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Se t t le m e nt  a bove  Air-P re ssure  Const ruct e d Tunn e ls in S oft  Soils

Tassement au dessus des Tunnels Construits sous Pression de I'Air dans Sol Tendre
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L . F tO Z S A  M . S c. /E n g /,  P h .D ., A s s o c ia te  P ro fe s s o r, H e ad o f  th e  U n d e rg ro u n d  D e s ig n in g  D e p a rtm e n t,  M a n a g in g  

D ire c to r

SYNOPSI S

Sur f ace  s e t t l ement  occur s  a l ways  above  t unnel s  cons t r uc t ed i n s of t  s oi l s .  The t unnel s  be l ow t he 

wa t e r  t abl e  i n s of t  s oi l s  us ua l l y ar e  cons t r uc t ed t i nder  a i r  pr es s ur e .  One par t  of  t he s e t t l ement  

occour s  dur i ng t he  c ons t r uc t i on t i me and t he ot her  onl y a f t e r  t he r emova l  of  t he a i r  pr es s ur e .

The  s e t t l ement  a s s oc i a t ed wi t h r e mova l  of  t he a i r  pr es s ur e  wi l l  be mor e  s i gni f i cant  i f  t he r e l a t i ­

on of  t he a i r  pr es s ur e  t o t he s oi l  pr es s ur e  i s  hi gher .

I NTRODUCTI ON

I n s of t  s oi l s  t he t unnel s  us ua l l y a r e  cons t r uc ­

t ed unde r  a i r  pr es s ur e.

The de t e r mi na t i on of  ext ent  and a r e a  of  s ur f a ­

ce s e t t l ement  has  a l ways  be e n a  c onc e r n of  

des i gner s ,  e s pec i a l l y wi t h t unne l s  be l ow bui l t  

i n ur ba n ar eas .  The  met hods  known i n t he t echni ­

cal  l i t e r a t ur e  asst i me a  l i nea r  a r r angement  of  

t he t unne l  and de t e r mi ne  t he  s e t t l ement  a l ong 

i t s  cr os s  s ect i on.

However ,  i n cas e  of  s t a t i on cons t r uct i on,  t he 

s pa t i a l  pa t t e r n of  t he s e t t l ement  i s  a l s o 

i mpor t ant .  I f  t hi s  i s  known,  t he n t her e  i s  a  

pos s i bi l i t y t o or gani ze  t he s equence  of  con­

s t r uc t i on i n s uc h a  wa y t hat  t he s e t t l ement  

of  t he bui l di ngs  on t he s ur f ace  s houl d be 

opt i mal ,  i . e .  ne a r l y equal .

The compr es s ed a i r  i s  us ed dur i ng t unne l l i ng 

be l ow t he  wa t e r  t abl e  t o e l i mi na t e  or  r educe  

t he wa t e r  i nf l ow t o t he t unnel .  The compr es s ed 

a i r  ef f ect s  not  onl y t o kee p of f  t he  wa t e r  

i nf l ow t o t he  t unnel ,  but  ac t s  as  a  s uppor t  on 

t he excava t ed s ur f ace  and t he t unnel  l i ni ng t oo.

THE MAI N PROBLEMS OF THE SURFACE SETTLEMENT

The f ol l owi ng f our  pr obl ems  s houl d be  s ol ved 

whe n de t e r mi ni ng s ur f ace  s e t t l ement :

