
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Session 2

Tunnelling in Soils

Creusement des Tunnels dans les Sols

Chairman 
Co-Chairman 
General Reporter 
Co-Reporter 

Technical Secretary 
Panelists

R.B. Peck (USA 
W . W ittke  (FRG 
W .H. W ard (UK)
M J . Pender (New Zealand)

H. S tille  (Sweden) _
G. Aas (Norway), K. Fujita (Japan], Z. Gergowicz (Poland), B. Ladanyi (Canada), D. J. Henkel (UK)

3;  t adany i ,  Panel i s t

Fo l l o wi n g  t he  ex c e l l en t  gen e r a l  r epor t  on  Tu n n e l l i n g  i n  

Sof t  Gr o u n d  p r e p a r e d  b y  o u r  t wo  Ge n e r a l  Repo r t e r s ,  t he r e  

i s  not  muc h  l e f t  t o  add  or  c omment .  Ne v e r t he l es s ,  among  

ma n y  s ub j ec t s  c ov e r e d  i n t he  r epor t ,  t h e r e  i s one  I  wo u l d  

l i k e  t o  h e a r  mor e  about ,  and  t hat  i s  t he e f f ec t  o f  t he  

r at e o f  t he t unne l  adv anc e  on t he r e s u l t i ng  l os s  o f  

g r o u n d  f or  t unne l s  i n  c l ay .  Th i s  s ub j ec t  was  d i s c us s ed  

i n  s ome d e t a i l  i n  s ev e r a l  pub l i c a t i o n s  i n t he l as t  t en  

y e a r s  ( At t ewe l l  and  Boden ,  1971;  At t e we l l  a nd  Far mer ,

197^;  At t ewel l ,  1978) ,  but ,  apar t  f r om FEM sol ut i ons . of  
t hè pr obl em,  no si mpl e eval uat i on met hod has yet  been 
pr oposéd f or  i t .  ,

I n  t he Ge n e r a l  Repor t ,  t he  s ub j ec t  was  me n t i o n e d  i n  c on ­

nec t i o n  wi t h  t he  e x c a v a t i o n  o f  t unne l s  i n London  c l ay ,  

f or  wh i c h  i t  was  o b s e r v ed  t ha t  " t he  s l ower  t he  t u n n e l  i s  

e x c a v a t e d  and  s uppo r t ed ,  t he  g r ea t e r  i s  l oc a l  u n s u ppo r t ed  

d i s p l ac ement  o f  t he  g r o u n d  a r o u n d  t he  t unne l .  But ,  

t h ough  i t  s eems  l i k e l y ,  i t  does  not  a ppea r  t o  h a v e  b e e n  

demons t r a t e d  i n t he f i e l d  t ha t  t he  v o l ume o f  g r o u n d  l os t  

at  s ur f ac e i nc r eas es  wh e n  t he  t unne l  i s  b u i l t  mo r e  s l owl y .

Th i s  s t a t ement ,  a l t h o u g h  c on t r ov e r s i a l  at  f i r s t  s i gh t ,  

po i n t s  t o  t h e  f ac t ,  i n t he Di s c us s e r ' s  op i n i on ,  t ha t  wh e n  

t he p r es en t  t u n n e l l i n g  mac h i nes  ar e us ed  i n s uc h  ov e r c on ­

s o l i d a t e d  c l ay s ,  t he  ma j o r i t y  o f  t he  l os s  of  g r ound  i s 

p r a c t i c a l l y  i ns t an t aneous  and  i s  due t o  t he  r a d i a l  mo v e ­

men t  o f  t he  c l ay  t o  f i l l  t he annu l a r  v o i d  l e f t  b e h i n d  

t he s h i e l d ,  t he  t h i c k nes s  o f  wh i c h  depends  on t he  t y pe o f  

t he mac h i ne  and  t he  me t h o d  of  p e r manen t  l i n i ng  i ns t a l l a ­

t i on.  The  r es pons e  o f  t he  c l ay  i s  i ns t an t aneous ,  wh e t h e r  

i t s  b e h a v i o u r  i s e l as t i c  o r  e l as t i c - p l as t i c .  On  t he  o t he r  

hand ,  i f  t he  t u n n e l  f ac e  i s  not  es pec i a l l y  p r o t ec t ed ,  

e i t he r  b y  t he  c ompr es s ed  a i r  or  o t he r wi s e ,  t he r e  wi l l  be  

a  c ont i nuous  t i me - dependen t  s que e z e  o f  c l ay  t owar ds  t he  

f ac e.  I n  ov e r c o n s o l i da t ed  c l ay s ,  t h i s  i s  nev e r t he l es s  

us ua l l y  o n l y  a  s mal l  f r ac t i on  o f  t he  t o t a l  l os s  o f  g r o u n d  

wh i c h  ma y  be  d i f f i c u l t  t o  de t ec t  at  t he  g r o u n d  s ur f ac e.

I  wo u l d  l i k e  t o  s how i n t he f o l l owi ng  how s uc h a  s queez e  

of  c l ay  t owa r ds  t he  t u nne l  f ac e c an b e  ev a l u a t e d  and  r e ­

l a t ed  t o  t he  r at e of  t he t unne l  adv anc e.

A s i mp l e  ma n n e r  t o  ac h i ev e  t ha t  g o a l  i s t o  c ons i de r  t he 

f ac e o f  a c y l i nd r i c a l  t unne l ,  deep  i n  t he  c l ay ,  t o  b e  t he  

d i ame t r a l  p l ane  o f  a hemi s p h e r i c a l  c av i t y  ( Fi g.  l ) , 

wh i c h  under goes  t i me- dependen t  c l os u r e  dur i ng  t he  t unne l  

adv anc e.  As  we ar e i n  t he  s ho r t - t e r m domai n,  t he  c l ay  

r es pons e  wi l l  be  p r a c t i c a l l y  undr a i ned ,  a nd  c an b e  des ­

c r i bed  b y  t he  equa t i on

s ay i ng  t ha t  t he t o t a l  ( v on Mi s es ,  equ i v a l en t )  s t r a i n  

c hange f o l l owi ng  a c hange i n equ i v a l en t  s t r es s  ae , i s  a f ­

t e r  a  t i me  t  equa l  t o  t he s um o f  an i ns t an t aneous  por t i on,  

wh i c h  may  be  e l as t i c  n r  e l as t i c  and p l a s t i c ,  a n d  a  c r eep 

p o r t i o n sus ua l l y  des c r i bed  b y  a c r eep  equa t i on  o f  t he 

f o r m

e , c r eep
( 2 )

wh e r e  k  i s a  c ons t ant  a nd  and  f 2 ar e f unc t i ons  of  

s t r es s  and  t i me ,  r es pec t i v e l y .  Si nc e  t he  u n d r a i ned  

s t r eng t h  o f  c l ay  i s a l s o  t i me- dependen t ,  Eqs .  ( l )  and ( 2)  

wo u l d  des c r i be  a  f ami l y  o f  i s oc hr onous  s t r es s - s t r a i n  c ur ­

v es  s uc h  as  s hown  s c hema t i c a l l y  i n  Fi g.  2.

Fi gu r e  1.  Sc h e me  f o r  es t i ma t i ng  t he  c r eep  o f  c l ay  

t owar ds  t he  t u n n e l  f ace.

e . +  e 
e, i ns t .  e , c r eep

( 1)

Fi gur e 2.  I s oc hr onous  s t r ess - s t r ai n cur ves.
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I n  t h e c l a y  l i t e r a t u r e ,  t h e  s t r e s s  f u n c t i o n  i n  Eq . ( 2)  
h as b een  m ost  o f t e n  ex p r essed  b y  an  ex p o n en t i a l  l aw  
( Si n gh  an d M i t c h e l l ,  19 6 8 )  b u t  i t  i s  easy  t o  show t h a t  
a p ow er  l aw  can  b e made t o  f i t  t h e sam e ex p er i m en t a l  d a­
t a  e q u a l l y  w e l l .  Fo r  t h e t i m e f u n c t i o n , e i t h e r  a pow er  
l aw  o r  a l o g a r i t h m i c  l aw  can  b e u sed , b u t  t h e fo r m er  h as 
b een  shown t o  r ep r esen t  w e l l  t h e u n d r ai n ed  c r eep  o f  se ­
v e r a l  d i f f e r e n t  c l a y s ( Si n gh  and M i t c h e l l ,  19 6 9 ) . So , 
i f  pow er  l aw  f u n c t i o n s a r e  ad o p t ed , f o r  b o t h  f ^  and  f 2 
Eq . ( 2)  can  b e w r i t t e n  as ( L ad an y i , 19 71* , 19 8 0 )

•  ( £ / b ) b ( a / a  ) nt b 
.c r eep  c e c ( 3)

w h er e o i s  t h e  c r eep  m od u lu s co r r esp o n d i n g  t o  t h e r e f e ­
r en ce s t r a i n  r a t e  Ec , w h i l e  b and  n a r e  t h e c r eep  exp o ­
n en t s . A l l  t h e t h r e e  c r eep  p ar am et er s can  b e d et er m i n ed  
b y  p l o t t i n g  t h e c r eep  d at a  i n  l o g - l o g  p l o t s ,  as sh ow n , 
e . g . ,  i n  C h ap t er  5 o f  A n d er sl an d  an d A n d er son  ( 19 7 8 ) .  Ty ­
p i c a l  v a l u es f o r  b  an d  n f o r  a sa t u r a t e d  s t i f f  c l a y  w ou ld  
b e , f r om  t h e  d a t a  show n b y  Si n gh  an d  M i t c h e l l ,  ( 19 6 8 ;
19 6 9 ) : b » 0 .2 5  an d n *  1.7 0 .

