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Pile Foundation Problem s in W h ite  Chalk
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C. B / tK -M A D S E N  P ro je c t M a n a g e rs , D a n is h  G e o te c h n ic a l In s t itu te ,  D e n m a rk  

P.’ LA G O N I

SYNOPSI S The unf i ni shed mot or way  f r om Copenhagen t o Ger many i s cr ossi ng t he appr ox . 5 km wi de
st r et ch of  wat er  cal l ed St or s t r 0mmen separ at i ng t he i s l ands of  Zeal and and Fal st er .  Geot echni cal  
i nvest i gat i ons f or  t he f oundat i on of  t hi s l i nk v i a t he i sl et  of  Far 0 -  t he Far 0- br i dges -  f or  t he 
Dani sh Road Di r ec t or at e have shown di f f er ent  pr obl ems concer ni ng t he 75 mi l l i on year s ol d whi t e 
chal k consi s t i ng of  mi c r oscopi c  cr yst al s  wi t h an er oded sur f ace.  Thr ough an ext ens i ve amount  of  
l abor at or y and i n si t u t est s an i mpor t ant  mat er i al  f or  t he geot echni cal  des i gn has been est abl i shed 
f or  t hi s r at her  speci al  soi l .

I NTRODUCTI ON

I n many r espect s,  f oundat i ons on weat her ed chal k 
r epr esent  a r at her  speci al  ar ea wi t hi n soi l  
mechani cs.  The chal k cover s t he ent i r e i nt er val  
bet ween r ocks and sof t  soi l s.  Mor eover ,  t he geo­
t echni cal  behav i our  i s sel dom expl ai nabl e by 
means of  convent i onal  soi l  mechani cs  and gen­
er al l y,  t hi s i s r ef l ec t ed i n t he l i t er at ur e de­
scr i bi ng case st or i es and l oad t est s.

PROJECT AND FOUNDATI ON

The t wo br i dges -  1 . 6 km and 1 . 7 km l ong r espect ­
i vel y -  f or  t he mot or way cr ossi ng t he St or -  
st r 0mmen,  wi l l  be const r uct ed as gi r der  br i dges 
f ounded on pi l es i n weat her ed whi t e chal k  r e­
spect i vel y di r ec t  i n t he gl ac i al  deposi t s.  The 
suspended spans ar e des i gned as a cabl e—st ayed Fi g. l :  Locat i on of  t he Far 0- br i dges t o t he east  of  t he
st r uct ur e.  exi st ent  " St or st r t f msbr o" .

Fi g. 2:  One pyl on and one si de span pi er  f or  t he cabi e- st ayed br i dge and t wo pi er s f or  t he gi r der  br i dge t o be f ounded 

on pi l es i n weat her ed whi t e chal k.  The f i gur e al so shows t he char act er i st i c geol ogi cal  st r uct ur e.
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The geot echni cal  i nvest i gat i ons compr i se 60 boi > 
i ngs,  f r om whi ch t he met hod of  f oundat i on,  
f oundat i on l evel s and soi l  char act er i s t i cs  has 
been ext r act ed.  Fi g. 2 pr esent s  t he f oundat i ons 
of  a f ew pi er s ( ver t i cal  scal e enl ar ged 5 t i mes 
compar ed t o t he hor i zont al  scal e) .

Al l  pi l e f oundat i ons ar e des i gned wi t h bat t er i ng 
pi l es pl aced i n one or  t wo concent r i c  c i r c l es 
and t he pi l e t i ps ar e i n mos t  pi er s pl anned t o 
be s t opped i n t he st r onger  par t  of  t he chal k.

