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Invited lecture: Geotechnical aspects of the Storebaelt Project 

Conférence sur invitation: Aspects géotechniques du projet Storebaelt

Niels Krebs Ovesen -  Danish Geotechnical Institute, Lyngby, Denmark

A B S T R A C T : T w o  m ajo r tra f f ic  p ro je c ts  are  u n d er c o n stru c tio n  in  N o rth ern  Eu ro p e  in  1 9 97 : T h e  Sto re b æ lt and  the 0re s u n d  L in k s . A  

fe as ib ili ty  stu d y  fo r a s im ilar p ro je c t is u n d er w ay  fo r the  Fe m e r Bæ lt. T h e  p ap er d e sc rib e s  th ree  u n c o n v en tio n al so lu tio n s  to  g e o te c h n ic a l 

p ro b lem s en c o u n tered  d u ring  c o n stru c tio n  o f  the  railw ay  tu n n el in  Sto reb æ lt. O ne so lu tio n  d eals w ith  p red ic tio n  o f  the  p ro b ab ility  o f  

o c c u rre n c e  o f  larg e  b o u ld ers in  the g ro u nd  d u ring  tu n n e llin g . A n o th e r so lu tio n  c o n c e rn s the red u c tio n  o f  h ig h  h y d ro static  p ressu res in  the 

g ro u nd  aro u nd  th e  tu n n el d u ring  m in in g  b y  m e an s  o f  d ew aterin g  te ch n o lo g y  kn o w n  fro m  o n sh o re  ap p lic atio n s . T h e  third  so lu tio n  

d em o n strates  th e  u se  o f  a m em b ran e  p lac ed  at the seab e d  ab o v e  a tu nnel se c tio n  d am ag ed  b y  f ire  to  p ro te c t c re w m en  d u ring  re p a ir o f  the

R E S U M E : D e u x  p ro je ts  ro u tiers e sse n tie ls  so n t e n  c o n stru c tio n  en  Eu ro p e  d u N o rd  en  19 97 : le s  lia iso n s  d e  Sto reb æ lt e t 0re su n d . Po u r 

Fe h m am  B e lt u n e é tu d e  d e  fa isa b ilité  p o u r u n p ro je t s im ila ire  e st en  c o u rs. C e t artic le  d é c rit tro is  so lu tio n s  n o n -c o n v en tio n e lle s  au x  

p ro b lè m es  g é o te c h n iq u e s  ren c o n trés  p en d an t la  c o n stru c tio n  d u  tu n n el fe rro v ia ire  d e  Sto re b æ lt. U n e  so lu tio n  traite  d e  la  p rév isio n  d e la 

p ro b ab ilité  d e  l ’ o c c u re n c e  d e  g ran d s b lo c s  ro c h eu x  d an s le  so l p en d an t la  c o n stru c tio n  d u tu n n el. U n e  au tre  so lu tio n  c o n c ern e  la  réd u c tio n  

d e  p ress io n  h y d ro statiq u e  é le v é e  d an s le  so l au to u r d u  tu n n el, p en d an t l ’ e x c av atio n , à l ’ aid e  d ’ u n e te c h n iq u e  d ’ é p u isem en t c o n n u e  p ar ses  

ap p lic a tio n s  à terre . L a  tro is iè m e  so lu tio n  d ém o n tre  l ’ u tilisatio n  d ’ u ne m em b ran e  p lac ée  au  fo n d  d e  la  m er, au -d essu s d ’ u ne se c tio n  du 

tu n n e l e n d o m m ag é e  p ar le  fe u , p o u r p ro té g er les  o u v rie rs  p en d an t les  rép aratio n s d u tu nnel.

1 IN T R O D U C T IO N

T h e  K in g d o m  o f  D en m ark  is lo c a te d  in  n o rth ern  Eu ro p e . It 

c o n sists  o f  a p en in su la, Ju tlan d , and  a larg e  n u m b er o f  islan d s. 

T w o  o f  th e se , Z ealan d  and  Fu n en , serv e  as step p in g -sto n e s fo r the 

train  and  ro ad  tra f f ic  b e tw ee n  Sc an d in av ia  and  th e  c o n tin e n t. A  

th ird  islan d , L o llan d , serv e s in  a s im ilar w ay  as a step p in g -sto n e  

fo r tra f f ic  to  G e rm an y .

T h e  land  b ased  tra f f ic  in  th e  re g io n  is  m e t b y  o b stac le s  in  the 

fo rm  o f  b e lt c ro ss in g s  as illu strated  b y  Fig u re  1. T h e  d o m e stic  

tra f f ic  b etw een  Z ealan d  and  Fu n en  w ill hav e  to  c ro ss  Sto reb aelt. 

T h e  tra f f ic  fro m  Sw e d en  to  Z ealan d  w ill h av e  to  c ro ss  0 re su n d . 

T ra f f ic  f ro m  D en m ark  to  th e  Eu ro p ean  c o n tin en t m ay  c ro ss  the 

b o rd er in  th e  so u th ern  p art o f  Ju tlan d  o r c ro ss  th e  Fe m e r Baelt.

A  larg e  n u m b er o f  f e rry  b o ats se rv e s  train s and  c ars  a t th ese  

b e lt c ro ss in g s . A  trip  b y  fe rry  b o at m ay  b e  q u ite  e n jo y ab le . 

H o w ev er, th e  b e lt c ro ss in g s  c o n stitu te  a s ig n if ic an t g eo g rap h ic al 

im p e d im e n t to  sp eed y  tra f f ic  c o n n e c tio n s . T o  illu strate  th e  p o in t 

the  tra f f ic  v o lu m e  ac ro ss  th e  D an ish -G e rm an  b o rd er is 4  tim es 

g re ater than  th e  tra f f ic  ac ro ss  th e  Sto reb aelt.

1.1 The Storebcelt Link

Sto reb ae lt d iv id es D en m ark  in to  2  h alv es. Fo r  m o re  than  100  y e ars  

a f ix e d  lin k  - b rid g e  o r tu n n el - b etw een  Z ealan d  and  Fu n en  has 

th e re fo re  b ee n  su b je c t to  n u m ero u s p o litic a l d isc u ss io n s .

It w as, h o w ev er, n o t u n til 1987  th at the D an ish  p arliam en t 

m ad e the  f in a l d ec isio n  to  c o m m e n c e  the  c o n stru c tio n  o f  a f ixe d  

lin k  ac ro ss  Sto reb ae lt. T h is  lin k  is  in 1997  in  its f in a l s tag e  o f  

c o n stru c tio n .

T h e  g en eral sc h e m e  o f  th e  S to re b a lt p ro je c t is sh o w n  o n  the 

m ap  o n  Fig u re  2 . L o c ate d  to  the le f t is Fu n en  and  to  th e  rig h t 

Z ealan d  w h ere  the D an ish  c ap ital C o p e n h ag en  is lo c ated  120  km  

to  th e  e ast. Sto reb ae lt is 18 km  w id e  and  in  th e  m id d le  a sm all 

islan d , Sp ro g 0 , is lo c ated  d iv id in g  Sto reb ae lt in to  the W e stern  

C h an n e l and  the Eastern  C h an n e l. T h e  w ater d ep th  in  th e  W e stern  

C h an n e l is ab o u t 25  m . In  the  m id d le  o f  the  Eastern  C h an n e l the 

w ater d ep th is  58  m .

Denmark

Fig u re  1. M ap  o f  D en m ark  w ith  the  g e o g rap h ic al p o sitio n s  o f  the 

tw o  p ro je c ts  u n d er c o n stru c tio n , the Sto reb ae lt and  th e  0re su n d  

lin k s , and  th e  p ro p o sed  Fe m e r Baelt lin k .

T h e  Sto reb æ lt f ix e d  lin k  c o n sists  o f  a 4 - lan e  m o to rw ay  and  a 

2 - trac k  railw ay  and  it c o m p rise s  3 m ain  p ro je c ts : A  b o red  railw ay  

tu nnel and  a m o to rw ay  su sp en sio n  b rid g e  ac ro ss  the Eastern  

C h an n e l and  a c o m b in ed  m o to rw ay  and  ra ilw ay  b rid g e  ac ro ss  the 

W e ste rn  C h an n el.

T h e  w estern  b rid g e  has a to tal len g th  o f  6 .6 1 1  k m . It c o n sists  

o f  tw o  sep arate  b rid g e  d ec k s  fo r railw ay  and  ro ad  tra f f ic ; th e  tw o  

d e c k s  rest o n  c o m m o n  b rid g e  p iers. T h e  railw ay  tu n n el u n d er the 

Eastern  C h an n e l has a to tal len g th  o f  8 .0 2 4  k m . It c o n sists  o f  tw in  

m ain  b o res. T h e  ro ad  b rid g e  o v e r the  Eastern  C h an n e l h as a to tal 

len g th  o f  6 .7 9 0  km  o f  w h ic h  2 .7 0 0  km  is a su sp en sio n  b rid g e  

w ith  a m ain  sp an  o f  1 .6 2 4  km .

T h e  w estern  b rid g e  w as c o m p le ted  in  199 4 . T h e  railw ay  tu nnel 

w as c o m p le ted  so  ra il tra f f ic  ac ro ss  Sto reb æ lt c o u ld  b eg in  in  Ju n e  

1997 . T h e  e astern  su sp en sio n  b rid g e  is v e ry  n ear its c o m p le tio n ,
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Fig u re  2 . M ap  o f  the c e n tra l p art o f  th e  Sto reb ae lt w ith  the  

alig n m e n t o f  th e  Fix e d  lin k .

and  it is e x p e c ted  that ro ad  tra f f ic  c an  c ro ss  Sto reb ae lt f ro m  the 

e arly  su m m er o f  1998 .

1 .2  The 0resund Link

In  1991 th e  D an ish  and  th e  Sw e d ish  g o v ern m e n t m ad e  a jo in t 

d ec is io n  to  e stab lish  a f ix e d  lin k  ac ro ss  0re s u n d  b etw een  the 

D an ish  c ap ital, C o p e n h ag en , and  th e  Sw e d ish  c ity  M alm o . In  

1997  th is p ro je c t is w e ll u n d er w ay .