/ i /  The  ma xi mum s e t t l ement

/ i i /  t he ext ent  of  t he s e t t l ement  pr of i l e

/ i i i /  t he s hape  of  t he s e t t l ement  t r ough

/ i i i i /  t he r e l a t i on of  s e t t l ement  t o t i me

The  me t hods  de a l i ng wi t h t he f i r s t  t hr ee  of  

t he above ment i oned pr obl ems  can be  ca t agor i s ed 

i nt o t wo gr oups ,  one of  t hem i s  s ol vi ng t he 

pr obl ems  by t he met hods  of  t he c l as s i ca l  s ol u ­

t i on of  t he e l as t i c  ha l f  pl ane ^3»4j  . The 

di s pl acement  on t he uppe r  bounda r y i s  equal  t o 

t he s ur f ace  s e t t l ement .  The  r es ul t s  of  t hes e  

s ol ut i ons  ar e  we l l  known but  becaus e  of  t he 

di f f i cul t i e s  f r om mat hemat i ca l  poi nt  of  wi e w 

t hey ar e  not  wi des pr ed i n t he  t unne l l i ng pr ac ­

t i ce .  The va r i ous  s i mpl i f i ca t i ons  ar e f ar  f r om 

t he r ea l  s i t ua t i ons .  The s ol ut i ons  of  t hi s  t ype 

by t he f i ni t e  e l ement  me t hod ar e  depe ndi ng f r om 

t he s oi l  par amet e r s  t aken i nt o account .  £ 2~J

The met hods  of  t he ot her  gr oup ar e  oper a t i ng on 

pr act i cal ,  empi r i ca l  dat as  and t heor e t i ca l  con­

s i der a t i ons  i n connec t i on wi t h t hat .  Thes e  me t ­

hods  ar e  us i ng empi r i ca l  par amet e r  f or  unf i l l ed 

voi ds  ar ound t he t unnel s ,  f or  t he di s pl acement  

zone,  f or  l os s  of  gr ound ent e r i ng t hr ough t he 

f ace  et c.  ^ 7 J Th e  i nt r oduced empi r i ca l  coe f f i c i ­

ent s  ar e  mos t l y us e f ul l  onl y f or  t unnel s  cons t ­

r uc t ed i n s i mi l a r  s oi l  condi t i ons .  For  c ha r ac ­

t e r i s i ng t he s hape of  t he  s e t t l ement  pr of i l e  

mos t l y i s  us i ng t he Gaus s  f unct i on.  A l ot  of  

r e s e a r c h wor k gi ves  s ome c or r ec t i on f ac t or  t o 

t hi s  f unc t i on.  One  of  t he di s cus s ed t heme i s  t he 

di s t ance  of  t he i nf e c t i on poi nt  f r om t he cent ­

r a l  axi s  ^ l j .  I n connec t i on wi t h t he s e t t l ement  

t i met abl e  pa r t l y r eol ogi ca l  comput at i on,  par t l y
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r e ol ogi ca l  comput at i on,  pa r t l y pr ac t i ca l  obs e r ­

va t i ons  a r e  us ed.

ANALYSI S OP MEASURED SURFACE SETTLEMENTS 

DURI NG THE CONSTRUCTI ON OF THE BUDAPEST METRO 

LI NE

The  s ur f ace  s e t t l ement s  ar e  di vi ded i nt o t wo 

cat egor i es ,  i . e .  s e t t l ement  above  r unni ng t un ­

ne l s  and s e t t l ement  above  dee p l evel  s t a t i ons .

I t  i s  i nt e r e s t i ng t o not e  t he s pec i a l  t r ans i t i ­

onal  f ea t ur e  of  s e t t l ement  above  t he di f f e r ent  

s t r uc t ur es  / vent i l a t i ng t unnel s ,  connec t i ng 

t unne l s /  and above  r unni ng t unnel s  i nt er s ect ,  

or  a r e  bui l t  c l os e  t o each ot her .

Sur f ace  s e t t l ement  above  t he r unni ng t unnel s  

of  t he Budapes t  Met r o.

The out er  di amet e r  of  t he r unni ng t unnel  i s

5, 5 m.  On t he Ea s t - Wes t  unde r gr ound l i ne 

/ appr . 30 m be l ow t he s ur f a c e /  t he s e t t l ement  

was  25 t o 45 mm.  The 45 mm s e t t l ement  occur ed 

whe r e  t he r oof  on s ome par t s  br oke  down.

The aver age  s e t t l ement  can be  t a ke n as  30 mm 

caus ed ma i nl y by t he s l ow t unne l l i ng s peed 

/ 2, 5 m / day/ ,  due t o unf avour a bl e  s oi l  condi t i ­

ons ,  t he r e l a t i ve l y s l ow s e t t i ng t i me of  cement -  

s and gr out i ng mi xt ur e .

