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Large Scale Cyclic Loading Tests

Essais de  C h a rg e m e n t C y c liq u e  d 'u n  C aisson
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W.F.HEINS and

E .H .DE  LE E U W  De lft  Soil Me c ha n ic s  Labor a to r y , Ne the r la nds

SYNOPSI S A 15 x  27. 7 squar e met r es cai sson wi t h a hei ght  of  10 met r es and a mass of  1785 t ons,  was pl aced i n 
7 met r es deep wat er  and t est  l oaded wi t h a pr ogr am of  hor i zont al  cycl i c l oads up t o 9000 kN wi t h f r equenci es up 
t o 1 Hz.  The measur ement s of  128 sensor s  wer e st or ed on magnet i c t ape t o be pr ocessed by comput er  at  a l at er  dat e 
whi l e t he most  i mpor t ant  r esul t s  wer e r ecor ded on anal ogue r ecor der s t o eval uat e t he behav i our  of  cai sson and 
subsoi l  r i ght  away.  Tot al  st r esses i n var i ous di r ect i ons,  por e wat er  pr essur es and def or mat i ons  of  t he subsoi l  
wer e measur ed.  The cai sson def or mat i ons wer e det er mi ned by  l aser  t echni ques and opt i cal  met hods.  Test s wer e r un 
on a l oosel y  packed sandy seabot t om and on a dens i f i ed subsoi l  t o st udy l i quef act i on phenomena,  gener at i on and 
di ssi pat i on of  por e pr essur es and i n gener al  t o check t he r esul t s  of  var i ous  met hods  used t o pr edi c t  per f or mance.  
The pur poses of  t he t es t  ar e expl ai ned.  The t est  set - up and i nst r ument at i on ar e shor t l y descr i bed,  ft f ew aspect s  
of  t he behavi our  of  t he cai sson and t he subsoi l  under  ex t r eme l oads ar e shown.

I NTRODUCTI ON

I n t he scope of  t he Dut ch Del t a Pr oj ect  a st udy was 
made of  a gat ed cai sson t ype const r uct i on,  wi t h 50 me­
t r es wi de and 50 met r es l ong cai ssons f or  t he c l osur e 
of  t he 3 t i dal  channel s wi t h a t ot al  l engt h of  5 km i n 
t he Oost er schel de est uar y  i n t he Sout h- West er n r egi on 
of  t he Net her l ands ( Fi gur e 1) .

Fi gur e 1 Si t uat i on

The cai sson gat es wer e t o be c l osed onl y dur i ng excep­
t i onal  st or ms t o r educe t he hi gh wat er  l evel  i n t he 
est uar y,  r esul t i ng i n an asymmet r i cal  cycl i c  l oadi ng 
on t he cai sson;  vi z.  a st at i c  l oad due t o t he di f f er ­
ence i n wat er l evel  bet ween t he Oost er schel de and t he 
Nor t h Sea,  pl us a cycl i c  l oad due t o wave act i on.
Some pr obl ems f r om a soi l  mechani cal  poi nt  of  vi ew 
wer e t he st abi l i t y and t he di spl acement s of  t he cai s ­
sons and a possi bl e occur r ence of  l i quef act i on i n t he 
sandy subsoi l ,  wher e r el at i ve dens i t i es  of  l ess t han 
50% f r equent l y  occur .

To i nvest i gat e t hese pr obl ems a number  of  pr edi ct i on 
met hods wer e avai l abl e or  coul d be modi f i ed f or  t hi s 
speci al  pr obl em.
1.  St abi l i t y  anal yses based on t he t heor y of  pl as t i c i ­

t y.  An avai l abl e met hod was modi f i ed t o pr oduce 
i nf or mat i on on def or mat i ons as wel l .

