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

Frottement négatif d'un groupe de trois pieux cylindriques

G. H. KEENAN, Soils Engineer, New Brunswick Department of Transportation, Fredericton, NB, Canada 

M. BOZOZUK, Research Officer, Division of Building Research, National Research Council Canada, Ottawa, Canada

SYNOPSI S The dev e l opment  of  downdr ag l oad on  a gr oup of  t hr ee p i l es  s pac ed at  f our  p i l e
di amet er s  was  obs er v ed f or  6% y ear s .  The 32 m l ong,  324 mm di amet er  pi l es  wer e  dr i v en t hr ough a 
gr anu l ar  t es t  embank ment  i n t o  a deep depos i t  of  c ompr es s i b l e  c l ay ey  s i l t .  Ther e  was  no g r oup  ef f ec t  
on t he dev el opment  of  l oad.  The max i mum was  1000 k N i n 1*5 year s ,  and 900 k N af t er  6*5 y ear s  due t o 
c hanges  i n embank ment  l oadi ng.  The d i s t r i bu t i on  of  downdr ag l oads  on t he p i l es  f or  v ar i ous  
c ondi t i ons  of  v er t i c a l  ef f ec t i v e s t r es s  i n t he soi l  was  adequat el y  es t i mat ed wi t h  ef f ec t i v e s t r es s  
equat i ons  us i ng Kq obt a i ned f r om a f i e l d pu l l out  t es t  and t he c oef f i c i ent  of  f r i c t i on  b e t ween  t he

s oi l  and p i l e  f r om l abor at or y  t es t s .  The pu l l ou t  f a i l ur e l oad was  equi v a l ent  t o  t he downdr ag  and 
pos i t i v e sk i n f r i c t i on l oad.

I NTRODUCTI ON

A new br i dge ov er  t he Sai nt  J ohn Ri ver ,  i n 
Fr eder i c t on,  was  s uppor t ed on s t eel  end- bear i ng 
pi l es  dr i v en t hr ough c ompr es s i b l e s i l t s  i nt o a 
dens e gr av el  f or mat i on.  A h i gh appr oac h 
embank ment  was  r equi r ed,  whi c h c oul d gener at e 
l ar ge downdr ag l oads .  To ob t a i n  des i gn  
par amet er s  f or  t he pi l es ,  t he New Br uns wi c k  
Depar t ment  of  Tr ans por t a t i on  and t he Di v i s i on  
of  Bui l d i ng Res ear ch,  Nat i onal  Res ear c h Counc i l  
Canada i mpl ement ed a f i e l d s t udy  i n 1977 on 
s ev en f u l l - s c al e s t eel  pi pe and " H"  t es t  p i l es  
d r i v en t h r ough a gr anu l ar  t es t  f i l l .  Ax i a l  
c ompr es s i on and pu l l out  t es t s  per f or med on t wo 
end- bear i ng and t wo f r i c t i on pi l es ,  wer e  
r epor t ed by  Boz oz uk  et  al .  ( 1979) .  The t hr ee-  
p i l e  g r oup was  us ed t o obs er v e t he l ong- t er m 
dev el opment  of  negat i v e s k i n- f r i c t i on l oad.

The ax i al  d i s t r i but i on of  downdr ag l oads  
c a l c u l a t ed  f r om meas ur ed  p i l e  c ompr es s i ons  
r e l at ed t o d i f f er ent  por e wat er  pr es s ur es  
and v er t i c a l  e f f ec t i v e  s t r es s es  i n t he s oi l  i s 
pr es ent ed.  Pi l e l oad d i s t r i but i ons  es t i mat ed 
f r om e f f ec t i v e s t r es s  equat i ons  us i ng soi l  
par amet er s  obt a i ned f r om f i el d pul l out  t es t s  
and l abor at or y  s oi l - p i l e  f r i c t i on t es t s  ar e 
al s o shown.

TEST EMBANKMENT

The gr anul ar  t es t  f i l l  was  c ons t r uc t ed t o a 
he i gh t  of  11 m i n t wo s t ages  ( Fi gur e 1) .
St age 1 was  r ai s ed t o an e l ev at i on of  +3. 0 m,  
p r ov i d i ng  a good bas e  f or  i ns t a l l i ng f i el d 
i ns t r ument at i on,  and St age 2 t o +9. 0 m,  
p r ov i d i ng  a s ur f ac e ar ea of  25 by  40 m.  I t  was  
c ons t r uc t ed wi t h  sand f i l l ,  wi t h an av er age 
meas ur ed i n- p l ac e dens i t y  of  1825 k g / m3.

Fr om 26 Augus t  t o 19 Oc t ober ,  1977,  dr edged

sand f i l l  ( S)  was  p l ac ed ov er  a l ar ge ar ea 
ar ound t he t es t  embank ment  ( Fi gur e 1) .  The 
av er age meas ur ed i n- pl ac e dens i t y  was  
1800 k g / m3 . A gr anul ar  s ur c har ge was  s t oc k ­
p i l ed  t o +16. 5 m j us t  s out h of  t he t es t  p i l es  
f r om 8  Dec ember ,  1977 t o 18 Apr i l ,  1979,  when 
t he s out h appr oac h r amp t o t he br i dge was  
c ons t r uc t ed t o +14. 5 m.  The max i mum r ange of  
r i v er  l ev el s  was  +8 . 0  m t o  + 0 . 8  m.