The p r o b lem  o f  c r eep  c l o su r e  o f  a sp h e r i c a l  c a v i t y  i s  a -  
n al o go u s t o  t h a t  o f  a c y l i n d r i c a l  c a v i t y  shown r e c e n t l y  
b y  t h e  d i sc u sse r  ( L ad an y i , 19 8 0 ) . As l o n g  as t h e i n st a n ­
t an eo u s r esp o n se r em ai n s e l a s t i c ,  t h e  t o t a l  r a d i a l  d i sp l a ­
cem en t  u i  o f  t h e  c a v i t y  w a l l  w i l l  b e

( V r i o) = ( ui / r i o)
e l

(u. / r- )
1 10  c r eep

( M

w h er e r i G i s  t h e  i n i t i a l  c a v i t y  r a d i u s ,  eq u a l  t o  t h e  m i ­
n ed  r ad i u s o f  t h e t u n n e l . Fo r  t h e f i r s t  t er m  i n  Eq .( U )  
t h e  Lamé t h eo r y  g i v e s

(ui / r i o)el Q l + v ) / 2E ]  ( p 0- p i ) ( 5)

w h er e p 0 i s  t h e t o t a l  av er ag e gr ou n d  p r essu r e  a t  t h e  l e ­
v e l  o f  t h e t u n n el  a x i s  and  p i  i s  t h e ev en t u a l  com p r essed  
a i r  p r e ssu r e  a c t i n g  on t h e  f a c e .  The seco n d  t er m  may b e 
w r i t t e n  as

( u i  / r i o ) c r eep  = l - e * p [ - C . f ( t  0  *  C . f ( t )  (6 )

w h er e

C = ■| (Ec / b ) b ( 3/ 2 n ) n | j p 0- p i ) / a (3 n

an d f ( t )  = t ^

Now, si n c e  f o r  sm al l  d e f o r m at i o n s, f o r  a h em i sp h er e

V ./ V . = 3 u . / r .
1 10  1 10

( T)

( 9 )

w h er e V i c  = ( 2T r / 3) r ^ 0 , t h e  t o t a l  " f a c e  t a k e "  AVi  a t  a g i ­
ven  s t r e s s  d i f f e r e n c e  ( p 0- p i )  and a g i v en  t i m e i s  t h en  
g i v en  by

AV . ■ 2tt r ? „ R u . /r .  ) . + (u ./r .  ) 1 
1 lo '-i 1 ' 10  e l  1 10  creep-1 •

( 10)

A l t e r n a t i v e l y ,  s i n c e  fr om  g eo m e t r i c a l  c o n si d e r a t i o n s, a s ­
su m in g a c o n st an t  vo lu m e f o r  t h e  c l a y  i n  t h e  h em i sp h er e, 
t h e  av er ag e d i sp l ac em en t , s ,  o f  t h e t u n n e l  f a c e  i s  r e l a ­
t ed  t o  AVi  b y

s/ r . o = ( 2 / 3) ( A V ./ V i o ) ( 1 1 )

t h e  d i f f e r e n t i a t i o n  o f  Eq . { h)  w i t h  r e sp e c t  t o  t i m e g i v es 
t h e  av er ag e r a t e  o f  sq u eeze o f  t h e f a c e  t o w ar d s t h e t u n ­
n e l

s -  d s/ d t  = r ^ Q b ( Èc / b )  ( 3/ 2n ) .b- l  (12)

w h i ch  i s  seen  t o  d ec r ease w i t h  t i m e f o r  t  1 .

I f  t h e  r a t e  o f  t u n n e l  ad van ce i s ,  sa y ,  3 m / h ou r , t h e  a-  
v a i l a b l e  c r eep  t i m e w i l l  b e 20 m in  f o r  each  m et r e o f  ad ­
v an c e, an d  AV^ can  b e c a l c u l a t e d  fr om  Eq . ( 10 ) .  An i n ­
c r ease  i n  t h e t u n n el  ad van ce r a t e  w i l l  c l e a r l y  d ec r ease 
t h e a v a i l a b l e  c r eep  t i m e and t h e co r r esp o n d i n g  f a c e  t ak e 
due t o  c r eep , as o b ser v ed .

Th e ab ove a n a l y s i s  i s  o b v i o u sl y  v a l i d  o n l y  u n t i l  a c r eep  
f a i l u r e  o c c u r s, a f t e r  w h i ch  a p l a s t i c  zone s t a r t s  d eve­
l o p i n g . The c r eep  f a i l u r e  i n  c l a y  u su a l l y  o cc u r s when 
t h e accu m m u lat ed  sh ear  s t r a i n  a t t a i n s  a c e r t a i n  v a l u e ,  
as shown b y  Si n gh  and  M i t c h e l l  ( 19 6 9 )- A f t e r  t h e  c r eep  
f a i l u r e ,  t h e  p r o b lem  can  b e t r e a t e d  s i m i l a r l y  as shown 
b y  L ad an y i  an d Jo h n st o n  ( 19 7 3)  i n  t h e  c ase  o f  d eep  fo u n ­
d a t i o n s i n  n o n - l i n e a r  v i s c o e l a s t i c - p l a s t i c  gr o u n d .
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ON THE SURFACE SETTLEMENTS CAUSED BY VARI OUS METHODS 

OF SHI ELD TUNNELLI NG

Pr of .  Peck pr esent ed i n hi s " st at e- of - t he- ar t "  
r epor t  at  t he conf er ence i n 1969,  an excel l ent  
ar t i cl e on t he sur f ace set t l ement s caused by 
convent i onal  r ock t unnel l i ng and hand- mi ned 
shi el d t unnel l i ng,  empl oyi ng addi t i onal  measur es 
such as gr ound wat er  dewat er i ng and pr essur i zed 
ai r  when r equi r ed.  He showed t he t r ough or  
t he r ange of  sur f ace set t l ement s,  cl assi f yi ng 
t he gr ound condi t ons i nt o t hr ee t ypes.

I n or der  t o r educe t he sur f ace set t l ement  as 
wel l  as t o mai nt ai n t he f ace st abi l i t y,  addi ­
t i onal  measur es by means of  pr essur i zed ai r ,  
dewat er i ng,  chemi cal  i nj ect i on,  f r eezi ng,  et c.  
ar e appl i ed i n t he si t e.  However ,  t hese 
measur es may cause ot her  pr obl ems such as ai r -  
bl ow acci dent s,  oxygen- def i ci ency acci dent s t o 
t he out si der s,  gr ound sur f ace set t l ement s by 
consol i dat i on,  gr ound wat er  cont ami nat i ons,  
movement s of  sur r oundi ng st r uct ur es,  et c.

Recent l y,  t he shi el d machi nes have been gr eat l y 
i mpr oved and new t ypes of  shi el d machi ne have 
al so been devel oped t her eby r eal i zi ng t r emendous 
pr ogr ess i n t unnel l i ng t echni ques.

Sl ur r y shi el ds and ear t h- pr essur e- bal ance shi el ds 
have been devel oped ai mi ng t o mai nt ai n t he st a­
bi l i t y of  f ace and t o mi ni mi ze set t l ement  even 
i n t he sof t  gr ound such as cl ay l ayer  havi ng an 
unconf i ned compr essi ve st r engt h of  50 kPa ( 0. 5kg/

2
cm ) or  l ess,  as wel l  as sand l ayer  havi ng a re­
val ue of  st andar d penet r at i on t est  4 or  l ess.

I n t he case of  t unnel l i ng usi ng t he sl ur r y 
shi el d,  excavat ed soi l s ar e f ed i nt o t he chamber  
t hr ough t he sl i t  on t he f ace pl at e whi l e r ot at i ng 
t he cut t er  f ace.  The sl ur r y pr essur e r esi st s 
agai nst  t he gr ound wat er  pr essur e and ear t h 
pr essur e act i ng on t he f ace.  At  t he same 
t i me,  t he bent oni t e and ot her  smal l  par t i cl es 
i n sl ur r y penet r at e i nt o soi l s ar ound t he f ace.
I n t hi s way,  a col l apse of  t he f ace can be 
pr event ed.

I n t he case of  t unnel l i ng by t he ear t h- pr essur e-  
bal ance shi el d,  t he excavat ed soi l s ar e t aken 
i nt o t he chamber  t hr ough sl i t s or  l ar ge openi ngs 
pr ovi ded on t he cut t er  f ace dur i ng t he r ot at i on 
of  cut t er  di sk.  The scr ew conveyor  di schar ges

K.  Fuj i t a,  Panel i st

excavat ed mat er i al s,  bal anci ng t he pr essur e of  
soi l s i nsi de t he chamber  t o bot h t he ear t h 
pr essur e and wat er  pr essur e act i ng on t he f ace,  
whi l e t hr ust i ng t he shi el d i n such a way.
The pr essur e i nsi de t he chamber  i s r el i eved 
t hr ough a l ong passage over  t he scr ew conveyor ,  
and soi l s ar e l oaded ont o t he bel t  conveyor  f r ee 
f r om t he pr essur e.  I nci dent al l y,  i t  i s al so 
ext ensi vel y pr act i ced t o enhance t he f ace 
st abi l i t y by suppl yi ng sl ur r y or  ot her  l i qui d 
i nt o t he chamber  and,  at  t he same t i me,  t o 
i mpr ove t he mobi l i zat i on of  soi l s i nsi de t he 
scr ew conveyor .

Regar di ng t he sur f ace set t l ement s caused by 
shi el d t unnel l i ng,  about  sevent y exampl es have 
been pr esent ed i n var i ous publ i shed l i t er at ur es 
f or  t he past  t en year s i n Japan,  and amoung 
t hese dat a,  t he number  cor r esponded t o t he 
exami nat i on by Peck (1969)  was 43.

Fi g. l  summar i zes t he dat a on t he set t l ement s 
caused by f our  t ypes of  shi el ds;  namel y,  manual -  
open,  bl i nd,  sl ur r y and ear t h- pr essur e- bal ance 
t ypes.  I t  shows whet her  any di f f er ence exi st s 
i n t he magni t ude of  t he set t l ement s dependi ng 
on t he t ype of  shi el d machi nes.

Recent l y,  t he manual - open t ype shi el d i s used 
sol el y i n t he case wher e t he gr ound condi t i ons 
ar e f avor abl e or  t her e ar e par t i cul ar  obst acl es 
under  t he gr ound,  t her ef or e,  t he set t l ement  of  
open t ype shi el d i s gener al l y l ar ge and l ar ge 
i n i t s f l uct uat i on.

Type of  shi el d D e p th  / D i a m e t e r  Z/D

o  : Open 0 2 4 6

Fi g. 1 Max.  Set t l ement s Caused by Var i ous
Shi el d Tunnel l i ng Met hod ( FUJI TA,  1981)
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Type of  Shi el d

o : Open

• : Bl i nd

X : Sl ur r y

+• :Ear t h- pr essur e-  
bal ance

Zones by Peck;

A: Rock,  Har d Cl ays,
Sands above Wat er  Level

B: Sof t  t o St i f f  Cl ays

C: Sands bel ow Wat er  Level

(a) Cl ays

1 2 3 4 5

Wi dt h of  Tr ough ( i / R)

Dept h of  
Tunnel  (Z/ 2R).

/
/ zc 
/ 
i 
i //

}ne A
/✓

✓✓*

/
/  Zone B

//

i

3 Zon 5 C

L_
0 1

Wi dt h of  Tr ough ( i / R)  

(b) Sands bel ow Wat er  Level

Fi g. 2 Wi dt h of  Set t l ement  Tr ough vs.  Dept h i n 
Di mensi onl ess ( FUJI TA,  1981)

Though t he bl i nd t ype i s used at  ver y sof t  cl ay-  
l y gr ound onl y,  t he set t l ement  i s smal l .

The sl ur r y t ype i s used wher e t he gr ound condi ­
t i ons ar.e not  f avor abl e.  Thi s t ype causes 
l ess set t l ement  and seems t o be an ef f ect i ve 
t ype.

As t o ear t h- pr essur e- bal ance t ype,  t he ext ent  of  
f l uct uat i on i n set t l ement s i s r at her  l ar ge.
The r eason of  t hi s seems t o be t hat  t hi s t ype 
has l ess exper i ence i n t he oper at i ons.  Except  
t hr ee par t i cul ar  exampl es at  t he ear l i er  appl i ­
cat i on showi ng r at her  l ar ge set t l ement s,  t hi s 
t ype assumes good per f or mances.