2.  Def or mat i on cal cul at i ons wi t h t he met hod of  f i ni t e 
el ement s.  Var i ous appr oaches wer e used»
a.  Usi ng one r el at i vel y  si mpl e model  much emphas i s 

was pl aced on t he qual i t y  of  t he soi l  i nput  
par amet er s.

b.  I n exi s t i ng consol i dat i on pr ogr ams t he concept s 
of  di l at ancy and pl as t i c i t y wer e i ncor por at ed0 
Rel at i vel y  much at t ent i on was  pai d t o t he 
cal cul at i on model .

c.  I n an el ast o- pl ast i c f i ni t e el ement s  pr ogr am 
t he soi l  mechani cal  phenomena of  gener at i on and 
di ssi pat i on of  wat er  pr essur e wer e bui l t  i n.

3.  Model  t est s wer e r un i n a cent r i f uge | 2 | .
4.  Under  nor mal  gr av i t y  condi t i ons,  model  t est s wer e 

r un on sand wher e t he por e wat er  was  r epl aced by 
a mor e vi scous  f l ui d ( mel asse)  t o scal e dr ai nage 
condi t i ons cor r ect l y | 3 | .

To i nvest i gat e whet her  t he r esul t s of  t hese di f f er ent  
met hods  wer e r el i abl e enough t o be appl i ed on t he pr o ­
j ect ed cai ssons,  t he Del f t  Soi l  Mechani cs  Labor at or y  
was commi ssi oned by  t he Del t adi enst  of  Ri j kswat er st aat  
t o check t he pr edi c t i ons  wi t h a l ar ge scal e t est .
I t  was deci ded t o l oad an as l ar ge as  poss i bl e cai sson 
wi t h cyc l i c hor i zont al  f or ces r epr esent i ng t he f or ces 
on t he pr ot ot ype cai ssons | 1 | .

PURPOSE OF THE TESTS

The pur pose of  t he t est s was t wof ol d:
1.  To check t he r el i abi l i t y  of  t he avai l abl e pr edi c t ­

i on met hods.  To t hi s end t he di f f er ent  soi l  mechan­
i cal  phenomena i nvol ved had t o be shown as pr onoun­
ced as possi bl e.  Ther ef or e,  t he t est  cai sson was 
pl aced di r ec t l y on t he unt r eat ed nat ur al  sandy sub­
gr ade,  t her eby i ncr eas i ng dr ai nage pat hs under  t he 
cai sson and pr oduci ng hi gh cont act  pr essur es.

2.  To pr ovi de di r ect  i nf or mat i on f or  t he behavi our  of  
t he pr ot ot ype cai ssons,  i n par t i cul ar  t o i nves t i g ­
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at e t he ef f ect i veness of  a densi f i cat i on of  t he 
subsoi l  and t he i nf l uence of  a gr anul ar  mat er i al  
si l l  under  t he cai sson.  To t hi s  end,  on a second 
l ocat i on,  t he subsoi l  was dens i f i ed t o about  70 
per cent  r el at i ve densi t y  whi l e t he t est  cai sson 
i t sel f  was pl aced on a 1. 2 met r es hi gh si l l .

TEST SET UP

An al r eady avai l abl e 15 x  27. 7 open cai sson,  wi t h 
a hei ght  of  10 m and a dr y mass of  1705 t ons,  was used 
as a t est  cai sson.  A t es t  l ocat i on was  chosen i n t he 
wor ki ng har bour  Neel t j e Jans i n t he mi ddl e of  t he 
Oos t er schel de ( Fi g.  1) .  The cai sson was pl aced i n 7 
met r es deep wat er .  The cont act  pr essur e was about  
33 kN/ m2 .
React i on f or ces wer e pr ov i ded by pl aci ng a heavy 15 x 
45 m̂  cai sson behi nd t he t est  cai sson.  Fi gur e 2 shows 
t he r eact i on cai sson t o t he r i ght  and t he t est  cai s ­
son t o t he l ef t  on t he f i r st  t est  l ocat i on.  I n t he 
f or egr ound t he cont r ol  r oom f r om whi ch t he whol e t es t  
was cont r ol l ed.