Bas i ca l l y,  t he maj or  f ac t or s  mi ni mi z i ng s e t t l e ­

me nt  ar e  hi ghe r  advance  s peed,  a  s ui t abl e  t echno­

l ogy of  t unnel  cons t r uct i on,  and t he compl e t e  

f i l l  out  of  t he ve i ds  a r ound t he t unne l  l i ni ng 

wi t h a  f as t  s e t t i ng mat e r i a l .  At  l a t e r  s t ages  

of  t he cons t r uct i on,  and a t  t he f i r s t  s ec t i on 

of  t he  Nor t - Sout h l i ne,  t he  excavat ed s i l t  was  

us ed f or  gr out i ng mi xed wi t h bent oni t e ,  cement ,  

wa t e r gl as s  and wat er .  The i nj ec t ed mat e r i a l  s e t s  

ge ne r a l l y i n 20 mi nut es .

The s e t t l ement  was  s i gni f i cant l y s mal l e r  ma i nl y 

i n t hos e  s ec t i ons  wher e  t he t unne l l i ng s peed 

had be e n hi ghe r  / 5 m / da y/  and wher e  t he up- t o-  

dat e  gr out i ng t echnol ogy had be e n us ed.  I n t he ­

s e s ect i ons  t he  aver age  s e t t l ement  dur i ng t he 

c ons t r uc t i on unde r  a i r  was  not  gr ea t e r  t han 

15 ♦ 20.

Ac cor di ng t o exper i ence  t he s e t t l ement  t r ough 

deve l ops  dur i ng t he t unnel  dr i vi ng,  a f t e r  

onl y t he de pt h of  t he s e t t l ement  i ncr eas es .

Sur f ace  s e t t l ement s  above  de e p l eve l  s t a t i ons  

Expe r i ence  has  s hown t hat ,  t he s e t t l ement  above

a s t a t i on i s  muc h gr ea t e r  t han above  r unni ng 

t unne l s . The  wi dt h of  t he s e t t l ement  t r ough i s  

not  changi ng muc h and one above  t he ot her ,  but  

t he  s e t t l ement  de pt h i s  i nc r eas i ng cont i nuos l y 

t o t he cons t r uc t i on s equence .

Dur i ng t he c ons t r uc t i on of  a  de e p l eve l  s t a t i on 

not  onl y t he r a i l  t r ack and t he pas s enger  pl a t ­

f or ms ,  but  a l s o t he e l ec t r i ca l  s ubs t a t i ons  of  

r a i l wa y oper at i on,  ve nt i l a t i on t unnel s  and ve n ­

t i l a t i on machi ne  chamber s  ar e  cons t r uct ed.

Thus ,  a  30- 33 m wi de  and 120 m l engt h unde r gr o ­

und s pace  was  cont r uc t ed by t he i nt e r connec t ed 
r

t unnel s  ^ 5j  bui l t  s i de  by s i de.

Si gni f i cant  s e t t l ement  accor ed a t  s pot s  unde r  

whi c h c ons t r uc t i on had be e n per f or med a t  s eve ­

r a l  l evel s .  Thus  t he s e t t l ement  was  l a r ge r  t han 

t he  ave r age  over  t he i nt e r changi ng poi nt  of  Dedk 

Squar e  s t a t i on.  The cavi t i es  r equi r ed by var i ous  

s t r uc t ur es  wer e  cons t r uc t ed i n s ever a l  ope r a t i ­

ons ,  dr i f t ,  pi l ot  t unnel s  wer e  dr i ve n s i de- by-  

s i de  and one  above  t he ot her  ,  whi c h wer e  

c onnec t ed by s t r ut t i ngs .

Se t t l ement s  above  s t a t i ons  a c cor di ng t o t he 

s t ages  of  cons t r uc t i on

The s ur f ace  s e t t l ement  above  s t a t i on cons t r uc-
r\  7

t i ons  can be  di vi ded i nt o 5 s t ages  6 .