Gener al l y speaki ng,  t he wi dt h of  set t l ement  
t r ough vs.  t he dept h r el at i on r eveal ed her e 
cor r esponds i n gr eat  deal  t o t hat  of  t he f i gur e 
gi ven by Peck i n 1969 (Fi g.  2) .

I n t he case wher e t he sl ur r y shi el d and ear t h-  
pr essur e- bal ance shi el d wer e empl oyed i n " sands 
bel ow wat er  l evel " ,  t he si mi l ar  t endency t o 
Peck' s case was obt ai ned,  t hough i t  was appl i ed 
i n bet t er  gr ound condi t i ons,  i n spi t e t hat  t he 
t unnel l i ng was execut ed i n bad gr ound condi t i ons 
wi t hout  any addi t i onal  measur es.  Fr om t hi s 
f act ,  t hough number  of  dat a i s smal l ,  t hese 
t ypes of  shi el d machi ne woul d show excel l ent  
per f or mances f or  t he t unnel l i ng i n sands bel ow 
wat er  l evel .

The r el at i on bet ween wi dt h of  set t l ement  t r ough 
and di mensi onl ess dept h of  t unnel  pr oposed by 
Peck coul d be r easonabl e i n eval uat i ng t he 
t unnel l i ng met hods.  However ,  i t  i s gener al l y 
di f f i cul t  t o compar e t he advant ages and di s­
advant ages of  a shi el d machi ne onl y f r om t he 
sur f ace set t l ement  poi nt  of  vi ew,  because t he 
amount  of  sur f ace set t l ement  depends gr eat l y 
upon t he wor kmanshi p and exper i ence of  t unnel l ­
i ng wor k as wel l  as t he subsur f ace condi t i ons.

Z. B.  Ger gowi cz ,  Panel i s t

TUNNELS PEU PROFONDS DANS LES AGGLOMERATI ONS URBAI NES 

Shal l ow Ur ban Tunnel s

Les condi t i ons géol ogi ques et  hydr ogéol ogi ques 
sont  des f act eur s pr i nci paux qui  déci dent  aussi  
bi en sur  l e pr oj et  que sur  l a const r uct i on des 
t unnel s.  Dans l es cas des t unnel s ur bai ns,  aux 
di f f i cul t és dues aux condi t i ons géot echni ques 
désavant ageuses,  i l  f aut  aj out er  encor e l es pr o­
bl èmes des édi f i ces haut s et  si t ués d' une f açon 
compact ,  du r éseau d' i nst al l at i ons sout er r ai nes 
et  du syst ème exi st ant  de communi cat i on;  Pour  
l es vi l l es r el at i vement  j eunes cer t ai ne f aci l i ­
t é consi st e au f ai t  que l ' aménagement  et  t out e 
l ' i nf r ast r uct ur e ur bai ne sont  enr egi st r és et  
l ocal i sés dans l es document s ur bai ns;

Un aut or e pr obl ème se pose pour  l es vi l l es an­
ci ennes,  où avec l es années,  l ' aménagement  
changeai t  et  se devél oppai t ;  Habi t uel l ement ,  
l es i nst al l at i ons ur bai nes au cour s des si è­
cl es ét ai ent  const r ui t es en désor dr e;  Les i n­
st al l at i ons communal es n' ét ant  pas i nser ées 
dans l es ar chi ves et  cachées sous t er r e con­
st i t uent  un obst acl e t r ès di f f i ci l e dans l a 
const r uct i on des t unnel s,  non seul ement  du 
poi nt  de vue t echni que,  mai s par f oi s aussi  en 
r ai son de l eur  gr ande val eur  hi st or i que et  
cul t ur el l e.

Le pr oj ect eur  et  l e const r uct eur  ont  un di l em­
me:  est - ce qu' i l  f aut  gar der  l ' obj et  hi st or i que 
et  si  oui ,  que f ai r e pour  que,  en même t emps,  
l a f onct i on de l ' obj et  const r ui t  n' en souf f r e 
pas.  Tr ès souvent ,  ce pr obl ème devi ent  gr ave,  
par ce qu' i l  appar ai t  pendant  l es t r avaux en 
cour s et  i l  obl i ge d' i nt r odui r  des changement s 
dans l e pr oj et  et  dans l ' exécut i on des t r avaux.

D' apr ès l es mot i vat i ons ci t ées ci - dessus,  on 
peut  const at er ,  qu' i l  ser ai t  nécessai r e d' el a-  
bor er  cer t ai nes mét hodes de t r avai l  et  de l es 
appl i quer  dans l es cas de ce t ype d' obst acl es.  
Cer t ai nement ,  l a mei l l eur e mét hode consi st er ai t  
à l a découver t e compl èt e du t er r ai n par  une l ar ­
ge excavat i on;  Mai s i l  est  évi dent  que pour  l a 
pl upar t  des cas,  i l  f aut  excl ur e ce moyen.  I l  
f audr ai t  donc t r ouver  une aut r e sol ut i on ut i l i ­
sée dans l a const r uct i on sout er r ai ne,  mai s cet ­
t e mét hode devr ai t  se char act ér i ser  par  une l i ­
ber t é de maneovr es pendant  l es t r avaux et  par  
possi bi l i t é d' i nt r odui r e de di f f ér ent s change­
ment s au cour s de l a const r uct i on et  même dans 
l a f or me déf i ni t i ve de l ' édi f i ce.

Comme exempl e d' un t el  essai ,  on peut  ci t er  l a 
const r uct i on du cr oi sement  à deux ni veaux de
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Fi g.  1

l ' un de pr i nci paux noeds de communi cat i on à 
Wr ocl aw,  capi t al e de l a Basse Si l ési e ( Pol ogne)  
qui  compt e 650 mi l l es d' habi t ant s.

Ce cr oi sement  est  l ocal i sé sur  un t er r ai n com­
por t ant  des const r uct i ons médi eval es et  modèr ­
ne de XXëme si ècl e et  l es const r uct i ons t out  à 
f ai t  r écent es bât i es sur  l a pl ace des édi f i ces 
dét r ui t s pendant  l a guer r e.  Ces deux zones 
ét ai ent  sépar ées par  un f ossé d' anci ennes f or ­
t i f i cat i ons.  Cet t e sépar at i on a ét é r ompue par  
l ' aménagement  d' un r embl ai  ser vant  d' i nf r ast r uc­
t ur e de chaussée à l a pl ace d' un vi eux pont .

L' ét at  de l a r égi on de l a const r uct i on j usqu' à 
1807 est  pr ésent é sur  l a f i gur e 1,  t andi s que 
l a f i qur e 2 pr ésent e l a si t uat i on act uel l e sur  
l aquel l e on a mar qué l e car r ef our  sout er r ai n.

Apr ès l es sondages de r econnai ssance,  on pou­
vai t  const at er  que l es condi t i ons géot echni ques 
ne sont  pas bonnes,  car  i l  y avai t  une gr ande 
hét ér ogénéi t é du sol  qui  se t r ouvai t  sur  l e t er ­
r ai n d' une f ut ur e const r uct i on.  La couche supé­
r i eur e d' épai sseur  de 3 3 6 m ét ai t  f or mée de 
gr avoi s de br i que,  mél angé avec du sabl e,  des 
pi er r es,  de l ' ar gi l e et  avec du sol  or gani que;  
ensui t e i l  y avai t  une couche de 3 à 5 m épai s­
seur  composée de sabl e f i n et  moyen avec l es i n-  
ser t s i r r égul i ai r es de l ' ar gi l e sabl euse.  La 
couche sui vant e d' envi r on 6 m d' épai sseur  con­
st i t uai ent  des gr avi er s.  Sous l es gr avi er s,  i l  y 
avai t  une couche d' épai sseur  d' envi r on 40 m 
d' ar gi l es gl aci ai r es.  S' i l  s' agi t  de ni veau 
d' eau sout er r ai ne,  i l  cor r espondai t  au ni veau 
d' eau dans l e f ossé et  vaci l l ai t  d' envi r on 6 m 
de l a sur f ace du t er r ai n.

On savai t  de cer t ai nes i nf or mat i ons hi st or i ques 
que sur  l e t er r ai n de f ut ur es const r uct i ons 
doi vent  se t r ouver  l es r est es de f or t i f i cat i ons 
d' aut r ef oi s et  en pr i nci pe l es r ui nes d' une por ­
t e de vi l l e du Moyen Age.  Mal heur eusement ,  on ne 
connai ssai t  ni  sa l ocal i sat i on,  ni  son ét at  et  
ses di mensi ons.

Pr enant  en consi dér at i on l ' aménagement  exi st ant ,  
l a conf i gur at i on du t er r ai n ( f ossé) , l es spéci ­
f i cat i ons du sol  et  ment i onnée ci - dessus l es 
monument s hi st or i ques du Moyen Age,  on a pr opo­
sé de si t uer  l e t r af i c r out i er  à l a sur f ace et  

^l es passages pour  pi ét ons au sous-so] . ;  Pour  cet -



Fi g.  3

t e r ai son,  on a admi s l a mét hode sui vant e de 
const r uct i on :

l ^r e ét ape -  const r uct i on des r éseaux de pi eux 
à bét on ar mé t ype pi eux Fr anki ,

2eme ét ape - const r uct i on de panneau à bét on 
ar mé appuyé sur  l es pout r es qui  
l i ent  l es pi eux par t i cul i er s,

3eme ét ape -  t r avaux sout er r ai ne sous l e pan­
neau exi st ant ,

4eme ét ape -  t ous l es t r avaux achévant s.

La f i gur e 3 pr ésent e l a coupe l ongi t udi nal e de 
l a const r uct i on t er mi née.

Tout es l es pr emi sses mont r ai ent  que cet t e mét ho­
de de const r uct i on ser a l a pl us pr of i t abl e.  On 
y avai t  l a possi bi l i t é d' i nt r odui r  de di ver s 
changement s de l ocal i sat i on de pi eux,  sel on be-  
soi ne et  l es di f f i cul t és pendant  des t r avaux.
En même t emps,  on cr oyai t  que l ' espace r el at i ve­
ment  l i br e sous l a chaussée per met t r a de méca­
ni ser  l es t r avaux et  aussi  de l ' ut i l i ser  pl us 
t ar d sel on l es dési r s.

