e  a p p r o a c h .  W e  m u s t  e x p e c t  f r o m  T a b le

1 th a t :

U n d e r  d y n a m ic  lo a d in g

-  s o i l  r e a c t i o n  m u s t  in c lu d e  i n e r t i a l  e f f e c t s  in  s o i l  m as§ , 

r e s u l t in g  a t  th e  p i l e  b o u n d a r y  a s  a s t i f f n e s s  i n c r e m e n t  

a n d  an e n e r g y  d i s s ip a t i o n  ( e l a s t i c  w a v e s  r a d ia t io n ) ,  

A p p e n d in o  (1 9 8 0 ) ,

-  u n d r a in e d  f a i lu r e  a lw a y s  o c c u r s ,  e v e n  in  s a n d s  and  

c o n s e q u e n t ly  p o r e  p r e s s u r e  v a r ia t i o n s  f r o m  s t a t i c  c o n  

d i t io n s  a r e  p o s s i b l e ,  s e e  e . g . A p p e n d in o  (1 9 8 0 ) ,  M o l l e r  

an d  B e r g d a h l  (19 81 ,),

-  s o i l  p a r a m e t e r s  m u s t  b e  e x p r e s s e d  in  t e r m s  o f  d y n a  

m i c  s o i l  p r o p e r t i e s ,  A p p e n d in o  ( 19 79  ),

-  on  d r iv in g ,  s o i l  i s  d i s p la c e d  l a t e r a l l y ,  th u s c r e a t in g  

a r e m o u ld e d  z o n e  a r o u n d  th e  p i l e  s h a f i ,  V i j a y v e r g i v e  

(1 9 8 0 ) ,  a n d  h ig h  p o s i t i v e  p o r e  p r e s s u r e  o c c u r ,

-  r e p e a t i t i v e  l o a d in g s  p r o d u c e  s o i l  in i t i a l  r e s i s t a n c e  

a n d  s t i f f n e s s  d e g r a d a t io n  , M o l l e r  a n d  B e r g d a ) i ( 1 9 8 1 ) ,  

M iz ik o s  a n d  F o u r n i e r  ( 1981  ) a s  to  p r o d u c e  liq u e fa c t io n ,

-  w h en  s h a f t  r e s i s t a n c e  i s  fu l ly  d e g r a d a t e d  th en  s h a ft  

d a m p in g  a l s o  v a n is h e s ,  M iz ik o s  an d  F o u r n i e r  (1 9 8 0 ) ,  

a s  e n e r g y  c a n  n o  l o n g e r  be  t r a n s m it t e d  to  th e  s o i l  .

U n d e r  s t a t i c  lo a d in g

-  s o i l  r e s i s t a n c e  a n d  s t i f f n e s s  d e p e n d  on  t e s t  d u r a t io n  

a s  a  c o n s e q u e n c e  o f  c o n s o l id a t i o n  a n d  c r e e p ,  B e r g d a h l  

an d H u lt  (1 9 8 1 ) ,

-  r e s i s t a n c e  a n d  s t i f f n e s s  d e p e n d  a l s o  on  th e  f a i lu r e  

c r i t e r i a  u s e d  to  in t e r p r e t  lo a d  t e s t ,

-  s o i l  r e s i s t a n c e  a n d  s t i f f n e s s  d e p e n d  f r o m  th e  t im e  

e la p s e d  b e t w e e n  th e  e n d  o f  d r iv in g  a n d  th e  s t a t i c  lo a d  

in g ,  a s  a  c o n s e q u e n c e  o f  s t r e n g t h  r e c o v e r  in  c o h e s i v e  

s o i l s ,  B e r g d a h l  a n d  H u lt ( 1 9 8 1 ) ,a n d  s t r e s s e s  r e d i s t r i b u  

t i o n  in  sa n d s,

-  r e s i s t a n c e  an’d s t i f f n e s s  m a y  be m o d i f i e d  by p e r f o r m  

in g  th e  d y n a m ic  r e d r i v i n g  t e s t  in  a d v a n c e ,  B a la s u b r a  

m a n ia n  (1 9 8 1 ) ,

-  l a r g e  u n c e r t a in t i e s  e x i s t  in  s p l i t t in g  s h a f t  r e s u l t s  

r e s i s t a n c e  f r o m  tip  r e s i s t a n c e ,  e v e n  i f  p i l e  i s  i n s t r u _  

m e n t e d ,  s e e  e . g . A p p e n d in o  ( 1 9 8 0 , 1981  ).

T h e n  w e  m u s t  a l s o  a s c e r t a i n  th a t e n o u g h  e n e r g y  a n d

f o r c e  a r e  s u p p l ie d  to  fu l ly  m o b i l i z e  s o i l  r e s i s t a n c e .  A

s m a l l  p e r m a n e n t  s e t  c a n n o t  b e  a  p o s i t i v e  p r o o f ,  b e c a u s e  

i t  m a y  a l s o  be th e  c o n s e q u e n c e  o f  n o n - l i n e a r  s o i l  d e f o r  

m a b i l i t y . I f  f u l l  s t r e n g t h  m o b i l i z a t i o n  i s  n o t  o b t a in e d ,t h e n  

th e  d y n a m ic  t e s t  g iv e s  o n ly  p r e - f a i l u r e  s o i l  p r o p e r t i e s ,  

u s a b le  to  d e t e r m i n e  th e  in i t i a l  s e t t le m e n t  v / s  lo a d  r e la  

t i o n s h ip  a c c o r d i n g  to  D a v is  (1 9 8 1 )  o r  V a n  K o te n  a n d  

M id d e n d o r p  (1 9 8 0 )  p r o c e d u r e s .

C o r r e l a t i o n s  m a y  b e  o b t a in e d  to  c o n v e r t  v a lu e s  f r o m  

d y n a m ic  t e s t s  to  s t a t i c  o n e s  o r  v i c e v e r s a .  T h e  s i m p l e s t  

o n e s  a r e  g iv e n  b y  th e  r a t i o  b e tw e e n  d y n a m ic  a n d  s t a t i c  

s o i l  p a r a m e t e r s  r e s u l t in g  f r o m  t e s t s  p e r f o r m e d  o n  th e  

s a m e  p i l e ,  D e  B e e r  e t  a l  ( 1 9 8 1 ) , S a n to y  a n d  G o b le ( 1 9 8 1 ) .  

T h is  m a y  b e  a  c o r r e c t  p r o c e d u r e  f o r  r o u t in e  d r iv in g  

c o n t r o l  w h e n  a  l a r g e  n u m b e r  o f  p i l e s  i s  in v o l v e d ,  p r o v i d  

é d  th a t th e  s o i l  i s  s u f f i c i e n t ly  h o m o g e n e o u s ,  d r iv in g  te  

c h n iq u e  i s  c o n s t a n t  a n d  in i t i a l  s o i l  p r o p e r t i e s  a r e  n o t  

s t r o n g ly  m o d i f i e d .  G e n e r a l  c o r r e l a t i o n s  m a k e  a  s t e p  

f o r w a r d .  T h e y  m a y  be  e x p r e s s e d  b y  c o m p le x  m o d e l s  

d e s c r i b i n g  m o d i f i c a t i o n s  o f  s o i l  p r o p e r t i e s  o c c u r i n g  du 

r in g  th e  t e s t ,  V o i t u s  V a n  H a m m e  ( 1 9 8 0 ) ,  M a t lo c k  a n d  

F o o  (1 9 8 0 ) ,  o r  s i m p ly  t h r o u g  c o r r e c t i v e  c o e f f i c i e n t s ,  

V i ja y e r g i v a  (1 9 8 0 ) ,  A p p e n d in o (1 9 7 9 ) .

D ata  r e q u i r e d  by  t h e s e  m o d e l s  o r  c o r r e c t i v e  c o e f f i c i e n t s  

m a y  b e  d e t e r m in a t e d  in  l a b o r a t o r y  w ith  th e  c a l ib r a t i o n

T A B L E  2

SOI L COHESI VE GRANUL AR

TEST 1 2 3 1 2 3

Rs ' d / Rs , s t

Rt ' d / Rt , s t

• 5c r  

1. 5- 2. 0

c: - 1.  l c 
R u

2. 0- . 5

c_ -  c 
R u

1. 5 - 2 . 0

1<X ) 1

(Jt
. 5- 1. 5

1

)

R d = r es i s t anc e  f or  d y n ami c  l oad i ng  

R t = r e s i s t a n c e  f or  s t a t i c  l oad i ng  

c ^  = r e mou l ded  c ohe s i o n
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1 = dr i v i ng,  2 = i n i t i a l  r e d r i v i ng  or  d r op p i n g  
wei ght ,  3 = r ed r i v i ng

( x ) = s ma l l e r  r a t i os  oc c u r  i f  ex c es s  po r e  p r es s u r e  
ac c umu l a t es

c e l l  f o r  in s t a n c e ,  M o l l e r  a n d  B e r g d a h l  (1 9 8 1 ) ,  S t e e n fe l t  

e t  a l  (1 9 8 1 ) ,  M iz ik o s  a n d  F o u r n i e r  (1 9 8 0 ) .

T h e  e x p a n d e d  c a v i t y  t h e o r y  i s  u s e f u l  to e x p r e s s  th e  driv^ 

in g  e f f e c t  o n  s h a f t  in t e r a c t i o n ,  L e i f e r  e t  a l .  (1 9 8 0 ) ,  C a rte r  

e t a l .  (1 9 8 0 ) ,  W r o t h  e t  a l .  (1 9 8 0 )  , o r  o n  th e p i l e  t ip ,  A p _

p e n d in o  (1 9 7 9 ) .  T a b le  2 g iv e s  in d i c a t iv e  c o e f f i c i e n t s  f o r  

s o i l  r e s i s t a n c e .

P r o c e d u r e s  b a s e d  o n  c o r r e c t i v e  c o e f f i c i e n t s  c a n n o t  be 

v e r y  a c c u r a t e ;  o n  th e  o t h e r  h an d  th e  c o m p le x i t y  o f  th e  

p r o b le m  i n v o l v e s  i m p r e c i s i o n ,  M o r e o v e r  w e  m u s t  r e _  

m e m b e r  th at s t a t i c  t e s t s  o r  b e a r in g  c a p a c i t y  f o r m u la e  

c a n n o t  g iv e  p r e c i s e  r e s u l t s  a s  w e l l .  W e  m u s t  c o n s e q u e n t  

ly  a c c e p t  a r e a s o n a b le  e s t im a t e  o f  s t a t i c  r e s i s t a n c e ,  

w h ic h  I th in k  i t  m a y  b e  e x p r e s s e d  by  + 25 %  .

R. Dahl berg (Oral  di scussi on)

VERI FI CATI ON OF PI LE CAPACI TY THROUGH DYNAMI C MEASURE­
MENTS
Ver i f i cat i on de Por t ance de Pi eux par  Mesures Dynami ques

Abou t  one y ea r  ago,  Pe t r ob r as  had  t he f i r s t  
Br a z i l i a n  de e p  wa t e r  p l a t f o r m,  t he Gar oupa  PGP- 1 
p l a t f o r m,  i ns t a l l ed  i n t he Campos  Bas i n  i n 
120 m wa t e r  dept h.  The s o i l  c ons i s t s  of  an 
u ppe r  c a l c a r eous  s and l ay er ,  abou t  20 m t hi c k ,  
ov er l y i ng  a s i l t y  c l ay .  Be t ween  abou t  86 and 
90 m t he r e  i s  a de n s e  c a l c a r eous  s and l ay er .

The  36 f ounda t i on  p i l es ,  1219 mm i n d i amet er ,  
wer e  des i g n e d  f or  a pe n e t r a t i o n  of  85 t o 90 m 
b e l o w mu d l i ne  wi t h  t he t i p  s l i gh t l y  embe d d e d  i n 
t he c a l c a r eous  s and l ay er .  L i mi t ed  k nowl edge  
o f  t he en g i n e e r i n g  beh a v i o u r  of  c a l c a r eous  
s ands  and  s ome doub t s  r ega r d i ng  t he i ns i t u  
v a l ues  of  t he und r a i n e d  s hear  s t r eng t h  of  t he 
c l ay  mad e  t he p r e d i c t e d  p i l e  c apa c i t y  unc er t a i n .  
Wi t h  t he a i m t o v e r i f y  t he c apac i t y  of  t he 
p i l es  as  i n t a l l ed ,  s ome of  t he p i l es  wer e  t h e r e ­
f or e i ns t r umen t ed  d u r i n g  dr i v i ng.  The i n s t r u ­
me n t a t i o n  wor k  was  c a r r i e d  c u t  by  De t  no r s k e  
VERI TAS un d e r  c on t r a c t  wi t h  Pet r obr as .  Me a s ­
u r ed  f o r c e  a nd  a c c e l e r a t i o n  i n t he p i l e  t op 
we r e  t hen  us ed  as  i nput  t o a dy nami c  ana l y s i s  
k nown  as  CAPWAP ( see Gob l e  e t . a l . ,  1970 and 
San t oy o  and Gobl e ,  1981) .  The  r es u l t  of  t he 
CAPWAP ana l y s i s  ar e  t he magn i t u d e  and l oc a t i on  
a l ong  t he p i l e  o f  bo t h  s t a t i c  and  dy nami c  
r e s i s t anc e  f or c es .

I n o r d e r  t o ge t  a bes t  pos s i b l e  es t i ma t e  of  t he 
s t a t i c  p i l e  c apac i t y ,  me a s u r e me n t s  wer e  t ak en 
b o t h  d u r i n g  i n i t i a l  d r i v i ng  and  a f t e r  t wo 
mon t hs  o f  s et  up.  The  r e d r i v i ng  was  c a r r i ed  
o u t  on t h r ee  p i l es  us i ng  a Menc k  5000 hammer  
wh i c h  h ad  be e n  " war med up"  i mmi d i a t e l y  be f o r e  
by  d r i v i n g  »n anot her ,  non - i n s t r u me n t e d  pi l e.

The  me a s u r e me n t s  s howed  a c o n s i d e r a b l e  i nc r eas e 
i n t he CAPWAP p r ed i c t e d  s t a t i c  c apa c i t y  i n t he 
c o u r s e  of  t he t wo mon t hs  of  s et  up,  a f ac t o r  of
3 t o 4.  Th i s  i nc r eas e  was  s u f f i c i en t  t o v e r i f y  
t ha t  t he p i l es  wer e  ab l e  t o c a r r y  t he l oads  wi t h  
t he r equ i r e d  ma r g i n  of  s af et y .  I n Fi g.  1,  t he 
CAPWAP p r e d i c t e d  t o t a l  c apac i t i es  and l oad 
t r an s f e r  d i s t r i bu t i ons  a r e  s hown f or  t h r ee 
b l ows  d u r i n g  r ed r i v i ng  as  c ompar ed  t o  wha t  was  
f ound  d u r i ng  i n i t i a l  d r i v i ng .  I t  i s  i n t e r e s t ­
i ng t o n o t i c e  t he g r adua l  dec r e a s e  i n s o i l  
r e s i s t anc e  i n t he c our s e  of  t he r edr i v i ng .
Af t e r  s ome h u n d r ed  o f  b l ows ,  t he r e s i s t anc e  was  
of  t he s ame ma g n i t u d e  as  d u r i ng  i n i t i a l  d r i v i ng.

d r i v i ng  of  o p e n - e n d e d  s t ee l  p i l es ,  t her e  wi l l  
be  ma i n l y  f r i c t i ona l  r es i s t anc e  s i nc e t he p i l e  
mos t  l i k e l y  wi l l  b ehav e  as  non- p l ugged .  Dur i ng  
s t a t i c  l oad i ng  a s o i l  p l ug  may  f o r m g i v i ng  end 
r e s i s t anc e  ov e r  t he f u l l  c r os s - s e c t i o n a l  p i l e  
ar ea.  Thes e  c ons i d e r a t i o n s  ar e  i mpor t an t  when 
c on v e r t i n g  t he CAPWAP r es u l t s  t o s t a t i c  p i l e  
c apac i t y .  Un f o r t una t e l y ,  t h i s  c o n v e r s i on  wi l l  
a l way s  hav e  t o i nv o l v e  s ome amoun t  of  e n g i n e e r ­
i ng j udgemen t  i n t he c as e  of  ope n - e n d e d  c y l i n ­
d r i c a l  s t ee l  p i l es .  Howev er ,  wi t h o u t  t he 
i ns t r umen t ed  r ed r i v i ng  and  CAPWAP ana l y s i s ,  
t her e  wo u l d  hav e  been  mu c h  mo r e  doub t  r ega r d i ng  
t he ac t ua l  c apa c i t y  of  t he Ga r o u p a  p i l es .  I n 
t he c as e  of  h i g h  c apac i t y ,  o f f s ho r e  p i l es  
d y n ami c  me a s u r e me n t s  d u r i n g  r ed r i v i ng  wi t h  s u b ­
s equen t  ana l y s i s  ( e. g.  by  t he CAPWAP met hod)  i s 
t he on l y  p r ac t i c a l  and e c o nomi c a l  app r oac h  t o 
v e r i f y  t he c apa c i t y  of  t he pi l es .

PREDI CTED STATI C CAPACI TY
PER SEGMENT MN

I NI TI AL
DRI VI NG

BLOW NO.  2 
1 0  
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Fi g.  1 Res u l t s  o f  CAPWAP ana l y s i s
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For  mor e  e f f e c t i v e  p i l e  d r i v i n g  t he e l a s t i c  
d i s c  s p r i ngs  hav e  been  app l i ed  as  a c u s h i o n i n g  
member  b e t we e n  t he hammer  and t he pi l e.  The  c on 
s t r uc t i on  has  been  s u c c e s f u l l y  t es t ed  f i r s t  on 
a mode l  s c a l e , and  l a t er  f u l l  s c a l e  un i t s  p r o ­
d u c t i on  has  been  i n i t i a t ed.  Ac t u a l l y  27 un i t s  
ar e u t i l i z ed ,  and  t he i r  beh a v i o u r  v e r i f i es  ana-  
l y t i c a l y  c omp u t e d  h i gh  pe r f o r manc e.
Pr i nc i p l es  of  b e h a v i o u r  o f  t he d i s c  s p r i n g  c ap 
hav e  been  d e r i v ed  f r om t he i mpac t  and wa v e  p r o ­
p aga t i on  t heo r i es  wh e r e  t he s pec i a l  ma t e r i a l  
p r o p e r t i es  o f  p i l es  hav e  been  c ons i der ed .  Thes e  
i nd i c a t ed  t hat  i n o r de r  t o o b t a i n  t he h i ghes t  
p i l e  penet r a t i on ,  t he i mpac t  wa v e  o f  r e c t a n g u ­
l ar  s hape s hou l d  be app l i ed  t o a pi l e.  Suc h  an 

. i mpac t  wav e  c an  not  be ac c omp l i s h e d  by  t r a d i ­
t i ona l l y  us e d  woo d  or  p l as t i c  p a c k e d  c aps ,  wh e ­
r e none l as t i c  or  e l as t i c  non l i n e a r  p r o p e r t i es  
c aus e  a v e r y  u n f a v o u r a b l e  i mpac t  wav e.  Hi g h  a m­
p l i t ude  s t r es s  peak  at  t he f r on t  o f  t he c o n v e n ­
t i ona l  c ap  i mpac t  wav e  o f t en  c aus es  d a ma g e  t o 
t he pi l e,  es p e c i a l l y  wh e n  r e f l ec t ed  f r om t he 
p i l e  b o t t o m t i p  as  a t ens i l e  s t r es s .  Sho r t  d u ­
r a t i on  o f  t he i mpac t ,  b e i n g  a r es u l t  o f  u n f a v o ­
u r ab l e  e l as t i c  p r o p e r t i es  and a l a r ge  e ne r gy  
l os s es  i n t he c o n v en t i ona l  c ap c ou l d  not  be s u f ­

f i c i en t  f or  e f f i c i e n t  p i l e  dr i v i ng.  The  new 
d i s c  s p r i ng - c ap  g e ne r a t es  an i mpac t  wav e,  wh i c h  
i s  c l os e  t o a r ec t an g u l a r  s hape.  An  a d j us t ab l e  
p r e s t r e s s i n g  f or c e of  t he s p r i n g  s t ac k  i n t he 
d i s c - s p r i n g  c ap  as s ur es  e n ough  h i gh  f or c es  r e ­
q u i r ed  f or  p i l e  pe n e t r a t i o n  i n t o  t he s oi l ,  bu t  
d o e s n ' t  c aus e  o v e r s t r e s s i n g  of  t he p i l e  ma t e ­
r i a l  ( Fi g. l . ) .  Mu c h  mo r e  of  h a mme r  e n e r g y  i s  
t r ans f e r r ed  t o t he pi l e.  Me a s u r me n t  of  t he 
s t r es s  wa v e  i n t he p i l e  d u r i n g  d r i v i n g  p e r f o r ­
med  by  me a n s  of  Pi D Pi l i n g  Ana l y s i s  Sy s t e m i n ­
d i c a t ed  t ha t  75% of  hammer  e ne r gy  c an be  t r a n ­
s f e r r ed  by  t he s p r i ng  c ap  t o t he pi l e,  c o mp a ­
r i ng  wi t h  50% e f f i c i e n c y  of  t he c onv en t i ona l  
cap.  Th i s  r es u l t s  i n an i nc r eas ed  p i l e  p e n e t r a ­
t i on  i n t o  t he s oi l .  Co mp a r a t i v e  d r i v i n g  t es t s  
p e r f o r me d  on d r op  and d i es e l  hammer s  equ i p p e d  
wi t h  d i s c - s p r i n g  c ap  and c onv en t i o n a l  c ap  s h o ­
we d  50- 150% i nc r eas e  of  p i l e  p e n e t r a t i o n  pe r  
bl ow.

F [ T] 1

T. I wanowski  and B.  Lar sson ( Or al  di scussi on)

The  v e r y  s t ab l e  dy nami c  p r ope r t i es  of  t he e l a s ­
t i c  s p r i ngs  g i v e  mu c h  mor e  ac c u r a t e  d a t a  f or  
c on t r o l  and  c omp u t e r  s i mu l a t i on  of  t he p i l e  
d r i v i n g  pr oc egs .  The  d i s c - s p r i n g  c ap  c o n s t r u c ­
t i on  dec r e a s e s  no i s e  and v i b r a t i o n  l ev e l  du r i ng  
p i l i ng .  A 5- 8 dB( A)  dec r e a s e  of  no i s e  l ev e l  at  
d i s t a n c e  7 m f r om t he d r i v e n  p i l e  has'  bee n  me a ­
s u r ed  f r equent l y .
Rec ap i t u l a t i ng ,  t he r e  ar e  t he f o l l owi ng  a d v a n ­
t ages  o f  t he d i s c - s p r i n g  c ap  c omp a r i n g  wi t h  t he 
c onv en t i o n a l  cap:

-  50% mor e  o f  h a mme r  e ne r gy  t r a n s f e r r e d  t o t he 

p i l e
-  r educ ed  r i s k  of  p i l e  damage
-  50- 150% i nc r eas e  of  p i l e  p e n e t r a t i o n  i n t o  

t he s o i l
-  good  d u r a b i l i t y  and r e t a i n i n g  of  c ons t an t  

c h a r a c t e r i s t i c  d u r i n g  l ong t i me o p e r a t i on
-  b e t t e r  b l o w c en t e r i n g
-  d e c r e a s e d  no i s e  and v i b r a t i o n  l ev el
-  a d j u s t a b i l i t y  o f  t he d i s c - s p r i n g  c ap  t o d i f ­

f e r en t  p i l i n g  c ond i t i ons

Thus , t h e  a p p l i c a t i o n  of  t he i mpac t  and  wa v e  p r o ­
paga t i o n  t heor i es  on p i l e  d r i v i n g  gav e  a new,  
v e r y  e f f i c i e n t  t oo l  f or  mo d e r n  p i l e  dr i v i ng.

F i g . 2.  The  d i s c - s p r i n g  c ap  f or  3 T d r op  
h ammer

t  [ ms]

Fi g. l .  Fo r c e  me a s u r e d  1 m f r om p i l e  h e a d  d u r i n g  dr i v i ng.  

Conc r e t e  p i l e  270 mm,  l eng t h  87 m.

Dr op  h ammer  4 T,  d r o p  h e i gh t  0. 5 m.
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DYNAMI C PORE PRESSURE DURI NG PI LE DRI VI NG IN FI NE SAND 
Pressi on I nt erst i t i el l e Dynami que pendant  Bat t age de 
Pi eux dans Sabl e Fi n

The i n t e r es t i ng  paper  on Dy nami c  Por e Pr es s ur e  
( Mol l er  & Ber gdah l ,  1981)  des c r i bes  t he me a s u r e ­
ment s  of  c hanges  i n po r e  p r es s u r e  when  a 2c m 
mode l  p i l e  was  d r i v e n  i n t o a 23 by  40c m c y l i nde r  
c o n t a i n i ng  dens e  f i ne s and.  Be l ow t he p i l e  t i p,  
i n i t i a l  i nc r eas e  i n pos i t i v e  p r es s u r es  f r om d y n a m­
i c  l oad i ng  o f  t he s and qu i c k l y  b e c ome  nega t i v e  
as  t he s and d i s t o r t s  i n s hear .  Al ong  t he s i de 
of  t he p i l e  nega t i v e  p r es s u r es  a r e  bu i l t  up i n 
amount s  t hat  dec r e a s e  wi t h  d i s t anc e  f r om t he 
p i l e  t i p.  Thi s  i s f o l l owed qu i c k l y  by  a p o s i ­
t i v e  p r es s u r e  i n dens e  s ands ,  but  not  i n v er y  
dens e  s ands .  The  e f f ec t  of  v a r i a t i o n  i n e f f e c ­
t i v e  s t r es s  and s o i l  g r ada t i on  was  not  i n v e s t i ­
gat ed.  The  au t hor s  c onc l uded  t hat  t he nega t i v e  
po r e  p r es s u r e  p h e nomenon  ex p l a i ned  t he Swed i s h  
ex pe r i enc e  of  h i g h  d r i v i n g  r e s i s t anc e  wh i c h  s u g ­
ges t ed  h i gh  l oad c apac i t y  wh i c h  c ou l d  o f t en  not  
be d e mo n s t r a t e d  by  l oad t es t s .

The p u r pos e  o f  t hi s  d i s c u s s i o n  i s  t o p r es en t  an 
ex amp l e  of  h i g h  pos i t i v e  po r e  p r es s u r es  t hat  
wer e  meas u r e d  d u r i n g  d r i v i n g  of  p i l es  i n c ompac t  
s ands  and  s andy  s i l t s ,  c aus i ng  v er y  l ow d r i v i ng  
r es i s t anc es .  Thi s  s i t e,  i n Sy r ac us e ,  New Yor k ,  
i s  u n de r l a i n  p r i ma r i l y  by  s of t  t o s t i f f  s l i gh t l y  
un d e r c o n s o l i d a t e d  c l ay  as  s hown i n Fi gu r e  1.

H. S.  Lacy ( Or al  di scuss i on)

Tank s  c ons t r uc t ed  at  t h i s  s ewage t r ea t men t  p l ant  
a r ound  i 960  hav e  s e t t l ed  up t o one met er .  The 
p i l e  b e a r i n g  ma t e r i a l  i s  at  dept hs  r a n g i n g  f r om 
62 t o 77 me t e r s  and c ons i s t s  o f  l ay er s  o f  v er y  
c ompac t  s and and s i l t .  Ar t es i an  p r es s u r es  i n 
t h i s  c on f i ned  aqu i f e r  r es u l t ed  i n a s t a t i c  head,  
s i x  t o s ev en  met e r s  abov e  t he t h r ee  me t e r  deep 
e x c a v a t i o n .

Fi gu r e  2 i l l us t r a t es  a mar k ed  i nc r eas e  i n 
St anda r d  Pe n e t r a t i o n  r e s i s t anc e  as  Bo r i ng  No.
B- l  ex t ended  f r om t he c l ay  i n t o  t he c ompac t  
s andy  s i l t .  Howev er ,  no i nc r eas e  i n d r i v i ng  
r e s i s t a n c e  was  obs e r v ed  at  t hi s  l ev e l  wh e n  
p i l es  about  1. 5 me t e r  away  we r e  dr i v en.  By  
t hi s  t i me,  a p i e z o me t e r  had been  i ns t a l l ed  wi t h  
a s ea l  i n t he c l ay  abov e  t he l ower  s andy  s i l t .

S T A N D A R D  P E N E T R A T IO N  T E S T  O R  E X C E S S  P O R E  P R E S S U R E  ( P S D

D R IV IN G  R E S IS T A N C E  IN  B L O W S /F O O T  ( I  p a l  . 0 . 0 7  K g / t m * )

0  4 0  8 0  IZ O  1 6 0  2 0 0  0  1 0  2 0  3 0

Fi g.  2 Ex c es s  po r e  p r es s u r e  d u r i n g  p i l e  d r i v ­
i ng.

Por e  p r es s u r es  s t a r t ed  i n c r e a s i n g  wh i l e  t he 
p i l e  t i p  was  i n c l ay  e i ght  t o 11 met e r s  abov e 
t he t op of  s andy  s i l t .  The r e  i s appa r en t l y  
s ome t e mpor a r y  i nc r eas e  i n por e  p r es s u r e  i n t h i s  
c on f i ned  aqu i f e r  due  t o d i s p l ac emen t  o f  t he c l ay  
by  t hes e  0. 35 me t e r  s quar e  c onc r e t e  p i l es .
Wh i l e  t he p r e c i s e  ho r i z o n t a l  pos i t i on  o f  t he 
p i l es  wi t h  r es pec t  t o t he p i e z ome t e r  i s  not  
k nown,  i t  appear s  t hat  po r e  p r es s u r es  ad j ac en t  
t o t he p i l e  a p p r o a c h  t he e f f ec t i v e  ov e r bu r den  
s t r es s  c a u s i n g  a qu i c k  c o nd i t i on  i n t he  s andy  
s i l t .  The  ex c es s  wa t e r  p r es s u r e  d i s s i pa t ed  
ov er  pe r i ods  t hat  v ar y  f r om t en  mi nu t es  t o t wo 
hour s  wi t h  s ome s us t a i ned  ex c es s  p r es s u r e  f or
2 k hour s .  Wher e  p i l e  d r i v i n g  c on t i nued  i n t he 
s ame a r ea  f or  s ev e r a l  day s ,  a s mal l  s us t a i ned  
ex c es s  po r e  p r es s u r e  was  ma i n t a i ned .  Low d r i v ­
i ng  r es i s t anc es  we r e  obs e r v ed  i n t he b e a r i n g l 
s t r a t a  e r r a t i c a l l y  t h r oughou t  t he s i t e  wi t h  no 
c ons i s t en t  t r end  wi t h  r es pec t  t o g r ad a t i o n  wh i c h  
v a r i ed  f r om f i ne t o me d i u m s and t o s i l t y  f i ne 
s and t o s andy  s i l t .  Re d r i v i n g  t he p i l es  s hown 
i n Fi gu r e  2 a f t e r  one t o t wo hour s  f o l l owi ng  
i n i t i a l  d r i v i ng  r es u l t e d  I n near  r e f us al .  Thi s  
r es u l t  i s  s i mi l a r  t o t hos e  by  Moe et .  al  and I s 
a c ommon o c c u r r enc e  i n eas t e r n  Un i t ed  St at es .
I t  i s  s ugges t ed  t hat  t he g e n e r a t i on  of  pos i t i v e  
po r e  p r es s u r e  d u r i n g  p i l e  d r i v i ng  i s  mo r e  c ommon 
t han  gener a l l y  r ec ogn i z ed .  As a r es u l t  o f  t hes e  
t es t s ,  a p r o g r a m was  dev e l o p e d  t o v er i f y  t he i n ­
t eg r i t y  and c apac i t y  of  p i l es  d r i v en  t o f ound i ng  
l ev e l  at  l ow pe n e t r a t i o n  r es i s t anc e .  Thi s  p r o ­
g r am i s d e s c r i bed  i n  a paper  p r es en t ed  at  t hi s  
c o n f e r enc e  ( Lac y ,  1981) .  The s t a t i c  r e s i s t anc e  
o f  t he p i l es  was  d e mo n s t r a t e d  by  l oad t es t s  and 
by  mo n i t o r i n g  t he e l ev a t i on  o f  t he f u l l y  l oaded 
t ank s  ov er  t he pas t  t wo y e a r s .

The  c ons i s t en t  h i g h  d r i v i ng  r es i s t anc e  o b ­
s e r v ed  d u r i n g  St anda r d  Pene t r a t i on  t es t s ,  us i ng  
a 3 . 1c m d i ame t e r  s amp l e r  i s a mar k ed  d e pa r t u r e  
f r om t he gener a l  l ow,  but  h i gh l y  v a r i a b l e  p i l e  
r es i s t a n c e  i n t hes e  s ame s oi l s .  The s o i l  s am­
p l e r  i s  s i mi l a r  i n s i z e  t o t he mode l  p i l es  us ed 
by  Mo l l e r  and Ber gdah l .  I t  i s s ugges t ed  t hat  
t he r es u l t s  of  mode l  t es t s  may  not  a l way s  be 
c ons i s t en t  wi t h  t he p e r f o r manc e  o f  s o i l  a r ound 
p i l e  t i ps  wh e n  h i gh  ener gy  hammer s  a r e  used.
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G. G.  Meyerhof ,  Co-Chai rman 

I NTRODUCTI ON

As t he Chai rman ment i oned t hi s morni ng,  i t  i s my pl easant  
dut y t o open and chai r  t he af t ernoon sessi on as t he Co- 
Chai rman of  t he Sessi on 8 on Pi l es.

We have t wo mai n t opi cs f or  di scussi on:  Fr i ct i on pi l es,  
i ncl udi ng change of  soi l  proper t i es af t er  i nst al l at i on 
of  dr i ven or  bored pi l es,  and t he behavi our  of  pi l e groups.  
In t he f i rst  par t  on si ngl e pi l es we have subdi vi ded t he 
di scussi on i nt o t wo sect i ons,  t he f i r st  sect i on deal i ng 
wi t h ver t i cal  l oadi ng and t he second sect i on deal i ng wi t h 
hor i zont al  l oadi ng.

In each case we have si x di scussors who have gi ven t hei r  
names bef ore t oday.  I know t here have been addi t i onal  
names added,  but  I am sor ry t hat  t here i s no t i me t o add

R.K.  Mazurki ewi cz,  Panel i st  

BEARI NG CAPACI TY OF FRI CTI ON PI LES
Capaci t é Por t ant  des Pi eux Tr avai l l ant s aux Frot t ement  
Lat éral

I NTRODUCTI ON

I n t he f o l l owi ng  t wo c o n t r i bu t i ons  on  b e a r i ng  
c apac i t y  of  f r i c t i on  p i l es  ar e  g i v en,  namel y ,  
t he f i r s t  ( I )  p r e s e n t e d  du r i ng  d i s c u s s i o n  a t  t he 
Ses s i on  8 on Pi l e  Fo u n d a t i o n s  and  t he s ec ond  t i l )  
p r e p a r e d  as  i n t r oduc t i on  t o d i s c u s s i o n  t o t h i s  
Se s s i on  a c c o r d i ng  t o t he o r i g i na l  pr ogr am.