The  f i r s t  s t age i nvol ved t he c ompl e t i on of  out ­

s i de  pi l ot  t unnel s ,  ve nt i l a t i on t unnel s ,  l ongi ­

t udi na l  and t r ans ver s a l  t r ans por t  dr i f t s  and 

t he bot t om beams  of  t he f i r s t  s ect i on.  Dur i ng 

t he s econd s t age  t he s i de  wal l s  of  t he  t  ens i o-  

ni ng chamber  of  t he es ca l a t or s  and t he bot t om 

beams ,  dur i ng t he t hi r d s t age  t he dr i f t s  f or  

t he  hea d beams  we r e  compl et ed,  t he col umns  wer e  

put  i n pl ace  and t he he a d beams  wer e  cons t r uc ­

t ed.  I n t he f or t h s t age t he a r ches  we r e  bui l t .

I n t he f i f t h s t age  t he l ower  ar ches  wer e  c ompl e ­

t ed.

Se t t l ement  deve l opment  i n r e l a t i on t o t i me

The  s e t t l ement  i s  a  f unc t i on of  t i me.  Thi s  has  

a  t wof ol d meani ng,  i . e .  t he  s e t t l ement  devel ops  

a c c or di ng t o t he s t ages  of  cons t r uc t i on and 

cont i nues  t o i nc r eas e  unt i l  t he f ul l  cons ol i da t i ­

on1.  Whe n t he s hi e l d i s  j us t  t i nder  t he  meas ur ed 

poi nt  t he s e t t l ement  r eaches  about  ha l f  of  i t s  

f i na l  va l ue  i n cohes i ve  s oi l  a nd t wot hi r ds  of  

t he f i na l  va l ue  i n gr anul a r  s oi l .  Cons ol i da t i on 

t akes  pl ace  and t he f i na l  s e t t l ement  i s  r eached

3 6 2
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af t e r  a  c e r t a i n t i me and a t  a  gi ve n di s t ance  

f r om t he  ac t ua l  cons t r uc t i on poi nt .  Thi s  means  

t hat  t he  s e t t l ement  goes  on a f t e r  c ompl e t i ng 

t he t unne l l i ng wor k unt i l  f ul l  cons ol i da t i on.

Ef f e c t  of  t he  r emova l  of  a i r  - pr essur e

Under gr ound l i nes  i n bad s oi l  a r e  cons t r uc t ed 

mos t l y by t he a i d of  a i r  pr e s s ur e . The  a i r  

pr es s ur e  not  onl y he l ps  ke e p awa y gr ound wa t e r  

f r om t he cons t r uc t i on wor k,  but  ac t s  as  a  t em­

por a r y s uppor t  t oo . Af t e r  t he r emova l  of  t he 

a i r  pr es s ur e  t he addi t i ona l  s e t t l ement  cur ve 

i s  ve r y s i mi l a r  t o t he cons ol i da t i on l i ne  of  

f ounda t i on s t r uc t ur es .

/ - H  m easared points

Fi g.  1/ a .  Loc a t i on of  t unnel s  unde r  t he St .

St ephan Cat hedr a l

Me a s ur ement s  pr oved t ha t  t he  ef f ec t  upon t he 

s e t t l ement  of  t he  r e mova l  of  a i r  pr es s ur e  

depends  on t he r e l a t i ons hi p be t we e n t he ove r ­

bur de n pr es s ur e  and a i r  pr es s ur e  t oo.  The f i gu ­

r e s  l a ,  b,  c,  s how t he meas ur e d s e t t l ement  of  

r unni ng t unne l s  i n t he Nor t h- Sout h l i ne  i n 

Buda pe s t  be l ow t he  St .  St ephen Cat hedr a l  unde r  

a i r  pr es s ur e  and a f t e r  i t s  r emova l .  Fi gur e  

1/ a  s howB t he l oc a t i on of  t he Cat hedr a l  above  

t he t unnel s  i n pl ane.  The f i g l / b.  s hows  t he 

c r os s  s e c t i on above  t he  t unnel s .  The f i gur e  

1/ c s hows  t he geot echni ca l  s i t uat i on,  and t he

\  X / /

g g s

5 "

\(a)
/  /

-30\

l S5.1_2Su .&+.7, !

