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STAGE GROUTING PRELOADING OF LARGE PILES ON SAND

CHARGEMENT PRELIM INAIRE DES PIEUX CAISSONS EN M ILIEUX SABLEUX PAR L ’ INJECTION EN ETAGES 

UPE/lBAPMTEJIbHOE H A P P y iE H M E  «fryHÆAMEHTHblX OnOP B flECKE  nPM nOCTEriEHHO fl UEMEHTAUMM

A .  J .  L .  B O L O G N E S I ,  C E ,M S  —0 .  M O R E T T O ,C E ,R 1 D  , B o lo g n e s i—M o re t to  C o n s u l t in g  E n g in e e rs ,  B u e n o s  A i r e s  (A r g e n t in a )

SYNOPSI S.  The c ons t r uc t i on  o f  t wo b r i dges  ac r os s  t he Par anf l  Ri v e r  has  f u r n i s hed  oppor t un i t y  t o ga t her  

i n f o r mat i on on t he behav i our  of  deep l a r ge p i l es  on  sands .  The f i r s t  par t  o f  t h i s  pape r  dea l s  wi t h  t he 

p r e l oad i ng  by  s t age g r ou t i ng  t ec hni que.  Then  r es u l t s  o f  l oad t es t s  ar e  anal y z ed.  Pi l es  wi t h  Fr ey s s i ne t ' s  

c e l l s  on t he head  and i n t he bas e hav e been t es t ed wi t nour  pr e i oadi ng,  t hen unl oaded,  p r e l oaded  and t es t ed 

agai n.  A p r e l i mi nar y  ana l y s i s  o f  dat a  f r om t es t s  i nc l udes  t he det e r mi na t i on  of  t he av er age v al ue of  

—i nv er s e of  t he t angen t  modu l us— o f  t he s and be l ow t he p i l e  bas e bot h  be f or e  and  a f t e r  pr e l oad i ng,  whi c h 

c l ear l y  s hows  t he d i s t u r banc es  c r ea t ed  by  t he l ower i ng  o f  t he s hel l  and t he s t i f f nes s  dev e l opped by  pr e i oad i ng 

by  s t age gr out i ng .  Theor e t i c a l  es t i ma t ed  s e t t l emen t s  o f  l ar ge pi l e  s uppor t ed  f oo t i ngs  ar e  bei ng c hec k ed  by  

i n s i t u  measur ement s .

I NTRODUCTI ON

Pr ec ompr es s i on  o f  t he s and be l ow t he bas e o f  l ar ge 

d i amet e r  p i l es  by  means  o f  p r es s ur e  g r ou t i ng  has  

been r epor t ed s ev er a l  t i mes  i n c i v i l  eng i neer i ng  

l i t er at ur e.  Whoev e r  has  had

ex per i enc e  wi t h  t h i s  t ec hn i que r ea l i z es  v er y  soon 

i t s  dec i s i v e  i mpor t anc e on  t he behav i ou r  of  l ar ge 

d i amet er  p i l es  on sand.  Due  t o t he l ar ge l oads  

wh i c h  t hes e p i l es  mus t  c ar r y ,  i t  i s  manda t o r y  t hat  

eac h  of  t hem pe r f o r m s af el y .  Pr e i oad i ng  by  s t age 

gr out i ng  has  t wo bene f i c i a l  t ef f ect si  l )  An ov er a l l  

i mpr ov ement  o f  s oi l  s t r engt h  and  s haf t  c ont ac t  

wi t h t he pi l e  as  a r es u l t  of  g r ou t  f i l l i ng  of  mac r o  

and s pac e v o i ds  o r i g i na t ed  by  t he c ons t r uc t i on  

pr oc edur e  p l us  a s t r engt hn i ng o f  t he s oi l  be l ow 

t he pi l e  t i p by  gr ou t  pene t r a t i on  o f  weak  spot s .

2) A pr ec ompr es s i on  o f  t he s oi l  be l ow t he pi l e  t i p,  

wh i c h  c ons i der ab l y  dec r eas es  t he s et t l ement  

nec es s ar y  t o dev e l op a c er t a i n  amount  of  po i n t  l oad.

The c ons t r uc t i on  o f  t wo br i dges  ac r os s  t he Par anf l  

Ri v e r  r equ i r es  t hat  s ev er a l  hundr ed  pi l es ,  r ang i ng 

i n d i amet er  bet ween 1 and  2 met e r s  wi t h  l eng t hs  up 

t o 75 m,  be i ns t a l l ed  and t hat  ev e r y  pi l e  be 

pr e l oaded.  A l ar ge par t  o f  t hem i s  i n pl ac e 

a l r eady  and s ev er a l  l oad t es t s  hav e been p e r f o r md .  

As  a r out i ne,  t he s ame pi l e  i s  t es t ed bef or e and 

af t e r  pr e l oad i ng  and many  hav e been equ i pped  wi t h  

Fr ey s s i ne t ' s  c e l l s  bot h  on  t op and bo t t om t o

meas ur e  t he dev e l opment  o f  bas e and  s haf t  

r es i s t anc e  when t he t es t  l oad i s  appl i ed.