S-  DREDGED SAND FI LL

Fi g.  1 Sec t i on t hr ough t es t  embank ment  s howi ng 
t es t  pi l es ,  d r edged s and f i l l  and 
s ubs oi l  f or mat i ons

SUBSOI LS

The soi l  pr o f i l e  c ons i s t ed of  s i x  maj or  
ho r i z ont a l  s oi l  f or mat i ons  ( A t o F on
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Fi gur e 1) .  Lay er  A ( 4 m t hi ck )  was  
het er ogeneous  c ompr es s i b l e s of t  or gani c  s i l t  
and s and wi t h  s ome pebbl es  and wood.  Undi s ­
t ur bed soi l  s ampl es  c oul d not  be obt ai ned,  but  
i t  was  as s umed t o hav e  a dens i t y  of  1680 k g / m3. 
The s t andar d penet r a t i on t es t  gav e N = 5.

Lay er  B was  a gr ey  l ay er ed c l ay ey  s i l t  about
6. 5 m t hi ck .  The nat ur a l  wat er  c ont ent  ( W)  
v ar i ed f r om 23 t o 38%,  t he l i qui d l i mi t  ( Ŵ )

was  29% and t he p l as t i c i t y  i ndex  ( I p ) was  9%.

Gr a i n  s i z e anal y s i s  i ndi c at ed 40% c l ay  and 
60% s i l t  s i zes .  The av er age dens i t y  ( Ym) was

1840 k g / m3 . I n s i t u v ane s hear  s t r engt hs  
v ar i ed f r om 30 t o 50 kPa,  and N = 13.

Lay er  C was  a 5. 5- met r e t hi c k  g r ey - br own 
l ay er ed c l ay ey  s i l t  c ons i s t i ng of  45% c l ay  and 
55% si l t .  Wat er  c ont ent  was  29 t o 37%,  W

Li
about  34% and I p was  12%.  I n s i t u v ane s hear

s t r engt hs  v ar i ed f r om 60 t o 90 kPa,  N = 14 
and Ym was  1840 k g / m3.

I
Meas ur ed pr ec ons o l i da t i on  pr es s ur es  ( op)

( Fi gur e 2a)  s how t hat  t he f or mat i ons  ar e 
h i gh l y  ov er c ons ol i dat ed.  Pr es s ur es  of  375 k Pa 
wi l l  not  be ex c eeded by  embank ment  l oadi ng.

Lay er  D was  v ar v ed br own c l ay  and s i l t ,  1 m 
t h i c k .

Lay er  E was  a 7- met r e t hi c k  l ay er ed br own
c l ay ey  s i l t  wi t h  W of  35 t o 45%,  W about  40%

Li
and I p of  20%.  I t  was  mor e c l ayey ,  wi t h  64%

c l ay  s i z e and 36% s i l t  s i ze.  The av er age

was  1840 k g / m3 . I n s i t u v ane s hear  s t r engt hs  
v ar i ed f r om 90 t o 120 kPa,  and N = 10.  The 
f our  t es t  pi l es  t e r mi nat ed i n t hi s  f or mat i on.

VERTI CAL STRESS,  kPa

0 200 0 200 400

Fi g.  2 Di s t r i but i on of  v er t i c al  s t r es s es  i n 
soi l  ar ound t es t  pi l es

Lay er  F was  dens e gr av e l  wi t h  s and and s t ones ,  
wi t h  N = 64.  The end- bear i ng br i dge f oundat i on 
p i l es  wer e  dr i v en i nt o  t hi s  f or mat i on.

TEST PI LES

Al l  p i pe pi l es  wer e 32 m l ong,  324 mm out s i de 
d i amet er  wi t h  7. 92 mm wal l  t h i c k nes s  and 
we i ghed 61. 74 kg/ m.  The bot t oms  wer e c l os ed 
wi t h  f l at  s t eel  p l a t es  of  ar ea 0 . 0864 m2 . The 
l ayout  of  t he t hr ee- pi l e gr oup i s s hown on 
Fi gur e 1.  The pi l es  f or med a t r i ang l e  wi t h  a 
c ent r e- t o- c ent r e  s pac i ng of  1295 mm ( f our  p i l e  
d i amet er s ) .  They  wer e  l oc at ed 7. 5 m eas t  of  
t he c ont r ol  pi l e,  No.  3 whi c h was  i dent i c al  t o 
Nos .  5,  6 and 7.

Pi l es  5,  6 and 7 wer e i ns t al l ed on 18 J ul y  and 
No.  3 on 19 J ul y ,  1977 t o t hei r  des i gn 
e l ev at i on i n l ay er  E ( Fi gur e 1) .