CONTRI BUTI ON I

I t  i s  v e r y  d i f f i c u l t  t o d i s c us s  t he p r o b l e m of  
b e a r i n g  c apa c i t y  of  f r i c t i o n  p i l es .  The r eas on?
Al l  of  us ,  I  am qu i t e  s ur e,  hav e  mad e  a t  l eas t  
onc e  an own  dec i s i o n  and  p r e d i c t e d  t h i s  c apac i t y  
wi t h  mor e  or  l es s  s a t i s f y i ng  r es u l t .  No t  on l y  
t hi s .  Yes t e r d a y  we  d i s c u s s e d  i n one of  our  
Co mmi t t ees  t he wh o l e  day  on l y  one  pr ob l em,  namel y ,  
t he p i l e  l oad i ng  t es t s  be i ng  a t oo l  n o t  on l y  f or  
c hec k i ng  our  d e c i s i ons  b u t  a l s o  f or  b e t t e r  and 
wi d e r  p r e p a r a t i o n  of  o u r  p r ed i c t i ons .  Th i s  i s 
a l s o  a way .

On t he o t he r  hand,  howev er ,  we  ma y  c l e a r l y  s t a t e  
t ha t  t he r es ear c hes  a r e  do i ng  t he i r  i n v e s t i g a ­
t i ons  wr i t i ng  and p u b l i s h i ng  a hugh  a mo u n t  of  
r epor t s  and paper s  and d r a wi ng  a no t  k nown 
a moun t  of  c onc l us i ons ,  wh i c h  ma y  s ee m s ome t i mes  
t o be  s i mi l a r  or  ev en t he s ame as  t hes e  wh i c h  
hav e bee n  mad e  s ome 20 or  30 y ear s  ago.  I  wo u l d  
l i ke,  howev er ,  t o s t a t e  t ha t  t her e  a r e  s i gn i f i c an t  
d i f f e r enc es  b e t we e n  t he ea r l i e r  and  t oday  s t a t e ­
ment s .  Thes e  d i f f e r enc es  c o n c e r n  ma i n l y  t he wi d e  
k nowl e d g e  of  t he a moun t  and k i n d  of  f ac t o r s  wh i c h  
i n f l uenc e  t he b e a r i ng  c apac i t y  a nd  wh i c h  a l l ow 
t o p r epa r e  ou r  p r e d i c t i o n  i n a muc h  b e t t e r  way  
and i n t r oduc e  par amet e r s ,  wh i c h  ea r l i e r  hav e  not  
bee n  ev en men t i oned .

I  t h i nk  t hat  I  c an  a l s o s ay  t ha t  we  wo u l d  be al l
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t hese.  Anybody who i s not  abl e to speak can send t hi s 
di scussi on on t he speci al  prepared sheet s by t he 1st  of  
Sept ember  of  t hi s year  t o t he Organi zi ng Commi t t ee f or 
publ i cat i on i n t he l ast  Vol ume of  t hi s Conf erence.

As was i ndi cat ed previ ousl y,  each di scussi on t opi c wi l l  
be i nt roduced by a member  or  t wo members of  t he sessi on 
panel .  Thi s wi l l  be f ol l owed by t he di scussors who 
appear  shor t l y on a l i st .  Each di scussor  has si x mi nut es 
and no l onger.  Then I wi l l  make a br i ef  summary of  t hese 
di scussi ons.

I wi l l  now ask Prof essor  Mazurki ewi cz t o open t he di s­
cussi on on f r i ct i on pi l es.

v e r y  happy  i f  we  c ou l d  c l ea r l y  s epa r a t e  t he s k i n  
f r i c t i on  a nd  t he end bear i ng .  We  mus t ,  howev er ,  
i n t he c on t r a r y  s t a t e  t ha t  we  a r e  f r o m d ay  t o day  
mu c h  f u r t he r  f r om do i n g  t hi s .  I t  i s ,  f or  i ns t anc e,  
r epo r t e d  t ha t  t he c o n t r i b u t i o n  o f  t he end  bea r i ng  
t o t he t o t a l  b e a r i n g  c apa c i t y  i s  s i g n i f i c an t l y  
d i f f e r e n t  f o r  d i f f e r e n t  k i nds  of  p i l es  i n c ohes i v e  
and n o n c o h e s i v e  s oi l s .  Va l u e s  at  e. g.  15% ar e 
o b t a i n e d  f or  c onc r e t e  p i l es  i n s t i f f  c l ay ,  25% 
f or  s t ee l  p i l es  i n s t i f f  c l ay  and  45% f or  c o n ­
c r e t e  p i l es  i n s and.  Add i t i ona l l y ,  i t  i s  man y  
t i mes  a s s umed  t ha t  t he ma x i mu m end  b e a r i n g  and 
t he ma x i mu m s ha f t  r e s i s t a n c e  a r e  mo b i l i z e d  a t  
t he s ame t i me.  We  hav e,  howev er ,  f ound  t ha t  
t hes e  t wo c o mp onen t s  ar e  mo b i l i z e d  at  d i f f e r e n t  
d i s p l a c e me n t s .

The  p r o b l e m b e c omes  mo r e  c o mp l ex  and  d i f f i c u l t  
d ue  t o t he f ac t  t ha t  t he me t h o d  of  i ns t a l l a t i o n  
and  t he l oad i ng  s equenc e  c hange  c o n s i d e r a b l y  t he 
p r o p e r t i es  of  t he s oi l  a nd  t hus  i n f l uenc e  t he 
b e a r i n g  c apac i t y .

A l a r ge  n u mber  of  d i f f e r e n t  me t h o d s  t o p r ed i c t  
t he b e a r i n g  c apac i t y  o f  f r i c t i on  p i l es  ex i s t  t o ­
day .  Al s o  a l a r ge  number  of  i n v e s t i ga t i ons  has  
b e e n  c a r r i ed  ou t  wh e r e  d i f f e r e n t  me t h o d s  hav e  
bee n  c ompar ed .  An a l y z i n g  t he s i t u a t i o n  i n t hi s  
f i e l d  I  wo u l d  l i k e t o as k  a l l  of  us  t oday :  I s 
i t  p o s s i b l e  t o r ec o mme n d  one  or  mo r e  me t hods  
wh i c h  a d e qua t e l y  p r e d i c t  t he u l t i ma t e  bea r i ng  c a ­
p ac i t y  of  f r i c t i o n  p i l es  under  d i f f e r e n t  c o n d i ­
t i ons ,  and  a r e  we  ab l e  t o p r e s e n t  gener a l -  
r e l a t i o n s h i p s  wh i c h  t ak e i n t o  a c c oun t  t he mo s t  
i mpo r t an t  f ac t o r s  wh i c h  i n f l uenc e  t he u l t i ma t e  
bea r i ng  c apac i t y ?  My  a n s wer  t oday  i s  t hat  we 
hav e  no t  s uc h a p o s s i b i l i t y  and  I  mu s t  s t a t e  
t ha t  i t  i s  i mpos s i b l e  t o ev a l ua t e  a me t h o d  wh i c h
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wo u l d  be v a l i d  i n t he wh o l e  wo r l d  f or  a l l  k i nds  
of  p i l es  and a l l  k i nds  of  s o i l s .  We  can,  of  
c our s e,  us e a l way s  c oe f f i c i e n t s  wh i c h  c ov er  a l l  
t he  i n f l uenc es .

An a l y z i n g  a l l  pos s i b l e  i n f l uenc es  we  may  c onc l ude  
t ha t  t he b e a r i n g  c apac i t y  and  t he s e t t l emen t s  d e ­
pen d  on  t he c hanges  of  t he s t r eng t h  and d e t e r mi ­
n a t i o n  p r o p e r t i es  of  t he s o i l  du r i ng  t he dr i v i ng,  
t he t y pe  of  l oadi ng,  t he d e f o r ma b i l i t y  and  dep t h  
of  t he d i f f e r e n t  s o i l  l ay er s ,  s i z e  of  t he f o u n d a ­
t i on,  t y pe and n umber  of  p i l es  and  t he l oad d i s ­
t r i bu t i on  a l ong  t he p i l es .  As  s a i d  b e f o r e  at  
p r e s e n t  t her e  does  not  ex i s t  any  me t h o d  wh i c h  
t ak es  i n t o  a c c o u n t  a l l  t hes e  f ac t or s .  Thus  t he 
f o l l owi ng  a nd  I  t h i nk  ma i n  ques t i o n  may  be 
r ai s ed,  namel y ,  how c an  s uc h me t h o d s  be d e v e l ­
oped:  a)  on  t he bas i s  of  i nv es t i ga t i ons  i n t he 
f i e l d  and  l abo r a t o r y  of  p i l e  per f o r manc e ,  b)  
o b s e r v a t i o n  of  ac t ua l  c ons t r uc t i ons ,  c)  t h e o r e ­
t i c a l  i n v es t i ga t i ons  wh i c h  c ons i de r  t he i nc r eas e  
of  t he po r e  wa t e r  of  t he e f f e c t i v e  p r es s u r es  
du r i ng  d r i v i ng  as  we l l  as  t he s ub s e q u e n t  r e ­
c o n s o l i d a t i o n  o f  t he s oi l ?

Ta k i n g  i n t o  c ons i d e r a t i o n  al l  f ac t o r s  wh i c h  s e ­
r i o us l y  i n f l uenc e  t he b e a r i ng  c apac i t y  of  f r i c ­
t i on  p i l es  one  c an r i s e  a l a r ge  number  of  q u e s ­
t i ons ,  t he ans wer  of  wh i c h  c ou l d  ma y b e  a l l ow t o 
r eac h  a mo r e  s a t i s f ac t o r y  r es u l t  i n t h i s  f i el d.  
Th i s  i s,  howev er ,  a v e r y  l ong way .  Th e r e f o r e  I  
wo u l d  l i k e  t o ma k e  one  f i na l  p r opos a l ,  namel y ,  
t ha t  we  s hou l d  p r e pa r e  ou r s e l v e s  t o t he nex t  
c on f e r e n c e  i n s uc h  a way  t ha t  we  t oday  p r opos e  
f or  a l l  of  us  one  or  t wo p r ob l ems  wh i c h  wi l l  be 
t he s ub j ec t  of  our  r es ea r c h  wo r k  i n t he nex t  
f our  y e a r s . I  am c o nv i nc ed  t ha t  t he paper s  and 
d i s c u s s i ons  at  t he nex t  c o n f e r enc e  wi l l  t han 
l ead t o a r es u l t  wh i c h  ma y  be i n t r oduc ed  by  al l  
of  us  i n t he da i l y  p r ac t i c e .  Fr o m my  s i de  I  
wo u l d  p r o p o s e  t o ma k e  i n t he nex t  y ea r s  e f f o r t s  
t o wi d e n  our  k n owl edge  on t he f o l l owi ng  t wo 
p r ob l ems  :

1)  I n f l uenc e  of  c y c l i c  l oad i ng  o n  b e a r i ng  c a p a c ­
i t y  and s e t t l emen t  of  f r i c t i on  p i l es  t ak i ng  i nt o 
c o n s i d e r a t i o n  t he s o i l  c o n d i t i ons  a r ound  and 
unde r  t he  p i l e  and  t he v e r t i c a l  and  ho r i z on t a l  
s t i f f nes s  of  t he p i l e - s o i l  s y s t em.

2)  Es t i ma t i o n  of  t he r edu c t i o n  of  t he s hear  
s t r eng t h  i n c ohes i v e  s o i l s  due t o r emou l d i ng  
d u r i n g  dr i v i ng,  t ak i ng,  howev er ,  i n t o  c o n s i d e r ­
a t i o n  wh e n  e s t i ma t i ng  t he u l t i ma t e  s k i n  f r i c t i on  
t he i nc r eas e  o f  t he s hear  s t r eng t h  of  t he r e ­
mo u l d e d  c l ay  wi t h  t i me,  t he c hanges  of  por e  
p r es s u r e  du r i ng  t he d r i v i ng  and t he i n f l uenc e
of  t he p e r me a b i l i t y  of  t he p i l e  mat er i a l .

I  do  ho p e  t ha t  i n t r oduc i ng  t h i s  p r o p o s i t i o n  we  
wi l l  be  ab l e  t o r eac h  t he nec e s s a r y  l ev el  of  our  
k n o wl e d g e  mu c h  mu c h  ear l i e r .

CONTRI BUTI ON I I

The  i n t e r ac t i on  b e t we e n  f r i c t i on  p i l es  and t he 
s u r r o und i ng  s o i l  i s  a v e r y  c omp l ex  p r o b l e m s i nc e  
t he s k i n  f r i c t i on  and  t he end b e a r i ng  c a n n o t  be 
c l ea r l y  s epar a t ed .  Thes e  t wo c omponen t s  i n f l uenc e  
one  ano t he r  d u r i ng  t he i n s t a l l a t i on  and whe n  a 
p i l e  i s  l oaded.  Co n s i d e r i n g  t he n a t u r e  of  t he 
s o i l  ( nonl i near i t y ,  he t e r ogene i t y ,  s equenc e  and 
t h i c k nes s  of  t he d i f f e r en t  l ay er s ,  e t c . ) ,  t he 
p i l e  i n s t a l l a t i on  me t h o d  ( dr i v en or  c as t - i n - p l a c e  
p i l es ,  et c . ) ,  t he p i l e  mat e r i a l ,  t he s hape  of  
t he p i l e  as  we l l  as  t he t y pe  and h i s t o r y  of  t he 
l oad i ng  ( s t at i c ,  dy nami c ,  c y c l i c  et c . )  i t  i s  
ev i den t  t ha t  i t  i s  not  pos s i b l e  t o p r e d i c t  ex ac t l y

t he b e a r i ng  c apac i t y  of  f r i c t i on  p i l es  at  t he 
p r e s e n t  t i me.

I t  i s,  f or  ex amp l e  we l l  k nown  t hat  t he c o n t r i ­
bu t i o n  of  t he end bea r i ng  t o t he t ot a l  bea r i ng  
c apac i t y  i s  s i g n i f i c an t l y  d i f f e r en t  f or  d i f f e r ­
en t  k i nds  o f  p i l es  ( c onc r et e,  s t eel )  i n c ohes i v e  
and  n o n c o hes i v e  s oi l s .  Va l ues  a t  e. g.  15 % hav e 
b ee n  r epo r t ed  f or  c onc r e t e  p i l es  i n s t i f f  c l ay ,  
25 % f or  s t ee l  p i l es  i n s t i f f  c l ay  and 45 % 
f or  c o n c r e t e  p i l es  i n s and.  Ma n y  t i mes  i t  i s 
a s s umed  t ha t  t he ma x i mu m end  b e a r i n g  and t he 
ma x i mu m s haf t  r e s i s t anc e  ar e mo b i l i z e d  a t  t he 
s ame t i me.  I t  i s,  howev er ,  k nown  t hat  t he t wo 
c omponen t s  a r e  mo b i l i z e d  at  d i f f e r e n t  d i s p l a c e ­
men t s  p a r t i c u l a r l y  i f  t he p i l es  ar e  s hor t .  The 
me a s u r e d  v a l ues  wi l l  t hus  be  l ower  t han t he 
p r e d i c t e d  v a l u e s .

The  p r o b l em bec omes  mo r e  c o mp l ex  and d i f f i c u l t  
due  t o t he f ac t  t hat  t he me t h o d  of  i ns t a l l a t i on  
and  t he l oad i ng  s equenc e  ma y  c ons i d e r a b l y  c hange  
t he p r o p e r t i es  o f  t he s o i l  a r o u n d  a f r i c t i on  
p i l e  and  t hus  i n f l uenc e  t he b e a r i ng  c apac i t y .
We  k n o w at  p r es en t  a l mos t  a l l  t he f ac t o r s  wh i c h  
i n f l uenc e  t he p i l e  b e a r i ng  c apac i t y  and t ha t  a 
p r o g r a m of  f u t u r e  i nv es t i ga t i ons  c an  be p r e ­
p a r e d  wh i c h  ma y  l ead t o an i mp r ov emen t  of  t he 
p r es en t l y  us ed  c a l c u l a t i o n  met hods .

A l a r ge  n umber  of  d i f f e r en t  me t hods  t o p r e d i c t  
t he b e a r i ng  c apa c i t y  of  f r i c t i on  p i l es  ex i s t  
t oday .  Howev er ,  i t  i s  v e r y  d i f f i c u l t  t o r e ­
c o mmend  wh i c h  of  t hes e  me t h o d s  i s  t he mo s t  
s u i t ab l e  one f or  d i f f e r e n t  c ond i t i ons  and wh i c h  
s h ou l d  be  us ed.  A l a r ge  n umber  of  i nv es t i ga t i ons  
has  bee n  c a r r i ed  ou t  whe r e  d i f f e r e n t  me t hods  
h av e  bee n  c ompar ed.  Thes e  me t h o d s  ar e  b a s e d  on 
a t o t a l  s t r es s  or  an e f f e c t i v e  s t r es s  anal y s i s ,  
on  d y n ami c  or  s t a t i c  p e n e t r a t i o n  t es t s  et c .
The  f o l l owi ng  gene r a l  t op i c  ma y  t hus  be r a i s ed  
f or  d i s c us s i on ,  namel y :

I s  i t  pos s i b l e  t o r ec ommend  me t h o d s  wh i c h  a d e ­
q u a t e l y  p r e d i c t  t he u l t i ma t e  b e a r i ng  c apac i t y  
of  f r i c t i on  p i l es  under  d i f f e r e n t  c ond i t i ons ,  
and  c an we  p r e s e n t  gene r a l  r e l a t i o n s h i p s  wh i c h  
t ak e i n t o  a c c oun t  t he mo s t  i mpo r t an t  f ac t o r s  
wh i c h  i n f l uenc e  t he u l t i ma t e  b e a r i n g  c apac i t y ?  
The  ans wer  c an pe r haps  be f o u n d  by  c ompar i ng  
t he me t hods  us ed  i n d i f f e r e n t  c oun t r i es .  Cou l d  
t h i s  c o mpar i s on  be  done by  a s pec i a l  Co mmi t t ee  
of  our  Soc i e t y ?

I n t h i s  c o n n e c t i o n  a q u e s t i o n  ma y  be as k ed  about  
t he  a p p l i c a t i on  of  t he f i n i t e  e l e men t  t ec hn i que  
( FEM)  t o t he c a l c u l a t i on  of  t he u l t i ma t e  bear i ng  
c apac i t y  and  t he s e t t l emen t s  of  f r i c t i on  pi l es .  
Wi t h  t h i s  t ec hn i que  i t  i s  pos s i b l e  t o s t udy  t he 
l oad t r ans f e r  b e t we e n  a p i l e  and  t he soi l ,  and 
t i me d e p e n d e n c y  of  t he l oads  ac t i ng  on t he pi l e.  
A s o i l  mo d e l  ( e. g.  non l i near )  i s  nec es s a r y  
wh i c h  t ak es  i n t o a c c oun t  how t he d i f f e r en t  s oi l  
p a r ame t e r s  ar e  i n f l uenc ed  by  t he i ns t a l l a t i on  
and  t he l oad i ng  met hod.

I t  i s  c ommon l y  k nown  t hat  t he u l t i ma t e  bea r i ng  
c apac i t y  of  f r i c t i on  p i l es  depends  ma i n l y  on 
t he s o i l  c ond i t i ons  a r ound  and unde r  t he p i l e  
a f t e r  t he i ns t a l l a t i on .  The  d i f f e r e n t  s o i l  p a r a ­
me t e r s  ar e no r ma l l y  e v a l ua t ed  by  l abo r a t o r y  or  
f i e l d  t es t s  e. g.  bor i ngs ,  dy nami c  and  s t a t i c  
p e n e t r a t i o n  t es t s ,  v ane  and  p r e s s u r e me t e r  t es t s .  
I n v es t i ga t i ons  i nd i c at e ,  howev er ,  t ha t  t he 
r es u l t s  f r om l abo r a t o r y  o r  f i e l d  t es t s  of  s o i l s  
a r ound  a nd  under  t he p i l e  b e f o r e  t ha i n s t a l l a ­
t i on  o f  t he p i l es  c anno t  be us e d  d i r e c t l y  t o
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c a l c u l a t e  t he u l t i ma t e  b e a r i n g  c apa c i t y  or  t he 
s e t t l emen t s .  The  nex t  q u e s t i o n  t hat  c an  be  t hus  
as k ed  i s:

Ca n  we  r e c ommend  i n - s i t u  me t hods  t o d e t e r mi ne  
t he s t r eng t h  and d e f o r ma t i o n  p r o pe r t i es  o f  s o i l s  
wh i c h  ar e  r equ i r ed  t o p r e d i c t  t he b e a r i ng  c ap a ­
c i t y  a nd  t he s e t t l emen t s  of  s i ng l e  p i l es  and  of  
p i l e  g r oups  e. g.  t he s hear  s t r eng t h  of  t he c l ay  
a r ound  a p i l e  a f t e r  r ec o n s o l i d a t i o n  o r  t he s hear  
s t r eng t h  o f  t he r e l a t i v e l y  u n d i s t u r b e d  c l ay  at  
s ome d i s t a n c e  f r om t he p i l e  s u r f ac e?

The  f o l l owi ng  add i t i o n a l  q u es t i ons  c an be as k ed  
i n c o n nec t i on  wi t h  s o i l  and p i l e  i nv es t i ga t i ons :

1.  I s  i t  pos s i b l e  t o es t i ma t e  t he r e duc t i on  of  
t he s hear  s t r eng t h  i n c ohes i v e  s o i l s  due  t o r e ­
mo u l d i n g  d u r i n g  d r i v i ng?  Can we  es t i ma t e  t he 
i nc r eas e  of  t he s hear  s t r e n g t h  o f  t he r emou l ded  
c l ay  wi t h  t i me and r es u l t i ng  i nc r eas e  o f  u l t i ­
ma t e  s k i n  f r i c t i on?

2.  How does  t he c hanges  of  po r e  wa t e r  p r es s u r e  
d u r i ng  t he d r i v i ng  a f f ec t  t he p i l e  bea r i ng  
c a pac i t y ?  Wh a t  i s  t he i n f l uenc e  of  t he p e r me ­
a b i l i t y  o f  t he p i l e  ma t a t e r i a l ?  How does  t he 
l oc a l  pos i t i v e  and  nega t i v e  po r e  p r es s u r es  
a r o u n d  a p i l e  d u r i ng  t he d r i v i n g  a f f ec t  t he 
b e h a v i ou r ?  I s  t he po r e  wa t e r  p r es s u r e  du r i ng  
and a f t e r  d r i v i ng  a f f e c t e d  by  h y d r au l i c  f r a c ­
t u r i ng?  Do  we  k no w enough  ab o u t  t h i s  ph e n o me n o n  
and  wh a t  i s  i t s  i n f l uenc e  on t he b e a r i ng  c a p a ­
c i t y ?

3)  I s  i t  pos s i b l e  t o p r e d i c t  t he c omp a c t i o n  or  
t he l a t e r a l l y  d i s p l a c e me n t  of  c ohes i on l es s  
s o i l s  a r ound  a p i l e  d u r i n g  d r i v i ng  or  c as t i ng?
Can  t he r e l a t i v e  d e n s i t y  o f  t he s oi l  and  t he 
po r e  wa t e r  p r es s u r es  be p r ed i c t ed?

Ot h e r  f ac t o r s  c an  a l s o  i n f l uenc e  t he bea r i ng  
c apa c i t y  and  s e t t l emen t  of  t he f r i c t i on  r ai l es.
Suc h a s :

1.  Heav e  a r ound  d r i v e n  p i l es .
2.  Re d u c t i o n  o f  t he r e l a t i v e  d e n s i t y  of  

c o h es i on l es s  s o i l s  a f t e r  c a s t i ng  ( bor ed 
pi l es )  .

3.  Ef f e c t  o f  ad j a c e n t  p i l es .

The  u l t i ma t e  b e a r i ng  c a p a c i t y  of  f r i c t i on  p i l es  
depends  on  bo t h  t he s hape  and  t he t y pe  of  pi l § .  
Fo r  e x a mp l e  ope n  end  p i l e  i s  a f f e c t e d  by  
p l ugg i ng  d u r i ng  t he dr i v i ng .  Th e s e  p i l es  ar e 
o f t e n  on l y  pa r t i a l l y  p l u g g e d  du r i ng  dr i v i ng.
Th e y  b e c o me  p l u gged  a t  a l a t e r  s t age.  Bo t h  t he 
u l t i ma t e  b e a r i ng  c apac i t y  and  t he d r i v ea b i l i t y  
a r e  a f f ec t ed .  The  f o l l owi ng  que s t i o n s  ma y  t hus  
be r ai s ed:

1:  I s  i t  pos s i b l e  t o d e f i n e  t he c ond i t i ons  t ohen 
p l ug g i n g  t ak e p l ac e?

2.  I s  i t  pos s i b l e  t o d e t e r mi n e  t he i n f l uenc e  of  
p l ug g i n g  on d r i v eab i l i t y ,  b e a r i ng  c apa c i t y  and 
s e t t l emen t s  of  a p i l e  and  o f  a p i l e  g r oup?

3.  Wh e n  s hou l d  open - e n d  o r  c l o s e d - e n d  f r i c t i on  
p i l es  be  us ed?

The  b e a r i ng  c apac i t y  and  t he s e t t l emen t s  d epend  
on t he c hanges  of  t he s t r eng t h  and  d e t e r mi n a t i o n  
p r o p e r t i es  of  t he s oi l  d u r i ng  t he dr i v i ng,  t he 
t y pe of  l oadi ng,  t he d e f o r ma b i l i t y  a nd  dep t h  of  
t he d i f f e r en t  s o i l  l ay er s ,  s i z e  of  t he f ou n ­
da t i on,  t y pe and  n umber  of  p i l es  and  t he l oad 
d i s t r i b u t i o n  a l ong  t he p i l es .  At  p r e s en t  t her e 
does  n o t  ex i s t  any  me t h o d  wh i c h  t ak es  i n t o 
ac c oun t  a l l  t he  f ac t o r s  wh i c h  a f f ec t  t he 
s e t t l emen t s .  The  f o l l owi ng  q u e s t i o n  aan be  r ai s ed:

How c an a me t h o d  be dev e l o p e d  t ha t  t ak es  i n t o 
a c c oun t  t hes e  f ac t or s :  a)  on t he bas i s  of  i nv es ­
t i ga t i ons  i n t he f i e l d  and l a b o r a t o r y  of  p i l e  
per f o r manc e ,  b)  o b s e r v a t i o n  of  ac t ua l  c o n s t r u c ­
t i ons ,  c)  t heo r e t i c a l  i nv es t i ga t i ons  wh i c h  
c ons i de r  t ha t  i nc r eas e  o f  t he po r e  wa t e r  and  of  
t he e f f e c t i v e  p r es s u r es  d u r i ng  d r i v i ng  as  we l l  
as  t he s u b s equen t  r e c o n s o l i d a t i o n  of  t he s oi l .  
Al s o  t he  r es i dua l  l oad and  i t s  e f f ec t  on  t he 
l oa d - s e t t l e me n t  r e l a t i o n s h i p  s hou l d  be  c o n s i d ­
er ed.

The  p r ob l ems  b ec ome  mo r e  d i f f i c u l t  wh e n  t he 
p r o b l e m t o d e f i n e  t he u l t i ma t e  b e a r i ng  c apac i t y  
and  t he admi s s i b l e  l oad f r om p i l e  l oad t es t s  
a l s o  i s  c ons i de r ed .  Di f f e r e n t  de f i n i t i o n s  hav e  
bee n  p r o p o s e d  bas ed  on  e. g.  a ma x i mu m t o t a l  
s e t t l ement ,  a ma x i mu m p l a s t i c  s e t t l ement ,  a 
l i mi t ed  r a t i o  p l a s t i c  s e t t l e me n t / e l a s t i c  
s e t t l e me n t  et c .  Th i s  p r o b l e m i nv o l v es  a l s o  t he 
r e l a t i o n s h i p  b e t we e n  t he g e n e r a l  f ac t o r  of  
s a f e t y  a nd  t he p r o b a b i l i t y  of  f a i l u r e .  Can  we 
d e t e r mi n e  t h i s  r e l a t i os h i p?

Wh e n  d i s c u s s i n g  f r i c t i on  p i l es  a l s o  t he p h e n o ­
me n o n  o f  " nega t i v e  s k i n  f r i c t i on "  or  " down 
dr ag"  wh i c h  a f f ec t s  no t  on l y  t he l oad  i n t he 
p i l e  and  t he s k i n  f r i c t i o n  r es i s t a n c e  s hou l d  be 
c ons i de r ed .  Wh i c h  me t h o d  s hou l d  be  us ed  e. g.  
a t o t a l  s t r es s  or  an e f f e c t i v e  s t r es s  me t h o d  
t o e v a l u a t e  t he n e g a t i v e  s k i n  f r i c t i on?  The  
r e l a t i v e  d i s p l a c e me n t  t o mo b i l i s e  f u l l y  t he 
nega t i v e  and  t he pos i t i v e  s k i n  f r i c t i o n  v ar i es .  
The  p r o b l e m of  nega t i v e  s k i n  f r i c t i o n  i s  a l one  
s u f f i c i en t  f or  an ex t e n s i v e  d i s c us s i on .  I t  i s 
me n t i o n e d  he r e  on l y  as  a pa r t  of  t he wh o l e  
f r i c t i on  p i l e  pr ob l em.

The  p r e d i c t i o n  of  b e a r i n g  c apac i t y  of  c as t - i n -  
p l ac e  p i l es  i s  i n f l uenc ed  f or  ex amp l e  by :

The  s hape  and  t he d i mens i ons  o f  t he p i l e  s ha f t  
( i mpor t an t  e. g.  f or  nega t i v e  s k i n  f r i c t i on)  and 
by  t he s y mmet r y  of  t he p i l e  c r o s s - s e c t i o n  ( l oc a ­
t i on  of  t he r e i n f o r c e me n t ) . The  c a l c u l a t i o n  of  
t he b e a r i ng  c apa c i t y  and  s e t t l emen t s  of  c as t - i n -  
p l ac e  f r i c t i on  p i l e  i s  r ea l l y  a p r oba b i l i s t i c  
p r o b l e m bo t h  wi t h  r e s p e c t  t o t he s oi l  c ond i t i ons  
and  t he p i l e  i t s e l f .  Can  we  ov e r c o me  t hi s  
p r o b l e m by  us i ng  a r e a s o n a b l e  p r e d i c t i o n  me t hod?

Ef f o r t s  hav e  b e e n  ma d e  d u r i ng  t he l as t  y ea r s  t o 
d e t e r mi ne  t he b e a r i n g  c apa c i t y  of  p i l es  under  
c y c l i c  l oad i ng.  The  s e t t l e me n t s  o f  f r i c t i on  
p i l es  wi l l  g e n e r a l l y  be  mu c h  l a r ge r  f or  c y c l i c  
t han  f or  s t a t i c  l oad i ng.  I t  i s  no t  y e t  pos s i b l e  
t o p r e d i c t  wi t h  s u f f i c i e n t  ac c u r a c y  t he 
i n f l uenc e  of  c y c l i c  l oad i ng  on  t he u l t i ma t e  
b e a r i ng  c apac i t y .  Thus  t he f o l l owi ng  ques t i ons  
ma y  be  r ai s ed:

1.  Wh a t  k i n d  o f  i n v e s t i ga t i ons  s hou l d  be 
p e r f o r me d  so t hat  t he i n f l uenc e  of  c y c l i c  
l oad i ng  on  p i l e  b e a r i ng  c apac i t y ,  p i l e  s e t t l e ­
me n t  and s o i l  c o n d i t i ons  a r o u n d  and  under  t he 
p i l e  c an  be c ons i de r ed?

2.  How i s  t he v e r t i c a l  o r  t he h o r i z on t a l  s t i f f ­
nes s  of  t he p i l e - s o i l  s y s t em a f f ec t ed  wh e n  a 
p i l e  i s  l oaded  c y c l i c a l l y ?

The  u l t i ma t e  b e a r i n g  c apac i t y  of  f r i c t i on  p i l es  
i s  i n f l uenc ed  by  t he s equenc e  of  l oad i ng  p a r t i ­
c u l a r l y  i f  t he  l oad c hange  i t s  d i r e c t i o n  f r om 
c o mp r e s s i o n  t o t ens i on.  An s we r s  t o f o l l owi ng  
q u es t i ons  a r e  nec es s ar y :

1.  Ho w muc h  do we  k n o w abou t  t he i n f l uenc e  of  
t he r epe a t e d  l oad i ngs  on  t he b e a r i ng  c apac i t y
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2. Is it necessary to, introduce a residual skin 
friction when the bearing capacity is estimated?

3. Is it possible to explain the reduction of 
skin friction resistance in cohesionless soils 
due to repeated loadings by dilatation and 
contraction of the soil?

These questions indicate that many factors 
effect ultimate bearing capacity of friction 
piles and how difficult the problem is.
Progress can be made only, I believe, when the 
work of all persons dealing with this problem 
is coordinated. The following suggestions are 
made:

1. To appoint a ISSMFE committee which will 
prepare a general program so that the relation­
ships mentioned above can be determinated more 
accurately.

2. To suggest a coordinated program so that the 
questions raised above can be answered.

3 .  To request the National Societies to concen­
trate their pile research on certain problems.

4. To request the organizing committees of the

Q. Moret t o,  Panel i st

LATERAL SKI N FRI CTI ON IN STI FF CLAYS

M y d i s c u s s i o n  w i l l  c o n c e n t r a t e  o n  s k i n  f r i c t i o n  i n  s t i f f  

c l a y s  a n d  p l a s t i c  s i l t s ,  d e f i n e d  a s  t h o s e  m a t e r i a l s  w i t h  

a n  u n d r a i n e d  s h e a r  s t r e n g t h  l a r g e r  t h a n  a b o u t  5 0  k P a .

I t  w i l l  r e f e r  t o  t h e  u l t i m a t e  b e a r i n g  f r i c t i o n  c a p a c i t y  

o f  b o t h  d r i v e n  a n d  h a r e d  p i l e s  d e t e r m i n e d  b y  s t a t i c  

m e t h o d s .

U h i l e  k n o w l e d g e  a b o u t  t h e  v a l u e  o f  s k i n  f r i c t i o n  d e v e l o p ­

e d  i n  s o f t  t o  m e d iu m  n o n e  s e n s i t i v e  c l a y s  h a s  a c q u i r e d  a 

f a i r l y  r e l i a b l e  l e v e l ,  a  l a r g e  u n c e r t a i n t y  e x i s t s  u h e n  

s t i f f  c l a y s  a r e  c o n s i d e r e d .  T h i s  u n c e r t a i n t y  i s  r e f l e c t ­

e d  i n  t h e  e x t e n t  o f  t h e  s p r e a d i n g  o f  t h e  r e l a t i o n  b e t w e e n  

s k i n  f r i c t i o n  a n d  s o i l  s h e a r  s t r e n g t h  o b t a i n e d  f r o m  

d i f f e r e n t  t e s t  r e s u l t s  a t  f a i l u r e  p i l e  l o a d i n g .