GEOLOGY AND CLASSI FI CATI ON

The bor i ngs have shown Quar t er nar y  depos i t s  of  
var y i ng t hi ckness,  l yi ng on t he Pr e- Quar t er nar y  
whi ch occur s as onl y s l i ght l y  l i t hi f i ed whi t e 
chal k of  Senoni an age. The whi t e chal k r epr esent s 
a l evel  i n t he Senoni an about  200 m bel ow t he 
or i gi nal  Senoni an sur f ace.  Thi s i s i nt er pr et ed 
as bei ng caused by ext ens i ve er os i on t hr oughout  
mos t  of  t he Ter t i ar y  and Quar t er nar y.  The chal k 
sur f ace i n t he ar ea as a whol e i s a l evel  p l ane, 
di ssect ed by a f ew deep val l ey  depr essi ons.  The 
sur f ace appear s t o have been f or med by gl ac i al  
pr ocesses .

The Quar t er nar y  consi st s  of  depos i t s  f r om,  and 
af t er ,  t he l ast  i ce age ( Wei chsel i an) .

The whi t e chal k consi st s  of  coccol i t hs and i t  i s 
ver y f i ne gr ai ned.  Scanni ng el ec t r onmi c r oscopi  
have shown t hat  t he gr ai n si ze gener al l y  l i es 
bet ween about  0. 5 and 1 0 y v ar y i ng f r om si ngl e 
cr yst al s  t o cr yst al  aggr egat es.  The f r agment a­
t i on of  t he coccol i t hs  t hr oughout  many  mi l l i ons  
of  year s has f or med t he chal k and sever al  hun­
dr eds of  met er s  wer e deposi t ed.  The physi cal  
compr ess i on and chemi cal  r eact i ons bet ween t he 
por e f l ui d and t he adj acent  par t i c l es  ar e t he 
pr ocesses by whi ch l oosel y consol i dat ed chal k 
ooze i s conver t ed i nt o l i t hi f i ed chal k.  The 
chal k encount er ed var i es f r om unconsol i dat ed t o 
par t i al l y  l i t hi f i ed,  i . e.  i t  i s l ess compact  
t han t ypi cal  chal k.

Gener al l y,  t he weat her ed chal k  i s l ocat ed f r om 
20 met er s  bel ow sea l evel ,  deeper  seabed l evel  
or  val l ey  depr essi ons.  The upper  zone of  t he 
chal k i s s t r ongl y weat her ed wi t h a wat er  con­
t ent  w of  2 5 %whi ch i s a l i t t l e l ower  t han t he 
wat er  cont ent  of  t he s t r onger  chal k  bel ow ( 27 -  
30%) .  The cor r espondi ng voi d r a t i os e ar e 0. 68 
and 0. 73- 0. 81,  and t he bul k  densi t i es  y ar e 
20. 2 and 19. 4- 19. 9 k N/ m3.

Fr om a v i sual  c l ass i f i cat i on and a f ew SPT- t est s 
t he st r ongl y weat her ed chal k has been c l assi f i ed 
as gr ade VI  gr adual l y  changi ng i nt o gr ade I I I  
( medi um har d)  f r om about  35 met er s  bel ow sea 
l evel .  The SPT ^ - val ues  var i es  f r om 3 t o 25.

I N SI TU I NVESTI GATI ONS

The i n si t u i nvest i gat i ons i n t he chal k i nc l ude 
bor e hol e t est s and l oad t est s:

( i )  Bor e hol e t est s i n 33 bor i ngs i n 25 pi er  posi t i ons 
i ncl udi ng 150 pr essur emet er  t est s ( Menar df 1975) ,  

vane t est s cover i ng 120m,  6 S P T ,  about  60 met er s of  

cone penet r at i on t est s ( S P T )  usi ng an el ect r i cal  

cone wi t h f r i ct i on sl eeve and f i nal l y t wo dynami c 
r amsoundi ngs of  about  15 m each.

( i i )  Test  dr i vi ng and l oadi ng of  t wo 0. 35 * 0. 35mr ei n ­
f or ced pr ecast  concr et e pi l es wi t h ABB j oi nt s,  see 

f i g. 3.  Bef or e dr i vi ng wi t h an Aker mann Ml 4 (5 t  
dr op hammer , dr op hei ght  1 m)  , t he pi l es wer e 

l ower ed t hr ough 0 0. 50m casi ngs pr ebor ed t hr ough 
t he gl aci al  deposi t s t o t he chal k sur f ace.  The pi l e

t i ps wer e i nst r ument ed wi t h st r ai n gauge f or ce 
t r ansducer s moni t or i ng t he t i p r esi st ance.