Th i s  paper  i n t r oduc es  and ex p l a i ns  t he pr e l oad i ng 

by  s t age g r ou t i ng  t ec hn i que and  p r es en t s  t he 

r es u l t s  of  s ome pi l e  t es t  i n wh i c h  i t s  benef i c i a l  

e f f ec t s  ar e c l ear l y  b r ough t  f or war d.

THE PRELOADI NG BY STAGE GROUTI NG TECHNI QUE

Al l  l ar ge d i amet e r  p i l es  i n wa t e r  wer e c ons t r uc t ed  

s i nk i ng an ou t e r  open- end  s hel l  o f  e i t he r  

r e i n f o r c ed  c onc r e t e  o r  s t eel ,  wh i c h was  l ower ed 

i n t o t he r i v e r  bed t o f ounda t i on  l ev el  by  bor i ng 

t hr ough  e i t he r  by  means  o f  t he r ev er s e c i r c u l a t i on  

d r i l l i ng  met hod  o r  by  means  of  buc k et  auger s .  Some 

c on t r ac t o r s  us e d r i l l i ng  mud,  and o t he r s  p r e f e r  

c l ean  wat er .  Depend i ng  on  s oi l  c ond i t i ons ,  p i l es  

l oc a t ed  i n l and ar e  p r ov i ded  wi t h  a s t eel  s hel l  o r  

dr i l l ed  wi t hou t  c as i ng.  Dr i l l i ng  mud i s  a l way s  

emp l oy ed  i n t he l a t t e r  c a s e .

The pr e i oad i ng  by  s t age g r out i ng t ec hn i que has  been 

app l i ed  s uc c es f u l l y  i n a l l  c as es  t hough no def i n i t e  

c onc l us i ons  ar e y et  av a i l ab l e  when t he shel l  i s  

l ower ed  by  buc k e t  auger i ng.  Fi g .  1 s hows  t he 

pr e i oad i ng  c el l  dev e l oped  f o r  t h i s  pur pose.  I t  i s  

c ompos ed of  a  pr es s ur e cel l  wi t h  some 40  gr out  

ho l es  c ov er ed wi t h a r ubber  s heet  wi t h i dent i c a l  

number  o f  hol es ,  wh i c h a l t e r nat e  i n pos i t i on  t o 

av o i d  g r ou t  r ebound.  At t ac hed  t o t he c el l  and
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hang i ng  f r om i t ,  a bas k et  f u l l  o f  c oar s e g r av e l  i s  

pl aced,  wh i c h  i s  i n t ended t o s er v e bot h  as  a 

g r out i ng  and p r es s ur e  d i s t r i bu t i on  c hamber .

FI G.  1.  PRELOADI NG CELL

The c el l  i s  we l ded t o t he bo t t om of  t he pi l e  c or e 

r e i n f or c ement .  Pi l es  i n wa t e r  a r e  heav i l y  

r e i n f o r c ed  bec aus e t hey  a r e  des i gned as  f r ee 

s t and i ng c o l umns  f i x ed  at  t he pi l e  c ap and i n t he 

s and f or mat i on.  Buc k l i ng  de t e r mi nes  t he d i amet er  

o f  t he pi l e  and t he r e i n f or c ement .  Leng t h  of  

embedment  be l ow as s umed e r os i on  l i ne i s  us ua l l y  

es t ab l i s hed  t o as s ur e  t he f i x i t y  o f  t he pi l e.  Af t e r  

t he ou t e r  s hel l  has  r eac hed  t he des i gn dept h  and  al l  

t he c hec k s  and c or r ec t i ons  hav e been made,  t he c or e 

s t eel  r e i n f o r c enen t  i s  l ower ed wi t h t he p r e l oad i ng 

c el l  we l ded  t o i t s  bo t t om end.  The c el l  i s  us ua l l y  

de t a i l ed  as  s hown on Fi g.  1.  When t he pi l e i s  

i n t ended t o be l oad t es t ed,  Fr ey s s i ne t ' s  c e l l s  ar e 

p l ac ed  i nmed i a t e l y  abov e t he pr e l oad i ng  cel l .  Thes e 

Fr Ey s s i ne t ' s  c e l l s  ar e a r r anged  i n a un i t  wi t h 

c onnec t i ons  c a r e f u l l y  p r epa r ed  t o ad j us t  t o t he 

r e l a t i v e  d i s p l ac ement s  t hat  f i l l i ng  t he pi l e wi t h  

t r emi e c onc r e t e  may  or i g i nat e.

Af t er  t he cor e c onc r e t e  has  set ,  a l l  g r ou t i ng  pi pes ,  

v al v es ,  f i l t er s ,  et c ,  ar e t hour ough l y  was hed wi t h  

wa t e r  under  pr es s ur e .  Regu l a r  g r ou t i ng  equi pment ,  

wi t h  pumps  dev e l op i ng  pr es s ur es  up t o 10000  k N/ m2  i s  

be i ng used.  Gr out  mi x  i s  gene r a l l y  1. 5 par t s  

Por t l and  c ement  and 1 par t  wat er ,  by  wei ght .  Eac h

quadr ant  of  t he pr e l oad i ng  c el l  has  one g r out  pi pe 

goi ng up t o t he upper  end  o f  t he pi l e.