Ei ght  t e l l t a l es  wer e equal l y  s pac ed ar ound t he 
c i r c umf er enc e of  eac h p i l e  t o meas ur e  ax i al  
def or mat i ons .  Bec aus e t hey  wer e we l ded 
c ont i nuous l y  t o t he pi l es ,  t hey  added s t eel  and 
i nc r eas ed t he c ont ac t  ar ea wi t h t he soi l .  The 
f i r s t  t e l l t a l e  ex t ended t o t he bas e of  t he t es t  
embank ment  and t he r emai nder  wer e d i s t r i but ed 
about  equal l y  a l ong t he r emai n i ng l engt h of  t he 
pi l e.  ( Summar y  g i v en i n Tabl e I . )

TABLE I .  Engi neer i ng det ai l s  of  i ns t r ument ed 
s t eel  p i pe  pi l es

El ev at i on
( m)

Cont ac t
per i met er

( m)
Tot al  s t eel  ar ea 

( mm2 )

+9. 6 t o - 4. 6 1373 9583
- 4. 6 t o - 10. 6 1284 9154

- 10. 6 t o - 16. 7 1195 8724
- 16. 7 t o - 22. 4 1106 8294

El e v a t i o n  of  embank ment  near  t es t  pi l es  
+8 . 8  m.

2Lengt h of  t el l t al es :  11. 3,  14. 2,  17. 4,  20. 2,  
23. 3,  26. 3,  29. 3,  32. 0 m.

SETTLEMENT 

Tes t  Embank ment

Mos t  of  t he t es t  embank ment  was  c ons t r uc t ed 
i n t he r i ver .  Set t l ement  p l at f or ms  ( Ser i es  M)  
wer e  i ns t a l l ed on t he or i g i na l  g r ound s ur f ac e 
and ( Ser i es  SA)  t o gr eat er  dept hs  bef or e St age
1 was  c ompl et ed.  The obs er v ed s et t l ement s  at  
el ev at i ons  - 1. 5 and - 6 . 6  m ar e gi v en f or  
v ar i ous  t i mes  i n Tab l e  I I .

Af t er  18 mont hs  t he s et t l ement  at  e l ev at i on 
- 1. 5 m was  187 mm,  and 92 mm at  - 6 . 6  m.  Thi s  
s howed t hat  hal f  of  t he s et t l ement  oc c ur r ed i n 
l ay er  A,  and ha l f  i n t he under l y i ng f or mat i ons .  
Unf or t unat e l y  f ur t her  obs er v at i ons  wer e not  
pos s i b l e  bec aus e  t he gauges  wer e  damaged.
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TABLE II. Settlement below embankment near 
test piles (mm)

Ml SAI
( El ev at i on ( El ev at i on

Dat e - 1. 5 m) - 6 . 6  m) Remar k s

77- 02- 28 0 0 No f i l l
77- 04- 30 76 33 Fi l l  at  

+ 9 . 0  m
77- 07- 18 89 40 Pi l es  5,

6 , 7 d r i v en
77- 10- 26 103 46 Pul l out ,  

Pi l e 3
77- 12- 31 143 58 Sur c har ge at  

+16. 5 m
78- 03- 31 159 74 Sur c har ge at  

+16.  5 m
78- 08- 15 187 92 Las t  s ur v ey
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VERTI CAL PULLOUT LOAD,  kN 

Fi g.  3 Pul l out  t es t s ,  p i l e  No.  3

Tes t  Pi l es

Pi l es  5,  6 and 7 s e t t l ed about  80 mm ov er  a 
per i od of  6*5 year s .  Set t l ement s  at  v ar i ous  
i nt er medi at e  t i mes  ar e s hown wi t h  t hos e f or  
pi l e 3 on Tabl e I I I .

TABLE I I I .  Set t l ement  of  t es t  pi l es  meas ur ed 
on p i l e  head

Dat e

El aps ed
t i me

( days)

Set t l ement  ( mm)

No. 3 No. 5 No. 6 No. 7

77- 10- 14 8 8 12 12 12 1 2 . 5
77- 10- 26 1 0 0 - 13 14 13. . 5
77- 11- 28 133 * 13 18 2 0 19
78- 07- 31 378 * 25. , 5 31 32. . 5 31. . 5
78- 08- 15 393 - 32 33 32
78- 10- 03 441 * 27 34. 5 36 35
79- 10- 04 807 - 52 59 59. 5
81- 12- 18 1614 - - 75. . 5 77
82- 10- 18 1918 - 77 76 -

83- 12- 28 2354 - 79. 5 76 -

was  mai nt a i ned f or  ni ne mi nut es ,  al l owi ng one 
mi nu t e  f or  c hang i ng  l oads .

Pul l out  t es t s  wer e per f or med on 26 Oc t ober ,  
1977,  and 22 Augus t ,  1978.  The i n s i t u por e  
wat er  pr es s ur es  dur i ng t he f i r s t  t es t  wer e 
about  45 k Pa mor e  t han dur i ng t he second.  The 
l oad def or mat i on c ur v es  s hown on Fi gur e 3 
r e f l ec t ed t he ef f ec t i v e  s t r es s  c ondi t i ons  i n 
t he soi l  at  t hes e t i mes .  The max i mum appl i ed 
l oad dur i ng t he f i r s t  t es t  was  675 k N. I t  was  
mai nt a i ned f or  onl y  f i ve mi nut es  bec aus e t he 
pu l l ou t  had  r eac hed 15 mm and t he p i l e  was  
l i t er al l y  mov i ng out  of  t he gr ound.  I n t he 
s ec ond t es t ,  t he max i mum was  1595 kN.  I t  was  
mai n t a i ned f or  onl y  t hr ee mi nut es .