T h e  0re s u n d  f ix e d  lin k  also  c o n sists  o f  a c o m b in ed  2 - trac k  

ra ilw ay  and  a 4 - lan e  m o to rw ay . T h e y  leav e  D en m ark  fro m  

A m ag er c lo s e  to  C o p e n h ag en  airp o rt fro m  an artif ic ia l p en in su la. 

T h e y  ru n  th ro u g h  a 3 .5  k m  lo n g  im m e rsed  tu n n e l and  c o m e  in to  

d ay lig h t o n  an artif ic ia l islan d  4  km  lo n g . T h e n  th ey  e n te r a 

b rid g e  w ith  a to tal len g th  o f  a lm o st 8 k m . A t th e  e astern  end  the 

te rm in al are a is  lo c a te d  at L e m ac k e n  ju s t so u th  o f  the Sw e d ish  

c ity  M alm o .

1.3 The Femer Btzlt Link

A ro u n d  1 9 9 4 -9 5  th e  G e rm an  and  the  D an ish  g o v ern m e n ts d ec id ed  

to  in itiate  a fe as ib ility  stu d y  fo r a f ix e d  lin k  ac ro ss  Fe m e r Baelt. 

Pre lim in ary  g e o te c h n ic a l and  e n v iro n m en tal in v e stig atio n s  w ere  

m ad e  in  1 9 9 5 -9 6 . T h e  fe as ib ility  stu d y  is s till u n d er w ay  and  it 

c o u ld  tak e  q u ite  m an y  y e ars  b e fo re  a d ec isio n  o n  c o n stru c tio n  o f  

a f ix e d  Fe m e r Baelt lin k  is  taken .

1 .4 Financing o f the projects

T h e  D an ish  g o v ern m e n t has e stab lish e d  a fu lly  s tate  o w ned  

lim ited  liab ility  c o m p an y  c alle d  A / S Sto re b æ ltsfo rb in d e lse n  - 

ab b rev iated  Sto reb ae lt - to  b e  re sp o n sib le  fo r the p lan n in g , d esig n , 

c o n stru c tio n  and  o p eratio n  o f  the Sto re b æ lt lin k . T h e  Sw e d ish  and  

D an ish  g o v ern m e n ts  h as e stab lish e d  a s im ilar c o m p an y  c alle d  

0re su n d sk o n so rtie t fo r the  0re su n d  lin k .

T h e  f in an c in g  o f  the Sto reb ae lt and  0re su n d  f ix e d  lin k s is b ased  

o n  the  p rin c ip le  o f  u ser-p ay m en t. Fo r p rac tic a l p u rp o ses th is 

m e an s  th at c o n stru c tio n  c o sts  and  o th er ex p e n d itu re s d u ring  the 

c o n stru c tio n  p erio d  is  fu nd ed  b y  lo an s  and  su c h  lo an s w ill b e 

rep aid  thro u g h  to lls  lev ied  o n  the u sers o f  th e  f ix e d  lin k s . T h e  

lo an s  are  g u aran teed  b y  the D an ish  g o v ern m e n t fo r  the  Sto reb ae lt 

lin k  and  b y  th e  D an ish  and  Sw e d ish  g o v ern m e n ts fo r th e  0re su n d  

lin k . T h is  arran g em en t has g iv e n  b o th  Sto re b æ lt and  the 0re su n d  

C o n so rtiu m  a v ery  h ig h  c re d it ratin g  w h ic h  h e lp s  to  sec u re  

fav o u rab le  b o rro w in g  term s.

1.5 Content o f paper

D an ish  and  Sw e d ish  g e o te c h n ic a l e n g in e ers h av e  had  a v ery
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Fig u re  3 . G e o lo g ic a l  c lass if ic a tio n  o f  th e  g ro u nd  c o n d itio n s  in  the 

Sto reb ae lt a lo n g  th e  tu n n el alig n m e n t (d ep th s are  in d ic ativ e  o n ly ) .

in terestin g  p ro fe ss io n a l lif e  f o r th e  last 10 y ears. G e o te c h n ic a l 

in v e stig atio n s , g e o te c h n ic a l  d esig n  asp e c ts and  g e o te c h n ic a l 

e x e c u tio n  p ro b lem s h av e  b een  n u m ero u s o n  th ese  th ree  p ro je c ts .

T h e  p resen t p ap er w ill c o n c en trate  o n  th ree  n o t-so -c o n v e n tio n al 

so lu tio n s  to  g e o te c h n ic a l p ro b lem s e n c o u n tered  in  the  p ro je c ts . A ll 

th ree  so lu tio n s  re la te  to  th e  b o red  ra ilw ay  tu n n el in  Sto reb aelt.

R e ad ers in te rested  in  d etailed  in fo rm atio n  o n  th e  d es ig n  and  

c o n stru c tio n  o f  th e  Sto reb ae lt e a st tu n n el are re ferre d  to  a b o o k  

p u b lish ed  b y  Sto reb ae lt (1 9 9 7 ) . V ario u s g e o te c h n ic a l asp e c ts  o f  

th e  S to r e b s lt  and  0re s u n d  lin k  p ro je c ts  are  treated  in the 

P ro c e e d in g s  o f  the X I Eu ro p ean  C o n fe re n c e  o n  So i l M e c h an ic s  

and  Fo u n d atio n  En g in ee rin g  (1 9 9 5 ) .

2  T U N N E L  G R O U N D  C O N D IT IO N S

Site  in v e stig atio n s  fo r  th e  Sto reb ae lt lin k  hav e  b ee n  c a n ie d  o u t b y  

the D an ish  G e o te c h n ic a l Institu te  in  f iv e  c am p aig n s  s in c e  196 2 . 

T h e  Eastern  T u n n e l a lig n m e n t w as id e n tif ied  fo llo w in g  in v e stig a ­

tio n s  in  19 86  and  d etailed  p re -te n d e r in v e stig atio n s  w ere  m ad e  in  

1987 .

T h e  1987 - in v e stig a tio n s  c o n sisted  o f  4 4  b o re h o les  d rilled  

o f f sh o re  f ro m  ja c k -u p  p latfo rm s. T h e y  w ere  d rilled  w ith in  a  2 0 0  

m  w id e  tu n n el c o rrid o r u sin g  sh e ll and  au g e r te c h n iq u es  in  the 

q u atern ary  and  c o re  d rillin g  in th e  p re -q u atem ary .

In  th e  u p p er m ain ly  g lac ia l  d ep o sits u n d istu rb ed  o r d istu rb ed  

sam p le s  w ere  taken  at 1 m  in te rv als  fo r  g e o lo g ic a l  c lass i f ic a tio n  

and  e x te n siv e  lab o rato ry  te stin g  su p p lem en ted  b y  in -s itu  v an e  

te sts . In  the p re -g lac ia l fo rm atio n s  c o n tin u o u s  c o re  sam p le s  w ere  

o b tain ed  fo r c lass if ic a tio n  and  te stin g . In -situ  p e rm e ab ility  te stin g  

and  so n ic  lo g g in g  w ere  c arrie d  o u t in  a n u m b er o f  b o reh o les .

2 2 8  k m  o f  an alo g  re c o rd ed  se ism ic  su rv ey  w as c arrie d  o u t in  

th e  tu n n el c o rrid o r u sin g  P in g e r, Sp ark er and  B o o m e r  so u rc e s  in 

c o n ju n c tio n  w ith  Sid e  Sc an  So n ar su rv ey s.

D u rin g  c o n stru c tio n  the tu nnel c o n trac to r m ad e  su p p lem en tary  

in v e stig atio n s  in  areas  w h ere  in fo rm atio n  f ro m  e arlie r in v e stig a ­

tio n s  w as u n c ertain  o r in ad eq u ate . T h e se  in c lu d ed  b o re h o les , 

se is m ic  re f le c tio n  su rv ey s  and  a larg e  n u m b er o f  p u m p ing  and  

o th er in -s itu  te sts in  c o n n e c tio n  w ith  the  M O SE S-p ro je c L

T h e  g ro u n d  in v e stig atio n s  re v e aled  th at the tu n n e l w o u ld  b e  

c o n stru c ted  in  g lac ia l so ils  and  u n d erly in g  c a lc ario u s  m arls. 

Fig u re  3 sh o w s a s im p lif ie d  ty p ic a l g ro u nd  p ro f ile  o n  a lo c atio n  

w ith  a w ater d ep th  o f  2 0  m etres.

T h e  D an ian  lim e sto n e  and  Se lan d ian  m arl w ere  d ep o sited  in  a 

sh a llo w  m arin e  b asin  in  the Sto reb ae lt area. Ic e  sh e e ts o f  the 

Saalian  and  W e ic h se lia n  g lac ia tio n s  ero d ed  the u p p er Se lan d ian  

d ep o s its to  fo rm  an u n d u lating  p lateau  d ip p in g  to  the  N o rth  and  

c u t b y  v alley s . T h e  lo w e r g la c ia l d ep o s its  c o n tain e d  rafted  

Se lan d ian  m aterial o r m arl f lo e s . L o c a lly  the g la c ia l d ep o s its fro m  

th e  w id esp read  Saalian  g lac ia tio n s  w h ic h  c o v ere d  Eu ro p e  no rth  o f  

the  so u th ern  H o llan d  w ere  larg e ly  e ro d ed  and  rew o rk ed  b y  the 

W e ic h se lia n  ic e  sh e ets.
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Sto reb aslt.

T h e  late  W e ic h se lia n  ic e  sh e e ts  d ev e lo p ed  fro m  the So u th  and  

th e  g la c ia l ad v an c es , re treats  and  in te rstad ials resu lted  in  a se rie s  

o f  te rm in al m o rain e , ic e  b o rd erlin e  and  m e lt w ater d ep o sits. T h e se  

fo rm  p ro m in en t su rfac e  featu res  in  the Sto reb c e lt area, and  the 

tu n n el alig n m e n t fo llo w s su c h  an ic e  b o rd erlin e .

Fo llo w in g  th e  re tre at o f  the ic e  sh e ets th e  g lac ia l d ep o s its w ere  

ero d ed  aw ay  in  a d eep  c h an n e l in  the  eastern  p art o f  th e  Sto re -  

baelt. T h is  is e v id e n t f ro m  the g e o lo g ic a l p ro f ile  a lo n g  th e  tu nnel 

alig n m e n t as seen  f ro m  Fig u re  4 . In  th e  c h an n e l p o st-g lac ial 

d ep o s its are  d ire c tly  o v erlay in g  the m arl. O n  the  sh o u ld ers o f  the 

c h an n e l till fo rm atio n s  c o v e r  the  m arl w h ich  ag ain  is  o v erlay in g  

th e  lim e sto n e .