Gr ou t i ng  s t ar t s  by  pumpi ng  c l ean wa t e r  t h r ough one 

o f  t he gr ou t  p i pes  wi t h  t he uppe r  ends  o f  t he 

o t he r  t hr ee c l os ed o r  c onnec t ed  t o p r es s ur e  gages .  

Bet ween 500  and 1500 k g  o f  Por t l and  c ement  i s  t hen 

gr out ed,  depend i ng  on  t he d i amet er  of  t he pi l e.

Th i s  i n i t i a l  quan t i t y  mus t  be enough t o f i l l  t he 

v oi ds  i n t he bas k et  of  c oar s e g r av e l  be l ow t he 

pr e l oad i ng  cel l  p l us  a c er t a i n  s ur p l us  and i t  i s  

gener a l l y  f i x ed on t he bas i s  of  p r ev i ous  exper i enc es .  

Gr ou t i ng  p r oc eeds  un i n t e r r up t ed l y  as  l ong as  

pr es s ur e  gage r ead i ngs  ar e o f  t he o r de r  of  

5000  k N/ m2 and i nc r eas i ng  * I t  c onc l udes  when a 

pr es s ur e of  10000 k N/ m2 c an be mant a i ned  dur i ng  5 

mi nu t es  o r  t he pi l e  r i s es  2 cm.  Th i s  s e l dom 

happens .

2
Mos t  f r equen t l y  t he 5000  k N/ m gape pr es s ur e  

r ead i ngs  a r e  no t  r eac hed  i n t he f i r s t  s t age.

Gr ou t i ng  i s  t hen s t opped and  c l ean wa t e r  i s  pumped 

unt i l  i t  c omes  out  c l ean f r om t he t h r ee  gr out  

p i pes  t ha t  wer e c l os ed whi l e  pumpi ng  t he mi x .  Af t e r  

a mi n i mum e l aps ed  t i me o f  appr ox i ma t e l y  12 hour s  

ano t her  ba t c h o f  Por t l and  c enent  i s  gr out ed.  I f  

nec es s ar y  new gr ou t i ng  s t ages  wi t h  t he s ame amount  

o f  por t l and  c enent  ar e r epea t ed  unt i l  t he pr es s ur e 

o f  10000  k N/ m2  i s  mant a i ned  dur i ng  5  mi nu t es  o r  t he 

pi l e  r i s es  2 cm.  For  p i l es  2 , 00  m i n d i amet er  

1000  k g  o f  por t l and  c ement  has  been us ed  f or  eac h  

i n t er medi a t e  s t a ge .

TABLE I

Ty p i c a l  Gr out  Tak es

Pi l e  Di aae t e r  Av er age  number  Gr ou t  Tak e

m of  s t ages  k g of  por t l and

c ement

l.oo (ss.nc) 2 500

1.20 ( SS. RC) 3 700

1.80 ( RCS. RC. LG) * 3 3500

2.00 ( WS. BA) 6 6000

2.00 ( SS. BA) * St i l l  ex per i ment a l

SS:  St ee l  Shel l .  RCS:  Re i n f o r c ed  c onc r e t e  shel l .  

WS:  Wi t hou t  Shel l .

RC:  Rev er s e  c i r c u l at i on.  BA:  Buc k e t  auge r i ng  wi t h 

d r i l l i ng  mud.

LG:  Lat e r a l  g r ou t i ng  t o  i nc r eas e s k i n f r i c t i on  of  

p i l e  s haf t .

#  Pi l es  i n t he r i v e r  c o u r s e .

The r eac t i on  t o t he gr ou t  pr es s ur e  i s  f u r n i s hed  by  

t he s k i n  f r i c t i on,  whi c h  i nc r eas es  s omehow i n 

s uc c es i v e  g r ou t i ng  opper a t i ons .  When i t  f a i l s  t o 

g i v e  t he r equ i r ed  r eac t i on,  nor ma l l y  bec aus e of
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s and d i s t u r banc es  whi l e  s ugar i ng  o r  l ower i ng t he 

ou t e r  s hel l ,  o r  bec aus e of  t he s oi l  f or mat i on,  

p r e l oad i ng  p r oc eeds  a f t e r  bu i l d i ng  t he p i l e  cap.  

Ex pe r i enc es  ar e  under  way  a i mi ng  a t  a s ubs t ant i a l  

i nc r eas e of  t he s k i n  f r i c t i on  by  s uc c es i v e gr out i ng  

f r om t he p r e l oad i ng  cel l .  Ty p i c a l  g r out  t ak es  

a r e  g i v en  i n t ab l e I .