( i i i )  Load t est s on ci r cul ar  pl at es,  00. 12 t o 0 1. 12m,  
some 20 km f r om t he br i dge si t e i n an open chal k 

pi t .  I n t hi s ar ea,  t he chal k i s ver y si mi l ar  t o t he 

gr ade V- VI  chal k i n t he l i ne of  t he br i dge.

170 -2  E

O
C a  B a  A  
0 □  O □  O

-V'
170-1

a =  r e a c t io n  p i le

Fi g. 3:  Pi l e l oad t est s.  Pl an and sect i on.

Pi l e C has not  been t est ed yet ,

pi l e D and E wer e used f or  t est  dr i vi ng.

Addi t i onal l y ,  sever al  l abor at or y t est s have been 
car r i ed out  i n or der  t o est abl i sh a connect i on 
t o t he Dani sh exper i ence i n f oundat i on on t he whi t e 
chal k,  whi ch has caused ser i ous pr obl ems at  sev ­
er al  occasi ons.

BORE HOLE TESTS,  RESULTS.

The st r engt h and def or mat i on char act er i s t i cs  of  
t he chal k ar e r emar kabl y  homogeneous wi t hi n t he 
br i dge si t e,  al t hough t he l ocal  var i at i on i s con­
s i der abl e .

Thi s r esul t  appear s qui t e c l ear  f r om t he var i a ­
t i on of  t he pr ess i omet er  modul us  Ep P . I n f i g. 4 
Epr  i s pl ot t ed agai nst  t he dept h bel ow t he se­
noni an chal k sur f ace as r egi s t er ed i n t he bor ­
i ngs or  as est i mat ed f r om t he ver t i cal  var i at i on 
i n t he chal k  i n a f ew bor i ngs wher e t he Senoni an 
chal k sur f ace pr obabl y  has been er oded.
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To a cer t ai n ext ent ,  t r ends s i mi l ar  t o t he ones 
i n f i g . 4 have been r ecogni zed i n any ot her  i n 
si t u t est ,  see f i g. 5,  i nc l udi ng t ei st  dr i v i ng of  
0. 2 m2 pr ecas t  concr et e pi l es wi t h a Mench 
MRB1000 st eam hammer  i n 18 pi er  posi t i ons.

The l ocal  as wel l  as t he over al l  var i at i on i s 
mor e or  l ess dependent  on t he si ze of  t he soi l  
vol ume i nf l uenced by t he t est  equi pment ,  and 
t he best  cor r el at i on t o t he per f or mance of  t he 
pi l es has been es t abl i shed f r om t he pr essur e ­
met er  t est s ( 0  70mm pr ope) .

I nt er nat i onal ,  as wel l  as Dan i sh exper i ence 
shows,  t hat  t he weaker  chal k  i s unf i t t ed f or  
pi l e f oundat i on of  a br i dge and consequent l y,  
t he r el at i vel y  wel l - def i ned t r ans i t i on i nt o t he 
st r onger  chal k  has gr eat  i mpor t ance t o t he pr o ­
j ect  i n quest i on.

LOAD TESTS r RESULTS

The l oad t est s on pi l es and pl at es  ar e car r i ed 
out  as ma i nt ai ned l oad t est s ( dur at i on of  each 
l oad st ep gr eat er  t han 4 mi nut es)  as wel l  as 
const ant  r at e of  penet r at i on t est s ( r at e of  
set t l ement  var y i ng f r om 8 t o 400 mm/ hour ) .

I n spi t e of  gr eat  var i at i ons  i n t he t est  pr o ­
cedur es no s i gni f i cant  di f f er ence has been de ­
t ect ed on t he l r - ad set t l ement  cur ves.  Thi s i s 
i nt er pr et ed as a r easonabl e conf i r mat i on of  t he 
hi gh per meabi l i t y  of  t he chal k,  whi ch al l ows us 
t o consi der  al l  t est s as per f ec t l y  dr ai ned 
( changes i n por e pr es s ur e=0) .  Consequent l y ,  any 
t i me dependent  def or mat i on i s bel i eved t o be due 
t o cr eep i n t he chal k  skel et on.