Fi gur e 2 Vi ew of  t he t es t  l ocat i on

To decr ease t he i nf l uence of  t he r eact i on cai sson on 
subsoi l  st r esses under neat h t he t est  cai sson,  t he r e­
act i on cai sson was pl aced upon a si l l .  Fi gur e 3 c l ear ­
l y shows t hat  t he r eact i on cai sson f r eel y pr ot r udes 
over  a di st ance of  15 met r es.

For ces wer e exer t ed by  means of  6 doubl e wor ki ng hy ­
dr aul i c  j acks wi t h a t ot al  capaci t y of  9000 kN i n 
compr essi on and 3000 kN i n t ensi on ( Fi gur e 4) .

Fi gur e 4 Bet ween t he t est  cai sson on t he l ef t  and 
t he r eact i on cai sson on t he r i ght  t he 
hydr aul i c  j acks t o pr ovi de t he cycl i c 
l oadi ng f or ces ar e cl ear l y  vi si bl e

Hor i zont al  and ver t i cal  di spl acement s of  t he t est  
cai sson wer e measur ed by  means of  l aser  and ot her  op­
t i cal  met hods.  The subsoi l  was i ns t r ument ed t o measur e 
por e pr essur es at  56 poi nt s,  hor i zont al  t ot al  pr ess ­
ur es at  10 poi nt s,  t ot al  pr essur es  under  a 45°  i ncl i n­
at i on at  10 poi nt s  and ver t i cal  cont act  pr essur es al ­
so at  10 poi nt s.
I n 4 ver t i cal s  ver t i cal  soi l  di spl acement s  wer e meas ­
ur ed down t o 16 met r es dept h by  means of  a ser i es  of  
i nduct i ve ver t i cal  di spl acement  met er s mount ed i n a 
f l ex i bl e pl ast i c  t ube.  Hor i zont al  soi l  di spl acement s 
wer e measur ed t o a dept h of  17 met r es wi t h a ser i es of  
12 i ncl i nomet er s mount ed i n a si mi l ar  pl as t i c  t ube.

The measur i ng poi nt s  wer e chosen at  l ocat i ons wher e 
compar i sons  wi t h t he pr edi ct ed val ues coul d be made 
and wher e t he soi l  phenomena i nvol ved wer e expect ed 
t o show a char act er i st i c  behavi our ,  i n f i gur e 3 some 
of  t he measur i ng poi nt s ar e shown.  The maj or i t y of  
t he sensor s ar e concent r at ed i n t wo cr oss- sect i ons,  
over  t he mi ddl e par t  of  t he t est  cai sson.

Measur ement s f r om 128 sensor s wer e r ead ever y  200 
mi l l i seconds and st or ed on magnet i c t ape by  a com-  
put er - cont r ol l ed dat a acqui si t i on syst em.  Fi gur e 5 
shows t he i nt er i or  of  t he cont r ol  r oom.

Fi gur e 5 I nt er i or  of  cont r ol  r oom wi t h f unct i on
gener at or s,  anal ogue r ecor der s,  ampl i f i er s,  
mag t ape uni t s  and comput er
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The l oadi ng pr ogr am i s shown i n f i gur e 6.  For  con­
veni ence of  anal ysi s  t he pr ogr am has been di v i ded i n 
a ser i es of  6 par cel s,  each l ast i ng 15 mi nut es.