O

Fi g.  1/ b.  Sur f ace  Se t t l ement

1 - 2 - 3  Sequence  of  t unne l  cons t r uc ­

t i on.  A Set t l ement  a f t e r  t unne l l i ng 

B Set t l ement  a f t e r  r emova l  of  

t he a i r  pr es s ur e.

Fi g.  1/ c.

r es ul t s  of  meas ur ement s  on t he be nch- mar k N° 536.  

I t  i s  wor t hwi l e  t o not e  t he  i nf l uence  of  t he 

s t i f f nes s  of  t he  bui l di ngs .

The  ef f ec t  of  t he r emova l  t he a i r  pr es s ur e  was  

meas ur ed on t he s t a t i on c ons t r uc t i on t oo.  The 

s t a t i on i s  cons t r uc t ed by t unnel s  bui l t  s i de 

by s i de  and among t he ar ches  t her e  ar e s uppor ­

t i ng s t r uc t ur es  c ons i s t i ng of  l ower  beam,  col umn 

and uppe r  beam.  The  meas ur ement s  wer e  made  on 

t he s t eel  col umns .  Poi nt s  wer e  mar ked on t he 

col umns  i n f our  di r e c t i on and t he  di s t ances  

be t we e n t he poi nt s  wer e  meas ur ed.  By mea s ur i ng 

t he c ompr es s i on i t  i s  pos s i bl e  t o es t i mat e  t he 

f or ces  a c t i ng on t he c ol umn and t hus  a c t i ng al s o 

on t he  t unnel  l i ni ng.  Meas ur ement s  we r e  pe r f or ­

med on f i ve  s t a t i ons .  By t he  meas s ur ement s  we

3 6 3
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Pi g. 3.  Ef f ec t  of  r emova l  t he a i r  pr es s ur e  on 

s t a t i on col umns

es t i mat ed t he ef f ec t  of  t he r emova l  of  t he ai r  

pr es s ur e  Pi g.  2, 3.  The s e t t l ement  of  t he f oun ­

da t i on of  col umns  was  meas ur e d t oo but  onl y by

t he us ua l  s ur vey met hod a t  va r i ous  pant s  of  

t he s t a t i on c ons t r uc t i on and compar ed wi t h t he 

f or ces  a c t i ng on t hem.  The r es ul t s  s howed t hat  

t he col umns  whi c h s e t t l ed mor e  t ha n t he adj acent  

ones ,  had a  l es s er  l oad.

I n a  cr os s  s ec t i on of  a  s t a t i on we  f ound t hat  

t he l oad a c t i ng on t he r ow of  c ol umn i s  t he 

hi ghes t  i n t he mi ddl e  of  t he s t a t i on and de c r e a ­

s i ng t owar ds  t he s i des .

The ef f ec t  of  t he a i r  pr es s ur e  as  a  t empor ar y 

s uppor t  a c t i ng aga i ns t  s oi l  pr es s ur e  i s  ve r y 

s i gni f i cant  i n cohes i ve  s oi l s .  Af t e r  i t s  r emova l  

t he l oad on t he c ons t r uc t i on i ncr eas es  by t he 

va l ue  of  t he a i r  pr es s ur e,  and caus es  addi t i ona l  

s e t t l ement .  The  va l ue  of  t he s e t t l ement  i s  not  

onl y a  f unc t i on of  t he l oad a c t i ng on t he t unnel s  

but  depends  on t he ot her  wel l  known f ac t or s  t oo.  

Ther e f or e  i s  no di r ec t  connec t i on be t we e n t he 

r emova l  of  t he a i r  pr es s ur e  and s et t l ement ,  but  

t he  r emova l  of  t he a i r  pr es s ur e  i s  as  s i gni f i ­

cant  f r om t hi s  poi nt  of  vi ew as  gr ea t  i s  t he 

r e l a t i on be t we e n t he a i r  pr es s ur e  t o t he l oads  

a c t i ng on t he t unnel .
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