Concer ni ng t he pi l e l oad t est s t he i nt er est  has 
been concent r at ed on t he t i p r es i s t ance,  because 
t he t est s have shown t hat  t he ski n f r i c t i on onl y 
has a secondar y  i nf l uence.  Some 40 days af t er  
dr i v i ng t he sk i n f r i c t i on t  has been measur ed 
wi t hi n t he i nt er val  of  1 5 - 4 0  k N/ m2 , mor e or  
l ess i ndependent  of  t he chal k  gr ade.  Thi s i s 
i n agr eement  wi t h sever al  ot her  i nvest i gat i ons 
( Hobbs and Heal y,  1979) .

I t  i s emphas i zed t hat  any at t empt  t o cor r el at e 
t he f r i c t i on s l eeve r es i s t ance f r om CPT wi t h t he 
ski n f r i c t i on t  has f ai l ed,  whi l e t he r emoul ded 
vane shear  s t r engt h seems t o be a r easonabl e 
measur e of  T.

The l oad t est s show a sur pr i s i ngl y  uni f or mi t y  i n 
t he r el at i on bet ween t he mean s t r ess 5 =  ( l oad Q/  
ar ea A)  f or  t he f i r s t  t i me l oad ( Q gr eat er  t han any 
pr evi ous Q)  and t he r el at i ve ver t i cal  set t l ement  
e= ( set t l ement  6 / di amet er  d ) . Fi gs . 6 and 7 pr e ­
sent  char ac t er i s t i cal  t est  r esul t s  f or  a pl at e and 
a pi l e.  Fi g. 7 shows t he 5- e- r el at i on of  t he pi l e 
t op as wel l  as t he t i p ( compr essi on t est ,  pi l e B) .

I n a di mensi onl ess f or m al l  o - E - c u r v e s  may  be de ­
sc r i bed wi t hi n an accept abl e accur acy by t he 
equat i on:

e = l b ( a/ ab )n , (2 < « < 3)  (1)

ej  i s t he val ue of  e at  a = Oj ,  whi ch i n t hi s con ­
nec t i on has been def i ned as t he st r ess a gi v i ng a 
per manent  set t l ement  e = 0 . 1 af t er  unl oadi ng t o
o = 0 . aj  i s t hen equal  t o t he char ac t er i s t i cal  
ul t i mat e bear i ng capac i t y  accor di ng t o t he Dani sh 
code of  pr ac t i ce DS 415,  f r om whi ch appl i cabl e 
saf et y f ac t or s have t o be used,  t oo.

m Depth in chalk

Fi g. 4:  Pr essur emet er  modul us E vs.  dept h i n chal k.  The 

cur ves l i mi t i ng 85 % of  t he t est s cor r espond wi t h 

a f act or  3 bet ween mi n.  and max.  Ep p •

In  s itu  te s ts  in  w e a th e re d  c h a lk
0  10 2 0  3 0  4 0  5 0 n /2 0 c m  0  10 0  200  300  4 0 0  50 0 E D r( M N /m 2) 

0  10 20  30  40  50q r (N*l/rTi) 0  4Q 8 0  120 160  2 0 0 R

0  200  4 0 0  6 0 0  8 0 0  I0p0 c v  ( k N /m 2)

Fi g. 5:  I n si t u t est s i n chal k.  The dr i vi ng r ecor d shown i s a 

t ypi cal  one. The max i mum measur abl e i s 720 kN/ m2.