Fi g .  2  s hows  t he s t age g r ou t i ng  o f  a 2  m.  d i amet er  

pi l e.  The pi l e  i s  embedded  5  m i n sand.  Bor i ng

f r i c t i on  a l ong i t s  s haf t ,  i t  c ons t i t u t es  i n i t s e l f  

a t es t .  I n f ac t ,  t h i s  i s  per haps  i t s  mos t  i mpor t ant  

f unc t i on  s i nc e i t  e l i mi na t es  t he r i s k  of  f a i l ur e 

bec aus e o f  i ns uf f i c i en t  s o i l  r es i s t anc e.  Thes e 

c ons i der a t i ons  l ed t o t he f o l l owi ng l oad t es t i ng  

p r o c edu r e :

FI G.  2.  STAGE GROUTI NG

was  pe r f o r med wi t h  buc k e t  s uge r s  wi t hou t  c as i ng 

us i ng  d r i l l i ng  mud.  Sev en  s t ages  wer e r equ i r ed  

t o dev e l op  t he p r ees t ab l i s hed  10000 k N/ m2  pr es s ur e.  

I t  c an be s een t hat  i t  i s  r e l a t i v e l y  eas y  t o r eac h 

t he h i ghes t  v a l ues  onc e p r es s ur es  s t ar t  t o bu i l d  up 

I n thB l a t es t  s t ages .  Fo r  t h i s  r eas on,  i t  i s  

h i g l y  c onv en i en t  t o p r e l oad  as  h i gh as  t he 

equ i pmen t  and t he s k i n  f r i c t i on  per mi t  and  r epea t  

t he oper at i on ,  when nec es s ar y ,  a f t e r  c ons t r uc t i on  

o f  t he pi l e  cap.

LOAD TESTS

Tes t i ng  p i l es  up t o 20000  k N i s  a  maj o r  

under t ak i ng  ev en  f o r  t hB bi g c ons t r uc t i on  f i r ms  

wh i c h  par t i c i pa t e  i n l ar ge f ounda t i on  wor k s .  I n 

t he mi dd l e  of  a mi gh t y  r i v e r  i t  i s  a l s o  danger ous  

un l es s  c a r e f u l l y  pl anned.  I nasmuc h as  p r e l oad i ng  

by  pr es s ur e  g r ou t i ng  i mpr ov es  t he def o r mat i on  

c har ac t e r i s t i c s  of  t he s and be l ow t he pi l e  bas e 

and a l s o  s er v es  t o appr a i s e  t he dev e l opment  o f  s k i n

FI G.  3.  TEST PI LE

1. -  A p i l e  i n a p i l e  c l us t e r  i s  s e l ec t ed f o r  l oad 

t es t i ng  dur i ng t he des i gn  s t age.

2. — The pi l e  c l us t e r  and  t he pi l e c ap ar e des i gned 

t o s uppor t  t he t es t  p i l e  r eac t i on.  Si nc e  bot h  t he 

p i l es  and t he pi l e  c aps  ar e us ua l l y  heav i l y  

r e i n f o r c ed  t h i s  r equ i r es  r e l a t i v e l y  mi no r  

a l t er at i ons .

3 . -  The t es t  p i l e  i s  not  c onc r e t ed  i n t o  t he pi l e 

c ap but  adequa t e l y  gu i ded  t o c ont r o l  buc k l i ng  and 

a l l ow f o r  t he v er t i c a l  mov ement s  wh i c h ar e r equ i r ed  

f o r  t es t i ng  pur pos es .  Fr ey s s i ne t ' s  c e l l s  ar e 

l oc a t ed  on t op of  t he p i l e  t o c en t e r  t he t es t  

app l i ed  l oad c or r ec t l y .

4 . -  Fi r s t  a  l oad t es t  wi t hout  p r e l oad i ng  by  pr es s ur e 

g r ou t i ng  i s  per f or med ( Bef or e p r e l oad i ng  l oad t es t ) .

5 . -  The pi l e i s  p r e l oaded  by  pr es s ur e  gr out i ng.

6 . -  Then a new l oad t es t  i s  per f o r med ( Af t er  

pr e l oad i ng  l oad t es t ) .

T - - - - - - - - - -
Grout takes 

kg of po rtland  
cement 

-Stag« 1 1000 - 
2 1 0 0 0

3 1000

4 1000
5 1000_
6  1 0 0 0  

7 600

0 10' 20’ 30’ 40* 50’

Tim#

Gags pressures 

kN /m 2

loood___
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Af t e r  r emov a l  o f  a l l  me a s u r i ng  ap p a r a t u s  t he p i l e  

Ls c o n c r e t ed  I n t o  t he p i l e  c ap.

[ n t h i s  manner  I t  l s  pos s i b l e  t o r eas s u r e  bo t h  t t e 

weak en i ng  o f  t he  s and  f o r ma t i on  due t o bor i ng whi l e  

Lower i ng t he s he l l  and  I t s  r e c ov e r y  a nd  i mpr ov emen t  

a f t e r  p r e l oad i ng .  To  I l l us t r a t e  how l oad t es t  c an 

be us ed  t o ev a l ua t e  t hes e  ef f ec t s ,  t wo c as es  a r e  

c ompar ed  unde r  Ana l y s i s  o f  Res u l t s .  Bo t h  1 . 0  m 

out s i de  d l ams t e r  pi l es ,  N°  1 and  N°  3,  hav e ou t e r  

s hel l s  o f  r e i n f o r c ed  c onc r e t e ,  wh i c h  hav e been 

l ower ed by  r ev er s e  c i r c u l a t i on  auge r i ng  wi t hou t  

us i ng d r i l l i ng  muds .  Sk i n  f r i c t i on  had been  i mpr ov ed  

be f o r e  p r e l oad i ng  by  l a t e r a l  g r ou t i ng .  The  l eng t h  

o f  embedmen t  i n  s and  of  p i l e  N°  1 i s  21 , 1  m and  of  

p i l e  N°  3 i s  21 . 6  m.  The uns upo r t ed  c o l umn l eng t hs  

[ Fi g.  3)  ar e r es pec t i v e l y  27 . 1  and  25 . 5  m.