LOADING SCHEDULE

Fi gur e 6 Loadi ng pr ogr am

I n ever y next  par cel  t he st at i c f or ce ( r epr esent i ng 
t he di f f er ence i n mean wat er l evel  bet ween t he Nor t h 
Sea and t he Oost er schel de)  as wel l  as t he cycl i c 
f or ces ( r epr esent i ng t he wave act i on)  i ncr ease unt i l  
at  t he l ast  l oadi ng st age t he t ot al  f or ce var i es be­
t ween 500 kN pul l i ng f or ce and 4500 kN pushi ng f or ce 
( 2000 +_ 2500 k N) . The cycl i c l oadi ng f r equency was 
chosen t o be * / 3 Hz.  The l oadi ng pr ogr am was r un f our  
t i mes wi t h some var i at i ons i n l oads and f r equency.

SOME TEST RESULTS

Pr act i cal l y al l  t he i nst r ument s f or  t hese compl i cat ed 
t est s wer e speci al l y devel oped.  The t i me schedul e,  
however ,  was so l i mi t ed t hat  ext ensi ve t est i ng of  al l  
t he new devi ces,  i nc l udi ng t he l oadi ng devi ce,  pr oved 
t o be i mpossi bl e.
To obt ai n an absol ut e mi ni mum of  i nsi ght  i n t he r es ­
ponse of  t he whol e syst em when l oaded,  i t  was dec i ded 
t o t es t  t he l oadi ng devi ce,  bef or e t he pr oposed pr o­
gr am was r un,  by  appl yi ng a smal l  t ot al  f or ce of  250 
<N.  Due t o an unexpect ed event  t he act ual  f or ce was 
nuch gr eat er  dur i ng a ver y shor t  t i me of  about  2 se­
conds .
• ' or t unat el y t he measur ement s  wer e r egi s t er ed by  t he 
l at a acqui si t i on syst em.  Some of  t hese r esul t s  on t he 
/ i r gi n si t uat i on ar e shown i n f i gur e 7 ( l ef t  s i de) . 
' hese r esul t s  ar e compar ed wi t h t hose of  t he l ast  t est  
>f  t he pr ogr am on t he non- densi f i ed l ocat i on,  when 
t l so a hi gh l oad act ed on t he cai sson ( f i gur e 7 r i ght -  
l and si de)  .
' he f i gur e shows t hat  whi l e t he uni nt ended f or ce 
¡ mount s t o 7500 kN,  t he pr ogr ammed f or ce at  t he end 
)f  t he t est s was  9000 kN.
' hi s di f f er ence i n f or ce was  del i ber at e because t he 
at e of  appl i cat i on of  t he f i r s t  f or ce was so hi gh 
hat  i t  appear ed hi ghl y  f easi bl e t hat  t he exact  maxi -  

. i um f or ce was  not  r ecor ded by  t he di gi t al  dat a acqui ­
si t i on syst em.
’he hor i zont al  cai sson di spl acement  amount ed t o about  
>0 mm,  hal f  of  whi ch was a pl as t i c  def or mat i on.  The 
ver t i cal  cai sson di spl acement  i s a non- r ecover i ng 10 
i m.  I t  seems t hat  t he di spl acement s due t o t he second 
i hock- f or ce have gr eat l y r educed,  t he hor i zont al  di s ­
pl acement s bei ng about  25 mm,  17 mm of  whi ch was r e ­
cover ed,  whi l e t he ver t i cal  non- r ecover i ng di spl ace­
ment  i s onl y  some 1 mm.

whet her  t he cai sson di spl acement s ar e onl y  due t o 
super f i ci al  sl i di ng of  t he cai sson over  t he bot t om of  
t he si t e coul d not  yet  be est abl i shed.
Por e pr essur es  ar e shown i n l ocat i on FV ( si t uat ed at  
t he si de of  t he cai sson wher e t he f or ce i s appl i ed)  
at  dept hs f r om 0. 75 t i l l  10. 00 met r es.  As expect ed