Mov ement s  of  t he t oe det er mi ned f r om t e l l t a l e 
meas ur ement s  ar e a l s o  s hown on Fi gur e 3.  They  
p l o t t ed  c ons i der ab l y  be l ow t he e l as t i c

PL
c ompr es s i on l i ne def i ned by  Upon un l oad ­

i ng,  t he t oe of  t he p i l e  was  d i s p l ac ed 5 mm 
af t er  t he f i r s t  t es t  and 23 mm af t er  t he 
second.

‘ Cumul at i v e s et t l ement  ad j us t ed f or  meas ur ed 
di s p l ac ement s  c aus ed by  pu l l out  t es t s .

Fr om 18 J ul y  t o 26 Oc t ober ,  1977,  t he pi l es  
s et t l ed 13 mm and t he t es t  embank ment  14 mm.
On 15 Augus t ,  1978,  pi l es  5,  6 and 7 had 
s et t l ed 32 t o 33 mm,  c ompar ed t o t he 98 mm 
meas ur ed at  - 1. 5m.  At  - 6 . 6  m,  howev er ,  t he 
r e l at i v e mov ement s  be t ween  t he p i l e  and t he 
soi l  wer e muc h l ess.  Pi l e 3 s et t l ed about  t he 
s ame as  t he p i l es  i n t he gr oup.

PULLOUT TESTS

The pi l e was  pu l l ed wi t h  a 500 t onne hy dr au l i c  
j ack  pos i t i oned on a c a l i br a t ed l oad c el l  on 
t op of  a r eac t i on beam ( Boz oz uk  et  al .  1979) .  
Loads  wer e  app l i ed i n i nc r ement s  of  89 k Pa 
ev er y  t en mi nut es  unt i l  t he p i l e f ai l ed,  and 
t hen un l oaded i n t hr ee i nc r ement s .  Eac h l oad

Fai l ur e Load

Dav i s s on ' s  ( 1972)  f a i l ur e c r i t er i a  f or  
s t andar d pi l e t es t s  c ons i s t s  of  t wo par t s :  t he 
e l as t i c  c ompr es s i on  and t he a l l owabl e mov ement  
of  t he t oe ( s) .  The mov ement  at  t he t oe i s 
de t er mi ned f r om

s = 3. 81 +
B

1 2 0
( 1)

wher e  B = p i l e  di amet er ,  mm,  gi v i ng 
s = 6. 5 mm f or  t he t es t  pi l es .

Si nc e t he t oe mov ement s  wer e meas ur ed,  t he 
abov e c r i t e r i on  was  us ed t o def i ne t he f a i l ur e 
l oads  i n Fi gur e 3.  The t oe mov ement  i n t he 
f i r s t  t es t  was  onl y  5. 5 mm,  s o t he c ur v e was  
ex t r apol a t ed t o 6. 5 mm us i ng t he meas ur ed 
de f o r mat i on  f r om t he pr ev i ous  i nc r ement  as  a 
gui de.  The r es ul t ant  f ai l ur e l oads  f or  t he t wo 
t es t s  wer e  700 and 1440 kN,  r es pec t i v el y ,  wh i c h  
i nc l udes  t he wei ght  of  t he p i l e ( 20 kN) .
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DEFORMATION MEASURED A X IA L TENSILE 

FROM TOP OF PILE, mm LOAD, kN

(a) MEASURED A X IAL (b) DISTRIBUTION OF 

ELONGATION "LOCKED IN "

TENSILE LOAD

Fi g.  4 Di s t r i bu t i on  of  pi l e def or mat i on and 
l oc k ed- i n  t ens i l e  l oad,  p i l e  No.  3,  
upon unl oadi ng af t er  pul l out  t o 
f a i l ur e
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Fi g.  5 Obs er v ed and es t i mat ed downdr ag l oads  
f or  gr oup of  t hr ee s t eel  p i pe  p i l es

200 400

A X IAL LOAD, kN 

600 800 0 200 400 600 800

78-07-31

ESTI MATED

83-12-28

ESTI MATED

l- - - - \—

78-10-03

Loc k ed- i n  Tens i on Load

Upon  unl oadi ng,  t he t es t  p i l e  was  s t r e t c hed
4. 5 ram af t er  t he f i r s t  t es t  and 0 ram af t er  t he 
second.  The meas ur ed  el ongat i ons  af t er  
c ompl et e unl oadi ng,  s hown on Fi gur e 4( a) ,  wer e  
c aus ed by  s oi l : p i l e  f r i c t i on,  wh i c h  p r ev ent ed 
t he pi l e f r om r egai n i ng i t s  or i g i nal  l engt h.