T h e  g la c ia l d ep o sits c o n s ist o f  c lay  till, sand  d ll and  s ilt, sand  

and  g rav e l le n se s  and  lay e rs . T h e y  are  d iv id ed  in to  th e  lo w e r till - 

p red o m in an tly  sand  till - and  th e  u p p er till - p red o m in an tly  c lay  

till. M a jo r m e lt w ater c h an n e l sand  b o d ies  are  p re sen t a t th e  b ase  

o f  b o th  u p p er and  lo w e r tills. W ith in  th e  lo w e r tills  th e  sand  

b o d ie s  are  o f ten  h y d rau lic a lly  c o n n e c te d  fo rm in g  e x te n siv e  

aq u ife rs .

G e n e ra lly , till is c lass if ie d  as c lay  till w h en  th e  c lay  s iz e  

c o n te n t is  >  10 %  and  as sand  till w h en  the  c lay  s iz e  c o n ten t is <  

10% . Bo th  san d  till and  c la y  till m ay  c o n tain  b o u ld ers o f  v ary in g  

s iz e s  - up  to  sev e ra l m e tre s in  d iam eter.

T h e  tills  are  o v e r-c o n so lid ated . T y p ic a l  v alu es  o f  th e ir 

g e o te c h n ic a l  p ro p ertie s are  p resen ted  in  T a b le  1. A  lo w  w ater 

c o n ten t, a h ig h  b u lk  d en sity  and  a h ig h  sh e ar stren g th  is ty p ic a l 

f o r  su c h  a g lac ia l  m ate ria l; its c o e f f ic ie n t o f  p e rm e ab ility  m ay  b e  

c o n sid ere d  h ig h  fo r c la y  tills.

T ab le  1. T y p ic a l  v alu es o f  g ro u n d  p aram eters  fo r  g la c ia l till and  

m arl en c o u n tered  in  th e  Eastern  T u n n e l area.

G la c ia l  till M arl 

H I H 2- 4

W ate r c o n ten t w  % 8 -1 3 2 5 - 3 5

U n it w e ig h t y  kN / m 3 23 1 9- 2 0

Sh e ar stren g th

• u nd rained

• d rained

c u M P a 

c ' k Pa

9  °

0 .1 - 0 .7  

2 0  

3 5

0 .3 - 0 .6  1 .5 -1 0  

2 0 - 3 3 0 0  

2 8 - 4 5

C o e f f i c ie n t o f  

p erm e ab ility k  m/ s l O M O 5 10-7-5 - 1 0 J|

T h e  m arl is  c lass if ie d  o n  th e  b as is  o f  a s im p le  in d ic a tiv e  stren g th  

p aram eter, in d u ratio n , in  th e  ran g e  H I to  H 4 . T h e  m arl is a ro c k  

m ass w ith  su b -h o riz o n tal p aralle l jo in ts . T h e  jo in ts  fo rm  th e  m ajo r 

f lo w  p ath in  th e  ro c k  m ass. T h e y  are  fo rm e d  b y  the  u n lo ad in g  

fo llo w in g  re tre at o f  th e  ic e  sh e ets. O p en  su b -v e rtic al f issu re  

sy stem s are  lo c a lly  p resen t g iv in g  a h ig h  c o e f f ic ie n t o f  p e rm e ab il ­

ity . T h e  stren g th  p ro p erties fall w ith in  a w id e  ran g e  as se e n  fro m  

T a b le  1.

A ll re le v an t g e o lo g ic a l and  g e o te c h n ic a l in fo rm atio n  has 

th ro u g h o u t th e  p ro je c t b een  c o m p ile d  in  a 3 -D  G e o m o d e l fo r the 

w h o le  p ro je c t area. T h e  D an ish  G e o te c h n ic a l In stitu te  co o p erated  

in  th e  d ev e lo p m en t o f  the G e o m o d e l w h ic h  w as u sed  fo r the 

alig n m e n t stu d ies, d u ring  th e  c o n stru c tio n  p h ases and  fo r f ilin g  o f  

a ll re le v an t g e o te c h n ic a l in fo rm atio n .

3 T H E  T U N N EL

Fig u re  2  sh o w s the alig n m e n t c h o se n  fo r th e  tu n n el. T h e  reaso n  

fo r  se le c tin g  a tu n n el alig n m e n t c u rv in g  to  th e  N o rth  w ith  a 

m ax im u m  d istan c e  o f  ap p ro x im ate ly  1 k m  fro m  th e  b rid g e  

a lig n m e n t is  to  tak e  ad v an tag e  o f  th e  sh a llo w e r d ep th  o f  w ater 

th ere  and  at the  sam e  tim e  o b serv in g  railw ay  d esig n  c rite ria  and  

also  to  k eep  the tu nnel w ith in  the p re fe rred  g ro u nd  c o n d itio n s .

T h e  tu n n el c o n sists  o f  tw in  7 .7  m  in tern al d iam ete r m ain  

tu n n e ls. T h e y  w ere  c o n stru c ted  p rin c ip ally  o f  p re -c ast c o n c re te  

seg m e n tal rin g s b o lted  to g e th e r and  seale d  w ith  sy n th e tic  ru b b er 

g ask e ts. T h e  len g th  o f  e ac h  b o re  w as 7 .4 0 0  km  w ith  the rails  75  

m  b e lo w  seab ed  le v e l at th e  d eep est p o in t. T h e  m in im u m  g ro u nd  

c o v e r ab o v e  th e  b o re s w as ap p ro x . 15 m  at tu n n el m id -p o in t and  

ap p ro x . 10 m  at e ac h  end . T h e  m ain  tu n n e ls are  sep arated  b y  25  

m e ter b e tw ee n  c e n tre s  and  c o n n ec te d  a t ap p ro x . 2 5 0  ra in terv als 

b y  c ro ss  p assag es  to  h o u se  eq u ip m en t and  to  p ro v id e  e m e rg e n c y  

e sc ap e  ro u tes f o r p assen g ers  and  railw ay  sta ff .

4  T U N N E L  B O R IN G  M A C H IN ES

It w as p red ic ted  that the  m arl p ro v id ed  a m aterial w e ll su ited  fo r  

tu n n e llin g  and  th is p ro v ed  to  b e  tru e. T h e  p ro b lem s an tic ip ated  

w ere  c o n n ec te d  to  tu n n e llin g  in th e  g lac ia l tills . T w o  ty p es o f  

p ro b lem s w ere  fo re se e n ; th ey  m ay  b e  c h arac te rised  b y  th e  tw o  

w o rd s: b o u ld ers and  w ater.

Sp e c ia l  p re cau tio n s  had  to  b e  taken  in th e  d esig n  and  c o n stru c ­

tio n  o f  the tu n n el b o rin g  m ac h in e s  in  o rd er th at th ey  w o u ld  b e 

ab le  to  tac k le  th e se  tw o  p ro b lem s -  and  m an y  o th ers fo r  that 

m atter.

Sto reb c e lt d ec id ed  th at 4  tu n n el b o rin g  m ac h in e s  sh o u ld  b e  used  

to  d riv e  the tu n n els in o rd er to  red u c e  the tim e  o f  tu n n e llin g  and  

red u c e  the c o n se q u e n c e s  o f  p o ss ib le  m ac h in e  failu re s o r b reak ­

d o w n s.

T h e  ty p e  o f  tu n n e l b o rin g  m ac h in e s  u sed  w as sh ie ld e d , fu ll fac e  

m ac h in e s  ab le  to  w o rk  ag ain st an earth -w ate r p ressu re  o f  8 b ars. 

T h e  g ro u nd  c o n d itio n s  n e cessitated  the u se  o f  earth  p ressu re  

b alan c e d  m ach in e s.

T h e  c u tte r-h e ad  had  a d iam ete r o f  8 .7 5  m . It had  188 p ic k s  fo r 

th e  s o f t g ro u nd  and  5 6  d isc  c u tte rs  fo r  g ran ite  b o u ld ers  and  the 

m arl. L o c ate d  b eh in d  the c u tte r-h ead  w as th e  m ain  b u lkh ead  

w h ic h  w as d esig n ed  to  w ith stan d  earth  p ressu res up  to  8 b ar. T h e  

e x c av ate d  g ro u nd  w as  m ix e d  w ith  ad d itiv es and  tran sp o rted  

b ac kw ard s  in to  th e  m ach in e  b y  tw o  sc re w  c o n v e y o rs . T h e  

b u lkh ead  had  an  in -b u ilt a irlo c k  w h ic h  allo w e d  m ann ed  in terv e n ­

tio n  insid e  the  m ix in g  c h am b e r b etw een  th e  c u tte r head  and  the  

b u lkh ead .

It w as n e c essary  o n a re g u lar b asis to  c arry  o u t m ain ten an c e  

w o rk  in sid e  the  m ix in g  c h am b er. In  o rd er to  red u c e  the risk  o f  

fa c e  in stab ility  d ev e lo p in g  in  the g lac ia l  tills  th e  h ig h  p o re  w ater 

p ressu re  en c o u n tered  in  th e  g ro u nd  had  to  b e  b alan c e d  w ith  the 

u se  o f  c o m p re ssed  air. T ask s  to  b e  p erfo rm ed  u n d er c o m p re ssed  

a ir inc lu d ed  re p lac e m e n t o f  p ic k s  and  d isc  c u tte rs  and  o th er rep air 

w o rk.

5  P R O B A B IL IT Y  O F T H E  O C C U R R E N C E  O F B O U L D E R S

Fro m  the g ro u nd  in v e stig atio n s  it w as v e rif ied  th at a lm o st 5 0 %  o f  

the len g th  o f  the  tu n n el w o u ld  b e  m ined  thro u g h  g lac ia l tills. It is 

g en era]  g eo te c h n ic a l k n o w led g e  th at g lac ia l till m ay  in c lu d e  larg e  

b o u ld ers. In  tills  in  D en m ark  m o re  than  100  b o u ld ers , e ac h  w ith  

a larg est d im en sio n  o f  m o re  than  3 m , h av e  b een  fo u n d  d uring  

c o n stru c tio n  w o rk  o v e r th e  y ears . It w as c o n seq u e n tly  assu m ed  

that a trad itio n al tu nnel b o rin g  te c h n iq u e  c o u ld  b e  ham p ered  b y  

the o c c u rre n c e  o f  su c h  b o u ld ers.