U h e n  t o t a l  s t r e s s  a n a l y s i s  i s  c o n s i d e r e d ,  t h e  r e d u c t i o n  

c o e f f i c i e n t  t o  b e  a p p l i e d  t o  t h e  u n d r a i n e d  s h e a r  s t r e n g t h  

o f  t h e  s o i l  v a r i e s  b e t w e e n  0 . 2  a n d  a  v a l u e  s o m e w h a t  

j ^ r g e r  t n a n  1 ,  a c c o r d i n g  t o  t h e  d i f f e r e n t  a u t h o r s  w h o  

h a v e  r e p o r t e d  p i l e  t e s t s  r e s u l t s  a n d / o r  a n a l y z e d  t h e  

p r o b l e m  e i t h e r  i n  p a p e r s  t o  t h i s  c o n f e r e n c e  o r  e l s e w h e r e .

T h e  s a m e  h a p p e n s  w h e n  a n  e f f e c t i v e  s t r e s s  a n a l y s i s  i s  

m a d e .  T h e  v a l u e s  D f  t h e  c o e f f i c i e n t  o f  s h a f t  p r e s s u r e  K s  

t o  b e  a p p l i e d  t o  m a t c h  a n a l y s i s  w i t h  t e s t  r e s u l t s  v a r y  

w i d e l y  a s  w e l l .

I  w i l l  a d d  t o  t h i s  c o n f u s i o n  s h o w i n g  s o m e  t e s t  r e s u l t s  o f  

m y o w n .  T h e y  r e f e r  t o  c a s t  i n  p l a c e  a n d  p r e c a s t  p i l e s  

d r i v e n  t h r o u g h  s o f t  i n t o  s t i f f  c l a y  a n d  s i l t y  c l a y  s o i l s .  

T h e  s t i f f  s o i l  i s  m a d e  u p  o f  r e d e p o s i t e d  w i n d  b l o w n  

m a t e r i a l  t h a t  h a s  b e e n  p r e c o n s o l i d a t e d  b y  d e s s i c a t i o n .

A  v e r y  d e t a i l e d  s i t e  i n v e s t i g a t i o n  w a s  u n d e r t a k e n  t o  

d e t e r m i n e  s o i l  p r o p e r t i e s .  S a m p l i n g  w a s  p e r f o r m e d  w i t h  

a  1 0 0  mm ( i t " )  f i x e d  p i s t o n  s a m p l e r  f o r  t h e  s o f t  c l a y  a n d  

a  1 0 0  mm ( V )  d o u b l e  b a r r e l  D e n i s o n  t y p e  r o t a r y - p u s h  

s a m p l e r  f o r  t h e  s t i f f  s o i l .  A  l a r g e  n u m b e r  o f  t r i a x i a l  

t e s t s  w e r e  m a d e  t o  d e t e r m i n e  t h e  s t r e n g t h  p a r a m e t e r s  f o r  

s k i n  f r i c t i o n  a n a l y s i s .  H i g h  p r e s s u r e  c h a m b e r  t r i a x i a l  

d r a i n e d  a n d  m e d iu m  p r e s s u r e  c h a m b e r  c c n s o l i d a t e d  u n ­

d r a i n e d  t e s t s  w i t h  p o r e  p r e s s u r e  m e a s u r e m e n t s  w e r e  p e r ­

f o r m e d  w i t h  t h e  s o i l  l o c a t e d  b e l o w  t h e  p i l e  t i p  f o r  t h e

of  f r i c t i on pi l es? different regional conferences to introduce as 
one subject a specific problem connected with 
the prediction of the ultimate bearing capacity 
of friction piles.

The collection of results by the National 
Societies could advance considerably our know­
ledge of the general relationships that govern 
the behaviour of friction piles to the next 
International Conference. In this way results 
can be obtained which would not be possible 
when everyone is working individually and 
without any coordination.
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F i g .  1 -  S o i l  p r o f i l e ,  p h y s i c a l  p r o p e r t i e s  a n d  u n d r a i n e d  

t e s t i n g  r e s u l t s .

p o i n t  r e s i s t a n c e  a n a l y s i s .  F i g u r e  1 s h o w s  t h e  s o i l  p r £  

f i l e  a n d  t h e  u n d r a i n e d  t e s t i n g  r e s u l t s ;  F i g u r e  2  a n d  3 

t h e  h i g h  p r e s s u r e  c h a m b e r  a n d  m e d iu m  p r e s s u r e  c h a m b e r  

t r i a x i a l  t e s t s .

R e s u l t s  w i l l  b e  e x a m i n e d  f o r  t w o  o f  t h e  p i l e s  t e s t e d ,  a s  

r e p r e s e n t a t i v e  o f  o t h e r s  a s  w e l l .  T h e  f i r s t  o n e  i s  3 7  cm  

i n  d i a m e t e r , 1 3 . 5 0  m l o n g ,  c a s t  i n  p l a c e  d r i v i n g  a  c a s i n g  

c l o s e  e n d e d  w i t h  a  c o n c r e t e  p o i n t  t h a t  i s  l e f t  i n  t h e  

g r o u n d  w h e n  t h e  c a s i n g  i s  w i t h d r a w n  w h i l e  t h e  h o l e  i s  

b e i n g  f i l l e d  w i t h  c o n c r e t e  o l a c e d  w i t h  t h e  h e l p  o f  a  s u b ­

m e r g e d  v i b r a t o r .  T h e  s e c o n d  i s  p r e c a s t ,  3 0 x  3 0  c m , 8  m 

l o n g .
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F i g .  2  -  H i g h  p r e s s u r e  c h a m b e r  t r i a x i a l  t e s t s  o f  t u b  

t y p i c a l  s a m p l e s  b f  t h e  s t i f f  s i l t y  c l a y

F i g u r e  i t  s h o w s  t h e  r e s u l t s  a f  d y n a m i c  t e s t i n g s  p e r f o r m e d  

a t  t h e  s i t e  o f  t h e  f i r s t  p i l e :

1 )  r e s i s t a n c e  t o  s a m p l e r  p e n e t r a t i o n  i n  a  r o u t i n e  7 5  mm 

( 3 " )  w a s h  b o r i n g  u s i n g  a  5 0  mm ( 2 " )  i n t e r n a l  d i a m e t e r  

s a m p l e r  u i t h  p l a s t i c  l i n e r s  a n d  a  t h i n  w a l l e d  s h o e  

w h i c h  i s  d r i v e n  i n t o  t h e  g r o u n d  a s  i n d i c a t e d  i n  t h e  

f i g u r e ;  t h i s  i s  t h e  m o s t  w i d e l y  u s e d  m e t h o d  o f  

s a m p l i n g  s t i f f  s o i l s  i n  A r g e n t i n a  i n  r o u t i n e  s u b s o i l  

i n v e s t i g a t i o n s ;

2 )  s o u n d i n g  w i t h  a  3 2  mm ( 1  1 A " )  d r i v e  r o d  w i t h  a  c o n e  

t i p ;

3 )  p i l e  d r i v i n g  r e c o r d .

F i g u r e  5  g i v e s  t h e  s a m e  r e s u l t s  f o r  t h e  s e c o n d  p i l e .

F i g u r e  6  p r o v i d e s  t h e  r e s u l t s  o f  t h e  f i r s t  t e s t .  A t t e n t i o n  

i s  c a l l e d  t o  t h e  p u l l - o u t  t e s t  r e s u l t s .  A  m a x im u m  r e s i s t ­

a n c e  o f  a b o u t  1 3 0  m e t r i c  t o n s  w a s  r e a c h e d  a t  f i r s t  l o a d ­

i n g  w i t h  a  p i l e  d i s p l a c e m e n t  o f  1 5  m m . A f t e r  u n l o a d i n g  

a n d  r e l o a d i n g  t o t a l  f r i c t i o n  d e c r e a s e d  t o  a b b u t  8 0  t n .

F i g .  3  -  M e d iu m  p r e s s u r e  c h a m b e r  t r i a x i a l  t e s t s  o n  s i x  

t y p i c a l  s a m p l e s  o f  t h e  s t i f f  s i l t y  c l a y .

I* I.e. i tmpkr with plMti« l i mn mi Uun will -

F i g . k  -  R e s i s t a n c e  t o  s a m p l e r  p e n e t r a t i o n ,  d y n a m i c  s o u n d i n g  

a n d  d r i v i n g  r e c o r d  a t  t h e  s i t e  o f  t h e  f i r s t  p i l e .
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F i g . 5  -  R e s i s t a n c e  t o  s a m p l e r  p e n e t r a t i o n ,  d y n a m i c  s o u n d i n g  

a n d  d r i v i n g  r e c o r d  a t  t h e  s i t e  o f  t h e  s e c o n d  p i l e .

CICLOS -CYCLES
1 2 3

Fech¿
Date

2i - e 
9 - îe

t - 10 
10 - 1

S- 10

Duración (horas) 
Elapsed time(hourç) 2h 40m Ith 10m 2h jom
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1 S 10

iBo______ no

V
\

\
PILO 
13.5C

TE DE 13.S 
ONG PILE

DE L )NGI •UD

\
'

CARGA. EN TONELADAS MÉTRICAS 
^OAD.IN METRIC TOMS_

------

si
'•

PII >TE E 3.50 
1 40

m DE 
LONC

LONG
PILE

)

/
ENSAYO DE CARCA DE COMPRESIÓN 

COMPRESSION LOAD TEST
ENSAYO DE CARGA DE TRACCIÓN 

TENSILE LOAD TEST

1 0 0  mm ( i t " )  s a m p l e s  r e c o v e r e d  b y  p u s h i n g  a  d o u b l e  b a r r e l  

D e n i s b n  t y p e  s a m p l e r .

T a b l e  I  a l s b  i n c l u d e s  p c i n t  r e s i s t a n c e  c a l c u l a t e d  w i t h  

t o t a l  a n d  e f f e c t i v e  s t r e s s  p a r a m e t e r s .

F i g u r e  7  s h o w s  t h e  r e s u l t s  o f  t h e  s e c o n d  t e s t .  P u l l - o u t  

r e s i s t a n c e  r e a c h e s  i t s  m a x im u m  v a l u e  f o r  a  1 0  mm p i l e  

d i s p l a c e m e n t  a n d  a  l o a d  o f  a b o u t  1 0 0  t n .  U J i t h  f u r t h e r  

d i s p l a c e m e n t ,  t h i s  l o a d  d e c r e a s e s  t o  a  m u c h  l o w e r  v a l u e  

o f  a b b u t  5 5  t n .
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ENSAYO DE CARGA DE COMPRESIÓN 
COMPRESSION LOAD TEST

ENSAYO DE CARCA DE TRACCIÓN 
TENSILE LOAD TEST

F i g . 6 - T e s t  r e s u l t s  o n  t h e  f i r s t  p i l e .

F i g .  7  -  T e s t  r e s u l t s  o n  t h e  s e c o n d  p i l e

T a b l e  I I  g i v e s  t h e  p o i n t  a n d  f r i c t i o n  r e s i s t a n c e  a t  

f a i l u r e  c a l c u l a t e d  w i t h  t o t a l  a n d  e f f e c t i v e  s t r e s s  p a r a ­

m e t e r s .

T A B L E  I I

F r i c t i o n  a n d  P o i n t  R e s i s t a n c e  c a l c u l a t e d  

w i t h  T o t a l  a n d  E f f e c t i v e  S t r e s s  P a r a m e t e r s

T a b l e  I  g i v e s  t h e  p b i n t  a n d  f r i c t i b n  r e s i s t a n c e  a t  

f a i l u r e  c a l c u l a t e d  w i t h  t o t a l  a n d  e f f e c t i v e  s t r e s s  p a r a ­

m e t e r s .

T A B L E  I

F r i c t i o n  a n d  P o i n t  R e s i s t a n c e  c a l c u l a t e d  

w i t h  T o t a l  a n d  E f f e c t i v e  S t r e s s  P a r a m e t e r s

P o i n t

R e s i s t a n c e

F r i c t i o n

R e s i s t a n c e

c  : 0 c 1 ; 0 ' c
u  u u

( t n ) ( t n ) ( t n )

5 2 1 0 3 1 0 7

T o  m a t c h  t h e  m a x im u m  p u l l - o u t  l o a d  m e a s u r e d ,  a  r e d u c t i o n  

c o e f f i c i e n t  o f  t h e  u n d r a i n e d  s h e a r  s t r e n g t h  o f  t h e  s t i f f  

s o i l  l a r g e r  t h a n  o n e  i s  r e q u i r e d ,  w h i l e  f o r  t h e  f r i c t i o n  

a f t e r  u n l o a d i n g  t h a t  c o e f f i c i e n t  l o w e r s  t o  0 . 7 5 .  T h i s  

l a s t  v a l u e  w o u l d  h a v e  b e e n  c l o s e r  t o  o n e  i f  t h e  s h e a r  

s t r e n g t h  p a r a m e t e r s  h a d  b e e n  d e t e r m i n e d  o n  r o u t i n e  s a m p l e s  

o b t a i n e d  d r i v i n g  t h e  5 0  mm ( 2 " )  i n t e r n a l  d i a m e t e r  s a m p l e r  

m e n t i o n e d  b e f b r e ,  i n s t e a d  o f  c a r v i n g  t h e m  o u t  o f  l a r g e r

P o i n t

R e s i s t a n c e

F r i c t i o n

R e s i s t a n c e

c  ; 0 c 1 ; 0 1 c
u  u u

( t n ) ( t n ) ( t n )

1 2 3 5 6 3

T o  m a t c h  t h e  m a x im u m  p u l l - o u t  l o a d  m e a s u r e d ,  a  r e d u c t i o n  

c o e f f i c i e n t  o f  a b o u t  1 . 6  i s  r e q u i r e d ,  w h i l e  f b r  f r i c t i o n  

a f t e r  a  v e r y  l a r g e  d i s p l a c e m e n t  t h i s  v a l u e  l o w e r s  t o  

a b b u t  0 . 9 .

O n t h e  b a s i s  b f  t h e s e  a n d  o t h e r  f i e l d  t e s t s ,  w e  f e e l  n o w  

r a t h e r  c o n f i d e n t  t h a t  i n  t h e  m o d i f i e d  w i n d  b l o w n  s b i l s  

t h a t  u n d e r l a y  a  l a r g e  p a r t  o f  t h e  A r g e n t i n e  p l a i n s  a r o u n d  

t h e  c i t y  o f  B u e n o s  A i r e s ,  w h i c h  h a v e  b e e n  r e d e p b s i t e d  a n d  

p r e c n n s b l i d a t e d  b y  d e s s i c a t i o n ,  l a t e r a l  f r i c t i o n  a t  

f a i l u r e  c a n  b e  f a i r l y  w e l l  e s t i m a t e d  b y  a  t o t a l  s t r e s s  

a n a l y s i s  w i t h  a  r e d u c t i o n  c o e f f i c i e n t  o f  o n e .  S i n c e w e u s e  

t h e  s a m e  c o e f f i c i e n t  f o r  o u r  n o n e  s e n s i t i v e  s o f t  t o  m e d iu m  

c l a y s ,  i n  o u r  e n v i r o n s  t h e r e  a p p e a r s  t o  b e  n o  d i f f e r e n c e  

i n  r e s p o n s e  i n  l a t e r a l  f r i c t i o n  w i t h  c l a y  c o n s i s t e n c y .  I n  

p r a c t i c e ,  o n  r o u t i n e  j o b s ,  t h e  s h e a r  s t r e n g t h  b f  s t i f f  

c l a y s  a n d  s i l t y  c l a y s  i s  d e t e r m i n e d  o n  s a m p l e s  r e c o v e r e d
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b y  d r i v i n g  t h e  5 0  mm i n t e r n a l  d i a m e t e r  s a m p l e r  m e n t i n n e d  

b e f o r e .  T h e  r e s u l t s  o b t a i n e d  a r e  s o m e u h a t  l o w e r  t h a n  o n  

t r u l y  u n d i s t u r b e d  s a m p l e s .  T h e r e f o r e ,  o n  r o u t i n e  j o b s ,  

a  r e d u c t i o n  c o e f f i c i e n t  o f  o n e  p r o v i d e s  a  c a l c u l a t e d  f r i c _  

t i c n  r e s i s t a n c e  w h i c h  a t  f a i l u r e  i s  o n  t h e  s a f e  s i d e  a n d  

i s  a p p l i c a b l e  b o t h  t o  d r i v e n  a n d  b o r e d  p i l e s .

T h i s  i s  n o t  t h e  c a s e  i n  o t h e r  s o i l  f o r m a t i o n s  a s  s h o w n  b y  

t e s t s  e l s e w h e r e .  T h e  w e l l  k n o w n  i n v e s t i g a t i o n  b y  M e r i s e l  

e t  a l .  ( 1 9 6 5 )  a t  B a g n o l e t  s h o w s  a  h i g h l y  d e c r e a s i n g  r e d u c _  

t i o n  c o e f f i c i e n t  w i t h  i n c r e a s i n g  u n d r a i n e d  s h e a r  s t r e n g t h .  

H o w e v e r ,  a s  h a s  b e e n  s t a t e d  b y  K e r i s e l  ( 1 9 7 3 )  h i m s e l f ,  f o r  

t h e  a n a l y s i s  o f  t h e s e  t e s t s ,  t h e  v a l u e s  o f  c u  t a k e n  i n t o  

a c c o u n t  w e r e  t h o s e  d e t e r m i n e d  b y  v a n e  t e s t s .  F o r  s t i f f  

c l a y s ,  v a n e  t e s t s  v a l u e s  a r e  o f t e n  t w i c e  t h o s e  o b t a i n e d  

i n  t r i a x i a l  t e s t s .  H a d  t h e  a n a l y s i s  b e e n  m a d e  b n  t h e  

b a s i s  o f  t r i a x i a l  t e s t s  r e s u l t s ,  t h e  v a r i a t i o n  i n  r e d u c t i o n  

c o e f f i c i e n t s  w o u l d  h a v e  b e e n  m u c h  s m a l l e r .

T h e  a b b v e  c c n s i d e r a t i b n s  a r e  p a i n t i n g  o u t  t h a t  t h e  d i f f e r e n t  

w a y  i n  w h i c h  t h e  p r o b l e m  i s  a p p r o a c h e d  m a y  a c c o u n t  f o r  a t  

l e a s t  p a r t  o f  t h e  e x i s t i n g  u n c e r t a i n t i e s .  O t h e r  f a c t o r s  

m a y  b e  i n v b l v e d ,  b e s i d e s  t h e  s o i l  i n t e r a c t i o n  r e s p o n s e .  

S w a y  d u r i n g  p i l e  d r i v i n g  d u e  t o  p o o r  w o r k m a n s h i p  m a y  a f f e c t  

s k i n  f r i c t i o n  i n  s h o r t  p r e c a s t  p i l e s  b y  a n  u n k n o w n  a m o u n t .  

T h e  p i l e  t e s t  r e s u l t s  r e p o r t e d  h e r e  g i v e  s o m e  i n d i c a t i o n  

o f  t h e  v e r y  l a r g e  i m p o r t a n c e  t h a t  s w a y  m a y  h a v e  o n  l a t e r a l  

f r i c t i o n .  T h e  d e c r e a s e  i n  s k i n  f r i c t i o n  o b s e r v e d  a f t e r  

l o a d i n g  a n d  u n l o a d i n g  t o  f a i l u r e ,  o r  a f t e r  r e a c h i n g  t h e  

m a x im u m  l o a d ,  m a y  b e  a s s i m i l a t e d  t o  t h e  s w a y  e f f e c t .

T h e  n a t u r e  o f  t h e  p i l e  m a t e r i a l  s h o u l d  h a v e  a l s o  a n  i n ­

f l u e n c e .  L i k e  i n  n o n  s e n s i t i v e  s o f t  t o  m e d iu m  c l a y s ,  

s t e e l  p i l e s  s h o u l d  d e v e l o p  s m a l l e r  l a t e r a l  f r i c t i o n  t h a n  

c o n c r e t e  p i l e s .

I n  c o n c l u s i o n ,  t h e r e  i s  a  g r e a t  d i s c r e p a n c y  i n  t h e  t e s t  

r e s u l t s  p e r f o r m e d  i n  d i f f e r e n t  p a r t s  o f  t h e  w o r l d  i n  

d i f f e r e n t  s o i l  f o r m a t i o n s  a s  t o  t h e  l a t e r a l  i n t e r a c t i o n  

b e t w e e n  p i l e s  a n d  s t i f f  c l a y s  w h e n  t h e  s t a t i c  m e t h o d  o f  

a n a l y s i s  i s  a p p l i e d .  S i m i l a r  d i s c r e p a n c i e s  a p p e a r  w i t h  

o t h e r  m e t h o d s  o f  a n a l y s i s .  A  p a r t  o f  t h i s  d i s c r e p a n c y  

c a n  b e  a s s i g n e d  t b  t h e  d i f f e r e n t  m e t h o d s  u s e d  f o r  d e t e r ­

m i n i n g  t h e  s o i l  s t r e n g t h  p a r a m e t e r s ,  a n o t h e r  p a r t  d e p e n d s  

o n  w o r k m a n s h i p  i n  p i l e  d r i v i n g  a n d  s t i l l  a n o t h e r  o n  t h e  

n a t u r e  o f  t h e  p i l e  i t s e l f  ( s t e e l  o r  c o n c r e t e ) .  H o w e v e r ,

M.  Maks. i movi d (Oral  di scussi on)

I  woul d l i ke t o r ecal l  t hat  Yamaguchi  at  
Tokyo Conf er ence had not i ced t hat  t he r at i o 
w/ Q ver y of t en di f f er s f r om t he st r ai ght  l i ne 
whi ch woul d yi el d t he hyper bol i c appr oxi mat i on 
of  l oad- set t l ement  cur ve.  Some exampl es pr ese­
nt ed t o t hi s Conf er ence,  al so,  i ndi cat e t hat  
i n same cases,  t he l i near  appr oxi mat i on does 
not  hol d i n t he whol e i nt er val  of  pr act i cal  
i mpor t ance.  At  t hi s poi nt ,  I  woul d l i ke t o i n­
t r oduce t he f ol l owi ng t wo assumpt i ons:
1.  Af t er  r eachi ng yi el d,  t he shaf t  r esi st ance 
becomes const ant  ( nonl i near i t y + per f ect  pl a­
st i ci t y) ,  and

2.  I ni t al  por t i on of  t he base l oad- set t l ement  
r el at i onshi p i s l i near .
I n cases wher e t he di scussed pl ot  i s a st r ai ­
ght  l i ne,  t he r el at i onshi p bet ween set t l ement  
and shaf t  and base r esi st ances can he uni quel y 
eval uat ed pr ovi ded t hat  one of  t he f ol l owi ng 
unknowns i s est i mat ed or  known:
a.  Ul t i mat e bear i ng capaci t y of  t he shaf t  or ,
b.  Ul t i mat e bear i ng capaci t y of  t he base of

a  s i z a b l e  p a r t  a p p e a r s  t o  d e p e n d  o n  t h e  s o i l  n a t u r e  i t ­

s e l f  .

F o r  b b r e d  p i l e s  i n  L o n d o n  c l a y ,  a  r e d u c t i o n  c o e f f i c i e n t  

o f  0 .1 * 5  h a s  b e e n  e s t a b l i s h e d  a f t e r  d e t a i l e d  a n d  e x t e n s i v e  

i n v e s t i g a t i o n s ,  w h i l e  i n  t h e  B u e n o s  A i r e s  m o d i f i e d  l o e s s  

w e  a r e  c o u n t i n g  o n  a  c o e f f i c i e n t  o f  a b o u t  o n e  w i t h  a  t o p  

v a l u e  t h a t  f o r  s a f e t y  r e a s o n s  w e  a r e  a t  p r e s e n t  l i m i t i n g  

t o  C y  =  1 k g / c m 2  =  1 Q 0  k P a .  T w o  f a c t o r s  m a y  a c c o u n t  f o r  

t h e  d i f f e r e n c e :

1 )  t h e  n a t u r e  a n d  s t r u c t u r e  o f  t h e  s o i l  d e p o s i t ,

2 )  i t s  i n i t i a l  s t a t e  o f  s t r e s s .

T h e  f i r s t  f a c t o r  w o u l d  c o n t r o l  t h e  e f f e c t  o f  s u r f a c e  r e ­

m o l d i n g  a n d  i n t e r n a l  d r a i n a g e ,  t h e  s e c o n d  o n e  t h a t  o f  

h o r i z o n t a l  s t r e s s  r e l a x a t i o n .

I n  a n y  e v e n t ,  w h a t e v e r  t h e  r e a s o n s  f o r  s u c h  a n  i m p o r t a n t  

d i f f e r e n c e ,  t h e r e  i s  a  g e n e r a l  c o n c l u s s i o n  w h i c h  c a n  b e  

s t a t e d  w i t h  c e r t a i n t y :  i n  s t i f f  c l a y s ,  t h e r e  i s  n o  s u c h  

a  t h i n g  a s  a  u n i v e r s a l  r e d u c t i o n  c o e f f i c i e n t  n o r  a  u n i ­

v e r s a l  c o e f f i c i e n t  o f  s h a f t  p r e s s u r e .  S o i l  f o r m a t i o n ,  

t y p e  o f  p i l e ,  m e t h o d  o f  i n s t a l l a t i o n  a n d  w o r k m a n s h i p  m a y  

i n f l u e n c e  s u c h  c o e f f i c i e n t s  a n d  t h e r e f o r e  e a c h  s i t u a t i o n  

s h o u l d  b e  e v a l u a t e d  l b c a l l y  i n  i t s  o w n ,  b y  t e s t i n g  p i l e s  

t o  f a i l u r e .
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^ e  e d .  G a u t h i e r - V i l l a r s ,  1 9 6 6 .

-  M o r e t t o  0 .  D e e p  F o u n d a t i o n s  -  S e l e c t e d  S y n t h e s i s  o f  

t h e  P r e s e n t  S t a t e  o f  t h e  K n o w l e d g e  A b b u t  S o i l  I n t e r ­

a c t i o n .  R e v i s t a  L a t i n o a m e r i c a n a  d e  G e o t e c n i a ,  C a r a c a s ,  

V e n e z u e l a ,  1 9 7 1 .

-  D i s c u s s i o n  b y  J .  K e r i s e l .  R e v i s t a  L a t i n o a m e r i c a n a  d e  

G e o t e c n i a ,  C a r a c a s ,  U e n e z u e l a ,  1 9 7 3 .

-  N ú ñ e z  E . ,  U a r d é  O . A . ,  B o l o g n e s i  A . J . L . ,  M o r e t t o  0 . ,  

A l g u n a s  R e l a c i o n e s  e n t r e  l o s  M é t o d o s  d e  C á l c u l o  d e  l a  

C a r g a  P e r m i s i b l e  y  e l  C o m p o r t a m i e n t o  R e a l  d e  P i l o t e s  

d e  H o r m i g ó n ,  I I I  C o n g r e s o  P a n a m e r i c a n o  d e  M e c á n i c a  d e  

S u e l o s  e  I n g e n i e r í a  d e  F u n d a c i o n e s ,  C a r a c a s ,  V e n e z u e ­

l a ,  1 9 6 7 .

t he pi l e,  or
c.  The val ue of  t he set t l ement  at  whi ch t he 

shaf t  r esi st ance begi ns t he per f ect  yi el d.
Rat her  si mpl e expr essi ons can be eval uat ed i n 
such case,  but  wi l l  not  be shown her e due t o 
l ack of  space.
However ,  i f  t he pl ot  c?n he appr oxi mat ed wi t h 
t wo st r ai ght  l i nes,  as i n t he exampl e shown he­
re,  t hen i t  can be ar gued t hat  at  t he di spl ace-  
cement  cor r espondi ng t o t he " ki nk"  some si gni f i  
cant  change i n t he l oad t r ansf er  has t aken pl a 
ce.  I f  we t ake t hat  at  t hi s set t l ement  t he sha­
f t  r esi st ance ar r i ved t o i t s ul i mat e val ue 
whi ch r emai ns const ant  wi t h f ur t her  penet r at i ­
on of  t he pi l e,  andassume smoot h var i at i on of  
t he cur ve dQs/ dw f r om i ni t al  val ue at  zer o set t  
l ement ,  t o zer o at  yi el d of  t he shaf t  r esi st a­
nce,  t hen t he r el at i onshi ps bet ween set t l ement  
and l oad component s act i ng on t he base and on 
t he shaf t  can be uni quel y der i ved.
The l ar ge di amet er  bor ed pi l e ( D = 1. 5 m. l en­
gt h 21. 2 m.  embedded i n sand SP/ SW i n upper  
zone and SW wi t h SPT r esi st ance of  N=6o at  t he
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base)  shows i n t hi s i nt er pr et at i on t ypi cal  bi ­
l i near  pat t er n as shown i n Fi g. l .

Fol l owi ng t he anal yt i cal  pr ocedur e descr i bed 
her e i n wor ds f or  br evi t y,  cur ves r el at i ng 
base and shaf t  r esi st ances t o pi l e set l ement  
ar e comput ed and shown i n Fi g. 2.

The pi l e l oadi ng t est  was car r i ed out  i n a 
convent i onal  manner ,  and t he pi l e was not  i ns­
t r ument ed except  f or  nor mal  t est i ng and i t  
woul d be of  pr i mar y i nt er est  t o check t he va­
l i di t y of  t he ar gument s pr esent ed her e.  Check 
i n an appr oxi mat e manner ,  i s made f or  t he ul ­
t i mat e val ues of  base and shaf t  r esi st ances 
wi t h f ol l owi ng r esul t s:

r / C =  0.289Shaf t :
^av/  ° vav

Thi s val ue i s wi t hi n t he r ange ussual l y adop­
t ed f or  comput at i on of  shaf t  r esi st ances of  
bor ed pi l es i n gr anul ar  soi l s.
Ba s e  :

Qbf  ( assympt ot i c)  = 1. 1 ^bf M

Fi g.  2.

wher e Qbf M r epr esent s t he val ue comput ed by 
t he met hod pr oposed by Meyer hof f  i n hi s wel l  
known Ther zaghi  Lect ur e.

At  t hi s st age we ar e nor mal i zi ng cur ves obt ai ­
ned i n t hi s manner  and usi ng t hem i n anal ysi s 
of  pi l es i n condi t i ons wher e t he l oadi ng di f f ­
er s f r om t he one i n t he case of  a par t i cul l ar  
t est  pi l e,  l i ke t he negat i ve ski n f r i ct i on, For  
t hi s pur pose,  t he appr opr i at e comput er  pr ogr am 
i s devel oped and used i n sever al  pr act i cal  
c as es .

R.K.  Kat t i  (Oral  di scussi on)

1 am enumer at i ng cer t ai n obser ved 
behavi our  of  l ar ge di amet er  pi l es and smal l  
di amet er  pi l es i n 2- 3 l ocat i ons i n I ndogan-  
get i c pl ane havi ng f i ne t o coar se sand 
deposi t s.  On sever al  j obs t he ul t i mat e pi l e 
l oad capaci t i es ar e cal cul at ed based on 
ei t her  Ber ezant sev’ s coef f i ci ent s ox 
Meyer hof ' s coef f i ci ent s f or  Nq . Onl y i n t he
above 2- 3 j obs we r ecommended use of  76 cm.  
di amet er  and 100 cm.  di amet er  pi l es under  
col umns havi ng heavy l oads.  When t he pi l e 
l oad t est s wer e conduct ed on pi l es havi ng 
di amet er  l ess t han 56 ans,  comput ed val ues of  
ul t i mat e l oad capaci t y,  f act or  of  saf et y et c.  
wi t h r espect  t o st r uct ur al  st r engt h et c.  
t al l i ed cl osel y wi t h t he comput ed val ues.  
However ,  f or  t he same dept h and same condi t i on 
of  bot t om mat er i al  t he l oad set t l ement  dat a 
wi t h r espect  t o ul t i mat e l oad was al ar mi ngl y 
l ow.  See Fi g.  1.  Even t he comput ed ul t i mat e 
st r engt h was ar ound 1. 8 t o 2 t i me st r uct ur al  
st r engt h,  t he l oad t est  val ues wer e much l ess.  
However ,  f or  Ü > 24 or  so t her e i s some

i mpr ovement .

L o a d  / s t r u c t u r a l  L o a d

The chai r man,  co- chai r man and Pr of .  Meyer hof  
may ki ndl y gi ve t hei r  i nt er pr et at i on on t hi s
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t ype of  behavi our  of  l ar ge di amet er  pi l es.  
Thi s has st ar t ed af f ect i ng compet et i veness 
of  l ar ge di amet er  pi l es v/ s smal l  di amet er  
pi l es i n t he same l ocat i on and al so f or  t he 
same dept h.  Thi s may be due t o st i f f ness of  
t he pi l e.

Saf e St r uct ur al  St r engt h of  Pi l es

Shaf t ,  di a 40 45 50 76 100

Saf e st r uct ur al  
l oad capaci t y 56 71 88 204 347

^aaf e

Qul t 170 210 260 380 630

Shaf t ,  di a 
cms. 40 45 50 76 100

St r uct ur al  
St r engt h,  
Q,  t onnes

56 71 88 204 347

Quest i ons :
( i )  Why l ar ge di amet er  pi l es bef t ave

di f f er ent l y compar ed t o smal l  di amet er  
pi l es ?

( i i )  I s t her e a need t o change t he

coef f i ci ent s of  Ber zent sev and Meyer hof .

Ul t i mat e st r engt h of  abovd di amet er  pi l es at  
ar ound 14 m dept h 0'  at  bot t om 37° , based on 
SPT and si de 0^ val ue ar ound 25°  t o 28° .

M. Vargas (Oral  di scussi on)

The p u r pos e  of  my  i n t e r v e n t i o n  i s  t o  p r o p o s e  a 
wa y  t o use or di nar y st at i c l oad t es t  on p i l es ,  mad e  
ac c o r d i ng  t o  a c a r e f u l l y  s pec i f i ed  p r oc edur e ,  
not  on l y  t o d e t e r mi n e  t he  a l l owab l e  l oads ,  but  
a l s o  t o  s epar a t e  po i n t  and l a t e r a l  r es i s t anc e ,  
and ev a l ua t e  t he  s oi l  " de f o r ma t i on  modu l us "  
n e c es s a r y  f or  p i l e  f o u n da t i on  s e t t l emen t  
c omput a t i ons .

I  t h i nk  t hat  t h i s  me t hod,  i f  p r ov ed  r eas onab l e ,  
wi l l  be v e r y  u s e f u l  i n t he d e v e l o p i n g  c oun t r i es  
whe r e  a l a r ge  number  of  c o n s t r u c t i o n  i s  go i ng  
on,  but  s o ph i s t i c a t e  i n s t r umen t a t i on  i s  not  
a l way s  av a i l ab l e .

I n o r der  t o  d o  so,  I  wou l d  l i k e  t o s ugges t  a 
v e r y  s i mp l es  wa y  t o  ev a l ua t e  t he po i n t  and 
l a t e r a l  r es i s t anc es  of  a p i l e  by  me a n s  of  an 
o r d i n a r y  l oad- t es t .  Tak i ng  i n t o  ac c oun t  t he 
r e s u l t s  of  l oad d i s t r i bu t i on ,  obs er v ed  a l ong  
t he shaf t !  and t he bas e,  d u r i ng  l oad i ng  of
i ns t r umen t ed  p i l es ,  as  s hown on f i gu r e  1,  i t
i s  pos s i b l e  t o  d e f i n e  t he f o l l owi ng  
c oe f f i c i en t s :

t wo

dz

Q a L

(1)

Qq

Q p  

/  Qz«i
Qa L

@ = 0 , 4  -  0 , 6

Wh e r e  Qa i s  t he  l a t e r a l  r es i s t anc e ;  Q^ Qq - Qq , 
po i n t  r es i s t anc e ;  and Qz t he l oad t r a hs mi t ed  
f r om t he upper  t o  t he l ower  s ec t i on  of  a p i l e,  
at  a d e p t h  z.  The  v a l u e  of  Q0 mu s t  be l i mi t ed  
t o l es s  t han  t hat  wh i c h  c o r r e s p o n d s  t o bo t h  
u l t i ma t e  v a l u e s  of  po i n t  r es i s t a n c e  and s k i n  
f r i c t i on .