La t echnol ogi e de t r avaux pr évoyai t  l e sondage 
de r econnai ssance sous chacun de pi eux.  Dans 
ce cas- l à,  i l  s' agi ssai t  non seul ement  de dé­
t er mi ner  l es spéci f i cat i ons du sol  mai s aussi  
de découvr i r  et  l ocal i ser  l es r est es hi st or i ­
ques.  Pour  cet t e r ai son sur  l es t er r ai ns où on 
pr évoyai t  de t r ouver  l es r ui nes,  on a déci dé de 
f ai r e 2 ou 3 sondaaes sous chaque pi eu.  Dans l e 
cas posi t i f ,  l a cont i nuat i on des t r avaux appar ­
t enai t  à l a géophysi que qui  appl i quant  l e mé­
t hodes cor r espondant es devai t  donner  l es r en­
sei gnement s assez pr éci s concer nant  l a géome-  
t r i e des obj et s t r ouvés.  Sel on l es r ésul t at s 
obt enus,  on pour r ai  déci der  de l ocal i sat i on de 
chaque pi eu.  Hél as,  l a pr at i que a mot r é que 
cet t e mét hode de const r uct i on n' a pas donné 
t ant  de r ésul t at s posi t i f s qu' on s' at t endai t .

D' abor d,  i l  y avai ent  des di f f i cul t és avec l a 
const r uct i on de par t i es supér i eur es de pi eux 
au cour s de l eur  passage par  l a couche de gr a-

voi s,  de pi er r es,  r est es de f or t i f i cat i ons et c.  
En out r e,  i l  f aut  di r e que cet t e mét hode n' a 
pas r éussi  sur  l e t er r ai n où i l  y avai ent  l es 
r est es de monument s hi st or i ques.  On a const at é 
sur t out  que l es sondages et  l es mesur es géophy­
si ques ne sont  pas suf f i sant s sur  l es t er r ai ns 
dont  on avai t  un gr and nombr e de données ( p. ex.  
géophvsi ques) .  Cet t e super f l ui t é d' i nf or mat i ons 
désor i ent ai t  à un t el  poi nt ,  qu' on ét ai t  obl i ­
gé de f ai r e une pl ei ne excavat i on pour  pouvoi r  
él abor er  une document at i on compl ét é et  est i mer  
l a val eur  de l ' obj et  hi st or i que.  Ensui t e,  i l  
f al l ai t  r ecouvr i r  cet t e excavat i on et  on pou­
vai t  al or s,  commancer  à met t r e l es pi eux.  Cer ­
t ai nement ,  i l  ét ai t  possi bl e de r ésoudr e ce 
pr obl ème aut r ement ,  mai s en r ai son du t emps,  
on a ut i l i sé cet t e f or me de t r avai l .

Un aut r e i nconveni ant  consi st ai t  à ce que pen­
dant  l e mont age des pi eux,  on a dét ér i or é t out  
ce qu' i l  se t r ouveai t  à 2 m aut our .  De cet t e 
f açon,  on a endommagé un vi eux émi ssai r e 
d' évacuat i on qui  n' ét ai t  pas mar qué dans l es 
document s- ar chi ves et  aussi  on a pr ovoqué l a 
panne des condui t es d' eau.

Les r ésul t at s f i nal e per met t ent  de ci t er  quel ­
ques avant ages de cet t e mét hode:

1.  const r uct i on de panneaux ( pl aque)  de l a chaus 
sée sans échaf audage et  sans cof f r age;

2.  possi bi l i t é d' ouvr i r  assez r api dement  l e 
t r af i c r out i er  sur  l a sur f ace;

3.  bonnes condi t i ons pour  mécani ser  l es t r a­
vaux ;

4.  f aci l i t é de di sposer  de l ' espace sout er r ai ne 
qui  per met  p. ex.  de mont r er  l es obj et s hi s­
t or i ques au publ i c.

Par  cont r e,  en basant  sur  l es expér i ences ob­
t enues,  on peut  concl ur e que l a mét hode pr é­
sent ée ci - dessus ne peut  êt r e ut i l i sée que sur  
l es t er r ai nes avec un vi eux aménagement ,  mai s 
à condi t i on de l ocal i sat i on connue des obj et s 
hi st or i ques qu' on voudr ai t  sauver .

6 1 2



. B.  Ladanyi ,  Panel i st
SHEAR STRENGTH,  KPA 
PENETRATI ON RESI STANCE,  BLOWS

When I  was f i r s t  asked by our  Chairman, P r o f e s s o r  Peck, 
about two y e a rs  ago t o  p r e s e n t  t o  t h i s  p a n e l  an i n t e r e s ­
t i n g  case  h i s t o r y  from the  c u r re n t  Canadian s o f t  ground 
t u n n e l l i n g  p r a c t i c e ,  i t  occu rred  t o  me t h a t  t h e r e  a re  
u s u a l ly  t h r e e  k inds o f  such case h i s t o r i e s :
(1) The ones i n  which a co n v en t io n a l  method was used and 

e v e ry th in g  went as ex p ec ted ,  p ro v in g  t h e  v a l i d i t y  o f  
t h e  des ign  a ssum ptions ,

(2) The more i n t e r e s t i n g  ones ,  i n  which a new and in g e-  
neous method was s u c c e s f u l ly  a p p l i e d  f o r  th e  f i r s t  
t im e ,  and

(3) The most i n t e r e s t i n g  ones i n  which something went 
wrong, b u t  which cannot be d i s c u s se d  i n  p u b l i c ,  be­
cause th ey  a re  s t i l l  under l i t i g a t i o n .

The  c as e I  hav e  f i na l l y  dec i ded  t o p r e s e n t  t o  t h i s  p a n e l  

s eemed  t o  me i n i t i a l l y  t o  f a l l  c l ea r l y  i n t he  f i r s t  c at e ­

gor y .  Ho wev e r ,  t he  mo r e  I  b ec ame  f ami l i a r  wi t h  i t ,  ma i n ­

l y  t h r o u g h  s ome  p u b l i s h e d  p ape r s  and  r epor t s ,  t h e  mo r e  I  

b ec ame  c on v i n c e d  t ha t  t he  c as e was  no t  qu i t e  c o nv en t i o ­

n a l  and t h a t  a  l o t  c ou l d  b e  l e a r n e d  f r om i t .

As  t he c as e has  b e e n  d e s c r i bed  a nd  t h o r o u g h l y  d i s c u s s e d  

i n s ev e r a l  p u b l i c a t i o n s  ( Mor t on  et  al .  1977; Be l s h a w and  

Pa l mer ,  1978; Pa l me r  and Be l s h a w,  1979 & 1980; Ro we  et  

al .  1980; Rowe,  19 8 1) ,  on l y  a  b r i e f  des c r i p t i on  wi l l  be  

g i v en  her e.

The tu n n e l  in  q u e s t io n  i s  a 3 .3  km s e c t i o n  o f  a  2 . l 6  m 
f i n i s h e d  d iam e te r  s a n i t a r y  t ru n k  sewer c o n s t r u c t e d  du r ing  
1976 and 1977 i n  t h e  c i t y  o f  Thunder Bay, O n ta r io ,  Canada. 
Although t h e  s u b s o i l  o f  s o f t  t o  f i rm  c la ^  o v e r l a in  by s a ­
t u r a t e d  lo o se  sand was known t o  be d i f f i c u l t  f o r  t u n n e l ­
l i n g ,  t h e  c o n t r a c t o r  chose t o  use a  t e ch n iq u e  n ove l  t o  
North America, i . e . ,  a tu n n e l  b o r in g  machine to g e t h e r  
w i th  an u n r e in f o r c e d ,  u n b o l te d ,  segmented p r e c a s t  tu n n e l  
l i n i n g ,  which was assembled i n  t h e  t a i l  p i e c e  o f  t h e  tu n ­
n e l l i n g  machine. The mined d iam e te r  o f  th e  t u n n e l  was
2 .^ 7  m and t h e  o u t s id e  d iam eter  o f  t h e  completed l i n i n g  
2 .38  m. Clay g ro u t  was i n j e c t e d  i n t o  t h e  t a i l  p i e c e  
vo id .
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Fi gur e  1.  Thunde r  Bay  Tunnel :  So i l  s ec t i on  and  

s ummar y  of  f i e l d  t es t  r es ul t s .

The s o i l  p r o f i l e  a t  an in s trum en ted  c ro ss  s e c t i o n  i s  
shown i n  F ig .  1. T h is  p r o f i l e  i s  based  on th e  d a ta  r e ­
p o r t e d  i n i t i a l l y  by Palmer and Belshaw ( 19 80 ) and was sub­
s e q u e n t ly  m od if ied  by Rowe e t  a l .  (19 80 ) in  accordance 
w i th  a new f i e l d  i n v e s t i g a t i o n .  Three d i s t i n c t  l a y e r s  
a re  apparen t  from th e  p r o f i l e :  P e a t ,  which ex tends t o  a 
depth  o f  0 .9  i s  u n d e r la in  by 7 m o f  ve ry  loose  s i l t y  
sand and sandy s i l t .  This  i s  u n d e r la in  by 5 m o f  s o f t  
t o  f i rm  s i l t y  c la y ,  r e s t i n g  on 11,6 m o f  f i rm  t o  s t i f f  
varved c la y .  The c e n t r e - l i n e  o f  the  t u n n e l  i s  l o c a te d  in  
th e  s o f t  t o  firm  s i l t y  c lay  a t  a depth  o f  10.5 The 
undra ined  shea r  s t r e n g th  o f  th e  c la y  a t  t h e  t u n n e l  l e v e l  

v a r i e s  from about 35 t o  50 kPa accord ing  t o  Geonor vane 
t e s t s  and subsequent CU t e s t s  r e p o r te d  by Rowe e t  a l .
(1980).

Owi ng t o  t he  un i que  na t ur e  o f  t he  p r o j ec t ,  an  a r r ay  o f  

i ns t r ument a t i on  was  i ns t a l l ed  c l os e t o  t he  s t a r t  o f  c ons ­

t r uc t i on ,  and ano t he r  one a l i t t l e  l at er ,  1. 25 k m f ar t her  

away  a l ong t he t unne l  ax i s .  At  eac h  ar r ay  obs er v a t i ons  

we r e  t ak en o f  v e r t i c a l  and l a t er a l  s o i l  de f or mat i on ,  po-  

r e - wa t e r  p r es s u r e  and t o t a l  p r es s u r e  on  t he l i n i ng.  Sur ­

f ac e s e t t l emen t  was  mo n i t o r e d  at  t h e  f i r s t  a r r ay  f o r  22 m 

on e i t her  s i de of  a 60 m l engt h  o f  t unnel .  Al l  o t he r  

i ns t r ument s  we r e  c onc en t r a t ed  near  t he  c ent r e  o f  t he  

ar r ay .  At  t he  s ec ond ar r ay ,  s u r f ac e  s e t t l ement  wa s  mo n i t o ­

r ed  ov er  t he c ent r e  l i ne of  t he t unne l ,  a l ong a l engt h 

o f  about  U8 m and at  one c r os s - s ec t i on  onl y .  Al l  o t he r  

i ns t r umen t a t i on  was  c onc en t r a t ed  as  c l os e  as  pos s i b l e  t o

t h e  c r o s s - s e c t i o n ,  w ith  emphasis on pore  p r e s s u r e  changes 
and s p a t i a l  s o i l  deform ations i n  th e  v i c i n i t y  o f  th e  tu n ­
n e l .