The ax i al  t ens i l e l oads  det er mi ned f r om t he 
def or mat i ons  ar e s hown on Fi gur e 4( b) .  The 
max i mum l oads  wer e 410 k Pa f or  t he f i r s t  t es t  
and 640 k Pa f or  t he second.

PI LE LOAD DI STRI BUTI ON

Pi l e c ompr es s i ons  f or  t he t hr ee- pi l e gr oup wer e  
obs er v ed f or  6*5 year s .  Sev er al  s i gn i f i c ant  
c hanges  i n embank ment  geomet r y  r es ul t ed f r om 
p l ac i ng and mov i ng  gr anu l ar  f i l l  as  t he s out h 
appr oac hes  t o t he br i dge wer e f or med,  and i n 
por e  wat er  pr es s ur es ,  wh i c h  af f ec t ed t he 
downdr ag l oads.  Four  par t i c u l ar  t i mes  wer e  
s e l ec t ed t o i l l us t r a t e  dev e l opment  of  negat i v e 
sk i n f r i c t i on l oad and r es pons e t o c hanges  i n 
v er t i c a l  e f f ec t i v e s t r es s  i n t he soi l .

Obs er v ed Changes  i n Loads

The p i l e c ompr es s i ons  wer e  c onv er t ed  i nt o 
ax i al  pi l e l oads,  ( Fi gur e 5)  us i ng t he dat a i n 
Tab l e  I .

On 20 Nov ember ,  1977,  133 day s  af t er  
i ns t al l at i on,  t he ex c es s  por e  pr es s ur es  wer e  
s t i l l  ver y  hi gh,  and t he t es t  pi l es  had s et t l ed 
18 t o 20 mm ( Tabl e I I I ) . The d i s t r i bu t i on  of  
ax i al  p i l e l oad due t o downdr ag i s s hown on 
Fi gur e  5( a) .  The l oads  i nc r eas ed l i near l y  and 
r api dl y  t o a dept h of  14 m f or  pi l es  5 and 7 
and 18 m f or  p i l e  6 . Be l ow t hes e dept hs  t he 
l oad i nc r eas ed v er y  s l owl y  f or  p i l es  5 and 7 
and dec r eas ed f or  p i l e  6 . The s hape of  t he 
c ur v es  i ndi c at es  t hat  negat i v e s k i n f r i c t i on 
l oads  wer e  under  dev e l opment  and wer e  eas i l y

r es i s t ed by  pos i t i v e sk i n f r i c t i on and end 
bear i ng.

On 31 Jul y ,  1978,  p i l e  s et t l ement s  had  
i nc r eas ed t o  31 mm c ompar ed t o about  95 mm f or  
t he bas e of  t he f i l l  i n t he same t i me per i od.  
Downdr ag l oads  i n p i l es  5,  6 and 7 had  
i nc r eas ed t o 890,  840 and 860 kN,  r es pec t i v el y ,  
18- 19 m f r om t he t op of  t he p i l es  ( Fi gur e 5 b ) . 
The downdr ag l oad of  860 k N i n p i l e 3 was  
c ompar abl e,  and i t  dev e l oped i n 278 day s  s i nc e 
t he f i r s t  pul l out  t es t .  The i nc r eas es  wer e  due 
t o  t he h i ghe r  e f f ec t i v e v er t i c a l  s oi l  s t r es s  
ar ound t he pi l es  ( Fi gur e 2b) ,  due t o t he add i ­
t i on  of  t he s ur c har ge l oad t o e l ev a t i on  +16. 5 m 
and t o l ower  por e wat er  pr es s ur es  i n t he soi l .  
The  l oad d i s t r i bu t i on  c ur v e f or  p i l e  3 i s  c l os e 
t o t hat  f or  t he t hr ee pi l es  i n t he gr oup.

On 3 Oc t ober ,  1978,  t he wat er  l evel  i n t he 
r i v er  was  at  i t s  l owes t  el ev at i on,  t he ex c es s  
por e wat er  pr es s ur es  had al mos t  d i s s i pat ed and 
p i l e  s et t l ement s  had  r eac hed 35 mm.  Under  t he 
i nc r eas ed v er t i c a l  e f f ec t i v e s t r es s es  i n t he 
s oi l  ( Fi gur e 2 b ) , downdr ag l oads  r eac hed peak  
v al ues  of  1000,  970 and 890 kN,  r es pec t i v el y ,  
i n p i l es  5,  6 and 7 ( Fi gur e 5 c ) . The max i mum 
l oad i n pi l e 3 was  290 kN,  whi c h was  gener at ed 
i n t he 41 day s  s i nc e t he s ec ond pu l l ou t  t est .

On 28 Dec ember ,  1983,  6 ^  y ear s  af t er  
i ns t al l at i on,  t he br i dge  had  been  i n oper a t i on  
f or  ov er  t wo year s .  Pi l e s et t l ement s  wer e 
about  80 mm and had  s t ab i l i z ed i n t he l as t  
year .  Ver t i c a l  e f f ec t i v e s t r es s es  wer e a l s o 
l ower  ( Fi gur e 2b) ,  due t o r emov al  of  t he s ur ­
c har ge and c ons t r uc t i on of  t he appr oac h r oad.  
Long- t e r m downdr ag  l oads  on p i l es  5,  6 and 7 
wer e r educ ed t o 090,  760 and 790 kN,  
r es pec t i v e l y .