[ n e v e r y  o t he r  as pec t  t he r e  i s  t he s ame s i mi l i t ude,  

ax c apt  t hat  wh i l e  p r e l oad i ng  p i l e  N°  1 i t  was  

pos s i b l e  t o r a i s e  t he g r ou t  p r es s u r e  t o  t he r equ i r ed  

L000QkN/ m2 whe r eas  on l y  app r ox i ma t e l y  5000  k N/ m2  

wer e r eac hed  unde r  pi l e  N°  3.  The r a i s i ng  o f  t he 

p i l s  r ead  a t  t he and  o f  t he g r ou t i ng  s t ages  t o r eac h 

t he  p r es s u r es  i nd i c a t ed  abov e ma t c hes  t he d i f f e r enc es  

I n max i mum gr ou t i ng  pr es s ur es .  Pi l e  N°  1 r a i s ed  

L6. 2 be t ween  t he un l oaded  c ond i t i on  a t  t he end  o f  t he 

( i ef or e p r e l oad i ng  l oad  t es t  and  t he s t a r t  o f  t he 

a f t e r  p r e l oad i ng  l oad t es t ,  whe r eas  p i l e  N°  3  r a i s ed  

52 . 9  mm.

WAL Y6 I S OF RESULTS

A p p l ie d  L oad  Q kN

0 4000 8000 12000

Fi g .  4 s hows  t he r es u l t s  o f  l oad t es t  N°  3.  Cy c l i ng  

i s  r ou t i ne  i n al l  t es t s .  The o r d i nat e ,  s^ ,  i s  t he 

pi l e  head  s et t l ement .  ' What  f o l l ows  Us  a s t ep  by  s t ep  

ana l y s i s  o f  t h i s  t es t .  When  per t i nen t ,  r es u l t s  of  

l oad t es t  N°  1 a r e  i n t r oduc ed  f o r  c ompar i s on.

The c a l c u l a t ed  e l a s t i c  de f o r ma t i on  of  t he p i l e  i s  

g i v en  by  t he l i ne OA.  Cons equen t l y  i t  i s  a l s o  

t ak en as  t he r e f e r enc e  l i ne  f o r  t he p i l e  t i p  

s e t t l emen t - app l i ed  l oad  d i agr am.  The p r i mar y  

l oad i ng  c ur v e  i s  08.  The l i ne  OC g i v es  t he 

s e t t l emen t  c ur v e a f t e r  p r e l oad i ng.

Ther e ar e i mpor t an t  v a r i a t i ons  among t es t s  on 

d i f f e r en t  pi l es ,  wh i c h ar e gene r a l l y  c aus ed  by  t he 

a l t e r a t i on  of  t he s and p r ope r t i es  whi l e  l ower i ng  t he 

ou t e r  s hel l .

P ile  head s e t t le m e n t s h mm

Fi g .  5  s hows  r es u l t s  o f  t wo t es t s .  The s and  a r ound  

and be l ow t es t  p i l e  N°  3  s u f f e r ed  ma j o r  di s t ur bances .  

Tes t  p i l e  N°  1 was  bu i l t  f o l l owi ng  nor mal  

c ons t r uc t i on  pr oc edur es .  Fo r  bot h  t es t s  t he das hed  

l i nes  s how r es u l t s  be f o r e  p r e l oad i ng  and t he heav y  

s o l i d  l i nes  a f t e r  p r e l oad i ng.  The t h i n  s o l i d  l i nes  

ar e t he c a l c u l a t ed  e l a s t i c  de f o r ma t i ons  of  t he 

pi l es .

By  means  of  t he Fr e y s a i ne t ' s  c e l l s  r ead i ngs  at  p i l e  

head  and  a t  p i l e  bas e i t  i s  pos s i b l e  t o de t e r mi ne  

wh i c h  par t  o f  t he l oad i s  c a r r i ed  by  t he base 

r es i s t anc e  and  wh i c h  by  s haf t  r es i s t anc e.

I n Fi g.  6  ( a)  c u r v es  a)  t o d)  hav e t he f o l l owi ng  

meani ng:

a)  Se t t l emen t  o f  t he pi l e  t i p aga i ns t  app l i ed  

l oad bef or e  pr e l oad i ng.

b)  Same as  a)  a f t e r  pr e l oad i ng.
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c)  Bas e  r e s i s t anc e  be f o r e  p r e l oad i ng  aga i ns t  

s e t t l ement  o f  t he pi l e  t i p.

d  -  a)  -  c) ,  s haf t  r es i s t anc e  as  a f unc t i on  of  

s e t t l ement  er f  t he p i l e  t i p  be f o r e  pr e l oad i ng.