Thes e  t wo c o e f f i c i e n t s  wo u l d  d e f i n e  t he l oad 
t r ans f e r  f r om t he  p i l e  t o t he s oi l .  A s t a t i s t i c a l  
ana l y s i s  of  t he pub l i s hed  r e s u l t s  of  p i l e  l oad 
t r ans f e r  o b s e r v a t i o n s  shews t ha t  t he v a l u e  of  g 
c an  v a r y  f r om z er o t o  abou t  5.  Howev er ,  i n 
g r ea t  ma j o r i t y  of  c as es ,  i t  f a l l s  b e t ween  0, 3 
and 1, 5,  wi t h  an av e r age  of  abou t  0, 4 t o 0, 6.
The v a r i a t i o n  of  t he c o e f f i c i e n t  a i s  mu c h  mor e  
ampl e:  f r om 0, 6 t o 15,  wi t h  no  appa r e n t  me a n  
v a l u e .

Fi g u r e  2 s hows  a l oad - s e t t l e me n t  c u r v e  obt ai ned 
f r om a l oad - t es t  on  a p i l e ,  s ugges t i ng  an 
a p p r o x i ma t e  way  t o  ev a l u a t e  t he e l as t i c  
c o mp r e s s i o n  on t he p i l e  i t s e l f ,  by  me a n s  of  
d r a wi n g  a s t r a i gh t  l i ne,  f o l l owi ng  t he c u r v e  
of  d i s c h a r g e  of  t he p i l e ,  f r c m i t s  wo r k i ng  
l oad t o z er o.  The  d i f f e r e n c e  b e t ween  t he t o t a l

A = 
E e  =

Fig. 1 Load transfer from a single pile

c r o s s  s e c t i o n  a r e a  

p i l e ' s  e l a s t i c i t y  m o d u lu s

Fi q.  2 L o a d - Se t t l e me n t  c u r v e  f r om a l oad 
t es t
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s e t t l emen t  of  t he p i l e ,  at  i t s  wo r k i n g  l oad,  
and t he o r d i na t e  a t  z er o  l oad , on  t he s t r a i gh t  
l i ne,  as  d e f i ned  abov e,  i s  o b v i o u s l y  t he el ast i c 
c o mp r e s s i o n  o f  t he p i l e  pg .

Kn o wi ng  t he e l as t i c  c o mp r e s s i o n  and t he mo d u l u s  
of  e l a s t i c i t y  of  t he p i l e  ma t e r i a l ,  i t  i s  
pos s i b l e  t o  ev a l ua t e ,  app r ox i ma t e l y ,  t he v a l ue  
o f  t he l a t e r a l  r e s i s t a n c e  of  t he p i l e  Qa , by  
me a n s  of  f o r mu l a  2.  The v a l u e  of  B c an  be 
a d o p t ed  mo r e  p r ec i s e l y  i f  i n f o r ma t i on  i s  l oc c a l y  
av a i l ab l e ;  i f  no t  an  av e r age  v a l u e  of  0, 6 c an 
be us e d  wi t h  a h i g h  p r o b a b i l i t y  t o  be c or r ec t .

p „  ■ A e/
Qzdz

Qa = B L
( 2 )

wh e r e  A i s  t he c r os s  s ec t i on,  L t he l eng t h  and 
Eg t he  mo d u l u s  of  el ast i ci t y of  t he pi l e r espect i vel y.

But  t he eas y er  wa y  of  e s t i ma t i ng  Qa i s  by  
as s umi ng  t hat  Cf e- cur ve,  i n f i g. l ,  can be s ubs t i t u t ed  
by  a s t r e i gh t  l i ne  BC;  t hen i t  wo u l d  be eas y  t o 
s how t ha t  ( i n t hat  c as e:  8 = —1— + —2— ) :

2 (Q„
p A E 

e e
( 3)

Onc e  t he v a l u e s  o f  Qa , l a t e r a l  r es i s t anc e ,  and 
c o n s e q u e n t i a l l y  Qr>,  po i n t  r es i s t anc e ,  ar e  k nown,  
t wo  c oe f f i c i e n t s  of  r eac t i on ,  r e s p e c t i v e l l y : of  
po i n t  r es i s t a n c e  kp,  and l a t e r a l  r e s i s t a n c e  k f ,  
c an  be d e f i n e d  as:

k f  = ( 4)

2Hr Lp
(5)

By  me a n s  o f  f o r mul as ,  de r i v ed  i n ac c o r danc e  wi t h  
we l l  k n o wn  t heor i es ,  as st ar ,  i n f i ç. 3,  knowi ng t he t wo 
abov e  me n t i o n e d  c o e f f i c i en t s  of  r e a c t i o n , k p and 
k f ,  i t  i s  pos s i b l e  t o  ev a l ua t e  t he  " modul us  of  
d e f o r ma t i on "  of  t he soi l ,  a r ound  t he s haf t  of  
. t he pi l e,  Ef ,  and t ha t  c o r r e s p o n d i n g  t o t he gr ound 
j us t  b e l o w t he of  t he pi l e,  Ep,  r es pec t i v e l y :

Equilibrium stot*

3 ir 6xr)

S i r  :  conalanta

X , - t u-  . " fi
o  G , *

.  'j i j ;  f  . j oi ü („ I _[iü_ ,
g , J„ '  a t 1 'o 1

•««<7? > 2U+Jl fl

Fi g.  3 St r es s  -  De f o r ma t i o n  a r ound  pj . l e

i . e. : k_ i s t he r at i o b e t ween  t he a p p l i ed  l oad and 
t he s e t t l emen t  o f  t he  p i l e  t i p  ( d i f e r enc e 
b e t we e n  t he t o t a l  s e t t l emen t  and  t he e l as t i c  
s e t t l ement )  and k f  i s  t he  r a t i o  b e t ween  l a t e r a l  
r es i s t anc e ,  per  un i t  a r ea  of  t he s haf t ,  and 
d e f o r ma t i o n  o f  t he p i l e  s haf t  at  d e p t h  z.

Si nc e  p i l es  ar e,  c ommon l y  d r i v e n  t h r o u g h  a s of t  
s u r f ac e  l ay er  un t i l  t he  t i p  r eac hes  r e f us a l  at  
a ha r d  s ubs t r a t um,  i t  i s  as s umed  t h a t  t he  g r ound  
a r ound  a p i l e  i s  c ompo s e d  of  an  upper  l ay er  
wi t h  a mo d u l u s  of  d e f o r ma b i l i t y  -  Ef  a l ong  t he 
s haf t  of  t he pi l e,  and a s u b s t r a t um -  of  h i ghe r  
s t i f f nes s ,  wi t h  a mo d u l u s  of  d e f o r ma b i l i t y  -  EpS, 
be l o w t he  t i p  o f  t he  pi l e.

I f  Ef  i s  c o n s i de r ed  c ons t an t  a l ong  t he s ha f t  of  
t he  pi l e,  k f  wo u l d  be a l s o  c ons t an t  ( see f o r mu l a  
on  f i g.  3) .  I n t hat  c as e:

( 6 )

Bo t h  v a l u e s  o f  t he Po i s s o n ’ s c o e f f i c i e n t s ^ Pj -,3 

and yf  c an  be t ak en  as  0, 5 and t he r a t i o  ( j r - ) 1 
as  egua l  t o 3.  °

Th i s  p r oc edu r e  t o  ev a l ua t e  s o i l s  " modul a"  ( t o be 
us ed,  f or  i ns t anc e,  i n t he c o mp u t a t i o n  of  t he 
s e t t l emen t  of  a p i l e  f oundat i on)  s eems  t o be 
mor e  r ea l i s t i c  t han  by  l abo r a t o r y  t es t s  on 
un d i s t u r b e d  s ampl es .  At  l eas t  a l l  t he pa r t i c u l a r  
c o n s t r u c t i o n  c o n d i t i ons  and s oi l  d i s t u r banc es ,  
due  t o p i l e  d r i v i ng  and i ns t a l a t i on ,  wo u l d  be 
r e f l ec t ed  i n t he r es u l t s  o f  a p i l e  t es t s ;  what  
wo u l d  no t  be t he c as e  as  by  me a n s  of  l abo r a t o r y  
i n v e s t i g a t i o n .

Shi -shen Lu (Oral  di scussi on)

AN I NVESTI GATI ON ON THE p-y CURVE METHOD

I n a t est i ng pi l e pr ogr amme,  I  happened t o mea­
sur e t he def l ect i on cur ves and sol i  r eact i ons of  
some pi l es.  The di spl acement  t r ansducer s and 
ear t h pr essur e cel l s wer e I nst al l ed manual l y by 
mysel f  I n t he bor ehol es.  Al l  t he ear t h pr es#-  
i Bure c. el l s used wer e oal l br at ed I n near - by bor e 
hol es pr i or  t o I nst al l i ng I n t he bor ehol es f or  
t he t est i ng pi l es,  sat i sf i ed r esul t s wer e ob­
t ai ned.
The def l eot l ons v at  var i ous l evel s al ong t he 

z
pi l e shaf t  wer e measur ed dur i ng t he appl i cat i on 
of  t he l at er al  l oads H.  The Fi g.  1 bel ow shows

t he H -  y cur ves f or  t he ver t i oal  pi l e No.  6.
2

I t  nay ol ear l y be obser ved I n t he f i gur e t hat  
t her e ar e non- l i near  r el at i onshi p bet ween t he 
l at er al  l oads and t he def l eot l ons at  var i ous 
l evel s exoept  at  dept h beyond Z= 3. 0 m. , wher e 
t he pi l e def l ect i ons ar e shown i n di r ect  pr o­
por t i on t o t he l at er al  l oads.  I t  was f ound i n 
a pr evi ous anal ysi s t hat  t he maxi mum bendi ng 
moment s of  a pi l e wer e I n di r ect  pr opor t i on t o 
t he l at er al  l oads pr ovi ded t he desi gn l oad of  
t he pi l e was not  exceeded.  Ther ef or e,  i t  may 
be concl uded t hat  t her e i s a non- l i near  r el a­
t i onshi p bet ween t he maxi mum bendi ng moment s
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Fi g.  1 H -  cur ves

and t he def l ect i ons of  t he pi l e shaf t  f or  t he 
upper  par t  of  t he ear t h i n f r ont  of  t he pi l e.
I t  i s obser ved al so t hat  t he shapes of  t he 
H -  cur ve be c o me  Bor e  and mor e f l at er  and

t he cur ve t ur ns i nt o a st r \ ght  l i ne at  a cer ­
t ai n dept h,  f or  i nst anoe,  at  Z= 3. 0 m.  f or  
pi l e No.  6.  Thi s i ndi cat es t hat  t he pl ast i c 
zone t ur ns gr adual l y i nt o el ast i c one as t he 
dept h i ncr eases.

Accor di ng t o t he measur ed val ues of  pr essur e 
cel l s i nst al l ed al ong t he pi l e shaf t ,  a set  of  
cur ves as shown i n Fi g.  2 i s pl ot t ed f or  t hr ee 
l evel s,  namel y Z=0 m. , Z= 0. 35 m. ,  Z= 1. 2 m. , 
i n whi ch t he val ues f or  Z= 0 m.  ar e eval uat ed 
by means of  t he q -  Z cur ves pr evi ousl y de­
t er mi ned.  z

I t  i s obvi ous f r om t he cur ves t hat  t her e i s a 
zone of  at  l east  0. 35 m.  t hi ck wi t hi n whi ch 
t he pi l e- soi l  syst em behaves el ast o- pl ast l cal l y

A.S.  Vesi c,  Panel i st  

BEHAVI OR OF PI LE GROUPS

I n spi t e of  gr eat  pr ogr ess achi eved i n t he l ast  t en 
year s i n under st andi ng t he pi l e- soi l  i nt er act i on,  t he 
l oad t r ansf er  phenomena i nvol vi ng even a si ngl e pi l e 
under  t he ver t i cal  l oadi ng ar e at  best  onl y  par t i al l y 
under st ood.  When i t  cor es t o l oad t r ansf er  phenanena 
i n pi l e gr oups our  knowl edge i s qui t e l i mi t ed.  The ol d 
ef f i ci ency f or mul ae ar e l ar gel y specul at i ve i n na­
t ur e,  bei ng based on i ncanpl et e obser vat i ons and wi t hout  
a sol i d t heor et i cal  f oundat i on.  The ef f i c i ency char t s 
based on model  t est s wi t h pi l e gr oups pl aae undue r el i ­
ance on t est s per f or med wi t h ver y  smal l  pi l es.  Ther e 
ar e al most  i nsur mount abl e di f f i cul t i es i n at t empt i ng 
t o scal e t hese obser vat i ons up t o t he f ul l - si ze r ange,  
par t i cul ar l y of  t he soi l  i n quest i on consi st s of  a 
gr anul ar  mat er i al ,  such as sand.

I n pr evi ous consi der at i ons of  t hi s subj ect  i t  was  shewn 
( Vesi c,  1964,  1967)  t hat  cat par i ng a nai l  si ze pi l e model  

wi t h a l ar ge- si ze pr ot ot ype i n an i dent i cal ,  har ogeneous 
sand mass,  appar ent  <f - angl e of  sand at  t he smal l  scal e 
may  be 10 hi gher ,  t he appar ent  def or mat i on modul us 30 
t i mes l ower ,  and appar ent  r i gi di t y i ndex 30 t i mes hi gh-

Fi g.  2 q -  y cur ves z z
even t hough t he pi l e def l ect i ons do not  exceed 
about  1- 2 mm. ( f or  l ar ge di amet er  bor ed pi l e) ,
I t  can al so be not ed t hat  as t he dept h i ncr ea­
ses,  t he el ast i c behavi our  becomespr edomi nent , 
i . e. ,  a l i near  r el at i onshi p bet ween q^ and y^

exhi bi t s f or  dept h Z equal  t o or  gr eat er  t han 
1 . 2m.

I t  seems pr obabl e t hat  even t hough t he pi l e 
i t sel f  may behave el ast i cal l y f or  l oads smal l ­
er  t han t he desi gn l oad,  or  i n ot het  wor ds,  i n 
t he case t hat  t he bendi ng moment s ar e pr opor ­
t i onal  t o t he l at er al  l oads,  a pl ast i c zone 
does exi st  i n t he upper  par t  of  t he ear t h f r om 
t he ver y begi nni ng of  t he appl i cat i on of  t he 
l at er al  l oad.  I  qui t e agr ee t hat  i n t he ana­
l ysi s of  a l at er al l y l oaded pi l e,  t he p -  y 
cur ves ar e Just i f i abl e t o r epr esent  t he el ast o-  
pl ast i o behavi our  of  a pi l e- soi l  syst em.

er .  I f  t he pi l e mat er i al  i s t he same,  t he smal l  model  
pi l e may be 30 t i mes mor e r i gi d wi t h r espect  t o t he 
soi l  t han t he l ar ge pi l e.  Sand under  t he pi l e t i p 
may  expand i n shear  at  smal l  scal e and cont r act  i n 
shear  at  t he l ar ge scal e.  The poi nt  r esi st ance of  t he 
smal l  model  wi l l  be f ul l y mobi l i zed bef or e t he shaf t  
r esi st ance r eaches i t s peak,  whi l e at  t he l ar ge 
scal e t he shaf t  r esi st ance i s f ul l y mobi l i zed bef or e 
t he poi nt  r esi st ance st ar t s bei ng of  any si gni f i cance.  
Si mi l ar ,  t hough not  as pr onounced ef f ect s exi st  i n 
t he case of  pi l es i n cl ay.  Al t oget her  l oad t r ansf er  
phenanena bear  l i t t l e si mi l ar i t y at  t wo di f f er ent  
scal es.  I t  shoul d be added t hat  t est i ng i n a cent r i ­
f uge el i mi nat es sane but  not  al l  of  t hese ef f ect s.

I n r ecent  year s t her e have been numer ous at t empt s t o 
devel op a consi st ent  gener al  t heor y of  l oad t r ansf er  i n 
si ngl e pi l es as wel l  as pi l e gr oups,  consi der i ng t he 
soi l  mass as an el ast i c- i sot r opi c sol i d.  Fol l owi ng sane 
ear l y wor k  by  Pi chumani  and D' Appol ani a,  Ji menez Sal as 
and ot her s,  Poul os and hi s co- wor ker s have pr esent ed 
" sol ut i ons"  f or  squar e and r ect angul ar  pi l e gr oups f or
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a r ange of  cases,  exami ni ng t he ef f ect s of  gr oup si ze,  
pi l e- spaci ng and l engt h- t o- di amet er  r at i o of  pi l es.
Thei r  wor k  was f ur t her  ext ended t o t he so- cal l ed Gi bson 
soi l .  Thi s appr oach,  however  consi st ent  and pl easi ng t o 
t he mi nd,  has seme ver y ser i ous shor t comi ngs,  t hat  have 
been ment i oned i n t he l i t er at ur e on sever al  pr evi ous 
occasi ons ( Vesi c,  1970,  1977) .  Per haps t he most  
ser i ous of  t hese i s t he assumpt i on i n al l  t hese cal cu­
l at i ons t hat  st r ess t r ansf er  i n t he pi l e- soi l  syst em 
st ar t s f r cm a compl et el y unst r essed st at e.  Accor di ng 
t o t hi s appr oach t he l oad di st r i but i on bet ween pi l es 
i n a gr oup and t he gr oup set t l ement  f act or s ar e not  
af f ect ed by  t he met hod of  const r uct i on.  Thi s cont r a­
di ct s known obser vat i ons on f ul l - scal e gr oups and l ar ge 
scal e model s.

Thus,  sur r mar i zi ng our  pr esent  knowl edge about  behavi or  
of  pi l e gr oups,  our  pr i mar y sour ce of  i nf or mat i on i s 
t he evi dence f r cm l ess t han a dozen f ul l - scal e t est s 
r epor t ed i n t he l i t er at ur e,  not  al l  of  whi ch had ver y 
el abor at e i nst r ument at i on pr ogr ams.  A f ew appar ent  
f act s of  gener al  val i di t y can be sunr ar i zed as f ol l ows :

(a) t he ul t i mat e poi nt  l oad of  a pi l e gr oup i s 
appr oxi mat el y equal  bo t he sum of  ul t i mat e 
poi nt  l oads of  i ndi vi dual  pi l es;

(b) t he ul t i mat e shaf t  l oad i n sof t  cl ay cannot  
be l ar ger  t han t he sum of  ul t i mat e shaf t  
l oads of  i ndi vi dual  pi l es mul t i pl ed by  t he 
r at i o of  out er  per i met er  of  t he gr oup t o 
t he sum of  per i met er s of  i ndi vi dual  pi l es;

(c) i n cai par i ng shaf t  l oads of  pi l es and pi l e 
gr oups i n cohesi ve soi l ,  i t  i s i mpor t ant  
t o keep i n mi nd t hat  t he di ssi pat i on of  
por e- pr essur es set  by  pi l e dr i v i ng i s s l ow­
er  f or  gr oups t han f or  i ndi vi dual  pi l es.  The 
t i me needed f or  devel opment  of  f ul l  capaci t y 
of  a pi l e gr oup may be consi der abl y l onger  
t han t hat  f or  si ngl e pi l es;

(d) t he ul t i mat e shaf t  l oad of  a pi l e gr oup 
of  pi l es dr i ven i n sand or  st i f f  c l ay may 
be l ar ger  t han t he sum of  i ndi vi dual  shaf t  
l oads.  Thi s i s expl ai ned by  t he i ncr eased 
l at er al  ccr pr essi on caused by  dr i vi ng a 
gr eat er  number  of  pi l es wi t hi n a r el at i ve­
l y smal l  ar ea.  The sequence of  dr i vi ng i s 
i npor t ant  i n t hi s r egar d and t her e i s evi ­
dence t hat  l at er  dr i ven pi l es have' hi gher  
capaci t y t han t hese dr i ven ear l i er .  Thi s 
ef f ect  appear s t o be mor e pr onounced i n 
l oose sands;  however  t he ef f ect  i s nan-  
exi st ant  of  possi bl y r ever se i n t he case 
of  bor ed pi l es;

(e) pi l e caps cont r i but e t o over al l  bear i ng 
capaci t y of  t he gr oup t o t he ext ent  t hat  
t hey ar e suppor t ed by  compet ent  soi l  out ­
si de t he out er  per i met er  of  t he gr oup;

(f )  dr i v i ng or  j acki ng adj acent  pi l es r educes 
t he r esi dual  l oad of  pr evi ousl y dr i ven 
pi l es.  Thi s r esul t s i n changes i n di s ­
t r i but i on of  ski n r esi st ance al ong pi l e 
shaf t s and may cause si gni f i cant  gr oup 
set t l ement  ef f ect  i n pr edomi nant l y shaf t -  
bear i ng ( f r i ct i on)  pi l es.

(g) Gr oup set t l ement s ar e al ways l ar ger  t han 
t hose of  i ndi vi dual  pi l es car r yi ng t he 
same l oad per  pi l e.

Whi l e t he under st andi ng of  t hese f act s has added enor ­
mousl y t o our  under st andi ng of  pi l e gr oup behavi or ,  t her e 
has been l i t t l e i n t he way  of  i mpr ovement  of  our  net hods 
of  anal ysi s t hat  woul d add t o our  abi l i t y t o pr edi ct  
wi t h same pr eci si on t he act ual  per f or mance of  a gr oup.
A r ecent  exper i ence i l l ust r at es ver y  dr amat i cal l y t he 
ext ent  t o whi ch our  abi l i t y t o pr edi ct  gr oup behavi or  
l ags behi nd our  abi l i t y t o pr edi ct  si ngl e pi l e behavi or .

A ser i es of  l oadi ng t est s on i nst r unent ed gr oups of  27cm 
di amet er  cl osed- ended st eel  pi pe pi l es was r ecent l y oan-  
pl et ed on a si t e i n Houst on,  Texas,  under  sponsor shi p 
of  t he U. S.  Feder al  Hi ghway Admi ni st r at i on ( O' Nei l l ,
1980) .  The t est i ng pr ogr am consi st ed of  si x si ngl e 
pi l e ccnpr essi on t est s,  si x si ngl e pi l e upl i f t  t est s,  
t hr ee ni ne- pi l e- gr oup compr essi on t est s,  as wel l  as t wo 
subgr oup ccr pr essi on t est s,  i nvol vi ng,  r espect i vel y,  
f i ve and f our  pi l e gr oups.  Al l  pi l es wer e dr i ven 
t hr ough f i m deep,  20 an di amet er  pr edr i l l ed hol es t o 
a t ot al  dept h of  13m i n st i f f  c l ay and cl ayey si l t  
deposi t s of  t he Beaumont  and Mont gomer y f or mat i ons.
The pi l es i n a gr oup wer e j oi ned by  a r ei nf or ced 
concr et e cap 1. 30m t hi ck suspended 0. 90m above t he 
gr ound.  Det ai l s of  el abor at e pi l e and si t e i nst r u­
ment at i on,  whi ch i ncl ude st r ai n- gauge ci r cui t s,  
ext ensanet er s,  i ncl i nomet er s,  l at er al  pr essur e cel l s,  
pi ezomet er s and di spl acement  gauges si t uat ed at  
di f f er ent  l evel s al ong t he pi l e axi s,  can be f ound 
i n t he appr opr i at e r esear ch r epor t  ( O' Nei l l ,  et  al ,
1980) .

Al ong wi t h t he t est i ng pr ogr am t he FHKA cont r act ed 11 
f oundat i on speci al i st s (3 f r cm uni ver si t i es,  2 f r om 
hi ghway depar t ment s and 6 f r cm pr omi nent  consul t i ng 
f i r ms)  t o make cai pl et e pr edi ct i ons of  l oad t r ansf er  
behavi or  of  bot h si ngl e pi l es and t he mai n ni ne- pi l e 
gr oup.  These pr edi ct i ons wer e del i ver ed t o FHMA pr i or  
t o t he compl et i on of  t he t est i ng and pr esent ed at  a 
synposi um hel d i n Col l ege Par k,  Mar yl and i n June of  
1980.  The pr edi ct i on wer e f ol l owed by  pr esent at i on of  
act ual  r esul t s of  t he t est  ser i es,  and a sur mar y anal ­
ysi s compar i ng t he pr edi ct i ons wi t h exper i ment al  f act s.

A summar y of  pr edi ct ed si ngl e pi l e capaci t i es i s shown 
i n Fi g.  1,  wher e t he measur ed capaci t i es ar e 
al so shewn.  I t  can be seen t hat ,  i n spi t e of  gr eat  
scat t er  of  pr edi ct i ons,  t he aver age of  al l  pr edi ct ed 
capaci t i es agr ees qui t e c l osel y wi t h t he measur ed 
val ues.  A compar i son of  pr edi ct ed and measur ed 
gr oup capaci t i es i s shown i n Fi g.  2.  I t  i s obvi ous 
t hat  t he scat t er  of  pr edi ct i ons of  gr oup capaci t i es 
i s wi der  t han t hat  f or  si ngl e pi l es;  t hi s can be 
expl ai ned by  t he l ag i n dev e l opment  of  under st and­
i ng of  gr oup behavi or  i n gener al .  Al so,  i t  i s 
appar ent  t hat  t he aver ages of  pr edi ct ed capaci t i es 
ar e sl i ght l y hi gher  t han t he measur ed capaci t i es,  
i ndi cat i ng a t endency i n cur r ent l y avai l abl e 
met hods t owar d over pr edi ct i an of  gr oup capaci t i es.

Looki ng at  t he spr ead of  pr edi ct ed ver sus obser ved 
capaci t i es we have t o ask our sel ves whet her  t he con­
vent i onal l y used saf et y f act or s l eave enough r oom f or  
a sat i sf act or y desi gn.  Thi s i s a consi der at i on t hat  
each i ndi vi dual  desi gner  has t o consi der  f or  hi m­
sel f ;  however  exper i ence cal l s f or  sane r eser vat i on 
about  usi ng saf et y f act or s of  2 wi t h any met hod 
ot her  t han t hat  based on measur ed r esi st ances by 
means of  a st at i c cone penet r omet er .

I n spi t e of  t hi s and seme ot her  concer ns,  most  pr edi c ­
t i ons pr esent ed her e ar e ver y good i ndeed.  I n maki ng 
t hi s j udgment  we must  consi der  t hat ,  by  t he nat ur e 
of  t hi ngs,  pr edi ct i ons of  behavi or  of  deep f oundat i ons 
canpar ed wi t h si mi l ar  pr edi ct i ons f or  shal l ow f ounda­
t i ons possess an addi t i onal  degr ee of  car pl exi t y.  I n
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t he case of  shal l ow f oundat i ons we ar e deal i ng wi t h 
uncer t ai ni t y of  pr oper  eval uat i on of  soi l  pr oper t i es 
i n pr esence of  a var i abi l i t y pr ovi ded by  nat ur e 
t hr ough t he soi l  f or mat i on pr ocess;  hovr ever  we have 
r el at i vel y l i t t l e t o wor r y  about  t he ef f ect  of  con­
st r uct i on pr ocedur es on bear i ng capaci t y and set t l e­
ment  and we can cer t ai nl y det er mi ne st r ess changes 
i n t he soi l  mass pr oduced by  t he const r uct i on pr o­
cess wi t h r el at i vel y hi gh accur acy.  Not  so i n t he 
case of  deep f oundat i ons,  wher e smal l  var i at i ons i n 
const r uct i on pr ocess may  have maj or  ef f ect s bot h on 
st r ess st at e i n t he gr ound and on st r uct ur al  be­
havi or .  Those wor ki ng wi t h pr obabi l i t y i n f oundat i on 
desi gn wi l l  r ecogni ze i nmedi at el y t hat ,  i n pr esence 
of  t vro si mul t aneous uncer t ai nt i es,  t he pr edi ct i ons 
f or  deep f oundat i ons shoul d not  be expect ed t o be as 
good st at i st i cal l y as t hese f or  shal l cw f oundat i ons.

The pr ecedi ng anal ysi s pr ovi des,  no doubt ,  a new i n­
si ght  i nt o t he st at e of  t he ar t  of  pr edi ct i on of  be­
havi or  of  deep f oundat i ons.  I t  i s gr at i f y i ng t o f i nd 
t hat  our  abi l i t y t o pr edi ct  appear s t o be bet t er  t han 
most  of  us t hought ,  cer t ai nl y f ar  bet t er  t han i t  used 
t o be j ust  10 t o 20 year s ago.  A second si gni f i cant  
f i ndi ng whi ch conf i r med our  ear l i er  obser vat i ons,  i s 
t hat  pi l es i n t he gr oup pl unged i ndi vi dual l y i nt o 
t he gr ound,  wi t h no si gns of  specul at ed " bl ock f ai l ­
ur e” . Al so,  t he behavi or  of  t hese pi l es and pi l e 
gr oups i n st i f f  c l ay was  f r i ct i onal .  Measur anent s 
shear ed no maj or  por e pr essur es gener at ed by  pi l e 
l oadi ng.  Sane wer e gener at ed by  dr i vi ng,  however  
t hey di ssi pat ed r at her  qui ckl y and account ed ver y 
l i t t l e f or  sane obser ved i ncr eases of  pi l e r esi st ance 
wi t h t i me.  The obser ved di st r i but i on of  shaf t  r esi ­
st ance wi t h dept h shew,  i n t hi s case,  as i n ot her  
cases of  pi l es i n st i f f  c l ay an al most  l i near  i n­
cr ease wi t h dept h.

N̂ r t .  we shoul d ment i on t he i mpor t ance of  r esi dual  
l oads,  whi ch wer e agai n r ecor ded i n t hi s st udy.  
Pr edi ct i ons di d not  t ur n out  t oo wel l .  I t  i s 
obvi ous t hat  we need t o i mpr ove our  met hods of  
anal ysi s of  t hese l oads,  essent i al  f or . pr oper  pr e­
di ct i on of  pi l e l oad- set t l ement  char act er i st i cs.
Thi s i s par t i cul ar l y t r ue f or  si t uat i ons wher e 
l oads ar e cycl i c and t he ent i r e desi gn r est s on 
cai put ed di spl acsnent s.  Exanpl es of  t hi s k i nd 
appear  al most  dai l y i n desi gn of  l ar ge of f - shor e 
dr i l l i ng pl at f or ms,  wher e t he consequences of  
pot ent i al  f ai l ur es ar e ext r emel y di sast r ous.

I t  was most  i nst r uct i ve t o f i nd al so hew t he l oad 
eccent r i ci t i es may  af f ect  t he gr oup behavi or  i n 
a ver y si gni f i cant  way.  Thi s  exper i ence poi nt s 
out  t o t he i mpor t ance of  accur acy i n const r uc ­
t i on,  whi ch i n v i ew of  gr adual  i ncr ease of  pi l e 
wor ki ng l oads i n pr act i ce has t o be mor e st r i ct  
t han we have been assumi ng i n t he past .  I t  i s 
scnewhat  di st ur bi ng t hat  t hese " r esear ch"  pi l es,  
dr i ven t hr ough pr edr i l l ed hol es appar ent l y had 
bat t er s as l ar ge as 20 t o 1,  when t hey wer e 
supposed t o be bui l t  as ver t i cal .  Thi s poi nt s 
out  t o t he need f or  cl oser  const r uct i on cont r ol  
by t he owner s and desi gner s,  t o i nsur e t hat  t he 
act ual l y pl aced pi l e gr oups i ndeed r esembl e t hose cn 
const r uct i on pl ans.

A f i nal  r emar k i s r el at ed t o t he need f or  caut i on i n 
use of  sor e of  t he unpr oven t heor i es i n deep f ounda­
t i on desi gn,  and par t i cul ar l y t hose t hat  make ext en­
si ve use of  t he Mi ndl i n sol ut i on wi t hout  descr i mi na-  
t i on.  As  was s h a m i n t est  r esul t s pr esent ed by  
O' Nei l l  ( 1980) ,  t he set t l ement  f act or s f r an such 
t heor i es ar e not  even cl ose t o t hose ci bser ved i n t hi s 
st udy.  Thi s shoul d cane as no sur pr i se i f  we consi der
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how most  of  t he t abl es and char t s wi t h gr oup set t l e­
ment  f act or s ar e devel oped.  Dr i ven pi l es ar e of t en 
consi der ed as j ust  mat hemat i cal  l i nes wi t hout  due 
consi der at i on of  t he pr ocess of  pi l e pl acement  i n 
t he gr ound.  The over si mpl i f i cat i on i nvol ved vr or ks 
scnet i mes,  but  may  br i ng consi der abl e er r or s i n 
ot her  si t uat i ons.  Thus,  caut i on i n appl i cat i ons 
of  t hese comput at i ons i s needed bef or e i mpr oved 
t heor i es ar e devel oped whi ch woul d be f r ee of  such 
weakness.

RF. h' KkKNf I hS

Feder al  Hi ghway admi ni st r at i on ( 1980) :  Pr oceedi ngs of  
t he Pi l e Gr oup Pr edi ct i on Symposi um,  Washi ngt on,  D. C.
150 pp.

O' Nei l l ,  M. W. ; Hawki ns,  R. A.  and Mahan,  L. J.  ( 1980) :

E. Togr ol , Panel i st

APPLI CATI ONS OF PI LE GROUPS TO RESI ST LATERAL LOADS

Pi l es  ar e  gene r a l l y  us ed  as  a g r oup  or  a c l us t er .  

Ye t  i t  i s  t he beh a v i o u r  o f  s i ng l e  p i l es  wh i c h  i s  

mu c h  mo r e  ex t e n s i v e l y  i nv es t i ga t ed .  The  number  

o f  c as e  r ec or ds ,  meas ur emen t s ,  t es t  r es u l t s  

av a i l ab l e  on t he b e hav i ou r  of  p i l e  gr oups ,  

es p e c i a l l y  o f  t hos e  s ub j ec t ed  t o l a t e r a l  l oads  

i s  v e r y  l i mi t ed.  Howev er ,  l a r ge  l a t e r a l  l oads  

a r e  t o be r es i s t ed  by  p i l e  g r oups  as  i n t he 

c as es  o f  p i l ed  f ounda t i ons  t o b r i dge  pi er s ,  

t r es t l es  t o o v e r h e a d  c r anes ,  t a l l  c h i mn e y s , p i l es  

i n wh a r v es  and  j e t t i es ,  p i l es  us ed  on h i l l s i de  

a r eas  t o a r r es t  mov e me n t  or  s l i des .