Fi gur e 7 Some r esul t s  of  t he uni nt ended l ar ge f or ce 
( l ef t )  aact  t he i nt ended l ar ge f or ce ( r i ght )
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t he act i vat ed por e pr essur es sl owl y decr ease wi t h 
dept h.  ( 45 kN/ m̂  -  40 kN/ r a2 -  30 kN/ m2 -  7 kN/ m2 -  
6 kN/ m2 at  t he r espect i ve dept hs of  0. 75 m -  2. 00 ra -
4. 00 ra -  13. 00 m -  10. 00 m. )
Por e pr essur es  af t er  t he t est  at  t he same l ocat i on 
coul d onl y be measur ed at  0. 75 and 18. 00 met r es  
dept hs.  No si gni f i cant  di f f er ence i n behavi our  coul d 
be obser ved.  The second f or ce al t hough gener at es  a 
somewhat  hi gher  por e pr essur e t hat  can be expect ed 
f r om a poss i bl e di f f er ence i n appl i ed f or ce ( vi z.  65 
kN/ m2 at  a dept h of  0. 75 m)  , but  t hi s may  be l ar gel y 
due t o an i ncr ease i n densi t y by  t he pr ecedi ng l oad­
i ng pr ogr am.

At  t he second,  densi f i ed l ocat i on a si mi l ar  l oadi ng 
pr ogr am was r un as at  t he f i r st  l ocat i on.
At  t he end of  t hese t est s i t  was  deci ded t o det er mi ne 
t he f or ce needed t o push t he cai sson asi de.

The st at i c as wel l  as t he cycl i c l oads wi t h a f r equen­
cy  of  1/ 3 Hz wer e r ai sed gr adual l y,  as  i s shown i n 
f i gur e 0.  No hor i zont al  di spl acement  occur r ed at  a 
cycl i c l oad var y i ng bet ween 4000 and 9000 kN ( 6500 +_ 
2500 kN) .
Whi l e t he l oads wer e sl owl y r ai sed t o var y  bet ween 
about  6000 and 9000 kN ( 7500 + 1500 k N) , af t er  some 
40 cycl es t he cai sson suddenl y st ar t ed t o move and 
kept  movi ng wi t h an aver age of  6. 6 mm per  l oadi ng 
cycl e.  The r at i o H/ V var i ed bet ween 
600°  n „  9000
14000
Af t er  12 cyc l es  t he por e pr essur es at  0. 75 m dept h 
had dr opped dr as t i cal l y f r om about  50 kN/ m2 down t o 
5 kN/ m2.  i n t he next  12 cycl es  an aver age cai sson di s ­
pl acement  of  15. 5 m per  l oadi ng cycl e was measur ed,  
whi l e por e pr essur es  kept  cons t ant  5 kN/ m2.
As a consequence of  t hi s  obser vat i on i t  was concl uded 
t hat  t he di spl acement  act s onl y i n t he sur f ace l ayer .  
A f ur t her  suppor t  f or  t hi s concl usi on i s  deduced by 
compar i ng t he r at i o of  t he por e pr essur e swi ng at  
l oadi ngs of  6500 +_ 2500 kN wi t h t he same swi ng at  
l oadi ngs of  7500 +_ 1500 kN.
Thi s r at i o i s near l y cons t ant  f or  al l  por e pr essur e 
met er s deeper  t han 0. 75 met r es.  Onl y t hi s l ast  one 
shows a di spr opor t i onat e l ar ge i ncr ease i n por e pr ess ­
ur e.  Just  at  t he moment  t he cai sson st ar t s movi ng t he 
por e pr essur e swi ng at  t hi s dept h dr ops t i l l  about  
10% of  t he pr ecedi ng val ue.
When t he t est  was st opped,  because t he max i mum st r oke 
l engt h of  t he j acks was r eached,  a sudden excess wa­
t er  pr essur e occur r ed t hat  decr eased i n about  10 mi ­
nut es.  Thi s  excess wat er  pr essur e al so decr eases wi t h 
dept h ( 22 kN/ m2 -  12 kN/ m2 -  10 kN/ m2 -  7 kN/ m2 and 
3 kN/ m2 i n successi on) .
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