A pp lied  Load Q q

kN kN /m 2

(a) (b)

4-... — S im u ltaneous  base and sha ft 

re s is ta n ce

FI G.  6.  APPL I ED LOAD AGAI NST PI LE TI P 

SETTLEMENT DI AGRAM

Cu r v es  c )  and  d)  s how t he bas e  and s ha f t  r es i s t anc es  

i r t i i l e t he p i l e  t i p s e t t l es  unde r  t he app l i ed  l oads  

s hown  on  c ur v e  a) .  Fo r  ex ampl e ,  unde r  7500  k N 

app l i ed  l oad,  t he t i p  s e t t l es  16  mm t he po i n t  

r es i s t anc e  i s  1600  k N and  t he s ha f t  r es i s t anc e  

5 900  kN.

Loads  on  bas e  wer e  de t e r mi ned  f r om l oad  c el l  

r ead i ngs .  Cur v e  a)  i n Fi g.  6  ( b)  s hows  bas e 

Fr e y s s i ne t ' s  c e l l  r ead i ngs  aga i ns t  s e t t l emen t s  of  

> t he p i l e  t i p  be f o r e  p r e l oad i ng  and c ur v e  b)  s ame 

as  a)  a f t e r  p r e l oad i ng.

Pr e l oad i ng  by  g r ou t i ng  s t i f f ens  t he s and  and  may  

p r obab l e  c r ea t e  s ome k i nd  o f  a  mo r t a r  bu l b  wh i c h  

s omehow en l a r ges  t he p i l e  base.  I t  a l s o  i nc r eas es  

t he s k i n  f r i c t i on .  Ther ef or e ,  i n  s p i t e  o f  hav i ng  

t he Fr e y s s i ne t ' s  c e l l s  p l ac ed  a t  t he base,  

as s ump t i ons  mus t  be i n t r oduc ed  t o es t i ma t e  how t he 

l oad mi g t h  be d i v i ded  be t ween bas e  and  s ha f t  

r es i s t anc e  a f t e r  pr e l oad i ng.

I f  no mo r t a r  bu l b  i s  f o r med  dur i ng  pr e l oad i ng ,  t he 

bas e r es i s t anc e  i s  de t e r mi ned  mu l t i p l y i ng  t he bas e 

p r es s u r e  c e l l  r ead i ngs ,  Fi g.  6  ( b)  b)  by  t he pi l e  

bas e  ar ea.  Cu r v es  e)  and  f ) ,  Fi g .  6  ( a) ,  r ep r es en t  

t h i s  case:

e)  Bas e r es i s t anc e  a f t e r  p r e l oad i ng  aga i ns t

s e t t l ement  o f  t he pi l e t i p.

f  = b)  -  e) ,  Sha f t  r es i s t anc e  a f t e r  p r e l oad i ng  

aga i ns t  s e t t l ement  o f  t he p i l e  t i p.

Ther ef or e ,  equ i l i b r i um aga i ns t  app l i ed  l oad r equ i r e3 

t ha t  a s i gn i f i c an t  i nc r eas e  o f  t he s k i n  f r i c t i on  

s hou l d  be t ak en i nt o ac c ount .

I f  t he as s umpt i on  t hat  s k i n  f r i c t i on  r ema i ns  

i nv ar i ab l e  i s  i n t r oduc ed ,  a mo r t a r  bu l b  mus t  pr ov i de  

an en l a r ged  bas e  t o c a r r y  t he unba l anc ed  l oad.  

Equ i l i b r i um r equ i r es  t ha t  t he bo t t om d i ame t e r  be 

i nc r eas ed  t o app r ox i ma t e l y  2 . 20  m.  Fo r  t h i s  l a t t e r  

d i ame t e r  c ur v e  g)  r epr es ent s :

g)  Bas e r es i s t anc e  a f t e r  p r e l oad i ng  aga i ns t  

s e t t l ement  o f  t he p i l e  t i p.

The c or r ec t  ans we r  mus t  be l oc a t ed  be t ween  t hes e 

t wo ex t r emes ,  bu t  a t  p r es en t  t he r e  i s  not  enough  

ev i denc e  t o i n t ent  an  es t i ma t e  abou t  t h i s  pr ob l em.  

Ther e  ar e,  howev er ,  s ome i nd i c a t i ons  o f  a  pos s i b l e  

i mpr ov emen t  i n s k i n  f r i c t i on ,  pos s i b l y  i n  t he 

l ower  par t  o f  t he pi l e  s haf t .

CHANGE I N DEFORMATI ON CHARACTERI STI CS OF SAND 

BY PRELOADI NG

Fi g.  7  s hows  t he e l emen t s  t ha t  en t e r  i n t o  a s i mpl e  

equa t i on  t o c omput e  s e t t l emen t s  be l ow i nd i v i dua l  

pi l es ,  wh i c h c an be app l i ed  f o r  t he p r e l i mi na r y  

ana l y s i s  o f  da t a  f r om t es t s .