Rel at i on Bet ween Pu l l out  and Downdr ag Loads

A l ong p i l e  p r e l oaded  ax i a l l y  by  downdr ag i n 
a c ons o l i da t i ng  s oi l  f or mat i on c an be  c ompar ed 
t o a p r es t r es s ed col umn.  Downdr ag ( P̂ j )  i s  i n
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equi l i b r i um wi t h  t he negat i v e  s k i n f r i c t i on 
f or ces  dr aggi ng t he p i l e down and r es i s t ed by  
pos i t i v e  s k i n  f r i c t i on p l us  end bear i ng  f or  t he 
ef f ec t i v e s t r es s  c ondi t i ons  at  t he t i me.  A 
49- met r e- l ong s t eel  p i pe  p i l e  i n a c ons ol i ­
dat i ng mar i ne c l ay  eas i l y  s uppor t ed an appl i ed 
ax i al  l oad equal  t o  t he max i mum downdr ag f or  a 
week  wi t hout  mov ement  ( Bozozuk ,  1981) .  Dur i ng 
t he s ame ex per i ment  i t  was  demons t r a t ed  t hat
t he ax i al  l oad c ou l d  be i nc r eas ed t o  about  2 P. .

N
( c or r ec t ed f or  end bear i ng)  be f or e  t he p i l e  
f ai l ed.  The appl i ed l oad c oul d be i nc r eas ed t o
2 ( as s umi ng no end bear i ng)  i f  pos i t i v e  s k i n

f r i c t i on was  mobi l i z ed  f or  t he f ul l  l engt h of  
t he pi l e.  Thi s  wou l d  oc c ur  i f  t he r e l at i v e 
mov ement s  bet ween t he p i l e and soi l  abov e t he 
neut r a l  po i n t  wer e  r ever sed.

Pul l i ng a pi l e out  of  t he gr ound woul d mobi l i z e  
s k i n f r i c t i on r es i s t anc e al ong i t s  embedded 
dept h.  The pul l out  s houl d t her ef or e be r e l at ed 
t o mob i l i z ed  downdr ag l oad.  Fi gur e 5( b)  s hows  
a s i ngl e p i l e p r es t r es s ed by  downdr ag i n 
equ i l i b r i um wi t h  t he e f f ec t i v e s t r es s  
c ondi t i ons  i n t he soi l .  The t ot al  s k i n 
f r i c t i on ( Pg ) i n t he p i l e  i s  t he s um of

negat i v e and pos i t i v e  f r i c t i on l oads:

= C.  AL . K
¿1 =1  l  l  io ° vi  t an 6i  ( 4)

p = p„  + p„  
s N P

Si nc e t he pos i t i v e  s k i n f r i c t i on l oad 
Pp = PN -  Qp ( end bear i ng) .

P = 2 P„  -  Qd 
s N P

( 2)

( 3 )

On 22 Augus t ,  1978,  p i l e  3 was  pu l l ed  a 
s ec ond t i me.  The f ai l ur e l oad,  mi nus  t he 
we i gh t  of  t he pi l e,  was  1420 kN.  Al t hough t he 
ef f ec t i v e s t r es s es  i n t he gr ound at  t he t i me 
wer e  not  t he s ame as  f or  p i l es  5,  6 and 7 on 
31 J ul y  and 3 Oc t ober  1978,  t hey  wer e c l os e 
enough ( Fi gur e 2b)  t o c hec k  t he hy pot hes i s .

On 31 J ul y ,  1978 ( Fi gur e 5b) ,  Pg f or  t es t

p i l es  3,  5,  6 and 7 us i ng equat i on  ( 3)  was ,
r es pec t i v el y ,  1355,  1360,  1270 and 1360 k N
( av er age of  1340 k N) . On 3 Oc t ober ,  1978
( Fi gur e 5c) ,  f or  p i l es  5,  6 and 7,  Pg was  1600,

1570 and 1470 kN,  r es pec t i v e l y  ( av er age of  
1550 kN) .  The av er aged l oads  c ompar ed v er y  
we l l  wi t h  t he r t i easur ed 1420 kN,  t he d i f f er enc e 
bei ng ent i r e l y  due t o di f f er ent  v er t i c al  
e f f ec t i v e s t r es s es  i n t he soi l .

The r e l at i on c oul d be i mpr ov ed i f  t he 
end- bear i ng l oads  wer e  bet t e r  known.  The 
meas ur ed c ompr es s i on at  t he bo t t om 2. 7- met r e 
l engt h of  eac h p i l e  i n Fi gur es  5( b)  and 5( c)  i s 
due t o a c ombi nat i on of  end bear i ng and 
pos i t i v e  s k i n  f r i c t i on l oads .