R e su l ts  o f  obse rv a t io n s  

S e t t lem en t  trough

The v e r t i c a l  s o i l  subs idence  a long  a s e c t i o n  through th e  
c e n t r e  o f  arrays 1 and 2 i s  shown in  F ig .  2 ,  w i th  t h e  ran­
ge and average c e n t r e - l i n e  s u r f a c e  s e t t l e m e n t  in d ic a te d .  
At th e  end o f  c o n s t ru c t io n  th e  shape o f  th e  t rough was 
s i m i l a r  in  b o th  s e c t i o n s ,  b u t  th e  average se t t l e m e n t  a t  
t h e  c e n t r e  o f  a rray  1 was a b o u t '3b% g r e a t e r  than  a t  a r ra y
2 (59 as a g a in s t  Ul* mm). However, a f t e r  about one y e a r ,  
w hile  t h e  v e r t i c a l  de form ation  a t  a rray  2 in c re a s e d  only 
l e s s  than  15$«a t  array 1 th e  se t t l e m e n t  a lmost doubled in  
th e  same p e r io d  (F ig . .  3 ) .  There were two major d i f f e r e n ­
ces between a r ra y s  1 and 2. The f i r s t  was th e  th ic k n e ss  
o f  th e  c lay  co v er ,  which was 1 .2  m a t  a r ra y  2 ,  and 3.5  m 
a t  a r ra y  1. The second d i f f e r e n c e  was t h a t  th e  tu n n e l  
e xcava t ion  s t a r t e d  on ly  90 m from a r ra y  1. At t h a t  t ime 
the  crew had very  l i t t l e  exper ien ce  with  th e  new machine 
and l i n i n g  tech n iq u e .  Alignement d i f f i c u l t y  and g ro u t in g  
problems were no ted  by t h e  e n g in ee r  observ ing  t h e  t u n n e l ­
l in g  o p e ra t io n  as th e  machine passed th rough  a r r a y  1. 
These f a c t o r s  p robab ly  combined t o  remould th e  c lay  s i ­
g n i f i c a n t l y  i n  t h e  v i c i n i t y  o f  th e  t u n n e l  a t  a r ra y  1, 
l e a d in g  t o  in c re a s e d  long- te rm  s e t t l e m e n t .

6 1 3
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DI STANCE FROM i  OF TUNNEL,  m

F ig u re  2. Composite o f  s u r f a c e  s e t t l e m e n t  
(A f te r  Palmer & Belshaw, 1979)*

T I M E ,  d a y s

Fi gur e 3.  I ncr ease wi t h t i me of  set t l ement  over  
cent r e l i ne of  t unnel  ( Af t er  Pal mer  & 
Bel shaw,  1979) .

At  ar r ay 2,  t he vol ume of  set t l ement  t r ough as shown i n 
Fi g,  2 i s about  7* 5$ of  t he cor r espondi ng t ot al  excavat ed 
vol ume. of  t he t unnel ,  whi ch i s appr oxi mat el y equal  t o t he 
vol ume of  t he t ai l pi ece voi d.  The sequence and di st r i bu­
t i on of  ver t i cal  def or mat i on i s i l l ust r at ed i n Fi g.  
wher e t he obser ved movement s ar e pl ot t ed r el at i ve t o t he 
posi t i on of  t he f ace of  t he t unnel l i ng machi ne.  As t he 
t unnel l i ng machi ne appr oached any poi nt ,  a sl i ght  heave 
was obser ved,  whi ch i s consi der ed t o be due t o t he machi ­
ne t hr ust .  At  t he gr ound sur f ace,  set t l ement  commenced 
bef or e t he machi ne f ace r eached t he pl ane of  t he poi nt ,  
whi l e at  gr eat er  dept hs,  set t l ement  di d not  commence un­
t i l  af t er  t he f ace of  t he machi ne had r eached t he poi nt .  
Thi s i ndi cat ed t hat  a bowl  of  set t l ement  pr ecedes t he 
t unnel  f ace,  or  t hat  t her e i s a cont i nuous f l ow of  cl ay 
t owar ds t he f ace,  i n spi t e of  t he cl osed f r ont  door s of  
t he machi ne.  Af t er  t he t ai l pi ece of  t he machi ne had pas­
sed any poi nt ,  set t l ement  pr ogr essed r api dl y and was 
pr act i cal l y 05$ compl et e wi t hi n 6 h ( or  wi t hi n about  15 m 
of  advance) .  Appr oxi mat el y 60- 70$ of  t he set t l ement  was 
obser ved af t er  t he passage of  t he machi ne t ai l pi ece.

TO AUGUST 1976 oeoo IQ 16 20

F i g u r e  It . V e r t i c a l  s o i l  d i sp l acem en t  o v er  c en t e r  
l i n e  o f  t u n n e l  ( A f t e r  Pal m er  & B el sh aw ,

19 7 9 ) .

T o t al . jD res^ u i -e_on  t t e  ¿i n i n g

The t o t a l  p r e ssu r e  m easu r ed  on  a r i n g  o f  l i n i n g  a t  each  
a r r a y  w as shown i n  F i g .  7 o f  Pal m er  and Bel sh aw  ( 19 8 0 ) .
A t  each  a r r a y  11 c e l l s  w er e s t i l l  f u n c t i o n i n g  a f t e r  t w o 
y e a r s .  The t o t a l  p r e ssu r e  w as n o t  u n i f o r m , b u t  d i d  n o t  
show an y p r e f e r e n t  d i r e c t i o n s .  A f t e r  t w o y e a r s ,  t h e 
p r e ssu r e  a t  a r r a y  2 s l i g h t l y  d ec r eased , w h i l e  i t  i n c r e a ­
sed  s i g n i f i c a n t l y  a t  a r r a y  1 i n  t h e sam e p e r i o d ,  w h ich  
w as c o n si d er ed  t o  b e m ai n l y  due t o  a su r ch ar g e l o a d  o f  
20 k Pa w h i ch  w as ad d ed  one y e a r  a f t e r  c o n st r u c t i o n  ( F i g .
3 ) .  The maximum r ec o r d ed  p r e ssu r e  on each  r i n g  a f t e r  
t w o y e a r s w as ab ou t  95% o f  t h e  o v er b u r d en  p r e ssu r e  at  
t h e m easu r i n g  p o i n t .  The av er ag e r ec o r d ed  p r e ssu r e  w as 
ab o u t  6 5$ ( a r r a y  l )  an d  50% ( a r r a y  2)  o f  t h e o ver b u r d en  
p r e ssu r e  a t  t h e sp r i n g  l i n e .  A f t e r  t w o y e a r s ,  t h e av e r a ­
ge p r essu r e  a c t i n g  on t h e t u n n e l  l i n i n g  w as e v a l u a t ed  t o  
b e o f  t h e o r d er  o f  1* 5-55#  o f  t h e  ev er b u r d en  p r e ssu r e ,  
w i t h  a maximum o f  90% o f  t h e o v er b u r d en  p r essu r e  a t  t h e  
sp r i n g  l i n e .

Po r e- w at er  p r e ssu r e  changes^

The ch an ge i n  p o r e- w at er  p r e ssu r e  as t u n n e l l i n g  p r o g r es ­
sed  r e f l e c t e d  v e r y  w e l l  t h e  s o i l  d efo r m at i o n s ar o u n d  t h e 
t u n n el  shown i n  F i g .  1*. As t h e  m ach in e ap p r o ach ed  t h e 
p l an e o f  t h e p i ez o m et er , t h e  p o r e- w at er  p r e ssu r e  i n c r e a ­
sed  b y  ab ou t  10 $ .  As t h e m ach in e p assed  t h e  p i ez o m et er , 
t h e p r e ssu r e  r a p i d l y  d ec r eased  b y  as much as k0% and 
r each ed  a m inimum when t h e f a c e  o f  t h e m ach in e w as ab ou t  
9 - 10  m b eyon d  t h e l o c a t i o n .  Su b seq u en t l y , t h e  p o r e- w a­
t e r  p r e ssu r e s g r a d u a l l y  i n c r e a se d  w i t h  d i st a n c e  fr om  t h e 
t u n n el  f a c e ,  b u t  i n d i c a t e d  a sm al l  n et  d ec r ease a f t e r  10  
m on t h s.

D i sc u ssi o n  o f  t h e  r e s u l t s  o f  o b ser v a t i o n

The f o r eg o i n g  d e sc r i p t i o n  r e p r esen t s a b r i e f  r ev i ew  o f  
p u b l i sh ed  d a t a  on t h e c o n si d er ed  c ase h i s t o r y .  The q u es­
t i o n  i s  ask ed  now w h et h er  an y o f  t h e o b ser v ed  phenom ena - 
co u l d  h ave b een  p r e d i c t e d  b ef o r eh an d  fr om  t h e a v a i l a b l e  
i n f o r m at i o n  on t h e s o i l  p r o p e r t i e s ,  t h e t u n n e l  geo m et r y  
an d  t h e t u n n e l l i n g  m et h od.

I f  t h e a t t e n t i o n  i s  f o c u ssed  o n l y  on t h e o b ser v a t i o n s ma­
de at  t h e i n st r u m en t a t i o n  a r r a y  2 ,  d u r i n g  w h i ch  t h e t u n ­
n e l l i n g  p r o g r essed  n o r m al l y , t h e m ost  i m p o r t an t  co n c l u ­
si o n s w h i ch  can  b e drawn  fr om  t h i s  case h i s t o r y  a r e  as 
f o l l o w s:
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( 1)  The vo lu m e o f  t h e  se t t l em en t  t r o u gh  co r r esp o n d ed  c l o ­
s e l y  t o  t h a t  o f  t h e t a i l p i e c e  v o i d  o f  b$ mm l e f t  b e ­
h i n d  t h e l i n i n g ,  al t h o u gh  d u r i n g  t h e m ach i n e ad v an ce, 
a c l a y  g r o u t  w as i n j e c t e d  i n t o  t h e v o i d . I n  o t h er  
w o r d s, t h e  v o i d  g r o u t i n g  w as v i r t u a l l y  i n e f f e c t i v e .  
T h at  m ost  o f  t h e gr o u n d  l o ss  w as due t o  t h i s  c l o su r e  
o f  c l a y  ar ou n d  t h e  t u n n el  and n o t  t o  a sq u eez e t o ­
w ar d s t h e f a c e  i s  shown a l so  b y  t h e  f a c t  t h a t  6 0 - 70 $ 
o f  t h e d efo r m at i o n  o cc u r r ed  a f t e r  t h e  t a i l p i e c e  o f  
t h e m ach in e p assed  t h e m easu r i n g  p o i n t .