FI G.  7.  RELATI ONSHI P BETWEEN PI LE TI P 

SETTLEMENT AND STRAI N AT AVERAGE POI NT

Us i ng  t he po i n t  l oc a t ed  on t he ax i s  o f  s i nme t r y  at  

3 / 4  B be l ow t he pi l e  t i p as  " av er age" ,  p u b l i s h e d ( 4)  

s t r a i n  meas ur emen t s  be l ow s ha l l ow f ounda t i on  

i nd i c at e t hat  s e t t l ement  of  p i l e  t i p,  s t , may  be
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t ak en  as  1 . 25  t i nes  t he s t r ai n,  ,  a t  " av er age 

poi nt " .  St r a i ns  ar e equa l  t o m,  ■ wher e A Gy

i s  Bous s i neq ' s  i nduc ed p r es s ur e  by  t he s ur f ac e l oad 

and i s  t hs  I nv er s e o f  t he t angent  modul us .

Fo r  t he c ons o l i da t i on  t es t  c ond i t i ons  m f  = m„  .
Cy V

Th i s  met hod  t ak es  i nt o c ons i der a t i on  t he non  l i near  

and pat h  dependant  def o r mat i on  c ha r ac t e r i s t i c s  o f  

sand.  App l i c a t i ons  hav e been pub l i s hed 

e l s ewher e.  ( 5)  ( 6)  ( 7)

Cons i de r a t i on  was  gi ve_n t o t he use o f  Mi nd l i n ' s  

s o l u t i on  t o c omput e A Gy . Nev er t hel es s ,  bec aus e of  

t he l ac k  of  t ens i l e  s t r eng t h  o f  t he s and and o f  t he 

l ar ge d i ame t e r  o f  t he pi l e,  t he Bous s i neq ' s  

s o l u t i on  i s  c ons i der ed  mor e f i t t i ng .  The Mi nd l i n ' s  

s o l u t i on  was  used,  however ,  t o es t i mat e  t he pr es s ur e 

i nduc ed at  t he " av er age poi n t "  by  t he s k i n f r i c t i on.  

I f  t he i nduc ed  pr es s ur e  - dep t h  d i agr am f r om a poi n t  

l oad i s  c ompar ed  wi t h  t he i nduc ed  p r es s ur e -  dept h  

d i ag r am f r om a s k i n f r i c t i on l oad o f  equa l  magn i t ude  

i t  i s  f ound  t hat  t he a r ea  o f  t he  l a t t e r  i s  l es s  t han 

10  ^  o f  t he f or mer .  As s umi ng  t hat  t h i s  r e l a t i on  i s  

app l i c ab l e  t o t he s and f or mat i on,  t he i nduc ed 

p r es s u r es  a t  av er age po i n t  a f t e r  pr es s ur e  c el l  

r eadi ngs ,  c omput ed f r om t he Bous s i nes q ' s  s ol ut i on,  

wer e i nc r eas ed  t o i n t r oduc e t he e f f ec t  o f  t he s k i n 

f r i c t i on.  I n t h i s  manner  a  s et t l ement  o f  t he pi l e 

t i p aga i ns t  i nduc ed p r es s u r es  a t  " av er age "  poi n t  

d i agr ams  c an be dr awn,  as  s hown i n Fi g.  8  ( b) .

As  i n Fi g.  6  ( b)  c ur v e ( a)  app l i es  bef or e 

p r e l oad i ng  and  ( b)  a f t e r  pr e l oedi ng.

Appl i ed Load 0  Gv » t Z = 0. 75B

kN k N/ m2

(a)  (b)

FI G.  0.  APPLI ED LOAD AGAI NST PI LE TI P 

SETTLEf cENT DI AGRAM

Thes e d i ag r ams  wer e dr awn wi t h dat a  f r om di r ec t  

pr es s ur e  c el l  r ead i ngs ,  Fi g.  6  ( b) .  To i n t r oduc e 

t he e f f ec t  of  s k i n f r i c t i on,  Fi g.  8 ( a)  was  used,  

whe r e  c u r v es  c ) ,  d) ,  h)  and i )  hav e  t he f o l l owi ng

meani ng:

c)  Bas e r es i s t anc e  bef or e  p r e l oad i ng  aga i ns t  

s e t t l ement  o f  t he pi l e  t i p.

d)  Sha f t  r es i s t anc e bef or e pr e l oad i ng  aga i ns t  

s e t t l ement  o f  t he pi l e  t i p.

h)  Bas e  r es i s t anc e a f t e r  p r e l oad i ng  aga i ns t  

s e t t l ement  o f  t he pi l e t i p.

i )  Sha f t  r es i s t anc e  a f t e r  pr e l oad i ng  aga i ns t  

s e t t l ement  of  t he pi l e  t i p.

Fr om Fi g.  8( b)  and equat i on:

t he d i ag r ams  GV 6 Z and  wer e der i v ed,  Fi g  9

( c)  and  b) ,  wher e  as  r ef er enc e,  t he v a l ues  of

0 500 2 4 0.5 1

FI G.  9.  STRESS PATHS AND STRAI NS

and t ,  f o r  t he K s t r es s  pa t h  o f  a  med i um dens e
^ 0

f i ne s and ar e i nc l uded.