Ho l l oway  e t  a l  i n a we l l  d o c u me n t e d  pape r  t o 

t h i s  Con f e r e n c e  ( 8/ 20)  d e s c r i b e  a l a t e r a l  l oad 

t es t  on  a f u l l  s c a l e  p i l e  g r oup  d r i v en  i n l oos e 

t o me d i u m s and.  The y  o b s e r v e  t ha t  t he f r ont  

p i l es  ar e  " punc h i ng"  i n t o  t he s o i l  wh i l e  t he 

s o i l  mas s  wi t h i n  t he g r oup  t r ac k s  t he p i l es  t o 

s ome degr ee.  A c ompu t e r  ana l y s i s  as s u mi n g  t he 

s o i l  as  an i dea l  e l as t i c  ma t e r i a l  wi t h  a 

c ons t a n t  mo d u l us  o f  e l a s t i c i t y  was  a l s o  c a r r i ed  

out .  The d i f f e r enc es  b e t ween  t he obs e r v e d  and 

p r e d i c t e d  v a l ues  o f  l e t a r a l  de f l ec t i o n s  and 

mo me n t s  i nd i c a t e  t he need  f or  a be t t e r  

u n d e r s t a n d i n g  o f  l oad t r ans f e r  beha v i o u r  wi t h i n  

t he s o i l - p i l e  s y s t em.  Wh a t e v e r  t he app r o a c h  and 

t es t  d es i gn  adop t ed  f or  s uc h  a s t udy ,  any  

a t t emp t  t o t r ac e  r e l a t i ons h i ps  f or  t he s o i l - p i l e  

s y s t e m i s  bound  t o c ome up aga i ns t  f o r mi dab l e  

p r o b l e ms .

A f u r t he r  q u e s t i o n  c onc er ns  t he p r ac t i c a l

Fi el d St u3y of  Pi l e Gr oup Act i cn,  Fi nal  Repor t  t o 
Feder al  Hi ghway Admi ni st r at i on,  Uni ver si t y of  Houst on,  
Houst on,  Texas.

Vesi c,  A. S.  ( 1964)  : " Model  I nvest i gat i ons of  Deep 
Foundat i ons and Scal i ng Laws" ,  Panel  Di scussi on,  
Sessi on I I /  Pr oceedi ngs of  Nor t h Amer i can Conf er ence 
cn Deep Foundat i ons ( Congr eso Sobr e Ci mi ent os Pr o-  
f undos) , Mexi co Ci t y,  Vol .  I I ,  pp.  525- 533.

Vesi c,  A. S.  ( 1970) :  " Load Tr ansf er  i n Pi l e- Soi l  Sys ­
t ems;  Pr oceedi ngs,  Conf er ence on Desi gn and I nst al l a­
t i on of  Pi l e Foundat i ons,  Lehi gh Uni ver i st y,  pp.  47-  
73 ( Envo Publ i shi ng Co. ) .

Vesi c,  A. S.  ( 1977)  : Desi gn of  Pi l e Foundat i ons,  Syn­
t hesi s of  Hi ghway Pr act i ce No.  42;  Nat i onal  Cooper a­
t i ve Hi ghway Resear ch Pr ogr am,  Tr anspor t at i on Resear ch 
Boar d,  Washi ngt on,  D. C. ,  68 pp.

a s s u mp t i ons  t o be a d o p t ed  wh e n  s eek i ng  a 

s a t i f ac t o r y  d es i gn  a t  a mi n u mu m ex pend i t u r e .  I n 

t h i s  c on n e c t i o n  I  wo u l d  l i k e t o  des c r i b e  s ome 

s uc c es s f u l  a p p l i c a t i ons  of  p i l e  g r oups  t o r es i s t  

l a r ge  l a t e r a l  l oads .  Bo r ed  and c a s t - i n - p l ac e  

p i l es  ar e  wi d e l y  us ed  i n Tur k ey ,  and d u r i ng  t he 

r ec en t  y ea r s  i t  has  a l s o  been  c ommon p r ac t i c e  t o 

emp l oy  t hem f or  s l ope  s t a b i l i z a t i on  or  as  

r e t a i n i n g  s t r uc t u r es .  I n e s t i ma t i ng  t he 

r e s i s t anc e  t o l a t e r a l  l oads  of  t he p i l e  g r oup  

t he c ond i t i ons  ( i )  t o s ec u r e  t he s oi l  mas s  

b e t we e n  t he p i l es  t o " t r ac k "  t he g r oup ' s  

mov ement ,  ( i i )  t o c r ea t e  s o i l  a r c h i ng  b e h i nd  t he 

p i l es  we r e  t ak en  i n t o  ac c oun t  ( £aml i bel ,  1981) .

A s l i de  s t a r t ed  t o d e v e l o p  i n 1955 a t  a c r i t i c a l  

s ec t i on  of  I s t anbu l - Ank a r a  r a i l way  near  Tuz l a .  A 

number  o f  r emed i es  app l i ed  t i l l  1961 wi t hou t  

l ong l as t i ng  s uc c es s .  An  ex t ens i v e  i nv es t i ga t i on  

c a r r i ed  out  t hen  by  Pr o f e s s o r  Pey ni r c i o§ l u s howed 

t hat  t he l oc a t i on  o f  t he s l i p  c i r c l e  was  s eat ed 

i n t he h e a v i l y  o v e r c o n s o l i d a t e d  s i l t y  c l ay .  The 

l i qu i d  and  p l as t i c  l i mi t s  o f  t he c l ay  wer e

w = 0 . 6 5 ,  w =  0. 28 and  t he unc on f i ned
P  2  

c o mp r es s i v e  s t r eng t h  q u 4. 6 k g / c m . The

s t r eng t h  v a l ues  ob t a i n e d  i n l abo r a t o r y  we r e  ev en

h i gher .  Ye t  t he av e r age  s hear  s t r eng t h  a l ong

t he s l i p  c i r c l e  was  c a l c u l a t ed  t o be
2

su — 0. 1 -  0, 2 k g / c m . At t emp t s  t o c on t r o l  t he 

g r ound  wa t e r  l ev e l  was  no t  c omp l e t e l y  s uc c es s f u l  

s i nc e  t he l owes t  po i n t  on t he s l i p  c i r c l e  was  

a l mos t  a t  t he s ea l ev el  and t he l oc a t i on  of  t he 

s l i de  was  on l y  f ew hund r ed  me t e r s  t o t he sea.

Then  i t  was  d e c i ded  t o app l y  a s t r uc t u r a l  r emedy .
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FI G.  1 -  Pi l ed r et ai ni ng st r uct ur e at  Tuzl a.

A p i l ed  r e t a i n i ng  s t r uc t u r e  wi t h  a 5 me t e r s  wi de  

t op s l ab  was  f o r med i n f r on t  o f  t he a l r eady  

ex i s t i ng  ma s o n a r y  wa l l  ( Fi g.  1) .  At  a s ec t i on  

whe r e  s o i l  c o n d i t i ons  wer e  f ound mos t  

un f av o u r a b l e  t he s t r uc t u r e  was  r e i n f o r c ed  by  a 

s ec ond  r ow of  p i l es  ( Fi g.  2) .  L a t e r a l  l oad i ng  

t es t s  we r e  c a r r i ed  out  t o s how t ha t  t her e  ex i s t s  

s u f f i c i en t  f ac t o r  of  s af et y .  The d es i gn  was  

app l i ed  on a l eng t h  of  abou t  150 me t e r s  a l ong  

t he r a i l way  embank men t  and t he mo v e me n t  was  

c omp l e t e l y  ar r es t ed .

Ma j o r  f au l t  l i nes  i n t he ar ea,  mak e  Bur s a  a t own 

wi t h  h i gh  e a r t hquak e  r i s k s .  I n t he c ons t r u c t i o n  

of  ^  hos p i t a l  i n Bur s a  i n 1967 t he p r ob l ems  

a r i s i ng  f r om t hi s  f i r s t  d i s a d v a n t a g e  ar e 

c o mpounded  by  t he s ec ond:  t he r epo r t s  of  ac t i v e  

s l i des  i n t he ne i ghbour hood .  A c a r e f u l  s o i l  i n ­

v e s t i g a t i o n  r ev ea l ed  t ha t  t he s hor t  t e r m f ac t o r  

of  s a f e t y  of  t he s i t e  c ou l d  be as  l ow as  1. 11.

A s t r uc t u r e  bas ed  on bo r ed  p i l es  was  p l ac ed  at  

t he t oe of  t he s l ope  and  t he f ac t o r  o f  s a f e t y  of  

t he s l ope  ( on wh i c h  hos p i t a l  bu i l d i n g s  Cl  t o C4 

r es t s )  was  r e p o r t e d l y  i nc r eas ed  t o 1. 40 ( Fi g.  3) .  

The c o n s t r u c t i o n  was  s uc c es s f u l l y  c a r r i ed  out .

A s er i es  o f  s l i des  began  i n 1963 a f t e r  a c o m­

p a r a t i v e l y  l ong pe r i od  of  r es t  i n an a r ea  of  

s i z e  230 me t e r s  by  4Q0 me t e r s  near  I s t anbu l  a i r ­

po r t  ( Pe y n i r c i o g l u , 1969) .  Sl i des  c aus ed  

c on t i nua l  d amage  t o t he r a i l r oad  and t he r oad 

p l ac ed  at  t he t oe of  t he s l ope.  An  ex t ens i v e  

s oi l  i n v es t i g a t i o n  was  c a r r i ed  ou t  i n o r de r  t o 

unde r s t and  t he p a t t e r n  of  t he s l i des .  Ex i s t enc e  

of  s ev e r a l  o l d  s l i des  i n d i f f e r e n t  d i r e c t i ons

FI G.  2 -  Pi l ed r et ai ni ng st r uct ur e at  Tuzl a.

FI G.  3 -  Pi l ed r et ai ni ng st r uct ur e at  Bur sa.

FI G.  4 -  Pr oposed pi l ed r et ai ni ng st r uct ur e as a pr event i ve 

measur e at  Menek§ e sl i de near  I st anbul  ai r por t .
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and  f r equen t  c hanges  i n t he r eg i me  of  t he 

unde r g r o u n d  s eepage  c o mp l i c a t e d  t he s i t uat i on.  

One  i mpo r t an t  as pec t  o f  t he s l i de  was  t he a l mos t  

c ons t an t  de p t h  o f  t he a f f ec t e d  s o i l  mas s .  And  

c o n s t r u c t i o n  of  a r e t a i n i ng  s t r uc t u r e  at  t he t oe 

o f  t he s l ope  was  p r op o s e d  ( Fi g.  4) .

I n a mor e  ex pe r i me n t a l  k i nd  o f  ap p l i c a t i o n  p i l es  

we r e  us ed  as  a pe r me n a n t  r e t a i n i ng  s t r uc t u r e  

t oge t he r  wi t h  a r e i n f o r c e d  c onc r e t e  t op wa l l  i n 

a b u i l d i n g  ex c a v a t i o n  ( Fi gs  5,  6) .  I n o r de r  t o 

p r o v i de  s pac e t o bu i l d  an o f f i c e  b l oc k  f or  a 

bank  i t  was  nec e s s a r y  t o c a r r y  out  an e x c a v a t i on  

at  t he t oe of  a s l ope  i n a t h i c k l y  p o pu l a t ed  

c en t r a l  par t  of  I s t anbul .  The  s oi l  p r o f i l e  c o n ­

s i s t ed  o f  f i l l  and h i gh l y  we a t h e r e d  g r ay wac k e  

wh i c h  i s  u n de r l a i n  b e l o w t he ex c a v a t i o n  l ev e l  

wi t h  an un we a t h e r e d  g r ay wac k e  of  good qua l i t y .  

The  d e s i g n  as s u mp t i o n  was  t ha t  t he r i g i d  c ap 

wo u l d  p r o v i de  t he nec e s s a r y  r i g i d i t y  t o s ec ur e  

t he p i l es  and t he s o i l  b e t ween  t he p i l es  behav e

FI G.  5  -  Vi ew of  t he r et ai ni ng wal l  bui l t  as a r i gi d cap 
on t op of  t he pi l es at  Sal i pazar i .

as  a " mo n o l i t h " . The  pe r i od i c  d i s p l a c e me n t  

me a s u r e me n t s  made  a f t e r  t he c o n s t r u c t i o n  had 

s h o wn  t he s uc c es s  of  t he des i gn.

FI G.  6 -  Ret ai ni ng st r uct ur e at  Sal i pazar i .

A s i mi l a r  d es i gn  was  app l i ed  at  Zey r ek  i n 

ano t he r  t h i c k l y  pop u l a t e d  par t  of  o l d  c i t y  i n 

I s t anbu l  ( Fi g.  7) .  The s oi l  p r o f i l e  abov e t he 

g r ound  f l oor  l ev e l  c o ns i s t ed  of  he t e r ogeneous  

f i l l .  La t e r a l  l oad t es t s  on s i ng l e  p i l es  wer e  

mad e  t o de t e r mi n e  a l l owab l e  l oads .  The 

c o n s t r u c t i o n  was  c omp l e t ed  i n 1967 and i t s  

pe r f o r ma n c e  c aus ed  no c o mp l a i n s .

FI G.  7  -  Ret ai ni ng st r uct ur e at  Zeyr ek.

As  a l as t  ex amp l e  I  s ha l l  s ummar i z e  t he e f f o r t s  

ma d e  t o s t ab i l i z e  a t a l us  s l i de  i n a r emot e  par t  

of  Tur k ey ,  E§ i r di r .  The c ons t r u c t i o n  o f  a 

hos p i t a l  c omp l ex  was  s t a r t ed  t he r e  i n 1970 and 

had had t o be i n t e r r up t ed  t wo y ear  l a t e r  a f t e r
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ex t ens i v e  s l i des  o c c u r ed  and  c aus ed  heav y  damage  

i n s ome of  t he i nc omp l e t e  b u i l d i ngs  ( Fi g. 8) .

FI G.  8 -  Egi r di r  hospi t al  const r uct i on.

The  s oi l  p r o f i l e  c ons i s t s  o f  t a l us  ma t e r i a l  

c o n s i s t i n g  one  me t e r  d i ame t e r  r oc k  p i e c e s . Gr o u n d  

wa t e r  l ev e l  was  no t  e n c o u n t e r ed  i n e x p l o r a t o r y  

bor i ngs .  The  s l i de  s eemed t o hav e  s t a r t ed  a f t e r  

a t oe e x c av a t i on  l eav i ng  an u n s u p p o r t e d  c ut  of  

abou t  20 me t e t r s  hi gh.  I n o r de r  t o a r r es t  t he 

mo v e me n t  a s er i es  of  meas u r e s  wer e  a t t empt ed .  To 

p r ev en t  t e mpor a r y  s a t u r a t i on  of  t he s l ope  a 

d r a i n a g e  s y s t em i nc l ud i ng  dee p  dr a i ns  was  

p l anned.  At  c r i t i c a l  s ec t i ons  s t onewa l l s  on  t he 

s l ope  wer e  f o r es een  t o i nc r eas e  t he r es i s t anc e  

t o s l i d i ng.  And  t h i f d l y ,  g r oups  o f  p i l es  wer e  

p l a nned  at  t he t oe of  t he s l ope  as  a l as t  r es or t .  

The  s t ab i l i z a t i o n  p r o j ec t  was  i n t e r r up t ed  a f t e r  

one  y ear  of  wo r k  and  on l y  one  t h i r d  o f  wha t  was  

p l a nned  was  ac h i ev ed .  The  wo r k  has  not  been 

r es umed  un t i l  t h i s  y ear .  I n e v a l ua t i ng  t he 

r es u l t s  o f  t he i nc omp l e t e  me a s u r e s  i t  was  

i n t e r es t i ng  t o no t e  t ha t  p i l es  f unc t i oned  muc h 

mor e  e f f ec t i v e l y  t han t he o t he r  p r e v en t i v e  

meas u r e s  ( Fi g.  9) .  One  o f  t he es s en t i a l  

r emed i es  t o c on t r o l  t he E§ i r di r  s l i de  i s  now 

c on s i d e r e d  as  t o i ns t a l l  s u f f i c i en t  number  of  

p i l e  g r oups  a t  t he t oe and on t he s l ope.

Suc h ex amp l es  c ou l d  pos s i b l y  be g i v en  f or  o t her  

a r eas  o f  t he wo r l d  wi t h  d i f f e r e n t  s oi l  

c ond i t i ons .  Pi l e  g r oups  s eem t o be

FI G.  9 -  The sl ope behi nd t he Egi r di r  hospi t al  const r uc­

t i on.  The pi l es at  t he t oe of  t he sl ope 

successf ul l y ar r est ed t he movement s.

c o n v e n i e n t l y  us ed  as  a means  o f  s uppo r t  wher e -  

ev e r  t he g r ound  appe a r e d  i n c apab l e  of  r es i s t i ng  

l a t e r a l  l oads .  A d es i gn  p r i n c i p l e  may  we l l  be 

t o as c e r t a i n  t he s t r a i n  c ompa t i b i l i t y  f or  t he 

p i l es  and  t he s o i l  b e t we e n  t he m un d e r  t he 

i n f l uenc e  o f  s e r v i c e  l oads .  And  i t  i s  a l way s  

a d v an t ageous  t o  t ak e  i n t o  ac c oun t  t he s o i l  

a r c h i ng  b eh i nd  t he p i l e  gr oup.  Cer t a i n l y ,  we 

s hou l d  k n o w mo r e  abou t  t he s o i l - p i l e  beh a v i o u r  

f or  t he p i l e - g r oups  i n  o r de r  t o s et  mor e  

r e f i ned  p r i nc i p l es  o f  t he i r  des i gn .  So i n 

c onc l us i on ,  I  wo u l d  l i k e t o e mphas i z e  t he need 

f or  me a s u r e me n t s  and da t a  c o n c e r n i n g  t he 

beha v i o u r  o f  p i l e  g r oups  s ub j e c t e d  t o  l a t e r a l  

l o a d s .

REFERENCES

gAMLI BEL,  N.  ( 1981)
I mp r ov emen t  o f  t he St ab i l i t y  o f  Sl opes  wi t h  

Pi l es  ( I n Tur k i s h)  Thes i s  s ubmi t t ed  t o I s t an 

bu l  Tec h n i c a l  Un i v e r s i t y  as  pa r t i a l  f u l l f i l -  

men t  o f  t he r equ i r e me n t s  o f  Doc t o r  degr ee.

PEYNl RCl OGLU,  A. H.  ( 1969)

I nv es t i g a t i o n  of  L a n d s l i des  on a Na t u r a l  

Sl ope  and Re c o mme n d e d  Meas ur es .  Pr o c . 7t h 

I CSMFE,  ( 2) ,  645- 651,  Mex i c o.

814



SETTLEMENT MEASUREMENTS ON 3 PI LE GROUPS 
Mesures des Tassement s de 3 Groupes de Pi eux

Accor di ng t o t he di r ect i ons gi ven i n Ger man 
St andar d DI N 1054,  set t l ement  pr edi c t i ons f or  
pi l e gr oups i nvol ve t wo component s:
( 1)  set t l ement  of  s i ngl e pi l e,  der i ved f r om 
pi l e l oad t est s,  and ( 2)  set t l ement  of  t he 
pi l e gr oup,  whi ch i s cal cul at ed f or  a f i ct i ve 
spr ead f oundat i on.  For  t hr ee pi l e gr oups,  
set t l ement s pr edi c t ed i n t hi s way  ar e compar ed 
wi t h measur ed val ues.

(1)  Chi mney of  Ther mal  Power  Pl ant  at  
Mannhei m,  200 m hi gh ( see f i g.  1a) .
Max i mum l oad = 5- 9 I ™ per  pi l e,  
f r om deadwei ght :  2. 4 MN per  pi l e.
Cal cul at ed set t l ement :  1 cm ( f r om si ngl e pi l e;  
gr oup act i on was t hought  t o be negl i gi bl e) .  
Measur ed set t l ement :  0. 5 cm.

( 2)  St ai r  case t ower  of  Ther mal  Power  Pl ant  
at  Mannhei m,  100 m hi gh ( see f i g.  1b) .
Maxi mum l oad = 7. 4 MN per  pi l e,
f r om deadwei ght :  2. 75 MN per  pi l e.
Cal cul at ed set t l ement :  2. 4 cm ( 1. 0 cm f r om 
si ngl e pi l e,  1. 4 cm f r om gr oup act i on) .  
Measur ed set t l ement :  1. 0 cm.

I n bot h cases,  maxi mum pi l e l oads r esul t  f r om

H. G.  Schmi dt  ( Or al  di scussi on)
wi nd f or ces,  and act ual  l oads can be est i mat ed 
onl y.

( 3)  Pi er  of  a hi ghway br i dge at  Köl n ( f i g.  1c) .  
I n t hi s case,  t he maxi mum l oad occur ed dur i ng 
t he const r uct i on pr ocedur e si nd was due t o 
deadwei ght  al one.
Maxi mum l oad = 7. 5 MN per  pi l e.
Cal cul at ed set t l ement :  3. 4 cm ( 2 cm f r om 
si ngl e pi l e,  1. 4 cm f r om gr oup act i on) .
Measur ed set t l ement :  3. 2 cm.
Thi s agr eement  of  pr edi ct ed and measur ed 
set t l ement s i s t o be consi der ed as an 
acci dent .  Pr edi ct i on of  pi l e gr oup set t l e­
ment s st i l l  depends t o a l ar ge degr ee on ex­
per i ence,  engi neer i ng j udgement ,  and good l uck.
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Fi g.  1 Pi l e f oundat i ons f or  a)  t he chi mney,  b)  t he st ai r  case t ower  of  a
t her mal  power  pl ant  at  Mannhei m;  c)  f or  t he- ' pi er  of  a hi ghway br i dge at  Köl n;  F. R. G.

M. Appendi no (Wr i t t en di scussi on)

Di scussi on of  papers by Möl l er  and Bergdahl  on 
DYNAMI C PORE PRESSURE DURI NG PI LE DRI VI NG IN FI NE SAND 
and by St eenf el t  at  al .  on 
I NSTRUMENTED MODEL PI LES JACKED I NTO CLAY

The paper  f r om St eenf el t  et  al  shows t es t s  r e ­

sul t s  f r om pi l es  j acked i nt o cl ay.  I t  i s i nt er es t i ng 

t o not e t hat  a pos i t i ve por e pr essur e peak devel ops  

shor t l y  af t er  t he pi l e t i p over passes  pi ezomet er s  

l evel .  I  not ed i n t he f i el d a s i mi l ar  ef f ec t  wi t h t he 

pi ezomet r i c  pr obe when penet r at i on was i nt er r upt ed

f or  di ss i pat i on t est s.  The por e pr essur e peak  may be 

i nt er pr et ed ei t her  as a t i me- l ag of  i ns t r umant at i on 

( i ncompl et e sat ur at i on or  vol ume def or mat i on of  t he 

pr obe)  or  as a soi l  pr oper t y  pr ov i ng c r eep ef f ec t  

under  undr ai ned l oadi ng.  Por e pr essur e i ncr eases un ­

der  undr ai ned l oad was wel l  document ed by Pr évost
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( 1976) ,  Ri char dson and Whi t man ( 1963)  i n t r i ax i al  

t es t s .

Cr eep ef f ec t s  may be i mpor t ant  al so i n sand. Mol -  

l er  r epor t s  smal l  por e pr essur e var i at i ons ( negat i ve-  

- pos i t i ve)  at  t i ps of  model  dr i ven pi l es.  Ver y  s i mi ­

l ar  behav i our  was obser ved by Appendi no ( 1973- 1979)  

f r om pi ezomet er s  i nst al l ed at  pi l e t i ps i n t he f i el d.  
Back cal cul at i on per f or med assumi ng undr ai ned f ai l ur e 

condi t i ons  i ndi cat es  t hat  a l ar ger  por e pr essur e 

schul d be obt ai ned i f  sand pr oper t i es  ar e t aken f r om 

s t andar d t r i ax i al  t es t s  Appendi no ( 1979) .  The di f -

A. A.  Bar t ol omei  and T. B.  Permyakova (Wr i t t en di scussi on)  

ABOUT EXCENTRI CALLY LOADED FRI CTI ON PI LE CLUSTER WORK

Compl ex exper i ment al  i nvest i gat i ons of  
pr i smat i c f r i ct i on pi l e cl ust er s act ual  wor k 
ar e conduct ed i n t he Per m Pol yt echni cal  I nst i ­
t ut e.  Eccent r i cal l y l oaded pi l e cl ust er  wor k 
st udyi ng,  t aki ng i nt o account  obj ect i ve r egul a­
r i t y di scover y of  f r i ct i on f or ces di st r i but i on 
al ong pi l e cl ust er  l at er al  sur f ace and compr es­
si on st r esses di st r i but i on i n eccent r i cal l y 
l oaded pi l e cl ust er s act i ve zone,  i s one of  t he 
I nvest i gat i on di r ect i ons.

The exper i ment al  i nvest i gat i ons wer e con­
duct ed usi ng smal l  scal e t ensomet er - pi l e cl us­
t er s i n l abor at or y wi t h t he cont r ol  of  t he ba­
si c r esul t s f ol l owed i n t he f i el d condi t i ons 
usi ng act ual  pi l e cl ust er s.

The r esul t s of  f r i ct i on f or ces di st r i bu­
t i on al ong t he pi l e cl ust er  l at er al  sur f ace ar e 
shown at  Pi g.  1.  That  pi l e cl ust er ,  consi st i ng 
of  9 smal l  scal e pi l es,  was l oaded wi t h eccen­
t r i ci t y e « 0, 25a and e » 0, 5a ( a i s one hal f  
of  t he pi l e gr at i ng) .  Fr i ct i on f or ces al ong t wo 
opposi t e si des of  t he pi l e cl ust er  l at er al  sur ­
f ace ar e compar ed:  on t he si de I  » a whi ch i s 
t he near est  t o t he poi nt  of  l oad appl i cat i on 
( cur ves I )  and on t he sede X »- a whi ch i s oppo­
si t e t o t he f i r st  one ( cur ves I I ) .

Pi g.  1.  Fr i ct i on f or ces di st r i but i on al ong 
t he pi l e cl ust er  l at er al  sur f ace 
under  eccent r i cal l y appl i ed l oadi ng:  

I  -  t ensomet er - pi l es 1, 2, 3 det ect or  i ndi ca­
t i ons

I I  -  t ensomet er - pi l es 4, 5, 6 det ect or  i ndi ca­
t i ons

Load eccent r i c appl i cat i on t o t he pi l e 
cl ust er  causes f r i ct i on f or ces r edi st r i but i on

f er ence may der i ve f r om par t i al  dr ai nage or  i ncor r ec t  

soi l  f ai l ur e model l i ng or  i nst r ument al  peak dampi ng.  

I t  may  abso be t he consequence of  us i ng st at i c  l oad 

t es t s  do det er mi ne soi l  pr oper t i es .  I nf ac t  when sand 

i s qui ck l y  l oaded cr eep i s absent  and sand wi l l  

r esul t  l ess  cont r ac t i ve or  become di l at ant  at  t he 

same dens i t y  and conf i ni ng pr essur es.

I f  t he obser ved ef f ec t  woul d be pr oved due t o 

cr eep,  t hen soi l  pr oper t i es  t o anal yse pi l e dr i v i ng 
mus t  be det er mi ned wi t h qui ck  t es t i ng t echni ques.

al ong t he pi l e cl ust er  l at er al  sur f ace,  The 
l oad appl i cat i on eccent r i ci t y gr owt h f r om
0 t i l l  0, 5a causes f r i ct i on f or ces i ncr ease by 
60- 65% on t he si de I  = a i n compar i son wi t h t he 
cent r i c l oad appl i cat i on.  The l oad appl i cat i on 
eccent r i ci t y gr owt h on t he opposi t e si de
1 =»-a f r om 0 t i l l  0, 25a l eads t o f r i ct i on f or -

di st r l but i on under  l oads I - VI  -  
1500,  2400,  3300,  5100,  6000 kN and 
smal l  scal e pi l e cl ust er  ( b)
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ces decr ease by 30- 35% and t hen t i l l  0, 5a de­
cr ease by 65- 70%.

Fr i ct i on f or ces i ncr ease on t he si de 
I  = a wi t h t he eccent r i ci t y gr owt h can be ex ­
pl ai ned by t he pi l e i ncl i nat i on as t h r esul t  
of  t he addi t i onal  gr ound r epul se whi ch appear s 
due t o t he eccent r i c l oadi ng.  The eccent r i c 
l oadi ng causes t he gr ound br eaki ng- of f  f r om t he 
pi l e cl ust er  sur f ace on t he opposi t e si de
I  =- a wi t h t he appear ance of  mi cr o- cl ear ance 
f ol l owed whi ch r eaches i t s maxi mum val ue at  
pi l e t op.

Epur es of  compr essi on st r esses at  t he ac­
t ual  pi l e cl ust er  base wi t h t he eccent r i cal l y 
appl i ed st at i c l oad gr owt h ar e shown at  Fi g.  2.  
That  was pi l e cl ust er  consi st i ng of  6 pi l es.  
Compr essi on st r esses char act er i st i c epur es i n 
act i ve zone ver t i cal  sect i ons of  smal l  scal e

G. E.  Brat chel l  (Wr i t t en di scussi on)

CALCULATI ON OF THE BEARI NG CAPACI TY OF DRI VEN PI LES 
Cal cul  de l a Force Por t ant e des Pi eux Bat t us

On j obs wher e i t  i s not  i nt ended t o t est - l oad dr i ven 
pi l es,  r el i ance i s somet i mes pl aced on dynami c  
f or mul ae.  Many of  t hese f or mul ae depend on t he f i nal  
set  per  bl ow.  I ndeed,  i n gr anul ar  soi l s,  t her e i s

3

G. E.  Brat chel l  (Wr i t t en di scussi on)

STRUCTURAL I NTEGRI TY Of7 I N-SI TU PI LES 
L' I nt egri t §  des Pi eux Moul es

I t  shoul d be not ed t hat  t es t - l oadi ng wi t h Kent l edge 
of  cas t - i n- s i t u pi l es  my  check  t he bear i ng capaci t y ,  
but  i t  does not  ensur e t he st r uc t ur al  i nt egr i t y  of  
t he shaf t .  Def ec t s  such as mi ss i ng concr et e ar e a 
common exper i ence i n such pi l es.  I n many cases t he 
r ei nf or cement  al one wi l l  car r y  t he t est  l oad but  may 
cor r ode l at er  on,  r esul t i ng i n unexpec t ed set t l ement .  
Some f or m of  check on t he st r uc t ur al  i nt egr i t y  shoul d 
be consi der ed.

pi l e cl ust er  ar e shown at  Fi g.  2b ( pi l es wer e 
pl aced on di f f er ent  di st ances f r om t he pi l e 
cl ust er  axi s.

I nvest i gat i ons has shown t hat  i n t he pi l e 
cl ust er  act i ve zone st r esses consent r at i on 
t ook pl ace dur i ng t he pr ocess of  pi l e cl ust er  
eccent r i c l oadi ng i n t he di r ect i on si mi l ar  t he 
l oad appl i cat i on poi nt  movi ng.  The eccent r i ci t y 
i ncr ease f r om 0 t o 0, 5a causes st r ess i ncr ease 
by 2- 2, 5 t i meB at  a l evel  1, 5 ® deeper  t han 
pi l e cl ust er  base as compar ed wi t h t he cent r i c 
l oadi ng.

As t he r esul t  of  t he eccent r i c l oadi ng 
t he pi l e cl ust er  act i ve zone dept h i ncr ease i n 
l i mi t s of  10- 15% as compar ed wi t h cent r i c l oad­
i ng and f or  l oads cl ose t o ul t i mat e ones can 
be consi der ed gener al l y equal  t o t he 1 , 7 -
1, 9 l engt h of  t he pi l e.

a nat ur al  f eel i ng t hat  t he pi l e i s sat i s f ac t or y  when 
t he dr i v i ng get s har d and t he set  per  bl ow becomes 
smal l .

A necessar y  pr esumpt i on,  t hough,  i s t hat  t he hammer  
i s appl y i ng t he necessar y  ener gy.  I n t he case of  
Di esel  hammer s,  manuf ac t ur er ' s  f i gur es shoul d be used 
wi t h caut i on.  On one j ob wi t h whi ch t he wr i t er  was 
i nvol ved i t  was di scover ed t hat  t he act ual  ener gy 
was l ess t han hal f  t he expect ed ener gy and t hi s was 
di scover ed onl y  by  compar i son of  t he t empor ar y 
compr ess i on and t he per manent  set  f or  each bl ow.

DI AGRAM SHOWI NG THREE PI LE DRI VI NG TRACES HAVI NG 
SI MI LAR ( DESI GN)  PERMANENT SETS,  S

CURVE 1:  DESI GN CONDI TI ON -  HAMMER DELI VERI NG I TS 
EXPECTED ENERGY

CURVE 2:  HAMMER DELI VERI NG LESS THAN I TS EXPECTED 
ENERGY ( UNSAFE)

CURVE 3:  HAMMER DELI VERI NG MORE THAN I TS EXPECTED 
ENERGY ( SAFE)  ____________

DI AGRAM SHOWI NG MECHANI SM OF POSSI BLE SETTLEMENT 
OF PI LE SUBSEQUENT TO LOAD TEST DUE TO CORROSI ON 
OF EXPOSED REI NFORCEMENT

51. Vo lym e  4
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ESTI MATI ON OF DRAG FORCES IN PI LES PLACED IN THE VI CI NI TY 
OF PRELOAD FI LLS

K. R.  Dat ye ( Wr i t t en di scussi on)

Th i s  p r o b l em has  no t  r ec e i v ed  adequa t e  a t t en t i on  
i n pub l i s h e d  paper s  on nega t i v e  s k i n  f r i c t i on  
phenomena.  I n p r ac t i c e ,  t h i s  s i t ua t i on  o f t en  
a r i s e s .

A-G.  Davi s (Wr i t t en di scussi on)

MEASUREMENT OF DEFORMATI ON PROPERTI ES OF SOI LS AROUND 
LATERALLY LOADED PI LES

The gener al  r epor t er  t o t hi s sessi on descr i bes 
di f f er ent  t echni ques f or  t he def or mat i on pr oper t i es of  
soi l s ar ound l at er al l y l oaded pi l es.  I wi sh t o add a 
f ur t her  t echni que t o hi s l i st ,  devel oped by t he C. E. HT. P.  
i’ar i s.  Thi s consi st s of  . i n eccent r i c wei ght  shaker  at t a­
ched t o t he head of  a pi l e,  and whi ch oper at es under
• l uasi - st at i c condi t i ons at  f r equenci es bet ween 1 Hz and 
15 Hz,  devel opi ng a maxi mum f or ce of  20 KN.

PRELOAD REMOVED

/ X ■ j  . Gene r a l  f i l l

/

/

/

/

/

/

/

/

/

/ ]

/  /
J Res i dua l  Dr ag  = We i g h t  of  
/ s o i l  b l oc k  

J abov e  neu t r a l  
/ pl ane.

Co r r e c t e d  u l t i ma t e  p i l e  c a p a ­
c i t y  s h ou l d  a l l ow f or  l os s  of  
s k i n  f r i c t i on  abov e  neu t r a l  
p l a n e .

Al l o wa b l e  Cor r .  ul t .  c apac i t y  -  Res i dua l  d r ag
p i l e  = - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
l oad Fa c t o r  o f  s a f e t y

I t  wo u l d  be  e v i den t l y  u n r e a s o n a b l e  t o c ons i de r  
t hat  t he r es i dua l  d r ag  wo u l d  equa l  t he nega t i v e  
s k i n  f r i c t i on  due  t o p r e l oad  f i l l  d u r i ng  pr e-  
l oad i ng  .