T h e  b o u ld ers m ain ly  c o n s ist o f  g ran ite . In  p rin c ip le  it w o u ld  

no t b e  to o  d if f ic u lt f o r  the d isc  c u tte rs a t th e  cu tte rh ead  to  g rind  

th e ir w ay  thro u g h  a b o u ld er w ith  a d iam ete r o f  say  2 -3  m . T h is  

w o u ld  o n ly  req u ire  that the  b o u ld er w as k ep t lo c k e d  in  a f ixe d  

p o sitio n  in  the g la c ia l till. T h is  c o u ld , h o w ev er, n o t b e ex p e c ted  

to  b e  the  c ase : a f te r so m e  g rind in g  the b o u ld er w o u ld  b eg in  to  

ro tate  as a resu lt o f  the fo rc e s  fro m  the  cu tte rh ead . T h e  cu tte rh ead
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w o u ld  then  h av e  to  b e  sto p p ed  in  o rd er to  c u t and  re m o v e  the 

b o u ld er m an u ally  f ro m  insid e  th e  m ix in g  c h am b er. T h is  takes 

tim e  - and  it c o s ts  m o n ey . A s  p re c ise  k n o w led g e  as p o ss ib le  o f  

th e  s iz e  and  n u m b er o f  b o u ld ers w h ic h  c o u ld  b e  e x p e c ted  to  b e  

m e t in  the g lac ia l till w as c ru c ia l to  the tu n n e llin g  c o n trac to rs  in  

th e ir b id  fo r  tend er.

In  o rd er to  e stab lish  sta tistic a l in fo rm atio n  o n  the  p ro b ab ility  o f  

o c c u rre n c e  o f  b o u ld ers w h ich  c o u ld  b e  in c lu d ed  in  th e  ten d er 

m aterial a sp ec ial s tatistic a l in v e stig atio n  w as th e re fo re  in itiated .

P rio r to  th is in v e stig atio n  the D an ish  G e o te c h n ic a l  In stitu te  had  

in  th e  e arly  e ig h tie s  attem p ted  to  fo rm  a ro u g h  e stim ate  b ased  

up o n g e n eral e x p e rie n c e  o f  g e o te c h n ic a l e n g in e ers su p p o rted  b y  

in terv iew s w ith  q u a lif ie d  c o n trac to rs , g e o lo g ists  and  o th ers. T h is  

e stim ate  w as m ain ly  b ased  o n  e x p e rie n c e  fro m  e x c av atio n s  and  

o th er c o n stru c tio n  w o rk  in  g la c ia l till.

It w as, h o w e v e r, re aliz e d  th at c o n c re te  d ata w as need ed  to  fo rm  

a re liab le  e stim ate . T h at su c h  sta tistic a l d ata c o u ld  b e  e stab lish e d  

b e c am e  ev id e n t w h en  it w as re aliz ed  th at o n  b e ac h e s  in  fro n t o f  

g la c ia l till c l if f s  re m ain s  c o n sistin g  o f  g rav e ls , c o b b le s  and  

b o u ld ers f ro m  th e  p rev io u s, no w  ero d ed  p art o f  the c l i f f  are 

fo u nd . W h e re  th ese  re m ain s  h av e  b een  u n in f lu en c ed  b y  o th er 

ac tiv itie s  - e .g . c o n stru c tio n  o f  b reakw ate rs  - c are fu l c o u n tin g  and  

m easu rin g  o f  e ac h  b o u ld er c an  b e m ad e  and  re lated  to  the 

e stim ated  am o u n t o f  ero d ed  f ill.

C o u n tin g  and  m e asu rin g  w ere  m ad e  q u ite  e asily  b y  ae rial 

p h o to g rap h y  o f  c l i f f  b e ac h e s  w ith  su b seq u e n t ste reo m e tric  

m e asu re m e n t o n  the p h o to g rap h s. T h e  areas o f  o b serv atio n  w ere  

d ef in ed  as re ac h in g  f ro m  the fo o t o f  a c l i f f  to  th e  w aterlin e . T h e  

p o sitio n  as w e ll as m ain  d im en sio n s  o f  e ac h  s in g le  b o u ld er w ere  

rec o rd ed  at sev e n  lo c atio n s  in  the  Sto reb ae lt area w ith  a to tal 

len g th  o f  2 .2 0 0  m etres . T h is  rep resen ted  a v o lu m e  o f  2 9 0 .0 0 0  m 3 

g la c ia l till. Bo u ld e rs larg er than  0 .4  m etres  w ere  re co rd e d . T h e y  

to talled  1 .0 5 2  b o u ld ers.

T h e  an a ly s is  re v e aled  a re m ark ab le  s im p le  re lativ e  s iz e  d istrib u ­

tio n  o f  th e  b o u ld ers. It tran sp ired  th at th e  n u m b er o f  b o u ld ers 

w h o se  larg est d im en sio n  e x c e ed ed  an arb itrary  am o u n t b y  0 .5  

m etres  d ec reased  b y  a fac to r 10 fo r e ac h  su c h  in c re ase  o f  0 .5  

m etres . In  o th er w o rd s the s iz e  d istrib u tio n  w as e x p o n e n tial.

T h e  u se fu ln e ss  o f  th e  sta tistic a l in fo rm atio n  o b tain ed  w ith  

reg ard  to  sp e c ify in g  re fe re n c e  c o n d itio n s  fo r  the  tu n n el m in ing  

natu rally  d ep end ed  o n  w h eth er the  u n kn o w n  d istrib u tio n  o f  

b o u ld er s iz e s  alo n g  the  tu n n el alig n m e n t w as the sam e  as  th at 

fo u n d  a lo n g  the 7 c l i f f  b e ac h e s. H o w e v e r, a fu rth e r o b serv atio n  

su p p o rted  th is c o n c lu s io n . T h e  s iz e  d istrib u tio n  c o u ld  n o t b e 

sh o w n  as s ig n if ic an tly  d if fe ren t at the 7  b e ac h  lo c a litie s  e v en  

tho u g h  th e se  lo c a litie s  w ere  w id e ly  sp read  o v e r th e  e n tire  

Sto reb ae lt re g io n .

T h e  sta tistic a l d ata o b tain ed  fro m  c o u n tin g  and  m e asu rin g  

b o u ld ers o n  th e  b e ac h e s w ere  su p p lem en ted  b y  o b serv atio n s  m ad e 

fro m  the  se ism ic  su rv ey s  c o n d u c ted  in  th e  tu n n el c o rrid o r. Sm all 

p arab o lo id  c u rv e s o n  th e  se ism o g ram  c o u ld  w ith  so m e  re serv a ­

tio n s  b e  in terp reted  as d ef in in g  th e  p re sen c e  b e lo w  th e  seab ed  o f  

b o u ld ers w ith  v e rtic a l d im en sio n s  larg e r than  0 .5  m e tre s - o n e  

q u arter o f  the  w av e  len g th  o f  the so n ar sig n al. T h e  re su lts fro m  

the  se is m ic  m easu rem en ts f itted  w e ll w ith  th e  o b serv atio n s  fro m  

the c l i f f  b e ac h e s in the Sto reb ae lt reg io n .

Fig u re  5 su m m ariz es  the re su lts o f  th e  sta tistic al in v e stig atio n . 

N  is th e  e x p e c te d  n u m b er o f  b o u ld ers w ith  m ax im u m  siz e  larg er 

than D  p er 1 0 0 .0 0 0  m 3 o f  g la c ia l till. T h e  f ig u re  re p re sen ts  the 

sta tistic a l e stim ate  w ith  its 9 5 %  c o n f id e n c e  in te rv a ls , w h ile  the 

shad ed  area rep resen ts a ro u g h  e stim ate  m ad e  b y  th e  D an ish  

G e o te c h n ic a l In stitu te  d u ring  th e  e arly  e ig h tie s . K e e p in g  in  m ind  

th at a to tal v o lu m e  o f  4 0 0 .0 0 0  m 3 g la c ia l till w as to  b e  m ined  

d u ring  tu n n el c o n stru c tio n , th e  sta tistic al in v e stig atio n  p red ic ts 

that b etw een  2  and  8 b o u ld ers w ith  a m ax im u m  siz e  larg e r than

2  m etres  c o u ld  b e  e x p e c te d  to  b e  fo u n d  d u ring  tu n n el m in ing .

T h e  re su lt o f  th e  b o u ld er in v e stig atio n  w as su m m ariz ed  in  the 

c o n trac tu al re fe re n c e  c o n d itio n s  as a b asis  fo r d esig n  o f  the c u tte r 

head s and  tran sp o rtatio n  sy ste m s o f  the tu nnel b o rin g  m ach in e s. 

It w as fu rth e r re co g n iz e d  in  the sp e c if ic a tio n s  th at g ro u nd  

treatm en t c o u ld  b e req u ired  fo r  the re m o v al o f  b o u ld ers fro m  the 

c u tte r head s.

C o n trac to r and  Sto reb ae lt re p re sen tativ es  sy ste m atic a lly  

re c o rd ed  the b o u ld ers f ro m  th e  f irs t 6 1 .5 0 0  m 3 o f  tu n n el e x c a v a ­

tio n  in  th e  u p p er till. T h e  re su lt o f  th is re co rd in g  is  p resen ted  in

Fig u re  5 . P re - te n d e r assessm e n t o f  e x p e c te d  n u m b er N  o f  b o u ld ers 

w ith  m ax im u m  siz e  larg er than D  p er 1 0 0 ,0 0 0  m 3 o f  till and  o f  

d irec t m easu rem en ts  m ad e  d u ring  the tu n n el e x c av atio n  in  19 92  

o f  the  f irst 6 1 ,5 0 0  m 3 o f  till (a f te r Eas t T u n n e l ( 1 9 9 7 ) ) .