As  an ex ampl e,  po i n t  P3 of  Fi g.  4  c o r r es pond i ng  t o 

t he des i gn l oad i s  r epr es en t ed  i n d i ag r ams  8( a) ,

8( b) ,  9( b)  and  9( c ) .  When  t he p i l e  i s  s ubmi t t ed t o 

t he des i gn l oad a f t e r  pr e l oedi ng,  d i r ec t  r ead i ngs  

s how t hat  t he s t r a i n a t  " av er age poi nt "  i s  0 , 34  % 

as  t he s t r es s  c hanges  f r om ov er bur den  t o ov er bur den  

p l us  des i gn  l oad i nduc ed  pr es s ur e.  The c or r es pondi r g  

av er age v al ue of  m £ i s  0 . 60  x  10“ ^  m2/ kN.  The 

t angent  modul us ,  i nv er s e o f  , i s  

1 . 666  x  10s  kN/ m2.  Z

As  has  a l r eady  been po i n t ed  out ,  t he s and a r ound 

and  bel ow t es t  p i l e  N°  3 s u f f e r ed maj o r  

d i s t ur banc es .  Tab l e  I I  c on t r as t s  av er age v a l ues

o f  i TU , when t he s and i s  s t r es s ed  t o t he des i gn
Bz

24



3/4

l oad,  f o r  a  nor ma l l y  bui l t  o i l e ( t es t  N'  l )  and 

when ma j o r  d i s t u r banc es  oc ur r ed  ( t es t  N°  3) .

TABLE I I

Av er age  v al ue o f  m £ x 10 ' " i n m2/ kN when s and i s  

s t r es s ed  t o t he des i gn l oad.

LOAD TEST 

N°  1 N°  3

Bef o r e  or e l oad i ng  0 . 90  ( l , 110)  3 ( 333)

Af t e r  p r e l oad i ng  0. 15 ( 6, 750)  0. 6( 1 , 666)

I n pa r en t hes i s  v a l ues  of  t he av er age t angent  

modu l us  x  10“ 2  i n kN/ m2.

Tent a t i v e  s t r es s  pa t hs  of  t he " av er age poi nt "  

ar e s hown on  Fi g .  9  ( a) .

CONCLUSI ONS

1)  Lar ge  d i ame t e r  p i l es  a r e  i nc r eas i ng l y  pr e f e r r ed  

f o r  v e r y  deep f ounda t i ons  under  wat er .

2)  Due  t o t he heav y  l oad t hey  c ar r y  i t  i s  mandat o r y  

t ha t  t hey  pe r f o r m as  des i gned .

3)  I nab i l i t y  t o c a r r y  t he l oads  on ac c oun t  of  l ack  

o f  s u f f i c i en t  s t r eng t h  o f  t he s and be l ow t he 

pi l e  bas e c an be p r ac t i c a l l y  e l i mi na t ed  by  

us i ng  t he p r e l oad i ng  by  s t age g r ou t i ng  t ec hni que.

4 )  Rough,  s t ur dy ,  s a t i s f ac t o r y  s o l u t i ons  hav e been 

pr opos ed,  t es t ed and  r epor t ed  i n t h i s  paper .

Ther e  wi l l  be c e r t a i n l y  mor e e l abor a t e  dev i c es  

as  t he us e of  t h i s  t ec hn i que s pr eads .

5)  The s e t t l ement  o f  s i ng l e p i l es  can be e f f ec t i v e l y  

c on t r o l l ed  by  t h i s  pr e l oad i ng  t ec hni que.

6)  I f  p r ope r l y  pl anned,  ev en  l oad t es t i ng  under  t he 

s t r a i n  t o meet  c ons t r uc t i on  s c hedu l es  can 

f u r n i s h  i n f or mat i on t o j udge:  a)  ov e r  t he 

s u i t ab i l i t y  of  c ons t r uc t i on  met hods ,  par t i c u l a r l y  

i n r e l a t i on  t o t he s and d i s t u r banc es  t hey  c r eat e;

b)  ov e r  t he i mpr ov ement s  o f  s o i l  p r oper t i es  a f t e r  

pr e l oad i ng  and  c )  ov e r  t he s t r es s—s t r a i n 

r e l a t i ons  o f  t he s and be l ow t he base,  whose 

k nowl edge  i s  nec es s ar y  f or  ana l y s i s  and 

pr ed i c t i on  o f  s et t l ement s .

7)  Pr ec ompr es s i on  by  pr es s ur e  g r out i ng ac t s  on l y  

ov e r  a  l i mi t ed  dept h  of  t he s and be l ow t he base.  

On  l ar ge f oundat i ons ,  s e t t l ement s  t ak e p l ac e  

bec aus e bot h  t he pr ec ompr es s ed  and  t he pr i mar y  

l oaded z ones  c ompr es s .  Set t l ement  p r ed i c t i ons  

r equ i r e  t he i n t r oduc t i on  of  appr op i a t e  modu l i  of  

def or mat i on ,  whi c h  mus t  t ak e t hat  f ac t  i nt o 

c ons i der a t i on .  Meas ur ement s  ar e be i ng made on 

f oo t i ngs  s uppor t ed by  fcl t o 50 p i l es  t o chec k  

t he r es u l t s  of  t heor e t i c a l  ana l y s i s  t hough t her e 

a r e  not  r es u l t s  t o  be r epo r t ed  yet .
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