The wr i t e r  wo u l d  s ugges t  t he p r oc e d u r e  e x p l a i n ­
ed  i n t he f o l l owi ng  s k e t c hes  f or  es t i ma t i o n  of  
t he r es i dua l  d r ag  f o r c es  i nduc ed  i n t he p i l e  
a f t e r  r emov a l  of  pr e l oad.

The l at er al  vel oci t y of  t he pi l e head i s measur ed 
by a geophone f i xed on t he pi l e head,  and t he pi l e head 
r esponse i s anal ysed i n t er ms of  i t s mechani cal  admi t t an­
ce,  as descr i bed i n paper  8/ 20 t o t hi s sessi on f or  ver ­
t i cal l y exci t ed pi l es.

A t ypi cal  t est  r esul t  i s pr esent ed i n f i gur e 2,  
wher e bot h t he mechani cal  admi t t ance ( vel oci t y/ For ce)  
and t he l at er al  pi l e head st i f f ness,  E'  ar e pl ot t ed 
ngai nst  exci t at i on f r equency.

-V Admi t t ance
O St i f f ness

8 1 8



Di spl acement  y( 1)  ( 1/ 100 mm)

F i g .  3

J. Feda (Wr i t t en di scussi on)

DESI GN OF LARGE-DI AMETER BORED PI LES

As  me n t i o n e d  i n t he Br o ms ” gene r a l  r epor t ,  t he 
we a k  l i nk  o f  t he p i l e  des i gn  a t  p r e s e n t  i s  t he 
ev a l u a t i o n  o f  t he s t r en g t h  and de f o r ma t i o n  p r o ­
p e r t i es  o f  t he s o i l  and h o w t hes e p r o pe r t i es  
ar e  a f f e c t e d  by  t he i ns t a l l a t i o n  me t h o d  of  t he 
p i l es .  One  wa y  h o w t o  c ope wi t h  t h i s  d i f f i ­
c u l t  pos i t i o n  i s  an e x t ens i v e  us e  o f  t he r es u l t s  
o f  p i l e  l oad i ng  t es t s .  I f  t hey  a l l ow t o e v a ­
l ua t e  t he s pec i f i c  s k i n  f r i c t i on  q s and  t he s pe ­
c i f i c  p i l e  p o i n t  r es i s t anc e  q Q f or  a s t anda r d  
s e t t l e me n t  o f  1 cm,  a s t a t i s t i c a l  ana l y s i s  of  
q s and  q Q / mean  v a l ue  and  d i s p e r s i on /  may  be 
p e r f o r me d  f or  d i f f e r en t  s o i l  t y pes .  Fo r  t he 
c hos en  r e l i a b i l i t y  t he r es u l t s  of  s uc h  an ana ­
l y s i s  may  be d i r e c t l y  e x p l o i t e d  f or  t he p i l e  
des i gn  ev en f or  s e t t l emen t s  g r e a t e r  t han 1 cm.

An  ana l y s i s  o f  mo r e  t han 200 l oad i ng  t es t s  of  
bo r e d  p i l es  / d i f f e r e n t  t ec hno l ogy /  o f  d i ame t e r  
d  ■= 0 . 6  t o 1. 5 m and  d i f f e r e n t  e f f ec t i v e  
l eng t hs  D was  under t ak en.  The f o l l owi ng  s oi l  
c l as s es  we r e  i nc o r po r a t ed :  c ohes i on l es s  s o i l s  
/ I q  = 0 . 5 ,  0. 7,  1/ ,  c ohes i v e  s o i l s  / I q  0. 5,
1/ ,  r oc k s  / A2 , A3,  A4 -  t he l as t  one  t he mo s t  
we a t h e r e d /  and  we a k  r oc k s  / A5/ .  I t  was  p r o ­
v ed  t ha t  a hy p e r b o l i c  r e l a t i o n s h i p  o f  D/ d  and 
q s / or  q Q/  ex i s t s  s o t hat  a l i nea r  r eg r es s i on  
as  s hown on Fi g.  1 t ak es  pl ac e.  The ana l y s i s  
p r o v e d  t ha t  f o r  D/ d  >  3 l a r g e - d i a me t e r  bo r ed  
p i l es  b e h a v e  l i k e f r i c t i on  p i l es .  The c o r r e ­
l a t i on  c o e f f i c i en t  of  t he l i nea r  r egr es s i ons  
was  equa l  t o 0. 9,  wi t h  t he ex c e p t i o n  of  s t i f f  
c ohes i v e  s o i l s  wh e r e  i t  amou n t e d  t o 0 . 7  onl y .

The  c oe f f i c i e n t  o f  v a r i a b i l i t y  of  15% t o 
20% was  f ound bo t h  f or  q_ and  q Q. Fu r t he r  
on,  t he r a t i o  q 0 / q s was  f or  i nd i v i dua l  s o i l  
c l as s es  c ons t a n t  / e. g.  A2 -  122;  I D — 0. 5,

T h e  p i l e  h e a d  s t i f f n e s s  h a s  b e e n  c o r r e l a t e d  w i t h  

s t a t i c  l o a d  t e s t s  o n  o v e r  2 0  s i t e s  w i t h  d i f f e r e n t  s o i l s  

; i n d  d i f f e r e n t  p i l e  t y p e s .  A  o n e  t o  o n e  s t i f f n e s s  c o r r e ­

l a t i o n  e n s u e s ,  a n d  i t  h a s  b e e n  o b s e r v e d  t h a t  i n  n e a r l y  

a l l  c a s e s  t h e  t h e o r e t i c a l  s t i f f n e s s  d e d u c e d  f r o m  e i t h e r  

i n  s i t u  o r  l a b o r a t o r y  s o i l  t e s t s  w e r e  v e r y  d i f f e r e n t .

I n  c e r t a i n  c a s e s  i t  h a s  b e e n  p o s s i b l e  t o  m e a s u r e  

t h e  d e f o r m e d  p i l e  s h a p e  d u r i n r j  s h a k i n g  b y  m e i i n s  o f  a n  

a c c e l e r o m e t e r  l o w e r e d  i n  a  v e r t i c a l  t u b e  p r e c a s t  i n  

t h e  p i l e .

A n  e x a m p l e  o f  t h e  r e s u l t s  f r o m  s u c h  a  t e s t  a r e  

s h o w n  i n  f i g u r e  3 .  T h e s e  t e s t s  h a v e  c o n f i r m e d  t h a t  t h e  

d e f o r m e d  p i l e  s h a p e  i s  c o n t r o l l e d  p r i n c i p a l l y  b y  t h e  

u p p e r  t w o  m e t r e s  o f  s o i l .  A l s o ,  t h e  d e f o r m e d  s h a p e  a n d  

t h e  n e u t r a l  p o i n t  p o s i t i o n  a t  t h e s e  l o a d  l e v e l s  f i t s  

l i n e a r  e l a s t i c  t h e o r y  v e r y  w e l l .

0 . 7 ,  1 -  4,  4. 4,  11. 1;  I c  =  0. 5,  1 -  4. 3,  10. 5/ -  
s ee e. g.  Fi g.  3.  I f  c ompar ed  wi t h  t he CPT , 
appr ox i ma t e l y :  f or  c ohes i on l es s  s o i l s

Fi g.  1 L i nea r  r eg r es s i on  of  c is  and q Q f or  
dens e  c ohes i on l es s  s oi l s  / I D =  0 . 7 /
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Fi g.  2 The ef f ec t  of  t he D/ d r at i o on t he 
Di l e l oad t r ans f er

Fi g.  ’  The q Q/ q s r a t i o  f or  we a k  r oc k s

/ q s / q o^ p i l e  10 ^ s ^ o ^ C P T  

f or  c ohes i v e  s oi l s :

^ s ^ o ^ p i l e  — 2 / , qs ^ q o^ CPT

J. Fourni er ,  J.P.  Mi zi kos and P. Ropers (Wr i t t en di sc. )

MESURE DES PARAMETRES NECESSAI RES AU CALCUL DU FROTTE­
MENT LATERAL D' UN PI EU
Paramet ers Measurement s Requi red t o Cal cul at e t he Axi al  
Capaci t y of  Pi l es

E v o lu tio n  da l 'é ta t  d i  m a té r la i  l o r t  da ba ttage

Pour  pr évoi r  l ' évol ut i on des pr ess i ons i nt er s t i t i el l es

nous avons mi s  au poi nt  un essai  t r i ax i al  dans l equel  des 
chocs sont  donnés sur  l a t êt e de l ' échant i l l on.  Les va­
r i at i ons de pr ess i on i nt er s t i t i el l e mesur ées  sont  compa­
r abl es  à cel l es mesur ées  dans l ' essai  de s i mul at i on du 
bat t age et  per met t ent  de sui vr e l e chemi n de cont r ai nt e 
sui v i  par  l ' échant i l l on l or s du bat t age d' un pi eu ( Fi g. 2) ,

Tr oi s  r ésul t at s  
i mpor t ant s  sont  mi s 
en év i dence et  per ­
met t ent  de compl é­
t er  l ' ar t i c l e 
d' esr i g et  ki r by( 2)
1 
cont r ai nt e ef f ec ­
t i ve moy enne est  
supér i eur e à l a di ­
mi nut i on de con­
t r ai nt e ef f ect i ve 
nécessai r e pour  a-  
mener  l e mat ér i au 
à son ét at  cr i t i que.  
Cont r ai r ement  à 

esr i g et  k i r by  nous pensons  que ce phénomène s ’ expl i que 
par  une mauvai se dét er mi nat i on de l ' ét at  c r i t i que à par t i r  
des essai s t r i ax i aux c l assi ques.  L' ét at  l i mi t e at t ei nt  
par  bat t age ser ai t  al or s dét er mi né pl us pr éc i semment  soi t  
par  un essai  t r i ax i al  avec chocs soi t  par  un essai  t r i ­
axi al  cyc l i que ( one way  cyc l i c  l oadi ng) .

TENEUR EN EAU

Pour  une ar gi l e k aol i ni t i que, nous avons mesur é l ' évol u­
t i on du f or t t ement  l at ér al  au cour s  des di f f ér ent es  phases 
du bat t age d' un pi eu ( i ni t i al  ski n f r i c t i on,  sk i n f r i c t i on 
af t er  dr i v i ng,  ski n f r i c t i on dur i ng t he r econsol i dat i on 
and af t er  a l ong t i me set - up)  ( f our ni er  ( 1) ) .

- L' ébr anl ement  pr ovoqué 
par  l a per cuss i on du mar ­
t eau sur  l e pi eu et  l ' é­
vol ut i on de pr ess i ons  
i nt er s t i t i el l es  sont  me ­
sur és par  des j auges de 
déf or mat i on et  des cel ­
l ul es de pr ess i on i nt er s-  

i t i el l e f i xées sur  l e 
( Fi g. l ) .  

mesur es  du f r ot t ement  
compar ées  aux 

sur es de pr ess i on i n-  
t i t i el l e conf i r ment  
l es var i at i ons  du 
t ement  l at ér al  pen-  

l e bat t age peuvent  
' expl i quer  uni quement  
r  l ' évol ut i on des con­

t r ai nt es ef f ec t i ves  dans 
l e cas des ar gi l es  nor -

SOUIA Ot f  APFftNCIL

mal ement  consol i dées.
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2 -  Lor a de sa r ec on9o l i da t i on  l e mat ér i au s ui t  un  c he ­
mi n  de pent e Cg ( i ndi ce de gonf l ement ) .  L ' ét at  f i nal  du 
mat ér i au dépend donc  du nombr e et  de l a dur ée des  phas es  
de r epos  pendant  l e bat t age ( set - up) .

3 -  Apr ès  d i s s i pat i on de l a pr es s i on i nt er s t i t i e l l e  l e 
f r ot t ement  l at ér al  c ont i nue d ' augment er .  I l  peut  a t t e i n ­
dr e dans  l ' es s ai  de s i mul a t i on 2 à 3 f oi s  èa v a l eu r  i n i ­
t i a l e apr ès  un r ep09 de 3 moi s .

Enf i n,  l es r és ul t at s  obt enus  sont  ut i l i s és  pour  v ér i f i e r  
l a v a l i d i t é  des  f or mul es  us uel l es  u t i l i s ées  pour  c al c u l er  
l e f r o t t ement  l at ér al .  Dans  l e cas d ' un f r ot t ement  l at é ­
r al  appl i qué sur  l a f ac e ex t ér i eur e du pi eu nous  mont r ons  
que l e r appor t  mes ur é  es t  c ompar abl e et  v o i s i n  de 

T  c al c ul é
( c oef f i c i ent  d ' adhér enc e)  donné par  c aquot  et  k ér i s e l  
pour  l es f or mul es  T  ■ Cu , * £ =^ Mt g0'  ( coul omb)  et  
T  = M p' ^  Cos 0 ’ ss ( es r i g et  k i r b y ) . Cependant  l es  v a l eur s

du r appor t  " Cmes u r é  sont  net t ement  d i f f ér ent es  des  p r a ­

t i ques  u s ue l l e l ^ Cy ¿ab l eau 1) .

X X. c al c ul é X  me s u r é / t  c al c ul é

en KPa
es r i g c oul omb Cu es r i g c oul omb «1

14 22, 7 18 18 0, 62 0, 78 0, 78

18, 2 42, 3 44, 5 34 0, 43 0, 41 0, 53

20 48, 9 50, 7 34 0, 41 0, 39 0, 59

20, 6 57, 8 45 42 0, 36 0, 46 0, 49

Tabl eau I .

( 1)  -  Four ni er  J.  ( 1980)  Le  f r ot t ement  l at ér al  l e l ong 
des  pi eux  bat t us  dans  l es  ar gi l es .  Thès e de D. I .  Ec ol e 
Cent r a l e  de Par i s .

( 2)  -  Es r i g M. E.  and Ki r by  R. C.  ( 1979)  Adv anc es  i n gen e ­
r al  ef f ec t i v e s t r ess  met hod f or  t he p r ed i c t i on of  ax i al  
c apac i t y  f or  dr i v i n pi l es  i n c l ay .  OTC 3406.

A. Holeyman (W ri t ten  d i s c u s s io n )

Comments on: ALLOWABLE STRESS IN CONCRETE PILES DURING 
DRIVING

Du r i n g  t h e  p a s t  20  y e a r s ,  a l a r g e  e f f o r t  h a s  
b e e n  d i r e c t e d  at  t h e  p r e v i s i o n  of  s t r e s s e s  i n  
b o d i e s  t o  be d r i v e n  i n t o  t h e  g r o u n d .  On e  ma j o r  
a i mo f  t h i s  d e t e r mi n a t i o n  i s  t o g u a r a n t e e  t h e  i n ­
t e g r i t y  of  t h e  p i l e  wh i l e  d r i v i n g ,  s o t h a t  t h e  
c o mp u t e d  or  me a s u r e d  s t r e s s  d o e s  n o t  e x c e e d  an  
a l l o wa b l e  s t r e s s ,  o r  a d y n a mi c  s t r e n g t h .
T h o u g h  b e i n g  e q u a l l y  i mp o r t a n t ,  t h i s  l a s t  c h a ­

r a c t e r i s t i c  h a s  n o t  y e t  r e c e i v e d  t h e  a t t e n t i o n  
i t  d e s e r v e s .  T h a t  i s  wh y  t h i s  d i s c u s s i o n  g a t h e r s  
d i f f e r e n t  a p p r o a c h e s  t o g r a s p  t h i s  c o n c e p t .

Th e  n a t i o n a l  r e g u l a t i o n s  g i v e  s o me  f i x e d  v a l u e s  
of  t h e  a l l o wa b l e  6 t r e s s  of  c o n c r e t e  ( e . g .  i n  
Swe d e n ,  c o mp r e s s i o n  c a n n o t  e x c e e d  20  MPa  a n d  
t r a c t i o n  4 MPa )  o r  t he  a l l o wa b l e  h e i g h t  o f  d r o p  
( 0 . 1 ,  0 . 3  o r  0 . 6 m d e p e n d i n g  on  t h e  c i r c u ms t a n ­
c e s ) .
T h i s  i s  r a t h e r  r o u g h  t r e a t me n t  of  t h e  p r o b l e m.  
I n  o u r  o p i n i o n  t h e  d y n a mi c  s t r e n g t h  of  t h e  c o n ­

c r e t e  , r e l e v a n t  t o t h e  d r i v i n g  o p e r a t i o n s ,  s h o u l d  
d e p e n d  on  s e v e r a l  f a c t o r s ,  a n d  a mo n g s t  t h e m :

-  q u a l i t y  of  c o n c r e t e
-  % o f  r e i n f o r c e me n t  ( l o n g i t u d i n a l  a n d  s t i r r u p s )
-  g e o me t r i c a l  f a c t o r s  of  r e i n f o r c e me n t  a n d  c o n ­

c r e t e  s e c t  i o n
-  q u a l i t y  of  s t e e l
-  n u mb e r  of  b l o ws
-  a v e r a g e  d u r a t i o n  of  l o a d .

I n f o r ma t i o n  a b o u t  t h e  a l l o wa b l e  s t r a i n  i n  c o n ­
c r e t e  c a n  be o b t a i n e d  d u r i n g  d r i v i n g  me a s u r e ­
me n t s  of  a p i l e  wh e r e  a b r e a k  t a k e  p l a c e .  Mo s t  
o f  t h e  t i me  t h e  s p o t  wh e r e  t h e  d a ma g e  o c c u r s  i s  
n o t  t h e  p l a c e  of  me a s u r e me n t  a nd  I t  i s  n e c e s s a r y  
t  o :

1.  l o c a t e  t h e  p l a c e  of  t h e  d a ma g e
2.  e s t i ma t e  t h e  ma x i mu m s t r e s s e s  i n d u c e d  a t  t h i s  

l o c a t i o n  by  t he  p r e v i o u s  b l o w,

Th e  o p e n i n g  of  a c r a c k  a t  t h e  l o c a t i o n  of  t h e  
s t r a i n  g a u g e  wi l l  s h o w I mme d i a t e l y ,  a n d  s h o u l d  
be  t h e  b e s t  wa y  t o  d e t e r mi n e  t h e  d y n a mi c  s t r e n ­
g t h  of  a p a r t i c u l a r  p i l e .  We  we r e  l u c k y  e n o u g h  
t o  r e c o r d  s u c h  a c a s e  i n  wh i c h  t h e  p r e v i o u s  b l o w 
g a v e  a c o mp r e s s i o n  of  1 7 5 0  s t r  a n d  an  e l o n g a ­
t i o n  of  1 1 2  s t r .  ( F i g . l ,  l e f t ) .
Th e  b l o w f o r  wh i c h  t he  e x t e n s i o n  of  a c r a c k  wa s  
o b v i o u s  g a v e  c o r r e s p o n d i n g  v a l u e s  of  1 4 0 0  s t r  
c o mp r e s s i o n  a nd  f a r  i n  e x c e s s  o f  2 1 0 0  s t r  e l o n ­
g a t i o n .  ( F i g . l ,  r i g h t ) .  As  t h e  s t i f f n e s s  mo d u l u s  
o f  t h e  p i l e  wa s  e s t i ma t e d  t o be 3 . 4 0 0 MN/ m,  t h i s  
f i g u r e  l e d  t o a d y n a mi c  t o t r a c t i o n  s t r e n g t h  of
0 . 3 8  MN,  wh i c h  c o mp a r e d  a b o u t  2 / 3  o f  t h e  e l a s t i c  
l i mi t  of  t h e  r e i n f o r c e me n t .
As  t h e  mo d u l u s  of  e l a s t i c i t y  of  t h e  c o n c r e t e  wa s  
e s t i ma t e d  t o be 4 0 . 0 0 0  MPa ,  i t  I mp l i e d  a t e n s i o n  
on  t h e  o r d e r  of  4 . 5  MPa  a n d  a c o mp r e s s i o n  o n  
t h e  o r d e r  of  7 0  MPa . T h i s  r e mi n d s  us  t h a t  o n e  h a s  
t o be v e r y  c a r e f u l  wh e n  me a s u r i n g  a n d  i n t e r p r e t -

-1,5 ■0.S
— 1--------------1--------------1---------------

COM P R ESSI ON

--------------1--------------1---------------1----------►

EX TEN SI ON

V
-1 0

■20 1 1

C - -3 0

-4 0

v

i
-5 0

11 0 3

wh i c h  ma k e s  t h i s  d e t e r mi n a t i o n  r a t h e r  u n r e l i a ­
b l e .  I t  a l s o  d o e s  n o t  t e l l  i n  s o me  c a s e s  wh e t h e r  
t h e  d a ma g e  i s  d u e  t o  e x c e s s i v e  c o mp r e s s i o n  o r  t o 
e x c e s s i v e  t e n s i o n .

F i g . l  : De f o r ma t i o n  u n d e r  i mp a c t .
-  l e f t  : b e f o r e  c r a c k i n g  
- . r i g h t s  a f t e r  c r a c k i n g .
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t i n g  t he  s t r a i n s  i n  a ma t e r i a l  wh i c h  c r a c k s  -  o x  
wh i c h  i s  a l r e a d y  c r a c k e d .

As  a ma t t e r  of  f a c t ,  mo s t  of  t h e  t i me  t h e  c o n ­
c r e t e  i s  mi c r o f i s s u r e d  b e f o r e  t h e  p i l e  i s  r e a d y  
f o r  d r i v i n g  : s h r i n k a g e  a n d  h a n d l i n g  f o r c e s  h a v e  
a l r e a d y  i n d u c e d  mi c r o f i s s u r e s  i n  t h e  c o n c r e t e .  
T h e s e  f i s s u r e s ,  as  t h e y  o p e n ,  c l o s e ,  i n c r e a s e  i n  
n u mb e r  a n d  s i z e  h a v e  a n  i n f l u e n c e  ma i n l y  o n  t h e  
n u mb e r  a n d  s i z e  h a v e  a n  i n f l u e n c e  ma i n l y  on  t he  
n o n  l i n e a r  t e n s i o n  b e h a v i o u r  of  t h e  a n a l i z e d  
me mb e r ,  a n d  r a i s e  s o me  q u e s t i o n s :

*  wh a t  i s  t h e  s p e e d  of  t h e  t e n s i o n  wa v e  c o mp a r e d  
t o  t h e  c o mp r e s s i o n  wa v e  ?

*  h o w c a n  we a c c o u n t  f o r  a d i f f e r e n t  b e h a v i o u r

i n  c o mp r e s s i o n  a n d  t e n s i o n  i n  o u r  wa v e  
e q u a t i o n  a n a l y s i s  c o mp u t e r  c o d e s  ?

*  h o w d o e s  i t  a f f e c t  t h e  me a s u r e me n t  of  s t r a i n  ?

Wh e r e a s  i t  i s  c l e a r  t h a t  mi c r o f i s s u r e s  c a n n o t  be 
c o n s i d e r e d  as  d e t r i me n t a l  t o  t h e  f u n c t i o n  o f  t h e  
p i l e ,  o n e  mu s t  l i mi t  t h e  p e r ma n e n t  wi d t h  t o  
wh i c h  t h e y  ma y  o p e n  ( e . g .  0 . 2  mm)  a n d  e s t a b l i s h  
t h e  c o r r e s p o n d i n g  c r i t e r i a  f o r  t h e i r  d e t e c t i o n  
by  a c o u s t i c  wa v e  r e f l e c t i o n .
T h i s  d e f i n i t i o n ,  wh i c h  i n v o l v e s  a mo r e  c o mp l e x  
t r e a t me n t  of  t h e  b e h a v i o u r  of  r e i n f o r c e d  c o n c r e ­
t e  i n  t e n s i o n ,  i s  a p e r e q u i s i t e  t o  t h e  o b j e c t i v e  
o f  t h e  s t r e s s  d e t e r mi n a t i o n ,  i . e .  t h e  i n t e g r i t y  
of  t h e  p i l e .

A. Holeyman (W rit ten  d i s c u s s io n )

DISK SPRING CAP
Comments to the d isc u s s io n  by T. Iwanowski

Th e  d i s k  s p r i n g  c a p  i s  p r e s e n t e d  b y  Mr  T .  
I wa n o ws k i  as  a n  i mp r o v e d  wa y  of  t r a n s mi t t i n g  t h e  
e n e r g y  of  a h a mme r  t o a p i l e  t o  be  d r i v e n .  Owi n g  
t o  i t s  p r e s t r e s s e d  c o n d i t i o n ,  t h i s  n e w c a p  d e v e ­
l o p s  u p o n  i mp a c t  a mo r e  r e c t a n g u l a r  p u l s e  s h a p e  
t h a n  a " c o n v e n t i o n a l ”  h e l me t .  Th e  b e n e f i t s  r e ­
p o r t e d  f r o m t h i s  p r o c e s s  a r e :
1.  Re d u c t i o n  of  p e a k  s t r e s s
2 .  t y p i c a l l y  a d o u b l i n g  of  t h e  p e n e t r a t i o n ,  
s u p p o s e d l y  f o r  t h e  s a me  b l o w.  As  a wa y  t o 
c o n v i n c e  o u r s e l v e s  of  t h e  u s e f u l n e s s  of  s u c h  a 
d e v i c e ,  we h a v e  f o l l o we d  a s t r a i g h t f o r wa r d  
a n a l y t i c a l  a p p r o a c h , n a me l y  t he  wa v e  e q u a t i o n  
me t h o d  as  d e v e l o p p e d  by  Smi t h  ( 1 9 6 0 ) .

T h e  p i l e  c h o s e n  f o r  t h i s  a n a l y s i s  h a d  t h e  f o l ­
l o wi n g  f e a t u r e s  :
-  p r i s ma t i c  r e i n f o r c e d  p r e c a s t  c o n c r e t e  p i l e
-  l e n g t h  : 24 m
-  c r o s s  s e c t i o n  : 0 . 0 8
-  l i n e a r  ma s s  : 2 0 0  k g / m
-  c o mp o s i t e  mo d u l u s  : 4 2 5 0 0  MN/ m^
T h e  r e s i s t a n c e  of  t h e  s o i l  c a n  be  d e s c r i b e d  as  
f  o 1 l o ws  :
-  n o  s k i n  f r i c t i o n
-  r e s i s t a n c e  of  t h e  b a s e  : e l a s t i c - p l a s t i c  wi t h  

v a l u e s  o f  t h e  r u p t u r e  c h o s e n  at
R = . 0 . 0 4 / 0 . 4 0 / 1 . 2 0 / 2 . 4 0  a n d  4 . 0 0  MN 
Qu a k e  : Q = 2 . 5 4  mm 
Da mp i n g :  J = 0 . 5  s / m

T h e  h a mme r  h a d  a ma s s  of  3 , 6 0 0  k g  a n d  t h e  d r o p ,  
wi t h  a n  e f f i c i e n c y  of  0 . 8 ,  wa s  0 . 3 / 0 . 6 / 1 . 2  a n d  
1 . 8  m.
T h e  c o n v e n t i o n a l  h e l me t  we u s e  h a s  t h e  f o l l o wi n g
a v e r a g e  p r o p e r t i e s ,  me a s u r e d  i n  t h e  l a b o r a t o r y ,
a f t e r  n o r ma l  we a r  :
s t i f f n e s s  : k  = 4 0 0  MN / m
h e i g t h  : h =  0 . 3  m
ma s s  : M = 3 5 0  k g

T h e  p r e s t r e s s e d  h e l me t  we mo d e l i z e d  i n  o u r  c o m­
p u t e r  c o d e  h a d  t h e  f o l l o wi n g  f e a t u r e s  : 
s t i f f n e s s  : k  = 4 0 0 0  MN/ m u n t i l  0 . 8  MN ;

f r o m t h e n  on  k  -  55 MN/ m 
h e i g h t  : h = 0 . 8  m
ma s s  : M =  7 5 0 k g

T h e  c o e f f i c i e n t  of  r e s t i t u t i o n  wa s  c h o s e n  f o r  
s i mp l i c i t y  f o r  b o t h  ma t e r i a l s  e q u a l  t o 1 , as  i t s  
i n f l u e n c e  i s  n o mi n a l ,  as  e v i d e n c e d  by  De s a i  a n d

Ch r i s t i a n  ( 1 9 7 7 ) .  F i g u r e  1 c o mp a r e s  t h e  l o a d i n g  
c u r v e s  o f  t h e  t wo  p i e c e s  of  e q u i p me n t  c o n s i d e ­
r e d .  T h e  p a r a me t r i c  s t u d y  wh i c h  h a s  b e e n  c o n d u c -

(MN)F

d u c t e d  s h o ws  t h a t :
-  t h e  p e a k  s t r e s s  i n d u c e d  i n  t h e  p i l e  wi t h  t h e  

p r e s t r e s s e d  h e l me t  i s  v a r y i n g  b e t we e n  7 0% 
( d r o p  *  1 . 8 m)  a n d  9 0% ( d r o p  = 0 . 3 m)  o f  t h e  

s t r e s s  d e v e l o p p e d  by  t h e  c o n v e n t i o n a l  h e l me t
-  t h e  s e t ,  o b t a i n e d  by  t h e  d e d u c t i o n  o f  t h e  q u a ­

k e  f r o m t h e  ma x i mu m t o e  p e n e t r a t i o n ,  i s  s ma l ­
l e r  wi t h  t h e  p r e s t r e s s e d  h e l me t  f o r  v a l u e s  of  
t h e  r e s i s t a n c e  a t  t h e  b a s e  of  2 . 4  a n d  4 MN,  i s  
a b o u t  e q u a l  f o r  t h e  b a s e  r e s i s t a n c e s  of  1 . 2 MN 
a n d  i s  l a r g e r  f o r  b a s e  r e s i s t a n c e  e q u a l  t o  0 . 4  
a n d  0 . 0 4 MN.  ( a b o u t  2 0 %)

F i g . 2 s h o ws , a s  a f u n c t i o n  of  t i me  t h e  f o r c e  d i a ­
g r a ms  r e a c h i n g  t h e  b a s e  wi t h  b o t h  p i e c e s  of  e -  
q u i p me n t  i n  t h e  c a s e  of  a d r o p  of  1 . 2  a n d  a b a s e  
r e s i s t a n c e  of  1 . 2 MN.  On e  n o t i c e s  i n d e e d  t ha t "  t h e  
s h a p e  of  t he  p u l s e  19 mo  r e r e c t a n g u l a r  a n d  p e a k  
l o we r  wi t h  t h e  p r e s t r e s s e d  h e l me t .  Bu t  t h i s  d o e s  
n o t  a f f e c t  t h e  p e n e t r a t i o n  s i g n i f i c a n t l y  s i n c e  
t h e  c o r r e s p o n d i n g  s e t s  we r e  f o u n d  e q u a l  t o  1 3 mm 
f o t  t h e  p r e s t r e s s e d  h e l me t  v e r s u s  1 2 mm f o r  t h e  
c o n v e  n t  i o n a l .

Th i s  d i s c r e p a n c y  wi t h  t h e  s e c o n d  b e n e f i t  me n t i o ­
n e d  by  Mr  I wa n o ws k i  c a n n o t  be  e x p l a i n e d  by  t h e  
d i f f e r e n c e  i n  c o e f f i c i e n t s  of  r e s t i t u t i o n  s i n c e
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t h e  s e t s  a r e  f a i r l y  l a r g e ,  n o r  by  t h e  l a c k  of  
f r i c t i o n .  As  t h e  wo r l d - wi d e  a c c e p t e d  s c h e me  of  
t h e  e q u a t i o n  s h o u l d  n o t  be  q u e s t i o n e d  f o r  e l a ­

s t i c  b o d i e s ,  o n e  wo n d e r s  a b o u t  i t s  a d e q u a n c y  i n  
d e s c r i b i n g  t h e  b e h a v i o u r  of  n o n  l i n e a r  e l e me n t s  
as  a p r e s t r e s s e d  h e l me t .

I n  o u r  v i e w,  t h e  d o u b l i n g  of  t h e  s e t  h a s  t o be 
u n d e r s t o o d  wi t h  r e s p e c t  t o  t he  a l l o wa b l e  s t r e s s  
l e v e l  i n  t h e  p i l e .  I n d e e d ,  t h e  s a me  p e a k  s t r e s s  
i s  i n d u c e d  wi t h  a d r o p  of  0 . 9 7 m o n  a c o n v e n t i o ­
n a l  h e l me t  a n d  wi t h  a d r o p  of  1 . 8 m on  a p r e -  
s t r e s a e d  h e l me t .  Fo t  t h o s e  t wo  b l o ws  t h e  r e s p e c ­
t i v e  s e t s  a r e  9 . 5 mm a n d  1 8 . 5 mm,  wh i c h  i s  a b o u t  
d o u b l e  of  t h e  p e n e t r a t i o n ,  wi t h  t h e  s a me  s a f e t y  
as  t o t h e  s t r u c t u r a l  i n t e g r i t y  of  t h e  p i l e .

Re f e r e n c e s .

1.  E . Smi t h  ( 1 9 6 0 )  : " Pi l e .  Dr i v i n g  An a l y s i s  
u s i n g  t h e  Wa v e  Eq u a t i o n " .

ASCE.  J o u r n a l  of  t h e  So i l s  Me c h a n i c s  a n d  
F o u n d a t i o n  d i v i s i o n ,  a u g u s t  1 9 6 0 .

2.  C. De s a l  a n d  J . Ch r i s t i a n  : ( 1 9 7 7 ) .
Nu me r i c a l  Me t h o d s  i n  Ge o t e c h n i c a l  
En g i n e e r i n g  : Me  Cr a w Hi l l ,  Ne w Yo r k .

T. Iwanowski and B. Larsson (W rit ten  d iscuss io rr)

FIELD PILE ANALYSIS BASED ON STANDARD INSTRUMENTS

A modern application of the minicomputer signi­
ficantly facilitates field analysis of pile be­
haviour and soil resistance during pile driving. 
Principles of the analysis, derived from the 
onedimensional wave propagation theory are widely 
accepted as a useful tool for modern pile const­
ruction control. The hitherto used systems, 
based on these principles, are bounded by limi­
ted performance of analog devices applied in the 
field or by nonportability of large computers. 
Developed by Piling Development in cooperation 
with Uppsala University the PiD Piling Analysis 
System avoided these disadvantages. Due to app­
lication of a digital storage oscilloscope with 
floppy disc memory, an easily portable digital 
minicomputer and digital plotter, the system 
can fully operate in the field in relatively 
rough environment, performing all operations 
in very short time. The system consists of: 
a pair of strain transducers and accelerometers,

attached during the measurement to the pile si­
des close to the pile head; connection box equip­
ped with calibration circuits (including shunt 
resistance calibration of the strain bridge);
PiD Piling Pre-Analyzer (including preamplifier 
and integration circuits and digital display of 
maximum force and velocity values for each ham­
mer blow); Nicolet digital storage oscilloscope 
with floppy disc memory connected by the inter­
face to HP-85 minicomputer and digital plotter. 
The measured signals proportional to the force 
and particle velocity of the pile are stored in 
the oscilloscope memory during pile driving, 
and automatically sent to HP-85 minicomputer.
The HP-85, programmed in Basic and Assembler 
performs all of computation and the following 
diagrams are automatically plotted within 2-4 
minutes:
- force vs. time
- velocity/particle velocity/vs. time

Force&(Vel.* a c o u s t i c  imp.)

PiD

PILE 20 SUPP 6 LP=65.0 

in BRIDGE IN UPPSALA-810225 

PILE 270*270mm: H=.5m

Force
'PILING DEVELOPMENT 

PILE 20 SUPP 6 Lp=65.0 

BRIDGE IN UPPSALA-810225 

[PILE 270*270mm: H=.5m

| F.ax=134 T

F»in°  -3 5 T, 19« from gauge« 

!Vm x - 1. 90 n / .