( 2)  A p p r o x i m at el y  85$ o f  t h e m easu r ed  se t t l em en t  o ccu r r ed  
w i t h i n  6 h a f t e r  t h e f a c e  o f  t h e  t u n n e l l i n g  m ach in e 
p assed  t h e i n st r u m en t ed  se c t i o n .  The se t t l em en t  i n ­
c r eased  b y  l e s s  t h an  15 $ d u r i n g  t h e  f i r s t  y e a r  f o l l o ­
w i n g c o n st r u c t i o n . I t  can  b e co n cl u d ed  t h er ef r o m  
t h a t  t h e  c l a y  ar ou n d  t h e t u n n e l  r esp o n d ed  n e a r l y  i n s ­
t an t an eo u sl y  an d  i n  p r a c t i c a l l y  u n d r ai n ed  m an n er .
T h i s i s  a l so  su p p o r t ed  b y  t h e p o r e - p r e ssu r e  o b ser v a ­
t i o n s ,  w h i ch  show an i n i t i a l  i n c r e a se  due t o  t h e 
t h r u st  o f  t h e t u n n el  f a c e ,  f o l l o w ed  b y  a d ec r ease du­
r i n g  t h e  f l o w  o f  u n l o ad ed  c l a y  t o w ar d s t h e v o i d . The 
su b seq u en t  p o r e - p r essu r e  i n c r e a se  may b e due t o  
s t r e s s  r e d i s t r i b u t i o n ,  b u t  m igh t  h ave a l so  b een  cau sed  
b y  t h e  g r o u t i n g  a t t em p t s.

I t  f o l l o w s f r om  t h e f o r eg o i n g  t h a t  an  u n d r ai n ed  a n a l y s i s  
i s  q u i t e  j u s t i f i e d  f o r  p r e l i m i n a r y  c a l c u l a t i o n s  i n  t h e 
p r esen t  c ase .

F i r s t  o f  a l l ,  s i n c e  = 35 t o  50 k Pa, y  15  kPa/ m  and 
t h e t u n n e l  a x i s  i s  ab ou t  z -  10 .5  m d eep , t h e s t a b i l i t y  
r a t i o  Yz/ Cu = 3 . 15  t o  l * .50 . As t h i s  i s  l o w er  t h an  5 no 
p a r t i c u l a r  d i f f i c u l t i e s  w ou ld  h ave b een  ex p ec t ed  d u r i n g  
t h e t u n n e l  d r i v i n g ,  b u t  gr ou n d  l o ss  co u l d  n e v e r t h e l e ss 
b e h i g h  i f  t h e t u n n el  i s  l e f t  u n su p p o r t ed  ( P ec k , 19 6 9 ) .

I n  f a c t ,  as p o i n t ed  ou t  b y W ard ( 19 6 9 )» sm al l  e l a s t i c  mo­
vem en t s can  o n l y  b e ex p ec t ed  i f  t h e s t a b i l i t y  r a t i o  i s  no 
m ore t h an  ab ou t  1 o r  2 ,  b ec au se , w i t h o u t  com p r essed  a i r  
i n s i d e  t h e  t u n n e l ,  t h e p l a s t i c  zone w i l l  fo r m  as soon  as 
y  z -  c u .

I n  t h e  p r esen t  c a se , t h e  p l a s t i c  zon e m ust  h av e d ev el o p ed  
i m m ed i at el y , and h ad  t h e t u n n el  b een  l e f t  u n l i n ed , t h e 
t o t a l  r a d i a l  gr ou n d  l o ss  w ou ld  h ave b een  ap p r o x i m at el y  
eq u al  t o

¿V/ Vi  = 2 “ j T" exp[ ~ —  *-' •" 1 ( 1)
L u J

w h i ch  i s  d e r i v ed  f r om  t h e t h eo r y  o f  c o n t r a c t i o n  o f  a cy ­
l i n d r i c a l  c a v i t y  i n  an  i n f i n i t e  e l a s t o - p l a s t i c  m edium , 
d ev el o p ed  b y  t h e d i sc u sse r  i n  19 6 1 and  p u b l i sh ed  i n  a 

p ap er  b y D eBeer  ( 19 6 ^ ) *

Fo r  v  » 0 .U 0 , E = 10 ,0 0 0  k Pa (Row e, 19 8 l ) , p Q -  yh  -  
15  x  10 .5  -  15 7 .5  k Pa, P i  -  0 , one g e t s AV / V i  -  32% f o r  
cu = 35 k Pa, and AV/ V£ = 12% f o r  ^  = 50 k Pa. As b o t h  o f  
t h ese  v a l u es a r e  h i g h er  t h an  t h e  vo lu m e o f  t h e  t a i l p i e c e  
v o i d , AV / V i  = 7.5/ S, t h i s  m eans t h a t  t h e v o i d  w as n e a r l y  
i n st an t an eo u sl y  c l o se d  a f t e r  t h e  p assag e o f  t h e sh i e l d ,  
so  t h a t  su b seq u en t  g r o u t i n g  w as n e c e ssa r i t y  i n e f f e c t i v e .  
T h i s p r o b lem  w as c l e a r l y  p o i n t ed  ou t  b y Peck  ( 19 6 9 , p . 
238).

As f a r  as t h e t o t a l  p r e ssu r e  on t h e  l i n i n g  i s  co n cer n ed , 
i t  i s  i n t e r e s t i n g  t o  m ake an  ap p r o x i m at e c a l c u l a t i o n  by 
u si n g  t h e  C aq u o t - K ^ r i se l  ( 19 6 6 )  f o r m u l a f o r  t h e p r essu r e  
on t h e  r o o f  o f  a t u n n e l  i n  c l a y ,  when t h e p l a s t i c  zone 
a t t a i n s  t h e  c l a y  su r f a c e .( T h e  sam e t h eo r y  w as l a t e r  
shown b y  A t k i n so n  and C a i r n c r o ss ( 19 7 3)  t o  b e a l o w er  
bound so l u t i o n  o f  t u n n el  c o l l a p se ) .  A cco r d i n g  t o  t h a t  
t h e o r y , t h e t o t a l  v e r t i c a l  p r e ssu r e  i n  t h e  r o o f  o f  a cy ­
l i n d r i c a l  t u n n e l  i s  g i v en  b y

“  P -  2c u £n ( h / r )  +  Y ( h - r )  ( 2)

w h er e p i s  t h e o v er b u r d en  p r e ssu r e  a c t i n g  on t h e  c l a y  
su r f a c e ,  h i s  t h e d ep t h  o f  t u n n e l  a x i s  b el o w  t h e c l a y  
su r f a c e ,  and r  i s  t h e m in ed t u n n e l  r a d i u s .  Fo r  t h e a r ­
r a y  2 ,  r  -  1.2 3 5  m , h - r  -  1. 2  m , h  -  2.1( 35 m, z = 10 .5  m * 
and p *  15  x  ( 10 .5  -  2.1* 35)  “  12 1 k Pa, so  t h a t ,  f o r  cu  -
35 k Pa an d  50 k Pa, aT/ y z ■ 66 an d 5 1# ,  r e s p e c t i v e l y ,  
w h i ch  i s  c l o se  t o  t h e  av er ag e m easu r ed  v a l u es o f  t h e t o ­
t a l  p r essu r e  on t h e  t u n n el  l i n i n g .

I t  i s  co n cl u d ed  t h a t  t h i s  k i n d  o f  si m p l e c a l c u l a t i o n s may 
b e q u i t e  u se f u l  f o r  a p r e l i m i n a r y  assessm en t  o f  t h e  ex ­
p ec t ed  p er fo r m an ce o f  a t u n n e l l i n g  m et hod  when u sed  a t  a 
g i v en  new t u n n e l l i n g  s i t e  i n  c l a y .
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Appl i cat i on of  Shot  Concr et e

Ch.  Veder  ( Or al  di scuss i on)

ON THE BASI C CONCEPT OF THE NEW AUSTRI AN TUNNELLI NG 

METHOD -  NATM

GENERAL Even among exper t s i t  somet i mes does 
not  become qui t e cl ear  what  t he di st i ngui shi ng 
char act er i st i cs of  NATM ar e and t her ef or e I  t hi nk 
i t  i s i ndi cat ed t o pr esent  i t s basi c concept .

Fi r st  of  al l :  " Why Aust r i an?"  Di f f er ent  t un­
nel l i ng met hods ar e devel oped,  dependi ng upon t he 
soi l  encount er ed,  and commonl y car r y t he name of  
t he r espect i ve count r y,  such as t he Bel gi an or  
t he Engl i sh t unnel l i ng met hod.  Now t he Aust r i an 
Al ps ar e geot echni cal l y ver y pr obl emat i c as t he 
r ock t her e somet i mes cor r esponds i n behavi or  mor e 
t o soi l  t han t o r ock.  Ver y compl ex pr obl ems ar e 
encount er ed her e i n t unnel l i ng wor k,  l eadi ng t o 
t he devel opment  f i r st  of  t he ol d and t hen t he new 
Aust r i an Tunnel l i ng Met hod.

THE OLD ATM The di sadvant ages of  t hi s pr ocess,  
wel l  known t o al l  exper t s,  ar e t hat  -

-  Owi ng t o t he l ong dur at i on of  excavat i on wor k,  
t he r ock r el axes t o a degr ee t hat  l ar ge def or ­
mat i ons occur .

-  The wal l s of  t he vaul t  must  be r el at i vel y t hi ck 
( about  1. 20 t o 1. 50 m) ,  t o be abl e t o bear  t he 
r ock pr essur es.

-  I t  r equi r es a f i xed number  of  mi ner s and car ­
pent er s who wor k si mul t aneousl y ( about  6 t i mes 
as many as NATM) .

-  The deat h r at e i s much hi gher .  89 di ed dur i ng 
t he const r uct i on of  t he 10. 25 km r ai l way t unnel  
t hr ough t he Ar l ber g,  compl et ed i n 1884,  but  
onl y 15 i n t he new,  13. 90 km par al l el  mot or ­
way t unnel .

THE NEW ATM The basi c concept  of  NATM was de­
vel oped i n t he ear l y 60i es by L.  Mül l er ,  L. v.  
Rabcewi cz,  and F.  Pacher .  I t  i s not  a " met hod"  
i n t he ol d sense t hat  i t  st r i ct l y def i nes t he 
t unnel l i ng wor k i n r el at i on t o t he cr oss sect i on 
of  t he t unnel  but  a cer t ai n pr ocess whi ch st i l l  
al l ows t he use of  any chosen dr i vi ng- on met hod,  
as f ol l ows:

-  A sect i on of  t he r oof ,  or  t he f ul l  t unnel  pr o­
f i l e,  i s excavat ed,  pr ef er abl y i n one pr ocess,  
and i mmedi at el y af t er war ds t he r ock i s t r eat ed 
t o make i t  l oad- bear i ng,  i . e.  t he si des of  t he 
j ust  compl et ed excavat i on ar e conver t ed i nt o
a " nat ur al "  ar ched vaul t  t hat  pr event s t he di s­
pl acement  of  r ock t owar ds t he cavi t y by:

o st abi l i zat i on wi t h shor t  anchor s,  i . e.  r ock 
bol t s;

o mount i ng of  st eel  l at t i ces t hat  pr event  l ar ge,  
l oose pi eces of  r ock f r om f al l i ng down;

o anchor i ng of  deeper - seat ed r ock par t s wi t h 
l ong anchor s (9 m,  except i onal l y up t o 20 m) .

o i f  necessar y,  r ei nf or cement  of  t he r oof  wi t h 
sect i onal - st eel  ar ches;

o appl i cat i on of  shot - concr et e,  r epr esent i ng 
t he most l y r el at i vel y t hi n ( 0. 40 t o 0. 15 m) 
l i ni ng of  t he vaul t .