Fig u re  5 fo r a to tal o f  2 2  b o u ld ers. T h e  n u m b er re c o rd ed  w as w e ll 

w ith in  th e  e stim ated  9 5 %  c o n f id e n c e  in terv al.

N o  fu rth er m e n tio n in g  w as m ad e  b y  the  c o n trac to r ab o u t the 

n u m b e r and  s iz e  o f  b o u ld ers. It m ay  b e  taken  fo r g ran ted  

th e re fo re  th at in  g e n eral the o c c u rre n c e  o f  b o u ld ers h as fa lle n  w e ll 

w ith in  the  n u m b ers sp e c if ie d  in th e  c o n trac tu a l re fe re n c e  c o n d i ­

tio n s. In  o th er w o rd s, e v e n  fo r su c h  an u n c o n v e n tio n a l p ro b lem  

c are fu l g e o te c h n ic a l in v e stig atio n  m ay  b e  u sed  to  e stab lish  a 

so u nd  b asis  fo r d esig n  and  c o n stru c tio n .

6  A C C ID E N T A L  FL O O D IN G

D u rin g  o n e  w eeken d  in  O c to b e r 1991 a h y d rau lic  c o n n e c tio n  w as 

e stab lish e d  b e tw ee n  th e  w ater o f  Sto reb ae lt and  th e  m ix in g  

c h am b e r o f  th e  tu n n e l b o rin g  m ac h in e  Ju tlan d ia  c o m in g  f ro m  the 

w est. T h is  h y d rau lic  c o n n e c tio n  w as estab lish e d  th ro u g h  12 m e te r 

o f  c la y  till c o v e r  w h ile  m ain ten an c e  w as b e e n  c arrie d  o u t o n  the 

sc re w  c o n v e y o r. U p  u n til th is tim e  th e  fa c e s  see n  w h en  en te rin g  

th e  m ix in g  c h am b e rs  in th e  tu n n el b o rin g  m ac h in es  had  b ee n  

stab le  o v e r lo n g  p erio d s. T h is  had  led  to  a fa ls e  se n se  o f  sec u rity  

and  o n  the w eek en d  in  q u e stio n  b o th  b u lkh ead  d o o r and  m an  lo c k  

w ere  le f t o p en  and  u ng u ard ed  in  c o n trav e n tio n  o f  ag reed  p ro ­

c ed u res.

W ate r in g re ss  th ro u g h  th e  g lac ia l  till d ev e lo p ed  rap id ly  to  su c h  

a v o lu m e  that it w as im p o ss ib le  to  se c u re  e ith e r th e  a c c e ss -  

o p en in g  in the sc rew  c o n v ey o r o r th e  b u lkh ead  d o o r. A s  resu lt 

w ater inu nd ated  Ju tlan d ia  and  the ad jac e n t m ac h in e  Fio n ia  and  

f lo o d ed  p art o f  the Sp ro g 0  w o rk  s ite .

Fo rtu n ate ly  th ere  w as a ja c k - u p  d red g er n e arb y  and  c lay  w as 

e x c av ate d  and  d u m p ed  o n the seab ed  ab o v e  th e  lo c atio n  o f  the  

tu n n el b o rin g  m ac h in e s. T h is  p lu g g ed  the  h o le  in  tim e  to  p rev en t 

th e  f lo o d  w ater risin g  h ig h  en o u g h  to  d am ag e  the  g ro u n d w ater 

lo w e rin g  sy stem  th at w as m ain tain in g  th e  stab ility  o n  the  m an - 

m ad e  islan d  a t Sp ro g 0 .

A fte r the  situ atio n  w as c o n sid ere d  stab iliz e d , d iv ers en tered  the 

tu n n el and  c lo se d  th e  d o o r o p en in g s in  th e  b u lkh ead  and  sc re w  

c o n v ey o r. T h e  f lo o d  w ater c o u ld  th en  b e  p u m p ed  o u t and  

re p lac e m e n t and  re c o n d itio n in g  o f  a ll e le c tric a l sy ste m s and  

c o m p o n e n ts c o u ld  start. T h is  w as v ery  tim e  c o n su m in g  and  the  

m ac h in es  sto o d  still f o r ab o u t e ig h t m o n th s.

Su b seq u en t in v e stig atio n s  sh o w ed  the c lay  till ab o v e  th e  tu nnel 

b o rin g  m ac h in e s  to  b e  f irm  and  stab le . In  th e  c lay  till a  fu n n el 

ab o u t 2  m e tre s in  d iam eter had  b een  fo rm e d . T h is  fu n n e l w as 

e v e n tu a lly  p erm an en tly  p lu g g ed  f ro m  ab o v e  b y  c o n c re te . A f te r 

th is in c id e n t p ro c ed u res to  e n su re  th at u n c o n tro lle d  a c c e ss  h o les  

w ere  n e v e r o p en ed  in th e  b u lkh ead s o r sc re w  c o n v e y o rs  w ere
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Radial distance from DW1 (m)

2. Measured after 60 days pumping of DW1 at 90 mVhr

Fig u re  6 . D raw d o w n  in  the m arl, H alssk o v  trial (a f te r Ea st T u n n el 

( 1 9 9 7 ) ) .

s tric tly  e n fo rc ed . In  ad d itio n  m ann ed  in terv e n tio n s  w ere  to  b e 

u n d ertaken  o n ly  a f te r th e  fa c e  had  b een  e xam in e d  b y  e x p e rien c ed  

g e o lo g ists.

T h e  f lo o d  had  a lastin g  e f f e c t o n  the  p ro je c t. M an y  w o rk ing  

p ro c ed u res and  m eth o d s had  to  b e  c h an g ed .

It w as also  th e  f lo o d  th at in sp ired  g e o te c h n ic ian s  to  m ake  

p rac tic al u se  o f  o b serv atio n s  th ey  had  m ad e  c o n c ern in g  th e  e f f e c t 

o f  g ro u nd  w ater lo w e rin g  in  the Se lan d ian  m arl in  c o n n ec tio n  

w ith  the  e x c av atio n  fo r th e  ram p  and  C u t-an d -C o v e r tu n n el at 

Sp ro g 0 . It w as o b serv ed  th at d ew aterin g  fo r  th e  Sp ro g 0  ram p  w ith  

a y ie ld  o f  ab o u t 120 0  m 3/ h p ro d u ced  d raw  d o w ns o f  m o re  than  2 

m  in  g e o te c h n ic a l b o re h o les  fo r th e  an c h o r b lo c k  w e st 3  k m  o f f  

sh o re  the  ram p  area.

A  n u m b er o f  te st w e lls  w ere  in sta lled  o n  sh o re  as w e ll as o f f  

sh o re  and  th e  e f f e c t o n  th e  p o re  w ater p ressu re  d u e to  d ew aterin g  

w as tested  b y  p u m p ing  te sts . Fig u re  6  p resen ts re su lts f ro m  w e ll 

D W 1 in stalled  in  th e  Se lan d ian  m arl n ear th e  H alssk o v  ram p  area. 

L in e  1 rep resen ts th e  d raw  d o w n b e fo re  start o f  p u m p ing  f ro m  

D W 1 d u e to  th e  e f f e c t f ro m  th e  o n g o in g  g ro u nd  w ater lo w e rin g  

sc h e m e  fo r th e  ram p . A f te r 6 0  d ay s o f  p u m p ing  fro m  w e ll D W  1 

w ith  a c ap ac ity  o f  9 0  m 3/ h a d raw  d o w n  p resen ted  b y  lin e  2  w as 

o b serv e d . In  o th er w o rd s, b y  p u m p ing  f ro m  the Se lan d ian  m arl 

red u c tio n  in  p o re  w ater p ressu res c o u ld  b e  ac h iev ed  at d istan c es  

o f  m o re  than  2  km  aw ay  and  e v e n  c o n sid erab le  p o re  w ater 

p ressu re  red u c tio n s  in  th e  ab o v e  g la c ia l tills  w ere  o b serv e d . T h is  

e f f e c t w as attrib u ted  to  th e  fa c t th at w ater ten d ed  to  f lo w  

h o riz o n tally  in  th e  fo rm atio n s  u n d er th e  Sto reb aelt.

7  P R O JE C T  M O SE S

A g ain st th is b ackg ro u n d  the c o n c e p t o f  red u c in g  th e  p o re  w ater 

p ressu res  at th e  tu n n el ax is  alo n g  th e  alig n m e n t b y  d ew aterin g  

w e lls  f ro m  the seab ed  w as c o n c e iv e d , d ev elo p ed  and  im p le ­

m en ted . T h is  sp e c if ic  p ro je c t w as g iv e n  the n am e  M O SE S - an 

ac ro n y m  fo rm e d  f ro m  M e th o d  to  O b tain  Sa fe ty  b y  Em p ty in g  

Sto reb aelt.

T h e  m ain  o b je c tiv e  o f  th e  sc h e m e  w as to  red u c e  th e  p o re  w ater 

p ressu re  at th e  tu n n el ax is  to  3 b ar o r le ss  to  aid  th e  tu n n el b o rin g  

m ac h in e  o p eratio n s  so  th at c o n v en tio n al c o m p re ssed  a ir te c h ­

n iq u es c o u ld  b e  u sed  fo r m an n ed  in terv e n tio n s  in to  th e  m ix in g  

c h am b er o f  the m ac h in e s.

T h e  p ro je c t w as d ev elo p ed  o v e r a 1 y ear p erio d  fro m  m id -1 99 2  

and  it w as g rad u ally  ad ju sted  as the re su lts  o f  w e ll d rillin g , 

p u m p ing  te sts and  h y d ro lo g ic a l m o d e llin g  c am e  in . T h e  g en eral 

lay -o u t is sh o w n  in  Fig u re  7 . Pu m p in g  w e lls  w ere  arran g ed  in  6 

g ro u p s; 3 o n  e ac h  s id e  o f  th e  5 8  m  d eep  c e n tra l sh ip p in g  c h an n e l. 

Eac h  w e ll g ro u p  w as p o w ered  f ro m  an an c h o red  g e n e rato r b arg e  

and  c o n siste d  o f  5 - 8  p u m p ing  w e lls  and  1-3 p ie z o m e ter w e lls .