¡Fnax/ Vnax0 71 T«/ n 

IW-1.73 T«

Rd=153 T 

R.-1 1 9  T 

T2 -3 2 .7  me 

To» .3 0

F o rc e -(V e l .x  a c o u s t i c  imp.

R .W -1 5 8  T 

RamaxB124 T

Fig. 1 Examples of pile documentation (page 1 and 2) obtained in field during measurements in 
Uppsala by means of PiD Piling Analysis System.
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- force and (velocity x acoustic pile impedan­
ce) vs. time

- difference between force and (velocity x 
acoustic pile impedance) vs. time

- pile head displacement vs. time
- dynamic and static pile bearing capacities 

vs. time/in a case of a large elasticity 
under the pile tip causing underestimated 
values of pile capacity/.

Besides these curves, the following data are 
printed on the diagram chart:
- maximum force of the initial impact wave
- maximum tensile force and its location along 

the pile
- Maximum velocity/particle velocity/ of the 

initial impact wave
- actual acoustic pile impedance
- energy transferred to the pile
- dynamic and static pile bearing capacities
- time for wave reflection.

These diagrams and figures give reasonable data 
not only for prediction of total pile bearing 
capacity, but they can also be used for pile in­
tegrity check, show distribution of skin fric­
tion and influence of pile tip elasticity. There

Y. Nishida  (W rit ten  d isc u ss io n )

Mr.Kilker el (Paper 7/20) presented an in- 

trested information of the influence of effect­

ive stress on SPT-N Values. N-Values is depend­

ent on meny factors. Then the writer would like 

to present the following relationship, from an 

analogous study to the expansion of semi-spher­

ical cavity in soils around a pile base, for 

the coefficient of driving efficiency e^, the 

angle of friction 0, Poissons ratio U  , Youngs 

modulus F, the overburden pressure pQ of soils:

.. -2sinfb 
E(3-sin0) t 1+sinizS „
rap^T+i» J -°-25

E is dependent on the value of pQ and it is fou­

nd that Eocpo or EocjjT by the experimental data. 

Then it may be concluded that 

NckC1/(A + B p*) 

where A and B are some constants and o<,= ¡/j ~/,0 

fov practical soils. The above expression may 

give an estimation of influence of effective st­

ress on N-Values quantitativly.

The writer would like to emphasises that 

the coefficient of lateral earth pressure again­

st a pile shaft, K, is much dependent on the 

displaced soil volume due to the lateral thrust 

by the pile. By studying a cylindrical expansion 

of soil around a pile shaft the writer can pres­

ent the following relationship between the K and

e 243 (3-sinijS) \ 
f 3pQ (l+sin0)1

is additionally printed all information des­
cribing pile length, pile location, the date 
of measurement etc., so within 2-4 minutes the 
full pile documentation is ready. Also the floppy 
discs with recorded measured signals can be 
stored for possible further analysis. The HP-85, 
after connecting through telephone modem can 
also be used as terminal for communication with 
a host computer to perform more sophisticated 
wave equation analysis. Such results can be sent 
back and be available in the field in relatively 
short time.
The very important advantage of the PiD Piling 
Analysis System is its easiness of operation.
The system doesn't require any computer or pro­
gramming knowledge from the operator, and all 
operations are instructed through the minicom­
puter screen.
Thus, due to application of new computer techno­
logies, engineers have obtained a new efficient 
tool for field control fo pile structures as 
well as of performance of piling equipment. It 
is to be noticed that this is obtained by using 
a standard digital oscilloscope and a standard 
minicomputer in combination with a specially 
designed Pre-Analyzer.

the coefficient of earth pressure atrest.

where 0 ^ 2  2 (V  +sin0) / (l+sin0+2^) , l> is Poissons 

ratio and 0 is the angle of friction of sands, 

a is the radius of a pile and R is the radius of 

compacted zone of soils by a pile depending on 

Youngs modulus of soils. In practice R/a has 

the value of 2 6 for sands.

The above relationship will give that K is 

1.0~1.5 for a driven pile while less value for 

a bored pile than Kq . It may be suggestive to 

reports by Mr.Klos el (8/34), by Mr.Lindqvist el 

(8/36), by Mr.Meyerhof el (8/39) , by Mr.Mohan el 

(8/41), by Mr.Trenter e l (8/59), by Mr.Velloso 

el (8/60) and by M r .Balasubramaniam el (8/4).

When the pile formula (dynamic formula) is 

applied to predict.the bearing capacity of a 

pile, it is necessary to assess the elastic de­

formation of soils per blow in advance. Accord­

ing to the writer's study it can be concluded 

that the elastic compression of soils under a 

pile base is(0.1~ 6 .2) times pile radius for 

sands and (0.5's"0.7) times pile radius for nor­

mally consolidated clays when the pile penetra­

tes in to the ground by a hammer driving. This 

numerical data may be suggestive to reports by 

Mr.Moe el (8/40) and by Mr .Lindqvist(8/36) .

K Î K Î K  +
O — - o

sinp

2 ( i^+sin^)
- K

1 + si
1 -

1 +
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M r .Lindqvist applied Boussinesq equation 

to calculations of the displacement due to skin 

friction force. However the writer believes that 

Mindlin's equation is better ter-do in this case 

as well known.

Mr.Steenfelt el(Paper 8/56) presented the 

very instructive data. Then the writer would 

like to ask the influence of the ratio between 

the pile diameter and the chamber diameter on 

the generated pore pressure, since the ratio 

seems to be 10 in this experiment. According to 

the writer's study on the excess pore pressure 

in group piles, A  u in the failured zone may 

be :

,2

£ u = cu [
14_ f 2 ( 1 0  R + 4 log(5)W 
3. 1- u  bZ r

3 + (1-2 L> )
(1+P ) R

(1-y ) b
2 + 2 log (£)j ]

where cu is the undrained shear strength,V is 

Poissons ratio and A is the coefficient of 

pore pressure. R id the radius of failured zone 

and b is the radius of chamber in this case, r 

is the radial distance from the pile axis, (r 

^ R ^ b )  . R is dependent on both b and youngs 

modulus of clays and the above expression is 

limited within the zone r^R. The Author's 

eq. (2) is effective only for 2/=: 0.5 and no ver­

tical deformation (plane strain condition). If 

the vertical deformation is allowed 

d A u /  d(log r) = -(4/3)cu 

even if A is 1/3.

M. Popescu and V. Laber (W rit ten  d i s c u s s io n )  

THE YIELD FORCE ON STABILIZING PILES IN A ROW

Pi l es wer e wi del y  used i n r ecent  year s as a l andsl i de c on ­
t r ol  wor k.  The l at er al  f or ce ac t i ng on pi l es used f or  s t a­
bi l i z i ng mov i ng sl opes i s t he smal l es t  of  t he f ol l owi ng t wo 
f or ces : ( 1)  t he ear t h t hur st  necessar y  t o st op t he sl ope 
movement ,  (2)  t he l at er al  soi 1- pi l e i nt er ac t i on yi el d 
f or ce.  The f i r st  f or ce can be cal cul at ed by means  of  c on ­
vent i onal  s l ope s t abi l i t y  equi l i br i um met hods.

The pr obl em of  t he yi el d pr essur e has been anal ysed by I t o 
and Mat sui  ( 1975)  cons i der i ng t he i nt er val  bet ween pi l es,  
i n or der  t o r epr esent  t he compl i cat ed mechani sm of  t he 
i nt er act i on bet ween pi l es and pl ast i cal l y  def or mi ng soi l  
wi ch i s obl i ged t o squeeze bet ween t he pi l es i n a r ow 
( f i g. 1) . De Beer  and Car pent i er  ( 1977)  made si mi l ar  c al cu ­
l at i ons based on modi f i ed assumpt i on r egar di ng t he st r ess 
st at e ar r ound pi l es.  Compar i ng t he obser ved l at er al  f or ces 
on t he s t abi l i z i ng pi l es agai ns t  l ands l i des wi t h t he val ues 
cal cul at ed accor di ng wi t h t he t heor y of  t he above ment i oned 
aut hor s,  a good agr eement  of  t he or der  of  magni t ude was 
f ound. The val ues cal cul at ed by I M f or mul a ar e al ways 
gr eat er  t han t he val ues  cal cul at ed by DBC f or mul a,  t he di f ­
f er ences bei ng t he l ar gest  f or  t he case c=0.

Fi g. 1

The t heor et i cal  equat i ons of  t he l at er al  f or ce p act i ng on 
pi l e per  uni t  t hi ckness  of  soi l  l ayer  ar e r at her  c ompl i ­

cat ed.  Consequent l y  i t  was cons i der ed appr opi at e t o pr e ­
par e a set  of  pl ot s gi v i ng t he var i at i on of  p wi t h soi l  
st r engt h par amet er s  c and t g0,  as pr esent ed i n f i g. 2.
These pl ot s al l ow r api d det er mi nat i on of  p0 , at  z=0,  and 
Pj q , at  z=10 m,  z bei ng measur ed f r om t he sl ope sur f ace.
As t he l at er al  f or ce i ncr ease l i near l y as z i ncr eases,  t he 
val ues  Ph ar e obt ai ned by l i near  i nt er pol at i on bet ween pQ 
and P] q > when l at er al  def or mat i on occur s i n a soi l  l ayer  
of  t hi ckness Ĥ I O m.

The l at er al  f or ce i ncr eases as t he r at i o B/ D ( cl ear  i nt er ­
val  bet ween pi l es / cent er - t o- cent er  i nt er val )  dec r eases and 
i t  i ncr eases r api dl y  as B/ D decr eases st i l l  mor e,  i n t he 
case of  a cons t ant  di amet er  of  pi l e,  d.  As t he usual  i n­
t er val  D= ( 3“ 5) d , a medi um r at i o B/ D= 0. 7 was consi der ed 
i n f i g. 2.  The l at er al  f or ce p i ncr eases as d i ncr eases and 
t hi s r el at i on i s l i near  when B/ D i s const ant .  Consequent l y  
a second l i near  i nt er pol at i on i s necessar y  t o obt ai n t he p 
val ue f or  a pi l e di amet er  d?*1 m or  3 m,  as r epr esent ed i n 
f i g. 1.

I t  mus t  be emphas i zed t hat  an over es t i mat i on of  t he l at er al  
f or ce act i ng t he pi l e i s a Saf e assumpt i on f or  t he pi l e 
st abi l i t y,  but  an unsaf e assumpt i on f or  t he over al l  s l ope 
st abi l i t y,  and v i ce- ver sa ( f i g . 1) .  On t hi s l i ne i t  i s r e­
commended t o use t he I M val ues f or  pi l e s t abi l i t y anal ysi s 
and DBC val ues  f or  s l ope s t abi l i t y anal ys i s .

Al so i t  mus t  be r emember ed t hat  t he pl acement  of  pi l es  be ­
f or e t he occur ence of  a s l i de i s an economi cal  measur e.  I f  
t he sl i de has occur ed,  t he soi l  i s di st ur bed and i t s s he ­
ar i ng r es i s t ance par amet er s  ar e r educed because of  r emol ­
di ng,  and mor e pi l es ar e needed t han when t hey ar e pl aced 
bef or e t he sl i de ( De Beer ,  1977) .

REFERENCES

De Beer ,  E.  ( 1977)  : " Pi l es subj ec t ed t o st at i c  l at er al  
l oads" ,  Pr oc.  Spec.  Ses . 10,  9t h I CSMFE,  Tokyo.
De Beer ,  E. ,  Car pent i er ,  R.  ( 1977)  : " Di scuss i on on a paper  
by I t o and Mat sui " ,  Soi l s and Found, ,  no.  1.
I t o,  T. ,  Mat sui ,  T.  ( 1975)  : " Met hod t o es t i mat e l at er al  
f or ce act i ng on st abi l i z i ng pi l es" ,  Soi l s and Found. ,  no. 1».
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F i g . 2

G. Ramaswamy and N. K. J a in  (W ri t ten  d i s c u s s io n )

On A SIMPLIFIED ANALYSIS OF PILES WITH LATERAL LOADS 
by C.S. Oteo and J .  V a le r io ,  V o l .2 ,  p 795.

Aut hor s have suggest ed t he use of  * equi ­
val ent  cant i l ever  met hod’ t o det er mi ne t he 
def l ect i on at  t he pi l e head and t he maxi mum 
moment  f or  par t i al l y embedded pi l es.  A si mi l ar  
appr oach had been suggest ed by Davi sson and 
Rgbi nson( 1965).  The pr esent  anal ysi s ( by t he 
aut hor s)  i s based on el ast i c behavi our  of  
soi l  wher eas t he anal ysi s by Davi sson and 
Robi nson( 1965) i s based on modul us of  sub­
gr ade r eact i on t heor y.

The wr i t er s have obt ai ned a r i gor ous 
sol ut i on f or  def l ect i on,  moment  et c.  based on 
modul us of  subgr ade r eact i on t heor y f or  par ­
t i al l y embedded pi l es subj ect ed t o ver t i cal  
and l at er al  l oads.  Based on t he r esul t s of  
t he anal ysi s t he wr i t er s have t he f ol l owi ng 
poi nt s t o make.

1.  I t  i s t r ue t hat  t he maxi mum moment  i n t he 
pi l e i s not  t he f i xed and moment  of  t he 
equi val ent  cant i l ever  and needs t o be 
cor r ect ed usi ng a r educt i on f act or ( m)  as 
suggest ed by t he aut hor s.  Hi e t heor at i cal  
val ues of  m pr esent ed by t he aut hor s,  
cl osel y agr ee wi t h t hose obt ai ned by t he 
wr i t er s.  However ,  i n t he opi ni on of  t he 
wr i t er s,  a cor r ect i on t o t he t heor at i cal  
val ues of  m based on exper i ment al  val ues 
i s not  war r ant ed as t he moment  measur e­
ment s ar e t hr ough i ndi r ect  means usi ng 
r ost l y st r ai n gauges and t hese ar e not  
gener al l y so accur at e as t o t r eat  t hem
as act ual  val ues.

2.  Aut hor s have made no ment i on r egar di ng 
t he posi t i on of  maxi mum moment .  The 
posi t i on of  maxi munkomai t  bel ow t he 
gr ound l evel  i s not  equal  t o t he dept h of  
f i xi t y.  The posi t i on of  maxi mum moment

depends on t he unsuppor t ed l engt h of  t he 
pi l e.  The r esul t s of  t he anal ysi s by t he 
wr i t er s i s pr esent ed i n Tabl e 1.

3.  The axi al  l oad i ncr eases t he def l ect i on 
of  t he pi l e head and t he maxi mum moment  
si gni f i cant l y and need t o be t aken i nt o 
account  i n t he f l exur al  anal ysi s of  
par t i al l y embedded pi l es.

Tabl e 1 -  Posi t i on of  Maxi mum Moment  and 
Dept h of  Fi xi t y.

Unsuppor t ed
l engt h

Zu = Lu/ R

Dept h of  Fi xi t y 
of  equi val ent  
cant i l ever  
Zf  = Lf / R

Posi t i o 
mum men 
gr ound 
Zm = I

n of  Maxi -  
l ent  bel ow 
l evel  
m/ R

Pi l es
i n

Cl ay

Pi l es
i n

Saad

Pi l es
i n

Cl ay

Pi l es
i n

Sand

1.0 l .>*6 1.85 0. 9* O.96

2.0 1M 1. 82 0. 36 0. 8*f

3. 0 1. 38 1. 79 0. 26 0.66

*+.0 1. 35 1. 78 0.21 0. 58

wher e

Lu = di mensi onal  unsuppor t ed l engt h

Lf  = di mensi onal  dept h of  f i xi t y

L = di st ance bel ow G. L.
01

R = r el at i ve st i f f ness f act or



For  cl ay -  R = ^ / Epl p

K.  = modul us of  hor i zont al  subgr ade 
r eact i on

For  sand R = ^ / EPJP 

*n

n^ = const ant  of  hor i zont al  subgr ade 
r eact i on

Resul t s pr esent ed i n Fi g, 1* by t he aut hor s 
ar e f or  f r ee pi l e head condi t i on.  I n pi l e 
gr oups t he pi l e head i s l i kel y t o be 
f i xed t o some degr ee or  ot her .  Fi xi t y of  
pi l e head woul d si gni f i cant l y af f ect  t he 
pi l e def l ect i on and i u>ment .  I n vi ev of  
t hi s t he r esul t s pr esent ed i n Fi g. J+ have 
l i mi t ed appl i cat i on.

m m m s s .

Davisson,M.T. and Robinson, K.E,(1965), Bend­
ing and Buckling of Partially Embedded 
Piles, Proc. VI.ICSMFE, Vol. 2,p.243-246, 
Montral, Canada.

M. Roy (W ri t ten  d i s s c u s s io n )

The c omment s  on t he met hods  t o use t o c al c u l a t e  t he 
s haf t  r es i s t anc e of  pi l es  i n c l ay  hav e been made dur i ng 
t he panel  d i s c us s i on and i t  was  c l ear  t hat  t he t ot al  
s t r es s  appr oac h us i ng t he undr a i ned s hear  s t r eng t h  i s  
s t i l l  ex t ens i v e l y  used.  I  wou l d  l i ke,  i n t hi s  di scuss i on,  
t o emphas i z e on  t he bas i s  of  ex per i ment a l  ev i denc es  t hat  

t he e f f ec t i v e  s t r es s  c ont r o l s  t he s haf t  bear i ng  c apac i t y  
dur i ng t he dr i v i ng, t he c ons o l i dat i on and t her eaf t er .

Ful l  s c al e i nv es t i gat i ons  wi t h  s t eel  pi l es  hav i ng 
an out s i de d i amet er  of  22 cm wer e c ar r i ed out  on t he 
St . Al ban t es t  s i t e t o s t udy  t he behav i our  o f  f r i c t i on p i ­
l es  d r i v en i n s of t  s ens i t i v e c l ay  of  mar i ne or i gi n.  The 
St . Al ban c l ay  be l ongs  t o Champl a i n  c l ay  depos i t s  whi c h  
hav e been f or med dur i ng t he nor t her l y  r ec es s i on of  t he 
Wi s c ons i n  i ce s heet  bet ween 12000 and 8000 y ear s  bef or e 
pr es ent .  The c l ay ,  wh i c h  has  been t he ob j ec t s  of  many  
i nv es t i gat i ons  has  been des c r i bed i n many  paper s  
( La Roc hel l e  et  al  1974 and Roy  et  al  1981)  and we r ef er  
t he r eader  f or  mur e det ai l s  on  i t s  ma i n  c har ac t er i s t i c s .

I n our  p r ogr am pi l es  wer e  d r i v en and l oaded t o f a i ­
l ur e at  d i f f er ent  t i me i nt er v al s  t o i nv es t i gat e  t he c han ­
ge i n bear i ng  c apac i t y  wi t h  t i me.  The pi l e was  l oaded t o 
f ai l ur e at  t i me i nt er v a l s  of  14,  91,  189,  472,  790 hour s  
and t wo y ear s .  Pi l e  l oads  wer e appl i ed i n i nc r ement s  
of  6, 67 k N mai n t a i ned  f or  15 mi nut es  up t o f ai l ur e.  Du ­
r i ng t he t est ,  t he por e p r es s ur e r es pons e of  t he s oi l  
a r ound t he pi l e  was  moni t o r ed  by  Geonor  p i ez omet er s  i ns ­
t a l l ed at  31 c m f r om t he pi l e ax i s  and t o t he dept h of
3,  4, 6 and 6, 1 met er s .

The av er age uni t  s k i n f r i c t i on Tf  was  c omput ed at  
d i f f er ent  dept hs  dur i ng dr i v i ng.  Thes e r es ul t s  ( Roy  et  
al ,  1981)  s hown t hat  t he uni t  s k i n  f r i c t i on dec r eas es

r api d l y  as  t he p i l e  penet r at es .  Bet ween s hal l ow dept h 
and 7, 6 m dept h,  i f p dec r eas es  f r om about  15 k Pa t o 2 k Pa 
r es pec t i v el y .

The r es ul t s  obt a i ned t her eaf t er  ar e p r es ent ed i n 
f i gur e 1 as  t he r at i o Au( t ) / Au( o)  and Qs ( t ) / Qs ( t  =
2 y ear s )  i n  f unc t i on of  t i me af t er  dr i v i ng.  I t  i s  s hown 
t hat  t he s haf t  bear i ng  c apac i t y  i nc r eas es  pr opor t i ona l l y  
t o t he d i s s i pat i on of  t he i nduc ed por e p r es s ur es  dur i ng 
t he c ons ol i dat i on per i od.  Fi f t y  ( 50%)  and e i ght y  ( 80%)  
per c ent  of  t he s haf t  bear i ng  c apac i t y  ar e obt a i ned af t er  
60 and 200 hour s  of  c ons o l i dat i on r es pec t i v e l y ,  wh i l e 
f ul l  d i s s i pat i on of  i nduc ed por e p r es s ur e has  been obs er ­
v ed af t er  a per i od of  t i me l ar ger  t han 700 hour s .  Thes e 
r es ul t s  emphas i z e t he f ac t  t hat  dr ai ned c ondi t i ons  s houl d 
gov er n t he bear i ng c apac i t y  of  t he f r i c t i on pi l e  i n c l ay .  
Cons equent l y ,  t he bear i ng c apac i t y  meas ur ed  i n pi l e  t es t s  
i s  c ont r o l l ed by  e f f ec t i v e s t r es s  and i t s  ev al uat i on 
s houl d  be done wi t h  e f f ec t i v e par amet er s  c or r es pondi ng t o 
t he pr oper t i es  of  s o i l  s ur r ound i ng  i mmedi at e l y  t he pi l e.  
Then,  gr eat er  emphas i s  s houl d  pr es ent l y  be put  t o ev a l ua ­
t e t hes e par amet er s .

REFERENCES
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Fa i l u r e  of  a t es t  embank ment  on a s ens i t i v e  Champl a i n  
c l ay  depos i t .  Canad i an  Geot ec hni c a l  J our nal ,  11( 1) ,  
pp.  142- 164.
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86.
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8 2 7



ENERGIE TRANSMISE AU SOL AU COURS D'UN VIBROFONÇAGE

Dans  l e c adr e du f onç age dy nami que des p i eux  et  des  pa l -  
pl anc hes ,  nous  nous  s ommes  i nt ér es s és  pl us  pa r t i c u l i è r e ­
ment  au v i br of onç age.  L ' or i g i na l i t é  de l a" mét hode dév e ­

l oppée en l abor at oi r e p r ov i en t  de l a gamme de f r équenc e 
d ' ex c i t a t i on ut i l i s ée.  Un ex c i t a t eur  é l ec t r omagnét i que 
de no t r e  c onc ept i on per met  d ' app l i quer  en t êt e de p i eu  
ou  de pa l p l anc he une f or c e s i nus oï da l e  dont  l a f r équenc e 
peut  v ar i er  ent r e  1 500 et  3 OOO Hz ,  al or s  que l es s y s ­
t èmes  c l as s i ques  s ont  l i mi t és  à que l ques  d i z ai nes  de 
Her t z .  L ' u t i l i s a t i on de f r équenc es  é l ev ées  se t r adu i t  
pa r  des  déf or mat i ons  du p i eu  -  et  par  c ons équent  pa r  des  
dép l ac ement s  al t er nat i f s  du sol  en c ont ac t  av ec  l e p i e u  -  
de t r ès  f ai bl es  ampl i t udes .  On c onç oi t  a i s ément  l ' i n t é ­
r êt  de l a mét hode,  en par t i c u l i e r  pou r  l es  t r av aux  r éa ­
l i sés  au v oi s i nage i mmédi a t  d ' ouv r ages  ex i s t ant s .

Une pr emi è r e  s ér i e d ' es s ai s  r éal i s és  en l abor at o i r e dans  
du sabl e s ec  av ec  un p i eu  de 3 cm de d i amèt r e  et  de 3 m 
de l ongueur  a per mi s  de v ér i f i e r  qu ' i l  es t  pos s i b l e  d ' ob ­
t en i r  un f onç age e f f i c ac e à ces  f r équenc es ,  à c ondi t i on 
t out ef o i s  d ' u t i l i s e r  une des  f r équenc es  de r és onanc e du 
s y s t ème ex c i t at eur - pi eu.

Nous  av ons  ens ui t e dév el oppé une t héor i e en s uppos ant  que 
l e f r ot t ement  l at ér al  s o l - p i eu ou  s o l - pa l p l anc he es t  du 
t y pe sec .  Par al l è l ement ,  de nouv eaux  es s ai s  ont  é t é  r éa ­
l i s és  av ec  une i ns t r ument a t i on  p l us  c ompl èt e per met t an t  
l e c al c ul  des  d i f f ér ent es  pu i s s anc es  et  éner g i es  mi s es  
en j eu.  Nous  nous  p r opos ons  de pr és en t e r  i c i  que l ques  r é ­
s u l t a t s  obt enus  av ec  une pal pl anc he.

J. G.  Si ef f er t  ( Wr i t t en di scussi on)

r ai deur  : 630  MN/ m 
l ongueur  : 2, 00 m 
épa i s s eur  : 1 mm 
dens i t é : 1, 6

DI SPOSI TI F EXPERI MENTAL

Ex c i t a t eu r  : mas s e : 8, 5 k g  
Pa l p l anc he : mas s e : 2, 3 k g

l ar geur  : 15, 0 c m 
Sol  : s abl e s ec
Fr équenc e d ' ex c i t a t i on : 2 678 Hz.

La mes ur e de l a f or c e appl i quée p a r  l ' ex c i t a t eur  à l a 
pal p l anc he,  de l ' ac c él ér at i on de l a s ec t i on s upér i eur e 
de l a pa l p l anc he et  de l ' enf onc ement  en f onc t i on du  t emos  
per met  de dét er mi ner  l ' éner g i e  Ef  f our ni e pa r  l ' ex c i t a ­

t eur ,  l ' éner gi e E^  di s s i pée pa r  amor t i s s ement  i nt er ne 

dans  l a pa l p l anc he et  p a r  di f f ér enc e,  l ' éner gi e Eg 

mi s e au sol .

RESULTATS

t r ans -

La f i gur e 1 p r és ent e  l ' év o l ut i on de l ' éner g i e  ( Ê )  f our ­

n i e p a r  l ' ex c i t a t eur  et  de l ' éner gi e ( Ê )  t r ans mi s e  au

s ol  en f onc t i on de l a f i che.  Les  c our bes  r epr és ent at i v es  
s ont  b i en év i demment  c r o i s s ant es  et  f ont  appar aî t r e  une

as y mpt ot e v er t i c a l e c or r es pondant  au r ef us.  Ce r és ul t at  
es t  l ogi que pu i s qu ' au  r ef us  l ' éner gi e s er t  un i quement  à 
ent r e t en i r  l es os c i l l a t i ons  dans  l a pal pl anc he.

La  f i gur e 2 r epr end l es mêmes  r és ul t at s  en f ai s ant  appa ­
r aî t r e  p l us  c l a i r ement  l a r épar t i t i on ent r e l ' éner gi e 
t r ans mi s e au s ol  et  l ' éner g i e  di s s i pée pa r  amor t i s s ement  
i nt er ne de l a pal pl anc he.  On r emar quer a que l a  par t  de 
l ' éner gi e t r ans mi s e au sol  augment e av ec  l a  f i c he pou r  
at t e i ndr e env i r on 75 % de l ' éner gi e f our ni e au v oi s i nage 
du r ef us .

CONCLUSI ON

L ' i n t é r ê t  de cet t e ét ude es t  d ' av o i r  pu  about i r  à l ' es t i ­
mat i on de l a r épar t i t i on des  d i f f ér ent es  éner g i es  mi s es  
en j eu.  Un es s ai  d ' en f onc ement  s t at i que a ét é r éal i s é à 
l ’ ai de d' un v ér i n  av ec  l a même pa l p l anc he et  dans  l e même 
sol .  La  f i gur e 1 mont r e  que l e b i l an  éner gét i que es t  f a ­
v or abl e au v i br of onç age,  s auf  au v o i s i nage du  r ef us .  I l  
s ' agi t  l à d ' un ar gument  i mpor t ant  en f av eur  du v i b r o f on ­
ç age à f r équenc e él evée.  Une ét ude es t  ac t ue l l ement  en 
c our s  pour  e f f ec t uer  une c ompar ai s on anal ogue dans  l e 
cas  du bat t age.

E n e r g i e . J _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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M. Wallays (W rit ten  d isc u s s io n )

ULTIMATE BEARING CAPACITY OF AXIALLY LOADED DRIVEN AND 
BORED PILES - CONE PENETRATION TESTS (CPT)

Th e  c o n e  r e s i s t a n c e s  g i v e n  by  t h e  c o n e  p e n e t r a ­
t i o n  t e s t  c a n  be  c o n s i d e r e d  as  t h e  u l t i ma t e  
b e a r i n g  c a p a c i t i e s  g i v e n  by  s u c c e s s i v e  l o a d i n g  
t e s t s  on  t h e  b a s e  of  a l o w d i a me t e r  p i l e .  Be c a u ­
s e  o f  t h e  d i a me t e r  d i f f e r e n c e ,  t h e  p i l e  wi t h  
a l a r g e r  d i a me t e r  mu s t  be  d r i v e n  d e e p e r  t h a n  t h e  
p e n e t r o me t e r ,  i n  o r d e r  t o  a f f o r d  t h e  s a me  b a s e  
r e s i s t a n c e  i n  a s o i l  wi t h  u n i f o r m c h a r a c t e r i s ­
t i c s . T h i s  c a n  be  o b s e r v e d  e x p e r i me n t a l l y  ( e . g .  
f i g  2 t o 4 ) , a n d  i s  d u e  t o  t h e  f a c t  t h a t  t h e  b a s e  
r e s i s t a n c e  d e p e n d s , f o r  a ma i n  p a r t , o n  t h e  d e v e -
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Fig .  2 F ig .  4

l o p me n t  i n  t h e  c o mp e t e n t  l a y e r  of  t h e  s l i p  s u r ­
f a c e  c o mp a r e d  t o  t he  p i l e  d i a me t e r  ( f i g . l ) .  He n ­
c e ,  wh e n  i t  i s  wa n t e d  t o a s s e s s  t h e  d i a g r a m of  

t h e  b a s e  r e s i s t a n c e  v e r s u s  d i a me t e r  Qf  a l a r g e  
p e n e t r o me t e r  wi t h  t h e  s a me  d i a me t e r  as  t h e  p i l e ,  
t h e  d i a me t e r  r a t i o  h a s  t o  be t a k e n  i n t o  a c c o u n t .  
Di f f e r e n t  a u t h o r s ,  a mo n g  t h e m Be g e ma n ,  De  Be e r ,  
a n d  Me y e r h o f  h a v e  p r o p o s e d  me t h o d s  f o r  a s s e s s i n g  

t h i s  s c a l e  e f f e c t .  I n  h i s  1 9 7 1 - 1 9 7 2  p a p e r ,  De  
Be e r  p r o d u c e s  a s s e s s e d  p e n e t r a t i o n  d i a g r a ms  f r o m 
s e r i e s  of  C. P. T .  t e s t s  a v a i l a b l e  a t  t h i s  t i me  
a n d  p e r f o r me d  a t  l o c a t i o n s ,  wh e r e  t e s t s  we r e  
a f t e r wa r d s  c a r r i e d  o u t  wi t h  l a r g e r  p e n e t r o me t e r s  
o r  p i l e s ,  a n d  he  c o mp a r e d  t h e m wi t h  t h e  e x p e r i ­
me n t a l  d a t a  o b t a i n e d  wi t h  t he  l a r g e r  d i a me t e r  
p i l e s .  T h e  r e s u l t s  o f  t h e  t e s t s , c a r r i e d  o u t  
a mo n g  o t h e r s  by  Ke r i s e l  a n d  h i s  c o l l a b o r a t o r s ,  
P l a n t e ma ,  Pi e u x  F r a n k i  a n d  on  d i f f e r e n t  t y p e s  of  
p i l e s ,  we r e  u s e d  i n  De  Be e r ' s  wo r k ,  i n  o r d e r  t o 
c h e c k  i t s  v a l i d i t y .

p r o p o s e s  I n  c a s e  of  l a y e r e d  s o i l s  f o r  a s s e s s ­
me n t  of  t he  s c a l e  e f f e c t .  He r e , t h e  e x p e r i me n ­
t a l  d a t a  p u b l i s h e d  by  Me y e r h o f  a r e  u s e d , i n  o r ­
d e r  t o  c h e c k  o n c e  mo r e  t h e  v a l i d i t y  o f  De  
B e e r ’ s me t h o d .  I n  f i g  2,  3 a n d  4 c o r r e s p o n d i n g  
t o  t h e  t h r e e  c o n s i d e r e d  c a s e s ,  t h e  f u l l  l i n e s  
g i v e  v e r s u s  d e p t h  t h e  me a s u r e d  c o n e  a n d  b a s e  
r e s i s t a n c e s  a n d  t h e  d o t t e d  l i n e  t h e  f o r e c a s t  
l a t t e r .  As  a wh o l e ,  t h e  c o r r e l a t i o n  b e t we e n  
t h e  c a l c u l a t e d  a n d  t h e  me a s u r e d  b a s e  r e s i s t a n ­
c e s  i s  s a t i s f y i n g  . Ne v e r t h e l e s s , s o me  s l i g h t  
d i v e r g e n c e s  a r i s e  i n t h e  c r i t i c a l  t h i c k n e s s  of  
t h e  d e n s e  l a y e r  : i n  t he  u p p e r  p a r t  of  t h i s  
t h i c k n e s s ,  t h e  f o r e c a s t  v a l u e s  of  t h e  b a s e  r e ­
s i s t a n c e  a r e  s o me wh a t  t o o  l ow,  a n d  i n  t h e  l o w­
e r  p a r t , t h e y  a r e  s o me wh a t  t o o  l a r g e .  T h i s  c o n ­
c l u s i o n  i s  r a t h e r  u n u s u a l  , b e c a u s e  De  Be e r ' s  
me t h o d  i s  a r r a n g e d  i n  o r d e r  t h a t , i n  t h e  ma j o ­
r i t y  of  t h e  c a s e s , t h e  a s s e s s e d  b a s e  r e s i s t a n c e  
d o e s  n o t  be l a r g e r  t h a n  t h e  e x p e r i me n t a l  one .

I n  1 9 7 7 ,  at  t h e  T o k y o  Co n f e r e n c e ,  Me y e r h o f  p u ­
b l i s h e d  , a mo  ng  o t h e r s ,  d i a g r a ms  v e r s u s  d e p t h  of  

t h e  p o i n t  r e s i s t a n c e  me a s u r e d ,  i n  a l a y e r e d  
s o i l ,  wi t h  a 36  mm p e n e t r o me t e r  a n d  an  i n s t r u ­
me n t e d  s t e e l  p i l e  76 mm d i a me t e r ,  t h e  u p p e r  
s t r a t u m b e i n g  f o r me d  by  l o o s e  s a n d  o r  s o f t  
c l a y  a n d  t h e  l o we r  s t r a t u m by  d e n s e  s a n d .  T h e ­
s e  c o mp a r a t i v e  t e s t s  we r e  a l s o  c a r r i e d  o u t  i n  
a n  h o mo g e n e o u s  d e n s e  s a n d .  Me y e r h o f ' s  p a p e r  i s  
d e v o t e d  t o  t h e  j u s t i f i c a t i o n  of  t h e  me t h o d  h e
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r é s u l t a t s  d es  e s s a i s  de p é n é t r a t i o n .  An n a l e s  
d e s  T r a v a u x  Pu b l i c s  de Be l g i q u e  N° s 4 , 5 , 6 ,  
B r u x e l l e s .