Al l  t hese met hods may be used si ngl y or  i n 
var i ous combi nat i ons.

-  Af t er  st abi l i zi ng t he r oof ,  t he benches ar e ex­
cavat ed by st eps and st abi l i zed as above.

- The f l oor  i s excavat ed and t he r ock t her e al so 
st abi l i zed;  dependi ng upon t he r egi st er ed r ock 
pr essur e,  t he f l oor  i s l i ned wi t h r egul ar  con­
cr et e or  shot - concr et e.  Thi s must  be done 
soon,  at  t he l at est  at  a di st ance of  t wo t unnel

di amet er s behi nd t he f r ont .
-  I f  st r ong r ock movement s ar e r egi st er ed,  a 

hi gher  r oof  has t o be excavat ed ( " Ober f i r st ung)  
and st abi l i zat i on measur es ar e car r i ed out  onl y 
af t er  r ock movement s,  whi ch ser ve t o r educe 
st r ess peaks,  have subsi ded.  I n some par t s i t  
may be i ndi cat ed t o car r y out  t he " Ober f i r st ung"  
by st ages,  i n t une wi t h t he def or mat i on vel oci t y 
and t he pr ogr ess of  excavat i on wor k.

-  I t  may al so be necessar y t o f i x t he sect i onal -  
st eel  ar ches r ei nf or ci ng t he r oof  t empor ar i l y 
wi t h hor i zont al  gi r der s,  unt i l  t he si des of  
t he benches ar e st abi l i zed.

The advant ages of  NATM l i e i n t he f ol l owi ng 
si gni f i cant  f act or s:

- The r ock has onl y l i t t l e oppor t uni t y t o expand 
st r ongl y t owar ds t he cavi t y,  t hus i t  har dl y 
l oses st r engt h.  St r ong pr essur es ar e avoi ded 
and r el at i vel y t hi n wal l  l i ni ngs wi l l  suf f i ce,  
as t hey ar e not  exposed t o a st r ong bendi ng 
moment .  A sl i ght  and cont r ol l ed def or mat i on 
t owar ds t he cavi t y i s even desi r abl e as i t  r e­
duces t he r ock pr essur e upon t he vaul t .

-  Danger  f or  t he cr ew i s r educed t o a mi ni mum.
- The compl et el y cl ear ed t unnel  t ube al l ows t he 

ext ensi ve use of  machi ner y,  t hus gr eat l y r edu­
ci ng cost l y manpower .

The NATM r equi r es a wel l - t r ai ned management  
on t he si t e.  The engi neer  i n char ge and t he f or e­
man must  have a speci al  i nt ui t i ve gr asp of  t he 
pr evai l i ng r ock condi t i ons and must  be abl e t o 
make on t hei r  own r esponsi bi l i t y ver y qui ck and 
f l exi bl e deci si ons as t o t he measur es r equi r ed t o 
pr oper l y st abi l i ze t he wal l s of  t he cavi t y.

SUMMARY Today NATM i s pr ef er abl y used wher ever  
soi l  or  l oose r ock,  t endi ng t o st r ong def or mat i ons 
and exer t i ng st r ong pr essur es,  i s encount er ed i n 
t unel l i ng wor k.
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APPLI CATI ON OF SLURRY TRENCH WALLS 

FOR TUNNEL PROJECT I N OSLO CLAY

G.  Aas,  Panel i st

PROJECT

Thi s  paper  desc r i bes  t he c ons t r uc t i on met hod f or  a t wo-  

s t or ey  subway  and r ai l way  t unnel  whi ch was bui l t  i n a 

depos i t  of  sof t  t o medi um s t i f f  Os l o c l ay  ( Fi g.  1)  a f ew 

year s  ago.  The f l oor  l evel  of  t he deeper  t unnel  i s at  

15 m dept h,  whi c h i s about  t wi ce as deep as i t  i s pos s ­

i bl e t o car r y  out  an open s t r ut t ed ex c av at i on wi t h s uf f i ­

c i ent  s af et y  agai ns t  bot t om heave f ai l ur e.  The max i mum 

dept h t o bedr ock  i s about  40 m.

t empor ar y  br ace was  pl ac ed or  cast ,  j us t  bel ow t he mi ddl e 

deck i n t he t unnel .

The t unnel  was  suppor t ed on mas s i v e st eel  pi l es  t o r ock 

i ns t al l ed t hr ough cas i ngs  whi c h had been mount ed i n t he 

l ongi t udi nal  wal l s  pr i or  t o cast i ng.

n  \
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•
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Fi g.  1.  Tunnel  pr oj ec t  and t ypi cal  r esul t s  f r om 

vane bor i ng

The t unnel  pass wi t hi n a f ew m of  t he Nat i onal  Theat r e 

and gr eat  car e had t o be t aken t o avoi d uneven s et t l e ­

ment s  on t hi s  ol d hi s t or i cal  bui l di ng.

A gr eat  number  of  c ons t r uc t i on met hods  wer e cons i der ed,  

i nc l udi ng ex c av at i on under  excess  ai r  pr essur e or  i n 

connec t i on wi t h f r eez i ng,  and al t er nat i ves  of  t unnel  

dr i vage.  The met hod f i nal l y  chosen was a v ar i at i on of  

open s t r ut t ed excavat i on.  A spec i al  f ac t or  i n t hi s  pr o ­

j ec t  was,  t hat  pr i or  t o any  ex c av at i on c r os s - l ot  wal l s  

wer e es t abl i s hed bet ween t he l ongi t udi nal  wal l s  bel ow 

f i nal  ex c av at i on l evel .  The pur pose of  t hese wal l s  was 

bot h t o pr ev ent  bot t om heave f ai l ur e and t o br ace t he 

t unnel  wal l s  t hus ens ur i ng smal l  l at er al  def or mat i ons  

when t he t unnel  was bei ng excavat ed.

Fi g.  2 shows t he c ons t r uc t i on met hod,  whi c h was  bas ed on 

t he use of  1 m wi de s l ur r y  t r ench wal l s .  The l ongi t udi nal  

wal l s  wer e es t abl i s hed f i r s t  and ex t ended down t o a dept h 

of  21 m.  Ther eaf t er ,  c r os s - l ot  s l ur r y  t r enches  ex t endi ng 

t o 20 m wer e dug at  i nt er val s  of  4. 5 m,  one at  t he mi d ­

poi nt  of  each l ongi t udi nal  panel .  These t r ansver se t r enches  

wer e cas t  wi t h c onc r et e i n t he l ower  5 met r es  bel ow t unnel  

bot t om.  Dur i ng f ur t her  bac k f i l l i ng of  t he t r enches ,  a

Fi g.  2.  Sl ur r y  t r ench wal l  cons t r uc t i ons

The s equence of  ex c av at i on oper at i ons  i s shown i n Fi g.  3.  

The t unnel  r oof  was ' c as t  f i r s t  and t he excav at i on was t hen 

car r i ed out  under  cover .

STABI LI TY AGAI NST BOTTOM HEAVE FAI LURE

The l ongi t udi nal  and t r ansver se wal l s  f or m a s t i f f  sys t em 

of  r i bs bel ow ex c av at i on l evel  such t hat  mobi l i s at i on of  

t he shear  s t r engt h bet ween t he c l ay  and t he c onc r et e wal l s  

cont r i but e t o s t abi l i ze t he excavat i on.  Expr ess i ons  f or  

t he f ac t or  of  s af et y  agai ns t  bot t om heave f ai l ur e ei t her  

t hr ough one s i ngl e openi ng or  f or  a l ong ex c av at i on ar e 

gi ven i n Fi g.  4.  I n t he l at t er  case a compl et e f ai l ur e 

woul d r equi r e l ocal  f ai l ur es  bel ow each of  t he t r ansver se 

wal l s .  Thus,  t he upwar d pr es s ur e on t he bot t om of  t hese 

wal l s  r epr esent s  an addi t i onal  s t abi l i z i ng f act or .

Si nce t he t unnel  wal l s  wer e f ounded on r ock at  t he t i me 

when ex c av at i on t ook pl ace,  a s hear  s t r ess  bet ween t he 

c l ay  and t he out er  wal l  coul d be mobi l i z ed as t he t er r ai n 

set t l ed as a r esul t  of  a t endency  t o bot t om heave.  Thi s 

f act or ,  whi c h i nc r eases  t he saf et y  f act or ,  was not  t aken 

i nt o cons i der at i on.

St abi l i t y  cal cul at i ons  wer e bas ed on vane s t r engt h whi c h 

ac c or di ng t o ex per i enc e f r om f or mer  bot t om heave f ai l ur es  

( Bj er r um and Ei de,  1966)  gi ves  good cor r el at i on f or  t hi s 

t ype of  cl ay.
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t wo pi l es  bei ng cas t  i n each t ype.  The f our  f l ui ds  wer e 

wat er ,  a s l ur r y  of  l ocal  c l ay,  a s l ur r y  of  mi k r os i l  ( whi ch 

i s a s i l i c a dus t  f r om an i ndust r i al  gas c l eani ng pl ant )  

and a bent oni t e s l ur r y  wi t h added bar y t es .  Al l  s l ur r i es  

had a uni t  wei ght  of  12. 5 k N/ m3 . Each pi l e was dr i l l ed 

and cas t  wi t hi n one day,  and t he pul l  t es t s  c ompl et ed i n 

appr ox i mat el y  1. 5 mont h.  The pul l  t es t s  wer e conduc t ed by 

meas ur i ng t he pul l i ng f or ce neces s ar y  t o gi ve cons t ant  

r at es of  movement s  of  1. 0 and 0. 1 mm/ mi n.

The r esul t s  of  t hese t es t s  ar e gi ven i n Fi g.  5.  The c on ­

c l us i ons  t o be dr awn f r om t hese r esul t s  wer e t hat  t he de ­

s i gn val ue of  s hear  s t r engt h al ong c onc r et e wal l s  cas t  i n 

wat er ,  c l ay  or  mi k r os i l  s l ur r y  shoul d be about  90%,  and i n 

bent oni t e s l ur r y  about  67% of  t he vane bor i ng val ue.

Fi g.  3.  Sequenc e of  t unnel  dr i vage

Fi g.  4.

NC.NC = s tab ility  numbers dependent 
on the de p th /w id th  ratio

su = undrained shear strength of
the clay in the depth of the base 

of the excavation.