T h e  w e lls  w ere  g en e rally  lo c ated  e v e ry  125 m etre  a lo n g  the 

alig n m e n t and  altern atin g  35  m  to  o n e  o r th e  o th er sid e  o f  the 

alig n m e n t. T h e  w e lls  w ere  d rilled  b y  th e  D an ish  G e o te c h n ic a l 

In stitu te  fro m  jac k -u p  rig s . T h e  w e lls had  a 3 0 0  m m  d iam ete r 

ste e l c as in g  in  the g la c ia l till; they  w ere  u n -c ased  in  th e  m arl b u t 

w ith  slo tted  P V C  sc re e n s  at th e  p u m p s. T h e  w e lls  w ere  c o m p lete d

Fig u re  7 . P ro je c t M O S E S  lay o u t (a f te r Ea st T u n n e l ( 1 9 9 7 ) ) .

b y  th e  in stalla tio n  o f  a s ta in le ss  s te e l w e ll-h ead  a t se a  b o tto m  

le v e l. T h e  w e ll-h ead  w as in stalled  b y  d iv ers. It w as d esig n ed  to  

in c lu d e  p ressu re  tran sd u c ers and  f lo w  m eters  in  o rd er to  m o n ito r 

and  c o n tro l the  f lo w  o f  w ater f ro m  the w e lls  in to  Sto reb aelt. 

G ru n d fo ss su b m e rsib le  p u m p s w ere  used  in  the w e lls.

T h e  m ain  d ata fo r th e  M O SE S p ro je c t is  g iv e n  in  T a b le  2 . T h e  

to tal n u m b er o f  p u m p ing  w e lls in  p ro je c t M O S E S  w as 4 9 , the 

to tal n o m in al c ap ac ity  w as 3 1 0 0  ra3 p er h o u rs and  12 p iez o m e ter 

w e lls  w ere  in stalled . T h e  f lo atin g  b arg e s c arrie d  th e  d iese l 

g e n erato rs  fo r  th e  p u m p s. O n  a c o n tin u o u s  b as is  d ata f ro m  the 

M O SE S sy stem  w ere  se n t o n  sh o re  to  a c o n tro l ro o m  w h ich  w as 

p erm an en tly  m anned .

O v e r th e  are a o f  in f lu e n c e  th e  red u c tio n  o f  w ater p ressu re  o v er 

the tu n n el ax is  v aried  fro m  ab o u t 3 .5  b ar in  the m arl to  1 -2 b ar 

in the  tills w h ich  ach iev ed  the  aim  o f  red u c in g  g ro u nd  w ater 

p ressu re  at th e  tu n n el ax is  to  le ss  than  3 b ar so  th at m en  c o u ld  

e n te r in to  the m ix in g  c h am b e r o f  the  tu nnel b o rin g  m ach in e s. 

L o c a lly , d raw -d o w n  c o u ld  b e  le ss  and  re c o v ery  rates  c o u ld  be 

h ig h  a f te r p u m p  sto p p in g .

T a b le  2 . M ain  d ata fo r p ro je c t M O SE S._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

• 4 9  p u m p ing  w e lls  ( 1 2 " - 1 6 " )

D ep th : -35  to  -1 1 5  m  ( 2 ,9 0 0  m  d rilled )

Y ie ld  ran g e  p er w e ll 1 5 - 1 2 0  m 3/ h

T o ta l  y ie ld  3 ,1 0 0  m 3/ h

T o ta l y ie ld _ _ _ _ _ _ _ _ _ _ _ _ 4 5 ,0 0 0 ,0 0 0  m 3 d u ring  o p eratio n _ _ _ _ _

• 12 p ie z o m e ter w e lls  ( 8 " ) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

• 6 g en erato rs e ac h  p ro d u c in g  4 5 5  k W _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

M O SE S c o u ld  n o t c o n tro l the p ressu re  in  th e  c en tra l c h an n e l, 

w h ere  th ere  w as no  till c o v er o v er the m arl. A s a resu lt p ressu res 

here  so m e tim e s ap p ro ach ed  the fu ll h y d ro static  p ressu re  o f  7 .5  b ar 

at tu n n el ax is  d u e to  fau lted  m arl z o n es. A lso  in  the tills  the 

b en e f its o f  M O SE S w ere  o c c asio n a lly  c an c e lle d  b y  o v er-m u c k in g  

e stab lish in g  h y d rau lic  c o n n ec tio n s  to  the Sto reb aelt, and  thu s fu ll 

h y d ro static  p ressu re.

H o w ev er, g e n erally  the resu lts o b tain ed  in red u c in g  p o re  w ater 

p ressu re  aro u nd  th e  tu nnel allo w ed  m an u al in terv en tio n  in  the 

m ix in g  c h am b er in  m any  areas o f  the tills  and  the m arls w h ere  it 

w o u ld  o th erw ise  hav e b een  im p o ssib le . A ll the  m ann ed  in terv en ­

tio n s w ere  su c c e ss fu lly  c arried  o u t in  safe ty . So m e  ev e n  w ith o u t 

c o m p resse d  air b e in g  need ed  to  stead y  the fac e . A lso  the  in terv en ­

tio n s  w ere  p o ss ib le  at lo w er p ressu res than w o u ld  o th erw ise  hav e 

b een  the c ase , w h ic h  in c re ase  the e f fe c tiv e  w o rk in g  tim e  in  the 

ch am b er.

T h e  tu n nel b o rin g  m ach in e s w ere  u n ab le  to  ro tate  th e ir c u tte r 

h ead s w hen  p ressu re  in  the w o rk in g  c h am b er ro se  ab o v e  2  b ar 

u n til w ater w as ad d ed  to  lu b ricate  the m aterial. A f te r M O SE S had  

b een  e stab lish ed  le ss fo rc e  w as exerted  in  the fo rw ard  d irec tio n .

Upper till
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C o n seq u e n tly  m ud  f re e ly  p assed  b etw een  th e  arm s into  the 

c h am b e rs  w h ere  a c o n tro lle d  am o u n t o f  w ater w as ad d ed  to  

co n d itio n  th e  m u d  fo r  e asy  h an d lin g  b y  the  sc re w  c o n v ey o rs.

O n e  d isad v an tag e  fro m  the M O SE S w as th at o w in g  to  the 

red u ced  head  it w as n e c essary  to  d e lay  th e  f in al ac c e p tan c e  o f  

tu n n el w ater tig h tn e ss  u n til the  fu ll h y d ro static  p ressu re  had  b een  

resto red . T h is  led  to  the need  to  re ch arg e  the  g ro u nd  thro u g h  

so m e  c ro ss -p assag e  w e lls . Bu t th is w as a m in o r c o n se q u e n c e  

c o m p ared  to  th e  b en e fits.

T h e  to tal c o sts  o f  M O SE S w as so m e  180  m io . D K K . T h e re  is 

n o  d o u b t that su c h  an e x p e n se  w as w e ll ju stif ie d . P ro je c t M O SE S 

c o n sid erab ly  red u ced  th e  risk  o f  d e lay s  to  p ro g ram  and  as su c h  

the re su lts  m u st b e  assesse d  o n  the c o st o f  d e lay s w h ich  c o u ld  

hav e  o c c u rred , b u t m ay  h av e  b ee n  p rev en ted  b y  p ro je c t M O SE S.

T h e  sc h e m e  w o rked  b e c au se  o f  the u n iq u e  c o m b in atio n  o f  

in c re asin g  p e rm e ab ility  w ith  d ep th and  th e  p e rm e ab ility  o f  the 

m arl th at m e an t th at d ew aterin g  c o u ld  b e  ac h iev ed  w ith  a 

re aso n ab le  sm all n u m b e r o f  w e lls . A lth o u g h  d ev e lo p ed  to  m e et 

the g e o lo g ic a l  and  h y d ro lo g ic al c o n d itio n s  o f  the  S to re b x lt and  

the sp e c if ic  req u irem en ts o f  the tu n n el b o rin g  m ac h in e s  u sed , 

p ro je c t M O SE S p ro v ed  th at w ith  so m e  in g en u ity  land  b ased  

d ew aterin g  te c h n iq u e  c an  su c c e ss fu lly  b e  ad ap ted  fo r  m arin e  

ap p lic atio n .

8 F IR E  IN  D A N IA

In  the  su m m er o f  19 9 4  w h en  c o m p le tio n  o f  the tw o  tu n n e ls w ere  

in  s ig h t d isaste r s tru c k  ag ain  in  th e  fo rm  o f  a v ery  serio u s  f ire . 

T h is  hap p ened  in  th e  no rthern  b o re  in  th e  tu n n e llin g  m ach in e  

D an ia c o m in g  fro m  th e  e a s t T h e  f ire  w as m o st lik e ly  c au se d  b y  

a  b u st h y d rau lic  h o se . It w as  e stab lish e d  th at th e  f ire  had  b ee n  fed  

b y  so m e  2 0 0 0  litre s  o f  h y d rau lic  o il e sc ap in g  fo rm  o n e  o f  the 

tan ks.

Fo rtu n ate ly , no  liv e s  w ere  lo st and  no  o n e  w as in ju red . U n fo rtu ­

n ate ly  th e  c o n tro ls  fo r th e  sp rin k ler and  fo am  sy ste m s w ere  n o t 

c o n n ec te d  to  the e m erg e n c y  p o w er su p p ly . T h e  f ire  b rig ad e  

th e re fo re  had  to  ab and o n  the tu n n el and  le t th e  f ire  b u m  its e lf  o u t.

A f te r 3 6  h o u rs th e  tu n n e l had  c o o led  d o w n  su f f ic ie n tly  fo r  

c re w m en  to  re ac h  th e  f ro n t o f  the  tu n n el b o rin g  m ac h in e s  w ere  

the f ire  had  b eg u n . H ere  th ey  fo u n d  the  p rec ast c o n c re te  lin in g  at 

the tu n n el c ro w n  to  b e  se v ere ly  d am ag ed . Su b seq u en t d etailed  

in sp ec tio n s b y  e n g in e erin g  s ta f f  rev ealed  h eav y  sp a llin g  o f  the 

f ro n t f iv e  c o n c re te  rin g s. A t the w o rst p lac e  o n ly  13 0  m m  o f  the 

o rig in a l 4 0 0  m m  c o n c re te  th ic k n e ss  rem ain ed .