3- 017103 A
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Fi g. 6:  Pl at e l oad t est ,  0 1. 12 m.  Measur ed l oad/ set t l ement  

cur ve (1)  f i t t i ng pr i mar y l oad poi nt s.  Cal c. l oad/  
set t l ement  r el at i onshi p acc.  t o pr oposed model ,  
l i nes E^  and E2 -

M ean s tre s s  a  k N /m 2

Fi g. 7:  Pi l e l oad t est ,  pi l e B.  Measur ed l oad/ set t l ement  

cur ve f or  t he pi l e head,  pr i mar y l oad poi nt s f or  t he 
pi l e poi nt  and cur ve (1)  f i t t i ng t hese.

Equat i on ( 1)  has been conf i r med by 10 t est s 
cover i ng ( 0. 1 2 < d < 1 . 1 2 m) ,  ( 500 < a,  < 1 8 , 000 
kN/ m ), ( e<1)  and chal k  gr ade I I I  - ' vi .

The pi l e l oad t est s A a n d B gi ve 0^ = 13400 r esp.  
17600 k N/ m2 and n =3,  whi l e t he pl at e l oad t est s 
gi ve 520 <ofc< 1500 k N/ m2 and 2 < n < 3 .

As ment i oned,  t he r esul t s  of  t he l oad t est s i n ­
di cat e t hat  e  cal cul at ed f r om (1 ) i ncl udes i ni t i al  
set t l ement s and set t l ement s  due t o consol i dat i on.  
Addi t i onal l y ,  t he cr eep has t o be cons i der ed 
and f or  nor mal  engi neer i ng pur poses t he cr eep 
( expr essed as t he r el at i ve set t l ement  e  per  t i me 
decade at  a const ant  st r ess l evel  a)  may be cal ­
cul at ed f r om es =0. 1 x e  f r om equat i on (1) .

PI LE DESI GN

The desi gn pr obl em i s t o es t abl i sh a r el at i on 
bet ween e j , and aj , and t he i n si t u t est  r esul t s,  
a pr obl em whi ch has not  been sol ved t heor et i cal l y  
yet .

The ul t i mat e end bear i ng capac i t y  ( def i ned as 
Oj )  has been compar ed t o t heor et i cal  or  empher i -  
cal  capac i t i es  cal cul at ed f r om t he s t r engt h par a­
met er s  of  t he chal k.  An accept abl e appr ox i mat i on 
i s det er mi ned by t he Janbu dr i v i ng f or mul a ( Janbu,  
1973)  or  by t he t heor et i cal  bear i ng capac i t y  i n 
cohes i onl ess soi l  us i ng t he " undr ai ned"  shear  
s t r engt h eu cal cul at ed f r om t he pr essur emet er  
l i mi t  ( Baguel i n et  a l , 1978) .

These met hods i nc l udi ng convent i onal  bear i ng ca­
pac i t y  f or mul as based on CPT,  SPT,  vane t est s or  
t r i ax i al  t est s  ( r ef er ence 2 and 3)  gi ve bear i ng ca­
pac i t i es  bet ween 30 and 80 % of  t he val ues measur ed.

Conser vat i vel y ,  a sk i n f r i c t i on t  of  20 k N/ m2 may be 
assumed,  i ndependent  of  t he gr ade of  t he chal k.

CONCLUSI ON

Fr om t he ext ens i ve t est  pr ogr am of  weat her ed 
whi t e chal k  a r easonabl e des i gn bases has been 
es t abl i shed.  Al t hough sever al  pr obl ems concer n ­
i ng t he pr oper t i es  of  t he chal k  have not  been 
sol ved yet ,  t he f oundat i on pr oj ect  of  t he 15 
pi er s i s based on 0 0. 711 c l ose- ended st eel  pi pe 
pi l es l oaded by 5 MN i n compr ess i on and about  1 
MN i n t ensi on ( expect ed set t l ement  < 30mm) .

I n or der  t o ver i f y  t hose capac i t i es,  compr ess i on/  
t ens i on l oad t est s wi l l  be car r i ed out  i n al l  pi er  
pos i t i ons us i ng t he s t eel  pi pe pi l es and dur i ng 
t he dr i v i ng an ex t ens i ve st r ess wave moni t or i ng 
pr ogr am i s pl anned.
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