Es t i mat ed Di s t r i bu t i on  of  Sk i n Fr i c t i on Load

I f  t he v er t i c a l  e f f ec t i v e  s t r es s es  ar ound a 
pi l e dr i v en i nt o a c ons ol i dat i ng s at ur at ed s oi l  
ar e known,  t he c umul at i v e negat i v e  s k i n 
f r i c t i on l oad gener at ed i n t he pi l e down t o t he 
neut r al  po i n t  ( D)  c an be  de t er mi ned f r om 
Boz oz uk  ( 1972) :

whe r e  = per i met e r  be t ween  p i l e  and soi l ,

AL^  = i nc r ement al  l engt h of  pi l e,

K0 = r e l a t i on  be t ween hor i z ont a l  and 
v er t i c a l  ef f ec t i v e s t r es s  i n t he 
soi l ,

av ^ = av er age v er t i c a l  ef f ec t i v e s t r es s  
ar ound AL . ,

I 1
6^ = ef f ec t i v e  f r i c t i on angl e  be t ween  t he 

s oi l  and t he s ur f ac e of  t he p i l e
I I

( t an 6.  = M t an $ wher e
I X

<f> = e f f ec t i v e f r i c t i on angl e  of  t he 
soi l ,  and M depends  upon t y pe of  
soi l  and pi l e sur f ace) .

Si mi l ar l y  t he c umul at i v e pos i t i v e sk i n f r i c t i on 
l oad mob i l i z ed  i n t he p i l e  f r om t he t oe ( L)  up 
t o  t he neut r a l  po i n t  ( D)  i s g i v en by:

= I -D+1 Ci i =nT
L

AL.  K a • t an 6.
1 1 o VI  1

( 5)

The  ex ac t  l oc at i on of  t he neut r a l  po i n t  need 
not  be k nown bef or ehand.  Ex t endi ng bo t h  
c a l c u l a t ed  c ur v es  f or  and Pp unt i l  t hey

i n t er s ec t  au t omat i c a l l y  es t abl i s hes  D.

Whe n  t he'  end- bear i ng  l oad at  t he t oe ( Qp ) i s

s ubs t ant i a l  enough t o c ar r y  a f ai r  pr opor t i on  
of  t he downdr ag l oad,  i t  mus t  be ev al uat ed as 
i t  i dent i f i es  t he s t ar t  of  t he Pp c ur v e

( Fi gur e 5b ) .

Ves i c  ( 1977)  s ugges t ed t hat  Qp be es t i mat ed

f r om t he St andar d  Penet r a t i on Tes t  f r om
Qp = A* q^ ,  wher e  A i s  t he end ar ea of  t he p i l e

and

q p = B N t s f  ( USA)  ( 6)

N = N when  N < 15 
and 0 = 2  f or  s at ur at ed c l ay s  

= 4 f or  s a t ur at ed sands.

Bec aus e t he t es t  pi l es  wer e i n t he gr ound f or  
l ong per i ods  of  t i me,  a v a l ue of  3 as  oppos ed 
t o 2 ( Boz oz uk  et  al .  1979)  was  c hos en f or  t he 
c al c ul at i ons .  Us i ng  N = 10 f or  soi l  l ay er  E,  
and A = 8. 64 x 10- 2 m2 ( 0. 93 f t 2) gav e 
Qp = 248 kN,  wh i c h  was  50% gr eat er  t han t he

165 k N ( 3 = 2 )  us ed i n t he 1979 anal y s i s .

Al l  t er ms  i n equat i ons  ( 4)  and ( 5)  mus t  be 
ev a l uat ed  t o det er mi ne t he d i s t r i bu t i on  of  s k i n 
f r i c t i on l oad al ong t he pi l e.  The i nc r ement  of  
p i l e l engt h ( AL ^ ) was  s el ec t ed ac c or d i ng  t o

l engt h of  t el l t al e,  p i l e  geomet r y  ( Tabl e I )  
and t he s oi l  pr of i l e.  was  al s o obt a i ned

f r om t he t abl e.  The av er age v er t i c a l  ef f ec t i v e

s t r es s  (<JV^)  oppos i t e  AL^  was  obt ai ned f r om t he

appr opr i at e e f f ec t i v e s t r ess  c ur v es  on Fi gur e
I

2.  Two v er y  i mpor t ant  unk nowns  wer e  6^ and KQ.
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The c oef f i c i en t  of  f r i c t i on be t ween  t he soi l
I

and t he p i l e  ( 6  ) was  obt a i ned f r om l abor at or y  
t es t s  i n wh i c h  a s t eel  c y l i nder  was  r ot a t ed 
i ns i de a soi l  mas s  under  v ar i ous  ef f ec t i v e 
c ont ac t  pr es s ur es  ( Boz oz uk  et  al .  1979) .  The 
t es t  r es ul t s  f or  t he f i ne s and f i l l  gav e

I I
S =29. 6° , i j > =33° ,  M = 0. 88.  For  t he c l ay ey  

s i l t ,  t hr ee t es t s  gav e 6 of  24,  25 and 27. 5° ,
I

av er ag i ng 25. 5° ,  <|> = 31°  and M = 0. 78.