9  P R O T E C T IO N  O F W O R K M E N  IN  T H E D A M A G ED

T U N N EL

Em e rg en c y  rep airs b y  sh o tc retin g  w ere  p re fo rm ed  im m ed iate ly  

b u t th ere  w as a c o n tin u ed  risk  o f  c o llap se  e sp e c ia lly  b e c au se  a 

h y d rau lic  c o n n e c tio n  to  th e  seab ed  had  d ev e lo p ed  th ro u g h  the 

o v erlay in g  so il w h ile  rain in g  fo r  th e  d am ag ed  rin g s. T h e  tu nnel 

w as th e re fo re  ab an d o n ed  and  c lo sed  b y  tem p o rary  b u lkh ead s  

w h ile  sa fe  f in a l re p a ir so lu tio n s  w ere  d ev elo p ed .

T h e  sc h e m e  c h o se n  w as to  p ro te c t th e  d am ag ed  rin g s  b y  an 

in n er lin in g  o f  c as t iro n . T h is  red u ced  the  in n e r d iam ete r o f  the 

tu n n el b y  0 .5  m e te r w h ic h  n e cessitated  so m e  m o d ific atio n s  to  the 

railw ay  in sta llatio n s . T o  in c re ase  sa fe ty  ag ain st c o llap se  th e  re p air 

o p eratio n  had  to  b e  p erfo rm ed  u n d er c o m p re ssed  a ir so  the 

tem p o rary  b u lkh ead  need ed  to  b e  eq u ip p ed  w ith  b o th  m an lo c k  and  

m ate rials lo c k .

T h e  sc e n ario  w as n o w  th e  fo llo w in g : c rew  w o u ld  h av e  to  w o rk  

b eh ind  the  b u lkh ead  u n d er c o m p re ssed  a ir rep airin g  th e  d am ag ed  

se c tio n . If , h o w ev er, the  d am ag ed  c o n c re te  ro o f  in th e  tu nnel 

c o llap sed  d u ring  re p air the w o rk m en  w o u ld  lite ra lly  h av e  to  run 

fo r th e ir lif e  in o rd er to  e sc ap e  in to  the  m an lo c k  in  th e  b u lkh ead . 

T h is  sc e n ario  b ro u g h t th e  n atio n al lab o u r in sp ec tio n  o n to  the 

sc e n e . T h e y  req u ired  th at th e  c o n trac to r c o u ld  w arran t th at fro m  

th e  tim e  o f  c o llap se  o f  th e  ro o f  a p erio d  o f  f iv e  m in u tes w o u ld  b e 

av a ilab le  fo r the re p a ir c re w  to  e sc ap e  in to  the  m an lo c k  b e fo re  

sev e re  f lo ad in g  had  d ev elo p ed .

T h e  c o n trac to r tu rned  to  th e  D an ish  G e o te c h n ic a l  In stitu te  in 

o rd er to  o b tain  an an sw e r to  the q u e stio n : i f  th e  c o n c re te  ro o f

West

Fig u re  8. Po s itio n  o f  tu n n e l b o rin g  m ac h in e s D an ia  and  Se lan d ia  

at the tim e  o f  f ire  in  D an ia and  m em b ran e  p lac ed  a t seab ed  to  

p ro te c t c re w m en  re p a irin g  d am ag ed  c o n c re te  ro o f  in  tu nnel.

c o l lap se s  h o w  m an y  m in u tes w ill it th en  tak e  f o r a fu n n e l to  b e 

fo rm e d  f ro m  th e  to p  o f  the  tu n n el thro u g h  th e  g la c ia l d ll u p w ard s 

in to  the Sto reb ae lt?  In  o th er w o rd s, h o w  m an y  m in u tes w o u ld  b e 

req u ired  to  re c re ate  th e  in itial p h ase  o f  a f lo o d in g  lik e  th e  o ne  

th at had  h ap p ened  alm o st th ree  y e ars  b e fo re  w ith  th e  tu n n e llin g  

m ac h in e  Ju tlan d ia c o m in g  fro m  th e  w e st?  T h e  D an ish  

G e o te c h n ic a l In stitu te  w as ask ed  to  fo rm  an e stim ate  w h eth er it 

c o u ld  b e  w arranted  th at th e  c rew  m e m b ers w o u ld  h av e  a t least 

f iv e  m in u tes to  c o v e r  th e ir e sc ap e  ro u tes.

A  c lo s e r lo o k  a t th e  s itu atio n  m ad e it c le a r th at q u ite  freq u en tly  

d u ring  tu n n e llin g  o v e rex c av atio n  had  tak e n  p lac e  resu ltin g  in 

h y d rau lic  c o n n e c tio n s  b e e stab lish e d  f ro m  th e  tu n n e l to  th e  seab ed  

o f  th e  Sto re b x lt. T h e  reaso n  fo r th is w as th at w h en  e x c av atin g  

w ith  th e  tu n n el b o rin g  m ac h in e s it w as n o t p o ss ib le  to  m ain tain  

earth  p ressu res  in  the  m ix in g  c h am b e r to  b alan c e  the fu ll h y d ro ­

s tatic  p ressu re . Su c h  h ig h  p ressu res n am ely  led  to  b lo c k in g  o f  the  

cu tte rh ead . T h e  tu n n el b o rin g  m ach in e s, th e re fo re , w ere  o p erated  

at red u ced  earth  p ressu res w h ic h  led  to  o v e re x c av atio n  resu ltin g  

in  m any  in stan c e s in c o llap se  o f  the g ro u nd  ab o v e  the  tu n n el. T h is  

ag ain  resu lted  in  d irec t h y d rau lic  c o n n e c tio n s  b e in g  e stab lish e d  to  

the  seab ed .

Su c h  o v ere x c av atio n  e x p lain s th e  d ep ressio n s  o f  th e  seab ed  

in d ic ate d  o n  Fig u re  8 w h ic h  g iv e s  a p lan  o f  th e  p o sitio n  o f  the  

tw o  tu n n el b o rin g  m ac h in e s at the  tim e  o f  th e  f ire . T h e  d ep ress ­

io n s  rep resen ted  a c o n sid e rab ly  v o lu m e  o f  g ro u nd . D iam e te rs o f  

f iv e  to  f if te e n  m e tre s w ere  c o m m o n  and  d ep ths o f  d ep ressio n s  up  

to  ten  m etres  o r m o re  w ere  a lso  c o m m o n . A t th e  b o tto m  o f  the  

d ep ressio n s  a so c a lle d  "p in h o le "  had  o f ten  b een  fo rm ed . T h e se  

p in h o le s  had  n o rm ally  q u ite  a sm all d iam eter - f iv e  to  tw en ty  

c e n tim e tre s w ere  c o m m o n .

D u rin g  tu n n e llin g  th e  seab e d  had  b een  k ep t u n d er o b serv atio n  

and  the  d ep ressio n s  had  b een  re f ille d  w ith  g lac ia l  till b e in g  

d u m p ed  f ro m  b arg es  in to  the h o le s  in  th e  seab ed .

T h e  d am ag ed  c o n c re te  rin g s w ere  lo c ate d  ju s t b eh ind  th e  sh ield  

o f  the tu n n el b o rin g  m ac h in e  D an ia and  th at w as, u n fo rtu n ate ly , 

ju s t w ere  a d ep ressio n  o f  the seab ed  had  taken  p lac e  as in d icated  

o n Fig u re  8. A f te r th e  f ire  m easu rem en ts  o f  the p o re  p ressu re  in 

the  g ro u nd  aro u nd  the D an ia  tu n n el w as m ad e  f ro m  the  o th er 

tu n n e l, and  th ese  m e asu re m e n ts  c le arly  in d icated  th at a h y d rau lic  

c o n n e c tio n  e x isted  b etw een  the  tu n n el and  th e  seab ed .

It w as u n d er th ese  c o n d itio n s  th at a p red ic tio n  had  to  b e  m ad e 

w h eth er the f iv e  m in u tes e sc ap e  p erio d  c o u ld  b e  w arranted .

In  o rd er to  fin d  a so lu tio n  to  th is p ro b lem  it w as im p o rtan t to  

u n d erstand  the  m e ch an ism  b eh ind  th e  d ep ressio n s  in  th e  seab ed  

d u e to  o v ere x c av atio n .

Fig u re  9  illu strates  an  e x p lan atio n  o f  w h at had  h ap p ened  to  the 

g ro u nd  ab o v e  th e  tu n n el d ue to  o v e rex c av atio n  d u ring  tu n n e llin g . 

T h e  tu n n el h as so m e  tw en ty  m e tre s o f  g ro u nd  c o v e r  up  to  the  

seab ed . T h e  tu n n el at th e  lo c atio n  w h ere  th e  f ire  to o k  p lac e  w as 

p artly  m ined  in  m arl. T h e  c o v e r c o n sisted  o f  an u p p er c lay  till 

lay er, an u p p er sand  lay er, a lo w e r till c o m p le x  and  ag ain  a lo w e r 

sand  o r g rav e l lay e r ju s t ab o v e  the m arl.

T h e  e x p lan atio n  o f  w h at h ap p ened  d u ring  tu n n e llin g  is  as 

fo llo w s: O v e re x c av atio n  c reated  a v o id  in  th e  sand  and  g rav e l

Membrane:
25 x 25m made of 
PELD with thickness 2mm
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10 C O M P L E T IO N  O F T U N N EL L IN G  W O R K

Water

Upper clay till

Upper sand

Lower till complex

Lower sand

Marl

Fig u re  9 . Fo rm atio n  o f  seab ed  d ep ressio n s  and  h y d rau lic  c o n n e c ­

tio n s  b etw een  seab ed  and  tu n n el as a resu lt o f  o v ere x c av atio n  

d u ring  m in in g  o f  tu nnel.

lay e rs  at the in te rfac e  b e tw ee n  th e  m arl and  the lo w e r till 

c o m p le x . Fro m  th is v o id  a  p in h o le  p ro p ag ated  u p w ard s thro u g h  

th e  till c o m p le x  to w ard s th e  u p p er sand  lay er. T h e  e ro s io n  

m e ch an ism  in  su c h  a p in h o le  is  a g rad ien t c o n tro lle d  e ro sio n  in 

th e  tip  o f  a n arro w  h o le  su p p o rted  b y  h o o p stre sse s. A s  lo n g  as 

e ro s io n  take s p lac e  a s lu rry  o f  su sp en d ed  c lay , s ilt and  sand  w ith  

g rav e l w ill f lo w  th ro u g h  the p in h o le  at a re la tiv e ly  lo w  f lo w  rate . 