Me y e r h o f  G G a n d  Va l s a n g k a r  A J ,  ( 1 9 7 7 ) ,  
Be a r i n g  c a p a c i t y  of  p i l e s  i n  l a y e r e d  s o i l s .  
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M. Wall ays (W ri t ten  d i s c u s s io n )

HEAVE OF DRIVEN CAST-IN-PLACE PILES

Th e  wa y  t o  e l i mi n a t e  t h e  l i f t i n g  of  t he  s h a f t  
f r o m t h e  b u l b  I s  t h e  I n c o r p o r a t i o n  o f  t h e  
r e i n f o r c e me n t  i n t o  I t , a s  i t  i s  u s u a l l y  r e a l i z e  
f o r  t e n s i l e  F r a n k i  p i l e s  : a wi n d o w of  2 -  3 
d i a me t e r s  wi t h o u t  s t i r r u p  i s  f o r e s e e n  at  t h e  
b o t t o m of  t he  r e i n f o r c i n g  c a g e .  Th i s  wi n d o w i s  
ma d e  i n d i s t o r t a b l e  at  t h e  u p p e r  a n d  l o we r  s i d e  
T h i s  c a n  b e  o b t a i n e d  wi t h  s t r o n g  t r a n s v e r s e  
r e i n f o r c e me n t s  e . g .  3 o r  mo r e  a d j a c e n t  s t i r r u p s  

( f i g - 1 ) .
Th e  r e i n f o r c i n g  c a g e  i s  p l a c e d  f r o m t h e  b e g i n ­
n i n g  o f  t h e  b u l b  c o n s t r u c t i o n  o r  wh e n  a p a r t  
o f  t h e  b u l b  16 a l r e a d y  c a r r i e d  o u t .  By  h a m­
me r i n g  n e w q u a n t i t i e s  of  z e r o  s l u mp  c o n c r e t e ,  
t h e  b a r s  of  t h e  wi n d o w a r e  d e f o r me d , s o  t h a t

8 2 9



t h e  b u l b  i a r e i n f o r c e d  wi t h  c u r v e d  b a r s  
( f i g . 2 ) .  T e n s i l e  l o a d i n g  t e s t s  h a v e  s h o wn  t h a t  
s u c h  r e i n f o r c e d  F r a n k i  b u l b s  c a n  r e s i s t  t e n s i ­
l e  f o r c e s  l a r g e r  t h a n  2 5 0 - 3 0 0  t o n n e s  ( f i g . 3 ) .

Wh e n  t h e  s h a f t  i s  r e i n f o r c e d  o n  i t s  wh o l e  
l e n g t h  a n d  t h e  r e i n f o r c e me n t  i s  i n c o r p o r a t e d  
i n t o  t he  b u l b ,  t he  r i s k  of  s e p a r a t i n g  o r  r u p ­
t u r i n g  t h e  s h a f t  of  p r e v i o u s  d r i v e n  p i l e s  i s  
e l i mi n a t e d .

Wh e n , f o r  t h e  s h a f t , 10 -  15 c m s l u mp  c o n c r e t e  
i s  u s e d  i n s t e a d  of  z e r o  s l u mp  c o n c r e t e , d r i v e n  
c a s t - i n - s i t u  p i l e s  b e i n g  wi t h i n  24  h o u r s  n o t  

i n s t a l l e d  c l o s e r  t h a n  12  s h a f t  d i a me t e r  a n d  10  
b u l b  d i a me t e r  f r o m a d j a c e n t  p i l e s  i s  u s u a l l y  
r e c o mme n d e d  . Th i s  i s  f o r  p l a s t i c  s h a f t  c onc r ' e t e  

a mo r e  s e v e r e  r e c o mme n d a t i o n  t h a n  t h e  mi n i mu m 
9 s h a f t  s p a c i n g  p r o p o s e d  by  Cl a r k  f o r  s h a f t  
d r y  c o n c r e t e .  Ne v e r t h e l e s s ,  wh e n  t h e  l o n g i t u ­
d i n a l  r e i n f o r c e me n t  e q u a l s  a t  l e a s t  1 p e r c e n t  
o f  £ h e  a r e a  of  t h e  s h a f t  s e c t i o n  a n d  i s  i n c o r ­
p o r a t e d  i n t o  t he  b u l b ,  t h e  mi n i mu m s p a c i n g  i s  
a c c e p t e d  wi t h i n  24  h o u r s  t o be  r e d u c e d  t o  6 

s h a f t  d i a me t e r  a n d  5 b u l b  d i a me t e r .  T h e  i n t r o ­
d u c t i o n  of  t h e  5 b u l b  d i a me t e r  i n t o  t h e  r e c o m­

me n d a t i o n  ma k e s  t h a t  f o r  r e l a t i v e l y  h e a v i l y  
r e i n f o r c e d  p i l e s ,  wh o s e  s h a f t s  a r e  c o n s t r u c t e d  
wi t h  p l a s t i c  c o n  e r e t e , t h i s  r e c o mme n d a t i o n  i s  
a p p r o a c h i n g  Cl a r k ' s  o n e  f o r  p i l e s  wh o s e  s h a f t  
i s  c o n s t r u c t e d  wi t h  z e r o  s l u mp  c o n c r e t e .
An  o t h e r  wa y  t o e l i mi n a t e  t h e  r i s k  o f  r u p t u r ­
i n g  t h e  s h a f t  a n d  of  l i f t i n g  t h e  b a s e  f r o m t h e  
s h a f t  i s  t o d r i v e  f i r s t  a s e r i e s  of  d r i v i n g  
t u b e s  a n d  t o c o n c r e t e  a f t e r wa r d s  t h e  p i l e s .  
T h i s  s o l u t i o n  i s  ma i n l y  s u i t a b l e  f o r  s ma l l  
g r o u p s  of  p i l e s .

T h e  d e s c r i b e d  p r e c a u t i o n s ,  t o be  t a k e n  i n  o r ­
d e r  t o e l i mi n a t e  t h e  r i s k  of  r u p t u r i n g  t h e  
s h a f t ,  c o n c e r n  a l l  k i n d  of  d r i v e n  c a s t - i n - s i t u  
p i l e s ,  wi t h  ot  wi t h o u t  b u l b .  On e  o f  t h e  a d v a n ­
t a g e s  of  t h e  b u l b ,  wh e n  i t  i s  b o n d e d  t o  t h e  
s h a f t ,  i s  t h e  e l i mi n a t i o n  of  t h e  d a n g e r  t h a t  
t h e  p i l e s  a r e  l i f t e d  s o me  mi l l i me t r e s  o r  c e n ­
t i me t r e s  o u t  of  t h e  s o i l .

Re f e r e n c e  :
Cl a r k  J , Ha r r i s  M & T o wn s e n d  D , ( 19* 81)
He a v e  of  c o mp a c t e d  e x p a n d e d  b a s e  c o n c r e t e  p i ­
l e s .  Pr o c  1 0 t h  I CS MF E , ( 2 ) , 6 6 7 - 6 7 2 , S t o c k h o l m.

R.L. Wei (W ri t ten  d i s c u s s io n )

EFFECT OF SURCHARGE ON PILE FOUNDATION

D u e  t o  s o m e  n o n - t e c h n i c a l  r e a s o n ,  a l o c k  h a d  t o  

b e  c o n s t r u c t e d  o n  a n  i n a d e q u a t e  f o u n d a t i o n .  O n e  

e n d  o f  t h e  l o c k  w a s  f o u n d e d  o n  b a s e  r o c k ,  w h i l e  

t h e  o t h e r  e n d  w a s  u n d e r l a i n  b y  a  t h i c k  s o f t  

s i l t y /  c l a y  s t r a t u m  ( F i g . 2 ) .  A s  s o o n  a s  t h e  

l o c k  h a d  b e e n  c o n s t r u c t e d ,  t h e  e x c a v a t e d  s o i l  

w a s  b a c k f i l l e d  u p  t o  t h e  o r i g i n a l  g r o u n d  s u r f a c e  

a n d  t h e n  a  1 0 m  h i g h  e m b a n k m e n t  h a d  t o  b e  c o n s ­

t r u c t e d  a d j a c e n t  t o  t h e  s i d e  p i e r  ( p i e r  # 6 ) .

I t  w a s  c o n s i d e r e d  t h a t  t h e  l a t e r a l  d e f o r m a t i o n  

o f  t h e  s o f t  c l a y  i n d u c e d  b y  t h e  e m b a n k m e n t  l o a d  

m i g h t  c a u s e  d e f l e c t i o n ,  c r a c k  e v e n  b r e a k  o f  t h e  

c a s t - i n - s i t u  c o n c r e t e  p i l e s  u n d e r  s i d e  p i e r .  

N e v e r t h e l e s s ,  o w i n g  t o  t h e  r a t h e r  g o o d  p e r m e a ­

b i l i t y  o f  t h e  s i l t y  c l a y  a n d  t h e  i n t e r b e d d e d  

f i n e  s a n d ,  i t  s e e m e d  r e a s o n a b l e  t o  t a k e  t h e  a d ­

v a n t a g e  o f  c o n s o l i d a t i o n  o f  s i l t y  c l a y  t o  r e d u c e  

i t s  l a t e r a l  d e f o r m a t i o n .  H e n c e  c o n s t r u c t i o n

b y  s t a g e s  w a s  s u g g e s t e d .  I n  t h e  f i r s t  s t a g e ,  

a n  e m b a n k m e n t  o f  l o w e r e d  a n d  r e d u c e d  s e c t i o n  

w o u l d  b e  c o n s t r u c t e d ,  a n d  t h e  c o n s t r u c t i o n  r a t e  

s h o u l d  b e  c o n t r o l l e d  a c c o r d i n g  t o  t h e  f i e l d  o b ­

s e r v a t i o n s .  I n  o r d e r  t o  m o n i t o r  t h e  d e f l e c t i o n  

o f  p i l e  a s  o n e  o f  t h e  m e a n s  o f  c o n t r o l l i n g ,  a  

p a i r  o f  i n c l i n o m e t e r s  w a s  b u r i e d  i n  o n e  o f  t h e  

p i l e s  u n d e r  t h e  s i d e  p i e r  a t  d e p t h  o f  2 . 8 m  b e l o w  

t h e  t o p  o f  p i l e .  W h e n  t h e  h e i g h t  o f  t h e  e m ­

b a n k m e n t  h a d  b e e n  r a i s e d  t o  a b o u t  6 m ,  i t  w a s  o b ­

s e r v e d  t h a t  t h e  l o c k  s e t t l e d  u n e v e n l y ,  a n d  c r a c k s  

a p p e a r e d  i n  s o m e  s t r u c t u r a l  m e m b e r s  o f  t h e  l o c k .  

T h e  v a r i a t i o n  o f  t h e  i n c l i n o m e t e r  r e a d i n g s  w a s  

v e r y  s e n s i t i v e  t o  t h e  l o a d i n g  r a t e  ( F i g . I ) ,  f o r  

i n s t a n c e ,  a s  t h e  l o a d i n g  r a t e  i n c r e a s e d ,  t h e  v a ­

r i a t i o n  o f  t h e  i n c l i n o m e t e r  r e a d i n g s  m i g h t  b e  

s p e e d e d  u p  t o  2\  t i m e s  a s  m u c h  a s  b e f o r e .

I n  v i e w  o f  t h e  d e v e l o p m e n t  o f  p i l e  d e f l e c t i o n
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a n d  t a k i n g  a c c o u n t  o f  t h e  c r a c k s  a p p e a r e d  i n  t h e  

l o c k ,  i t  w a s  d e c i d e d  t o  s l o w  d o w n  t h e  c o n s t r u c ­

t i o n  r a t e .  T h e  p l a c e m e n t  o f  s o i l  w i t h i n  a  d i s ­

t a n c e  o f  1 2 . 5 m  f r o m  t h e  s i d e  p i e r  w a s  c e a s e d ,  

a n d  b e y o n d  t h i s  r a n g e  t h e  c o n s t r u c t i o n  o f  e m ­

b a n k m e n t  w a s  c o n t i n u e d  b u t  w i t h  f u r t h e r  r e d u c e d  

s e c t i o n .  S i n c e  t h e n  t h e -  v a r i a t i o n  o f  t h e  i n c ­

l i n o m e t e r  r e a d i n g s  s l o w e d  d o w n  r e m a r k a b l y .

F i g .1  D e v e l o p m e n t  o f  d e f l e c t i o n  o f  

p i l e  w i t h  l o a d i n g  r a t e

T h e  d e f l e c t i o n  o f  p i l e  w a s  i n d u c e d  d u e  p a r t l y  

t o  t h e  l a t e r a l  t h r u s t  o f  t h e  d e f o r m e d  s o i l  m a s s  

a n d  p a r t l y  t o  t h e  d i f f e r e n t i a l  s e t t l e m e n t  o f  

p i e r .  A c c o r d i n g  t o  s o m e  p r e l i m i n a r y  p r e d i c t i o n  

t h e r e  w a s  a  n e g a t i v e  m o m e n t  a c t i n g  o n  t h e  t o p  

o f  p i l e ,  s o  i t  i s  c o n c l u d e d  t h a t  t h e  e f f e c t  o f  

t h e  l a t e r a l  t h r u s t  w a s  p r e d o m i n a n t .  A l s o  i t

T a b l e  1 D e v e l o p m e n t  o f  d e f l e c t i o n  o f  p i l e  

a n d  i n c l i n a t i o n  o f  p i e r

D a t e 1 8 / 5 2U/5 1 / 6  3 0 / 6

D e f l e c t i o n  o f  

p i l e  a t  d e p t h  

o f  2 . 8 m  ( r a d . ) 0 . 0 0 0 8 0 . 0 0 1 9 0 . 0 0 2 9  0 . 0 0 3 7

I n c l i n a t i o n  o f  

p i e r  i n d u c e d  

b y  d i f f e r e n ­

t i a l  s e t t l e ­

m e n t  ( r a d . ) 0 . 0 0 0 5 0 . 0 0 0 9 0 . 0 0 1 7  0 . 0 0 2 5

F i g .  2  T y p i c a l  c r o s s - s e c t i o n  o f  p i l e  

f o u n d a t i o n  o f  t h e  l o c k

w a s  f o u n d  t o  t o  o u r  a s t o n i s h m e n t  t h a t  l o n g  b e ­

f o r e  t h e  d e f l e c t i o n  o f  p i l e  d e v e l o p f e d  t o  0 . 0 0 0 8  

r a d . ,  t h e  p l a i n  c o n c r e t e  o f  t h e  l o w e r  p a r t  o f  

c a s t - i n - s i t u  p i l e  m i g h t  h a v e  b e e n  b r o k e n .  T h e r e ­

f o r e  i t  w a s  d e c i d e d  t o  p o s t p o n e  t h e  c o n s t r u c t i o n  

o f  e m b a n k m e n t  u n t i l  n e x t  y e a r .  O n e  y e a r  l a t e r  

o n  t h e  e m b a n k m e n t  h a d  b e e n  a c c o m p l i s h e d  w i t h  

n o r m a l  c o n s t r u c t i o n  r a t e  w i t h o u t  s e r i o u s  p r o b ­

l e m  o t h e r  t h a n  s o m e  f u r t h e r  d e v e l o p m e n t  o f  d i ­

f f e r e n t i a l  s e t t l e m e n t  a n d  c r a c k s  i n  t h e  l o c k .

I n  s u m m a r y  i t  m u f c t  b e  e m p h a s i z e H  ¿ h a t  t h e  l o a d ­

i n g  r a t e  m u s t  b e  s t r i c t l y  c o n t r o l l e d  i n  o r d e r  

t o  m i n i m i z e  t h e  u n d e s i r a b l e  e f f e c t  w h e n  t h e  

g r o u n d  n e a r  t h e  p i l e  f o u n d a t i o n  i s  s u r c h a r g e d  

i n  l a r g e  a r e a ,  a n d  t h e  l o a d i n g  r a t e  s h o u l d  b e  

k e p t  e v e n  m u c h  l o w e r  t h e n  t h a t  a d o p t e d  t o  g u a ­

r a n t e e  t h e  s t a b i l i t y  o f  t h e  f o u n d a t i o n .  T h i s  

c o u l d  b e  s e e n  f r o m  t h e  f a c t  t h a t  t h e  g r o u n d  

s u r f a c e  n e a r  t h e  e m b a n k m e n t  t o e  d i d  n o t  h e a v e  

a t  a l l  a n d  t h e _ m a x i m u m  v a l u e  o f  c o e f f i c i e n t  o f  

p o r e  p r e s s u r e  B ( = A u / / h ) i n  t h e  g r o u n d  w a s  a l s o  

l e s s  t h a n  0 . 2 5  a s  t h e  l o w e r  p a r t  o f  t h e  p i l e  

w a s  p r e d i c t e d  t o  h a v e  b e e n  b r o k e n .

G..G. Meyerhof,  Co-Chairman 

CONCLUSION OF ORAL DISCUSSION

Thi s  af t er noon,  we hav e l i s t ened t o s ome i n t er es t i ng di s -
c us s i ons  on t he bear i ng  c apac i t y  of  s i ng l e  p i l es  and 
t he behav i our  of  p i l e  gr oups  under  v er t i c a l  and hor i z on ­
t al  l oadi ng.  I  s hou l d  now l i ke t o mak e a f ew s ummar y  
r emar k s  wh i c h a l s o i nc l ude s ome obs er v a t i ons  on what  y ou 
hear d t hi s  mor n i ng  f r om our  Gener al  Repor t er .

Dea l i ng  f i r s t  wi t h  f r i c t i on p i l es  i n c l ay ,  we hav e t wo 
met hods  o f  es t i mat i ng t he u l t i mat e s haf t  r es i s t anc e,  
wh i c h may  be  t y pi f i ed as t he al pha ( t ot al  s t r ess )  and 
t he be t a  ( ef f ec t i v e s t r ess)  met hods .  We k now t hat  t he 
mor e r at i ona l  met hod o f  t hes e t wo i s  t he e f f ec t i v e  s t r es s  
met hod us i ng a be t a  val ue.  Some o f  t he s c at t er  whi c h  
has  been obs er v ed i n t he bet a v al ues  i s  due t o t wo 
f ac t or s  bo t h  of  wh i c h  I  hav e d i s c us s ed i n my  Ter z aghi  
Lec t ur e  ( ASCE,  1976) .  Fi r s t ,  t he bet a v a l ue  dec r eas es  
wi t h t he l engt h of  p i l es  due t o p r ogr es s i v e  s oi l  f ai l ur e.

For  s hor t  p i l es  i t  i s  t y p i c a l l y  r ough l y  c ons t an t  up  t o 
a dept h  o f  about  20 met r es .  Howev er ,  f or  l ong p i l es  
ex c eed i ng  about  100 met r es ,  as f or  o f f s hor e  s t r uc t ur es ,  
we c an us e on l y  appr ox i mat e l y  one- ha l f  o f  t h i s  v al ue,  
bec aus e of  t he dec r eas e of  t he bet a  v a l ue wi t h  t he l en ­
g t h of  t he pi l e.  Thi s  dec r eas e c an be ex p l a i ned  by  
p r ogr es s i v e  f ai l ur e of  t he c l ay  a l ong t he p i l e  s haf t  due 
t o t he c hange f r om t he peak  t o t he r es i dual  e f f ec t i v e  
f r i c t i on angl e o f  t he c l ay .

Sec ondl y ,  t he bet a v al ues  i nc r eas e wi t h  t he ov er - c on ­
s o l i dat i on r at i o  of  t he c l ay ,  r ough l y  as  t he s quar e 
r oot  of  t h i s  r at i o.  But  i t  a l s o i nc r eas es  wi t h  t he p i l e  
t aper  and i t  depends ,  o f  c our s e,  al s o on t he met hod of  
i ns t a l l i ng  t he pi l es ,  whi c h i s  ex t r emel y  i mpor t ant  i n 
f i x i ng a r e l ev ant  bet a  v al ue f or  a g i v en  s i t uat i on.  I f  
t he bet a  v al ue depends  on t he l engt h o f  pi l e,  ov er c on ­

831



s ol i dat i on r at i o  of  t he c l ay  and ot her  f ac t or s ,  as  has  
been we l l  doc ument ed,  i t  i s  obv i ous  t hat  t he a l pha v al ue 
i n t he t ot al  s t r es s  me t hod  a l s o depends  on al l  t hes e 
f ac t or s ,  bec aus e t he p i l e  does  not  k now wha t  t heor y  we 
hav e been us i ng i n es t i mat i ng i t s  u l t i mat e s haf t  r es i s ­
t ance!  The dec r eas e wi t h  l engt h of  p i l e  had not  p r e ­
v i ous l y  been c ons i der ed i n t he al pha met hod,  but  i t  
s houl d be  i nc l uded as  one of  t he v ar i ant s .  The al pha 
v al ue al s o i nc r eas es  wi t h  ov er - c ons o l i da t i on  r at i o  of  
t he c l ay  and p i l e  t aper ,  j us t  as  t he be t a  val ue.

For  t hi s  r eas on t he c ompar i s on made by  s ome di s c us s or s  
of  t he t ot al  and ef f ec t i v e  s t r es s  met hods  i n s t i f f  c l ay s  
was  i n t er es t i ng and t hes e k i nd  of  c ompar i s ons  ar e n ec ­
es s ar y  i n d i f f e r en t  t y pes  of  c l ay  and i n d i f f e r en t  par t s  
of  t he wor l d.  Suc h c ompar i s ons  s how t hat  we c annot  us e 
a g i v en met hod of  anal y s i s  or  g i v en  s oi l  par amet er s  or  
c ons t ant s  i f  y ou l i k e t o c al l  t hem,  and t r ans f er  t he 
r es ul t s  f r om one r egi on t o anot her  wi t hou t  c hec k i ng t he 
met hod i n a g i v en  case.

The s epar at i on of  po i n t  and s haf t  r es i s t anc es  of  pi l es ,  
wh i c h  was  b r ought  up by  anot her  d i s c us s or  i s  i mpor t ant  
i n t h i s  c onnec t i on,  bec aus e i n c l ay  t he po i n t  r es i s t anc e 
i s gener a l l y  bas ed on t he undr a i ned s hear  s t r engt h,  
whi l e  t he s k i n f r i c t i on s houl d be  p r e f e r ab l y  bas ed on 
t he e f f ec t i v e s t r es s  or  be t a  met hod  or ,  i f  ex per i enc e  i s 
l ack i ng,  on t he t ot a l  s t r es s  or  a l pha met hod.

So f ar  as  es t i mat es  of  t he l at er a l  r es i s t anc e of  p i l e^  
l oad t es t s  ar e p r obab l y  t he mos t  usef ul ,  s i nc e i t  i s 
d i f f i c u l t  t o es t i mat e  f r om s oi l  t es t s  t he hor i z ont a l  
modul us ,  wh i c h i s  r equi r ed.  Nowaday s  we pr e f e r  t o us e 
t he s t i f f nes s  modu l us  of  t he s oi l  r a t her  t han t he mod ­
u l us  of  p i l e  or  soi l  r eac t i on,  and c or r es pondi ng t heor ­
e t i c a l  s o l ut i ons  of  t he l a t er a l  r es i s t anc e  and de f l ec ­
t i ons  ar e av a i l ab l e  f or  homogeneous t f non- homogeneous  
soi l s .  I f  t he s oi l  i s  non- un i f o r m or  an i s ot r op i c  ,\ 
i t  i s  obv i ous  t hat  t he hor i z ont a l  s oi l  modu l us  gov er ns  
t he l at er a l  p i l e  r es i s t anc e,  wh i c h  i n nor ma l l y - c ons o l i -  
dat ed  s oi l s  i s  muc h s mal l er  t han t he v er t i c a l  modul us ,  
wh i l e  t he oppos i t e  ho l ds  i n ov er c ons o l i da t ed  soi l s .

I  s houl d now l i k e t o mak e s ome br i ef  r emar k s  on t he u l ­
t i mat e bear i ng  c apac i t y  of  p i l es  i n sand.  Her e we 
s houl d r emember  t hat  t he ear l y  c or r e l a t i ons  wer e made 

f or  d r i v en pi l es .  Thus ,  t ak i ng t he po i n t  r es i s t anc e of  
p i l es  i n s and equal  t o t he c one r es i s t anc e obt a i ned  f r om 
s t at i c  c one penet r a t i on  t es t s  wi l l  on l y  app l y  t o dr i v en 
p i l es  and mor eov er  on l y  t o p i l es  of  r e l a t i v e l y  smal l  
d i amet er ,  es pec i a l l y  i n dens e s ands  due t o t he scal e 
e f f e c t s .

When we ar e dea l i ng  wi t h  p i l es  of  l ar ge di amet er ,  h ow­
ever ,  i n s and of  a g i v en c one r es i s t anc e  t he poi n t

J .T rof im enkov ,  Chairman 

CLOSING OF SESSION

Now we have come to  th e  end o f  t h i s  Sess ion  8 on p i l e  
fo u n d a t io n s .

I th in k  t h a t  i t  was a very f r u i t f u l  d i s c u s s io n  today .
We-are a l l  s o r r y  t h a t .w e  could n o t  hear  a l l  th e  sp e a ­
k e r s ,  bu t  we have had a l a rg e  number o f  i n t e r e s t i n g  con­

t r i b u t i o n s ,  and I s h a l l  n o t  even t r y  to  summarize them.

From th e  papers  p re sen te d  to  t h i s  Sess ion  from the  Ge­
ne ra l  Report and d i s c u s s io n s  t h a t  we have had i t  i s  
c l e a r  what a g r e a t  p ro g res s  has been made s in c e  the  
l a s t  I n t e r n a t i o n a l  Conference in  our und e rs tan d in g  o f  
th e  i n t e r a c t i o n  between p i l e  and s o i l .

r es i s t anc e  of  t he p i l e  dec r eas es  wi t h  gr eat er  bas e  
di amet er ,  as  s hown by  many  r ec ent  i nv es t i gat i ons .  They  
hav e s hown f or  i ns t ance,  t hat  i n dens e s ands  t he poi n t  
r es i s t anc e of  a dr i v en or  j ac k ed p i l e  of  l ar ge d i amet er ,  
say  gr eat er  t han 2 met r es ,  i s  on l y  about  one- t h i r d  of  
t hat  of  a s mal l  p i l e  of  c onv ent i ona l  d i mens i ons ,  say  
l ess  t han 50 c ent i met r es .  I n l oos e s and t her e i s  no 
s uc h s c a l e  ef f ec t ,  as was  s hown i n one of  t he paper s  
s ubmi t t ed t o t hi s  Sess i on.  Fur t her  f or  bor ed p i l es  i n 
dens e s and we hav e a s i mi l ar  s c al e ef f ec t ,  and t hi s  has  
been wel l  i nv es t i gat ed on t he Cont i nent .  Howev er ,  t he 
po i n t  r es i s t anc e  of  a bor ed  p i l e  i s  muc h s mal l er  t han 
t hat  of  a s i mi l ar  d r i v en p i l e  and we c an us e on l y  about  
one- t h i r d  of  t he s t at i c  c one r es i s t anc e,  as  was  al s o 
ment i oned by  s ome of  t he d i s c us s or s .

On t he o t her  hand,  t he s k i n f r i c t i on ob t a i ned f r om s k i n 
f r i c t i on meas ur ement s  on p i l es  i n s and i s  i ndependent  
of  t he p i l e  di amet er ,  but  aga i n  f or  bor ed p i l es  i t  i s 
t y p i c a l l y  on l y  one- ha l f  of  t hat  of  s i mi l ar  d r i v en pi l es .  
Ther ef or e,  an a l l owanc e mus t  be made f or  t he met hod of  
p i l e  i ns t al l at i on,  wh i c h  has  a l way s  been emphas i z ed  by  
Ter z aghi ,  as  wel l  as  f or  s c al e ef f ec t s ,  es pec i a l l y  i n 
dens e sands .

The s ame l i mi t a t i ons  ment i oned abov e app l y  al s o t o t he 
us e of  s t andar d penet r a t i on  t es t  N v a l ues  i n sand.  For  
po i n t  r es i s t anc e t he o r i g i na l  v al ue wh i c h  I  gav e i n 
1956 of  4N ( kg/ sq.  cm)  o r  0. 4N ( i f  y ou l i k e t he Mega 
Pas c al s  of  t oday )  app l i es  on l y  t o d r i v en  p i l es  of  c on ­
v en t i ona l  s i z e and i f  t hey  pene t r a t e  at  l eas t  10 p i l e  
d i amet er s  i nt o t he s and bear i ng  s t r at um.  For  l ar ge pi l e 
d i amet er s  and at  s hor t er  penet r a t i on  dept hs  s mal l er  
v al ues  of  bear i ng c apac i t y  hav e t o be  t aken,  and s i m­
i l ar l y  f or  bo r ed  p i l es  we c an on l y  a l l ow one- t h i r d  of  
c or r es pond i ng  d r i v en  p i l e  c apac i t i es .  I n o t her  wor ds ,  
whet her  we us e t he s t andar d penet r a t i on  t es t  o r  t he 
s t at i c  c one penet r a t i on  t es t ( s i nc e t he p i l e  does  not  
k now wha t  met hods  we ar e us i ng)  s i mi l ar  r educ t i ons  
app l y  i n bot h  cases .  The d i f f er enc e  bet ween t he u l t i m­
a t e c apac i t i es  of  l ar ge and s mal l  d i amet er  p i l es  wh i c h 
was  men t i oned  by  one of  t he d i s c us s or s  t hi s  af t er noon,  
i n dens e sand,  i s  due t o t he s c al e e f f ec t  wh i c h  i s  a 
f unc t i on o f  t he c ompr es s i b i l i t y ,  c r us hi ng,  ar c h i ng of  
t he s and and o t her  f ac t or s .

Fi nal l y ,  one of  t he d i s c us s or s  gav e s ome i n t er es t i ng 
i n f or mat i on on t he par t i a l  s af e t y  f ac t or s  o f  po i n t  
r es i s t anc e  and s k i n f r i c t i on of  p i l es  i n s ands  and 
c l ays ,  and when we as s i gn s af et y  f ac t or s  f or  us e i n 
p r ac t i c e  s uc h i nv es t i gat i ons  ar e of  gr eat  i nt er es t .

I n c onc l udi ng,  I  s hou l d  l i k e t o t hank  al l  t he s peak er s  
f or  t hei r  i n t e r es t i ng c ont r i but i ons  t o t he d i s c us s i on 
of  t hi s  Sess i on.

Our to d a y 's  d i s c u s s io n s  have given us a l o t  o f  i n f o r ­
mation which may be used in  our p r a c t i c a l  work. At the  

same time we u nders tand  t h a t  many ideas  and t e s t  r e s u l t s  
w i l l  se rv e  f o r  p ro fe s s io n  as a b a s i s  in f u t u r e  t h e o r e ­
t i c a l  and experim ental  work. And th e s e  a re  very  impor­
t a n t  and f a r  reach in g  r e s u l t s  o f  our  Sess io n .

There i s  a p r a c t i c a l  ev idence  t h a t  p i l e  fo u n d a t io n s  a re  
e f f e c t i v e  no t  on ly  in sandy s o i l s  bu t  in c lay  s o i l s  as 
well as even under very  l a r g e  l o a d s .  Under th e se  c ircum ­

s t a n c e s ,  e f f e c t i v e  s t r e s s  methods f o r  p r e d i c t i o n  o f  
a x ia l  s h a f t  c a p a c i ty  f o r  d r iv en  p i l e s  in c la y  have be­

come very  im p o r ta n t .  These methods r e q u i r e  c o n s id e r a ­
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t io n  o f  th e  s t a t e  o f  s t r e s s  and s o i l  p r o p e r t i e s  p r i o r  

to  p i l e  i n s t a l l a t i o n ,  th e  changes in  s t r e s s  and s o i l  

p r o p e r t i e s  as a r e s u l t  o f  p i l e  d r i v in g ,  subsequent  r e ­
c o n s o l id a t io n  o f  th e  s o i l  a f t e r  p i l e  d r i v in g ,  and f i ­
n a l l y ,  p i l e  lo ad ing  to  f a i l u r e .  The p r e s e n t  s t a t e  o f  
s o i l  mechanics g ives  sound background f o r  such an ap­
proach .  The a ssessm en t  o f  t h i s  approach by l a b o r a to r y  

model t e s t s  we have heard  today .

With t h i s  approach we may have a c o n s id e ra b le  advance 

in und e rs tan d in g  o f  p i l e  b eh av io u r ,  in c lu d in g  time 
e f f e c t ,  and hence in th e  use o f  p i l e  bea r in g  c a p a c i ty .  
We b e l i e v e  t h a t  t h i s  way i s  a very promising one.

I t  i s  a p i t y  t h a t  we do no t  have much d a ta  on behaviour

o f  p i l e  g roups .  And I th in k  i t  i s  a n o th e r  d i r e c t i o n  in 

which we should work in the  coming fo u r  y e a rs  b e fo re  
the  nex t  I n t e r n a t io n a l  Conference.

On b e h a l f  o f  a l l  members o f  the  S e ss io n ,  I would l i k e  
to  thank our  panel members who have worked hard to 
p re p a re  f o r  t h i s  d i s c u s s io n  and to  thank those  who 

p re sen te d  c o n t r i b u t io n s  to  the  d i s c u s s io n s .  I must apo­
lo g iz e  t o ' t h o s e  members who wished to  speak bu t  fo r  
whom we cou ld  no t  f i n d  t im e.

I exp ress  our p a r t i c u l a r  thanks to  P ro f .  Broms and 
P ro f .  Weinhold, General R eporte r  and Co-R eporter .

The Sess ion  i s  c lo s ed .
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Sever e and uneven 
set t l ement  cr eat es 
hor i zont al  f or ces 
whi ch can cause 
hor i zont al  movement s

Combi ned set t l ement  
and hor i zont al  
movement  i n t he fill

Hor i zont al  f or ces 
t r ansmi t t ed by 
i ncl i ned pi l es

Skeppsbr on

P r in c ip l e s  f o r  the  c r e a t i o n  o f  h o r iz o n ta l  d isp lacem en ts  
o f  s o i l  and b u i ld in g s  in the  Old Town o f  Stockholm. 
(Technical V i s i t  A)

S ec tio n  through a t e s t  p i t  in  a c e l l a r  in th e  Old Town 
of  Stockholm. Timber g r i l l a g e  and p i l e  tops decayed 

above ground w a te r  s u r f a c e . (T e c h n ic a l  V i s i t  A)

Severe s e t t l e m e n t  damage in a c o u r ty a rd  b u i ld in g
in th e  Old Town o f  Stockholm .(Technical  V i s i t  A) F igu res  on t h i s  page a re  taken from the  P u b l i c a t io n  "Combatting

Subsidence in  th e  Old Town o f  Stockholm" by HJkan Bohm and Ulf  
S t j e r n g r e n .  Issued  by th e  Swedish Council f o r  B u i ld ing  Research 
and p re sen te d  to  the  Delega tes  o f  X.ICSMFE.