Kq  was  ev a l ua t ed f r om t he pu l l out  t es t

per f o r med 22 Augus t ,  1978 . Si nc e t he 
c ont ac t  ar ea c hanged wi t h  dept h  bec aus e of  t he 
at t ac hed t el l t al es ,  a wei ght ed av er age 
C = 1273 mm was  us ed f or  t he pi l e.  Si mi l ar l y ,  
bec aus e  of  t he d i f f e r en t  s oi l  f or mat i ons ,  a

we i gh t ed  av er age 6 = 26. 8°  was  obt a i ned f or  
t he soi l .  Us i ng  t he ef f ec t i v e v er t i c a l  
s t r es s es  p l o t t ed  on  Fi gur e 2( a) ,  and t he abov e

I
v al ues  of  C and 6 i n equat i on  ( 4)  gav e an 
oper at i ona l  KQ of  0. 478.  Thi s  v a l ue  was

as s umed t o appl y  t o  bo t h  t he s and f i l l  and 
t he under l y i ng c l ay ey  s i l t s .

I
Knowi ng C,  6 and Kq , t he d i s t r i bu t i on  of  s k i n

f r i c t i on l oads  f or  t he v ar i ous  e f f ec t i v e 
s t r es s  c ond i t i ons  g i v en  on Fi gur e 2( b)  was  
c a l c ul at ed us i ng equat i ons  ( 4)  and ( 5) .  The 
es t i mat ed l oad d i s t r i bu t i ons  f or  31 J ul y ,  1978,
3 Oc t ober ,  1978,  and 28 Dec ember ,  1983,  ar e 
s hown on Fi gur es  5( b,  c and d)  r es pec t i v el y .
The es t i mat ed downdr ag l oads  (Pj j ) c ompar ed v er y

wel l  wi t h  t he obs er v ed c ur v es  f or  mos t  of  t he 
pi l es  i n t he gr oup.  Bel ow t he neut r al  poi nt ,  
t he c ompar i s on of  t he pos i t i v e  f r i c t i on l oads  
was  not  as good.  Thi s  was  at t r i but ed t o poor er  
meas ur ement s  of  t he end- bear i ng l oad ac t i ng on 
t he f oot  of  t he pi l e.  Fur t her mor e,  t he 
es t i mat ed end- bear i ng  l oad ( Qp ) f r om 6 = 3

r at her  t han f r om 8 = 2  was  t oo hi gh.  Us i ng 
3 = 2  r educ es  Qp t o 165 kPa,  wh i c h  s hi f t s  t he

es t i mat ed pos i t i v e  s k i n f r i c t i on c ur v e  about  
85 k Pa t o t he or i gi n.  The c or r e l a t i on  be t ween  
t he es t i mat ed and obs er v ed d i s t r i bu t i on  of  Pp

i s  c ons i der ab l y  i mpr oved.  Nev er t he l es s  t he 
es t i mat ed l oad di s t r i but i ons  wer e c ons i der ed 
qu i t e  good.  I t  appear ed t hat  t her e was  no 
gr oup ef f ec t  on t he dev el opment  of  downdr ag 
l oad.

4.  The pul l out  f ai l ur e l oad c an be def i ned by  
appl y i ng Dav i s s on' s  c r i t e r i a  t o p i l e  t oe 
mov ement  meas ur ed dur i ng a l oad t est .

5.  The pul l out  f ai l ur e l oad i s equal  t o t he 
c ombi ned negat i v e  and pos i t i v e  s k i n f r i c t i on 
l oads  gener at ed i n t he p i l e f or  t he ef f ec t i v e 
s t r es s  c ondi t i ons  at  t he t i me of  t es t .

6 . The pu l l out  l oad t es t  c an be us ed t o obt a i n  
an oper a t i ona l  KQ f or  a soi l  p r o f i l e  under  an

embank ment  l oad,  p r ov i ded t he c oef f i c i en t  of  
f r i c t i on be t ween  t he p i l e  and s oi l  i s  k nown.

7.  The d i s t r i bu t i on  of  s k i n f r i c t i on l oads  on 
t he t es t  p i l es  was  r eas onabl y  es t i mat ed f or  
v ar i ous  c ondi t i ons  of  v er t i c al  ef f ec t i v e s t r es s  
us i ng ef f ec t i v e  s t r es s  equat i ons .
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CONCLUSI ONS

1.  Obs er v ed downdr ag l oads  ac t i ng on a gr oup 
of  t hr ee f u l l - s c al e p i pe p i l es  s pac ed at  f our  
pi l e di amet er s  s howed t hat  t hey  per f or med as 
s i ng l e  pi l es .

2.  The magn i t ude  and d i s t r i bu t i on  of  downdr ag 
l oads  on p i pe p i l es  i n c ompr es s i b l e c l ay ey  
s i l t s  ar e d i r ec t l y  r e l a t ed t o  t he v er t i c a l  
ef f ec t i v e s t r es s es  i n t he s ur r oundi ng soi l  and 
t o  s oi l  s et t l ement  r e l a t i v e t o  t he pi l es .

3.  The t ens i l e l oad l oc k ed i n a p i l e  by  soi l  
f r i c t i on f o l l owi ng pu l l ou t  t o f a i l ur e i s 
d i r ec t l y  r e l at ed t o t he v er t i c al  e f f ec t i v e 
s t r es s  and c an be appr ec i abl e.
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