I f  th e  p in h o le  re ac h e s a h ig h  p erm e ab ility  sand  fo rm atio n  su c h  

sand  lay e rs  m ay  b e  ero d ed  aw ay  thro u g h  the p in h o le  and  c re ate  

a lo c a l v o id  u n d erlain  b y  a fu n n e l shap ed  p in h o le .

Fin a lly , a t a c e rtain  e ro sio n  stag e  a p lu g  o f  u p p er c lay  till w ill 

b e  fo rc ed  b y  w ater p ressu re  d o w n  in to  th e  v o id  as "a  c o rk  in to  a 

b o ttle " .

A  d ire c t c o n n e c tio n  to  the  se a  m ay  n o w  b e  e stab lish e d  allo w in g  

fo r d irec t in flo w  o f  seaw ater b es id e s  the p lu g . T h e n  a m e ch an ism  

o f  w id en in g  th e  p in h o le  area c an  tak e  p lac e  w ith  ris in g  e ro s io n  

and  w ater f lo w .

T h e  m e ch an ism  d escrib e d  see m s to  f it in  w e ll w ith  sev eral 

o b serv atio n s  m ad e  d u ring  tu n n e llin g . Firstly , it f its  w e ll w ith  the 

o b serv atio n s  o f  the  d ep ressio n s  o f  th e  seab ed . Se c o n d ly , it f its  

w e ll w ith  the o b serv atio n s  c o n n ec te d  to  th e  f lo o d in g  o f  the tu n n el 

b o rin g  m ac h in e  Ju tlan d ia th ree  y e ars  e arlie r.

N o w  th e  p ro b lem  w as th is: h o w  c o u ld  a f iv e  m in u tes  e sc ap e  

p erio d  b e  w arranted  kn o w in g  th at a h y d rau lic  c o n n e c tio n  o f  the 

ty p e  sh o w n  in  Fig u re  9 w o u ld  e x ist d u ring  re p a ir o f  th e  d am ag ed  

c o n c re te  rin g s?

A  so lu tio n  w as fo u n d  in  c lo s e  c o o p e ratio n  b etw een  Sto reb ae lt, 

th e  C o n su ltin g  En g in e e r, th e  C o n trac to r and  th e  D an ish  

G e o te c h n ic a l Institu te . It c o n siste d  sim p ly  o f  p lac in g  a m em b ran e  

o n  th e  seab e d  to  c o v e r the seab ed  d ep ressio n . T h e  p o sitio n  o f  the 

m em b ran e  is sh o w n  o n Fig u re  8. It had  an area o f  2 5  b y  2 5  m 2. 

It w as m ad e  o f  P E L D  (p o ly -e th y le n e  w ith  lo w  d en sity )  w ith  a 

th ic k n e ss  o f  2  m m  and  w eld ed  in to  o n e  p ie c e . T h e  m em b ran e  w as 

re in fo rc e d  w ith  ste e l-w ire s  and  it w as p lac ed  o n  th e  seab ed  b y  

d iv ers. It w as an ch o red  b y  ste e l w ires  and  h e av ily  b allasted  b y  

san d b ag s and  c o n c re te  b lo c k s .

T h e  c o n c e p t b eh ind  the m em b ran e  so lu tio n  w as f irstly  to  d elay  

a p o ss ib ly  reo p e n in g  o f  a p in h o le  thro u g h  d istu rb ed  g ro u nd  w ith in  

the seab ed  d ep ressio n  are a b y  th e  b lo c k in g  e f f e c t o f  th e  d raw ­

d o w n  o f  th e  m em b ran e  and  the b a llast in to  the p in h o le , and  

se c o n d ly  to  fo rc e  a p o ss ib ly  c re atio n  o f  a new  p in h o le  to  take  

p lac e  o u tsid e  the  m em b ran e  th ro u g h  u n d istu rb ed  so il.

It w as  o n  th e  b asis  o f  su c h  c o n sid eratio n s  th at th e  D an ish  

G e o te c h n ic a l  In stitu te  c o u ld  w arran t fo r  the  f iv e  m in u te  e sc ap e  

p erio d .

T h e  m em b ran e  so lu tio n  w as p u t in to  e f f e c t. T h e  m e m b ran e  w as 

o n  the  seab ed  fo r th ree  to  fo u r m o n th s w h ile  the re p a ir o f  the 

d am ag ed  c o n c re te  rin g s su c c e ss fu lly  to o k  p lac e  and  it w as then 

rem o v ed .

T h e  tu n n e llin g  m ach in e  D an ia  w as so  h e av ily  d am ag ed  th at it w as 

no t p u t b ac k  in to  o p eratio n . Instead  the m in in g  o p eratio n  f o r the  

no rthern  b o re  w as c o m p le ted  b y  th e  tu n n e llin g  m ac h in e  c o m in g  

f ro m  the  w est.

T h e  p ro b lem s en c o u n tered  d u ring  th e  m in in g  o f  th e  tw o  tu n n els 

re su lted  in a re la tiv e ly  h ig h  c o st in  m o n ey  and  lo st tim e . T h e  

o rig in a l p lan  w as to  c o m p le te  the m in in g  o p eratio n  in  m id  1991 . 

A c tu a lly  it w as n o t c o m p le ted  b e fo re  A p ril 199 5 . A f te r the 

c o m p le tio n  o f  the m in in g  and  the railw ay  in stalla tio n s  Q u een  

M arg re th e  o f  D en m ark  o f f ic ia lly  o p en ed  the tu n n el fo r p assen g er 

tra f f ic  o n th e  1st o f  Ju n e  1997 .

T a b le  3 g iv e s  an o v erv iew  o f  the c o n stru c tio n  c o sts . A c c o rd in g  

to  the o rig in al c o n tac t the to tal e xp en d itu res  w o u ld  b e  a little  

m o re  than  3 ,0 0 0  m io  D an ish  k ro n er - the eq u iv alen t o f  4 0 0  m io  

E C U . T h e  to tal lu m p  su m p  ag re em en t, h o w ev er, c o rresp o n d ed  

v ery  c lo se  to  a d o u b lin g  o f  the o rig in a l b u d g et. T h e  d irec t c o sts  

o f  the M o se s  p ro je c t and  the  D an ia  Fire  rep air re p re sen t rath er 

m in o r am o u n ts, e v e r tho u g h  th ey  h av e  had  a c o n sid erab ly  in d ire c t 

in f lu e n c e  o n  th e  c o n stru c tio n  c o sts.

T a b le  3. C o sts  o f  tu n n el c o n stru c tio n  w o rks.

O rig in a l c o n trac t 3 ,0 7 4  m io . D K K

P ric e  le v e l in c rease 2 6 4  m io . D K K

A g ree m e n ts

• c la im s 4 6 5  m io . D K K

• risk  sh arin g 8 1 6  m io . D K K

• b o nu s 3 7 5  m io . D K K

• M O SE S 180  m io . D K K

• D an ia  f ire 130  m io . D K K

• p ro je c t c h an g e s 8 5 0  m io . D K K

T o ta l 6 .1 5 4  m io . D K K

11 C O N C L U SIO N S

T h e  S to r e b s lt  p ro je c t h as d em o n strated  that tu n n e llin g  in c lay  till 

u n d er h ig h  h y d ro static  p ressu res c an  b e  su c c e ss fu lly  ac c o m p lic e d  

b u t w ith  a re la tiv e ly  h ig h  c o st in m o n ey  and  tim e.

It has also  d em o n strated  that a d etailed  k n o w led g e  o f  the 

g ro u nd  and  th e  g ro u n d w ater c o n d itio n s  is  an ab so lu te  n e c ess ity  

fo r the  c o n trac to r in  o rd er to  c h o se  su itab le  tu n n e llin g  b o rin g  

m ac h in e s  and  to  so lv e  p ro b lem s d u ring  m in ing  o p eratio n s. C lo se  

c o o p e ratio n  b etw een  the c lie n t, the d esig n er, th e  c o n trac to r and  

the  g e o te c h n ic a l  e n g in e ers o n  the  Sto reb ae lt T u n n e l P ro je c t has 

d em o n strated  that su c h  c o o p e ratio n  m ay  lead  to  q u ite  u n c o n v e n ­

tio n a l so lu tio n s  in v o lv in g

• ten d er d o cu m en ts g iv in g  sta tistic a l in fo rm atio n  o n  the 

p ro b ab ility  o f  o c c u rre n c e  o f  larg e  b o u ld ers,

• a re d u c tio n  o f  h ig h  h y d ro static  p ressu res b y  m ean s o f  

d ew aterin g  te c h n o lo g y  k n o w n  fro m  o n sh o re  ap p lic atio n s ,

• an u nd erstand ing  o f  the  g ro u n d -c o llap se -m e c h an ism  

resu ltin g  f ro m  o v ere x c av atio n  d u ring  m in in g  o p eratio n s.

A C K N O W L ED G E M E N T

T h e  au th o r g rate fu lly  ac k n o w led g e  p e rm issio n  b y  A / S Sto reb se lts-  

f o rb in d elsen  to  p u b lish  th e  p ap er and  e x p ress  h is th an k s fo r th e ir 

k ind  ass istan c e  in  p rep aring  the s lid es  fo r  the in v ited  lec tu re . 

N ie ls  Fo g e d , P e r B je n e g a a rd  H an sen , H en n in g  K ry g e r H an sen  

and  M o g e n s  P o rsv ig  are  thanked  fo r  th e ir ass istan c e  in  read in g  

and  c o m m e n tin g  d rafts o f  the  p ap er.

N ie ls  Fo g e d  and  J0rg e n  Ste e n fe lt d ev elo p ed  the c o n c ep t 

p resen ted  in  Fig u re  9  o f  the  p ap er in  o rd er to  e x p la in  the 

d ev e lo p m en t o f  hy d rauH c c o n n e c tio n s  b etw een  the  seab ed  and  the 

tu n n el fro n t d u ring  m in in g  o p eratio n s.
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