Su* = shear strength between concrete 
walls and clay

Cal c ul at i on of  t he s t abi l i t y  agai ns t  bot t om 

heave f ai l ur e

An ex t r emel y  i mpor t ant  ques t i on f or  t hi s  pr oj ec t  was,  

however ,  how l ar ge a shear  s t r engt h coul d be mobi l i z ed 

bet ween t he c l ay  and t he sunken c onc r et e wal l s  cas t  i n one 

or  ot her  t ype of  s l ur r y .  To c l ar i f y  t hi s  poi nt  a c ompr e ­

hens i ve ser i es  of  pul l  out  t es t s  on cas t  i n- s i t u conc r et e 

pi l es  had been per f or med.  The pi l es  of  0. 25 m di amet er  and 

appr ox i mat el y  6 m l engt h wer e cast  i n t he dept h r ange 16-  

22 m.  Four  di f f er ent  t ypes  of  s uppor t i ng f l ui d wer e used,

s u *  (kN /fn2) determ ined from pull out tests

PILES CAST IN
Rate of p u llin g

1m% in 0.1 m%in

W ater 30 26

Clay s lu r ry 31 28

M ikros il s lu r r y 31 28

B enton ite  s lu rry 23 20

Vane s tre n g th , s u =31 kN /m 2 (0 .5 mr% iin

Fi g.  5.  Resul t s  f r om pul l i ng t es t s  on pi l es  cast  

i n- s i t u

Fi g.  6 i l l us t r at es  how t he t heor et i cal  saf et y  f ac t or  

agai ns t  bot t om heav e f ai l ur e i s af f ec t ed by t he pr esence 

of  t he c r oss - l ot  wal l s  and t he as s umed val ue of  wal l  

adhes i on.  As s umi ng Su *  = 28 kN/ m? and a sec t i on l engt h 

equal  t o about  5 m,  whi ch was  ac t ual l y  empl oyed,  i mpl i es  

a s af et y  f ac t or  of  1. 33.
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W A LL  A D H E S IO N  , s *  , k N / m 2

Fi g.  6.  Cal c ul at ed f ac t or  of  s af et y  agai ns t  bot t om

heave f ai l ur e wi t h and wi t hout  sys t em of  c r os s ­

l ot  wal l s
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STABI LI TY OF SLURRY TRENCHES

To t he k nowl edge of  t he aut hor ,  al l  s l ur r y  t r ench wor ks  

pr i or  t o t hi s  pr oj ec t  was  car r i ed out  by means  of  bent o ­

ni t e mud.  I n f r i c t i on soi l s ,  t he pr i mar y  pur pose of  t he 

bent oni t e mud i s t o l ocal l y  s t abi l i z e t he t r ench wal l s  

and pr event  l oss of  t he suppor t i ng f l ui d i n t he t r ench.

I n t he f ai r l y  homogeneous  Os l o c l ay,  however ,  i t  was  ant i ­

c i pat ed t hat  t he mai n pr obl em woul d be t o ensur e over al l  

s t abi l i t y  of  t he t r enches.  On t he bas i s  of  s t abi l i t y  c al ­

cul at i ons  ( Aas,  1976)  and ex per i enc e f r om a number  of  

f ul l - scal e t es t  t r enches  i t  was  dec i ded t o use onl y  wat er  

i n t he maj or i t y  of  t he t r enches.

The over al l  s t abi l i t y  o f  t he t r enches  di d never  cause any 

pr obl ems  dur i ng cons t r uc t i on of  t he l ongi t udi nal  t unnel  

wal l s .  Bef or ehand,  however ,  one r eal i zed ( Ei de et  a l . ,  

1972)  t hat  ex c av at i on of  t he c r os s - l ot  t r enches  r epr e-  ' 

s ent ed a spec i al  s t abi l i t y  pr obl em.  These pr obl ems  wer e 

r el at ed t o t he f ac t  t hat  s i nce a bl ock  of  c l ay of  onl y  

3. 5 m wi dt h was l ef t  i n bet ween nei ghbour i ng c r oss - l ot  

wal l s  ( Fi g.  7)  and s i nce onl y  par t  of  t he t r ench had t o 

be cas t  wi t h c onc r et e,  bac k f i l l i ng of  t he r emi nder  of  a 

t r ench coul d adver s el y  ef f ec t  t he nex t  t r ench t o be c on ­

s t r uc t ed.  Or i gi nal l y  i t  was t her ef or e ’pl anned t o use 

c r ushed r ock as bac k f i l l i ng,  and r equi r e t hat  t he c r ushed 

r ock s houl d be dr ai ned out  compl et el y  af t er  bac k f i l l i ng 

t o ensur e t hat  i t s f r i c t i onal  r es i s t ance woul d be at  

l eas t  as hi gh as t he s hear  s t r engt h of  t he cl ay.

Fi g.  7.  St abi l i t y  pr obl ems  connec t ed t o t he c r oss - l ot  

t r enches

As t he wor k  got  under  way ,  pr obl ems wi t h f l ui d l oss f r om 

a t r ench under  ex c av at i on i nt o t he dr ai ned out  c r ushed 

r ock i n t he pr ev i ous  t r ench,  oc cur r ed on t hr ee occas i ons  

and c aused col l apse of  t he t r enches  i n ques t i on 

( Kar l s r ud,  1975) .  Thi s  met hod was t her ef or e unsaf e i n 

pr ac t i ce.  The pr obl em was f i nal l y  over come by  t he use of  

a met hod wher e hal f  of  t he t r ench was  bac k f i l l ed wi t h l ow-  

gr ade c onc r et e ( Fi g.  8) .  By f i r s t  cons t r uc t i ng al t er nat el y  

t he s out her n and nor t her n hal f  of  t he t r enches  and bac k ­

f i l l i ng wi t h l ean concr et e,  and t hen comi ng af t er  wi t h 

t he sec t i ons  t o be bac k f i l l ed wi t h c r ushed r ock,  one 

ensur ed t hat  nex t  t o a t r ench under  ex c av at i on t her e 

woul d be ei t her  i nt ac t  c l ay  or  a t r ench f i l l ed wi t h l ean 

concr et e.  I t  was  not  t her ef or e nec es s ar y  any  l onger  t o 

dr ai n out  t he c r ushed r ock.

r

A - A

Fi g.  8.  Met hod of  c ons t r uc t i ng t he c r oss - l ot  s l ur r y  
t r ench wal l s

PERFORMANCE OF TUNNEL STRUCTURES

Fi g.  9 shows t hat  t he di spl acement s  af t er  cons t r uc t i on of  

t he 21 m deep l ongi t udi nal  t unnel  wal l s  wer e smal l ,  max i ­

mum 3- 10 mm.  Cons t r uc t i on of  t he c r oss - l ot  wal l s  caused 

s ur pr i s i ngl y  l ar ge di s pl acement  of  t he c ompl et ed t unnel  

wal l s .  The r eason f or  t hese r el at i v el y  l ar ge def or mat i ons  

was appar ent l y  t hat  cons t r uc t i on of  t he c r oss - l ot  wal l s  

caused a gener al  r educ t i on of  l at er al  s t r ess  wi t hi n t he 

t unnel  wal l s .

By t he t i me t he t unnel  was compl et ed,  t he sur f ace s et t l e ­

ment  was max i mum 70- 80 mm and t he hor i zont al  di s pl acement
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about  40 mm.  Lat er al  di s pl acement s  of  t he t unnel  wal l s  at  

al l  l evel s i ndi cat ed t hat  one di d not  qui t e s uc c eed i n 

get t i ng per f ec t  c ont ac t  bet ween t he c r oss - l ot  wal l s  and 

t he t unnel  wal l s .

deeper  par t  of  t he ex c av at i on was compl et ed under  cover  

i n c ompr es s ed ai r .  Fi g.  10 al so i ndi cat es  t he r ange of  

max i mum s et t l ement s  t o be ex pec t ed accor di ng t o wor l d ­

wi de ex per i enc e f r om s t r ut t ed ex c av at i ons  i n sof t  c l ay 

( Peck,  1969) .

•  ©  P a n e l  c a s t

*  ©  S u b w a y  c o m p l e t e d

°  ( 3 )  R a i l w a y  t u n n e l  c o m p l e t e d

Fi g.  9.  Di s pl acement  pat t er ns

However ,  max i mum def or mat i ons  amount i ng t o l ess t han 0. 5% 

of  t he excav at i on dept h ar e f ar  bel ow what  mi ght  have 

been ex pec t ed i f  suppos i ng an al t er nat i v e s t r ut t ed sheat  

pi l e excavat i on.  Thi s  i s c l ear  f r om Fi g.  10 whi ch gi ves 

obs er vat i on dat a f r om a number  of  10- 12 m deep s t r ut t ed 

ex c av at i ons  i n Os l o ( Aas,  1975) .  I n each of  t hese cases 

succes s i v e ex c av at i on and pl ac i ng of  a s t r ut  l ayer  was 

done i n l i mi t ed sec t i ons ,  and i n many  of  t he cases  t he

EXPERI ENCE FROM 10- 12 m DEEP SHEETPI LE 

EMBRACED EXCAVATI ONS I N OSLO CLAY

A F T E R  P E C K :  -
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D E P T H  T O  B E D R O C K / E X C A V A T I O N  D E P T H

CLOSI NG REMARKS

The spec i al  met hod appl i ed on t he r epor t ed t unnel  pr oj ec t  

i n Osl o,  i nvol v i ng cons t r uc t i on of  c r os s - l ot  wal l s  t o 

pr event  bot t om heave and r educe l at er al  movement s  has 

f unc t i oned wel l .  No s t abi l i t y  pr obl em ar ose i n connec t i on 

wi t h t he t unnel  excavat i on,  and gr ound set t l ement s  adj acent  

t o t he t unnel  wer e qui t e har ml ess .

Cont r ac t or  f or  t he j ob was Kaar e Bac k er  A/ S wi t h I cos,  

Mi l an,  as s ubc ont r ac t or  f or  t he s l ur r y  t r ench wor k .  The 

f i r m Bonde & Co.  A/ S was t he gener al  t echni cal  consul t ant  

whi l e NGI  s er v ed as geot echni cal  consul t ant s .
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M. P.  O' Rei l l y  ( Or al  di scuss i on) ;

Ore Ward and Pender  are t o be congrat ul at ed on t hei r  
comprehensi ve general  repor t  on sof t  ground t unnel l i ng.  
Dur i ng t he t wel ve years si nce Mexi co t here have been con­
si derabl e advances and sof t  ground t unnel l i ng i s recog-  
ni sabl y di f f erent  now t o t hat  descr i bed t hen by Peck i n 
hi s St at e of  t he Ar t  Report .

I  am very f or t unat e t o have been i nt i mat el y i nvol ved i n a 
number  of  t he maj or  devel opment s i n sof t  ground t unnel ­
l i ng dur i ng t hi s exci t i ng per i od as l eader  of  t he 
research ef f or t  on t unnel s at  t he Transpor t  and Road 
Research l aborat ory (TRRL),  Depar t ment  of  Transpor t ,  UK.  
To begi n,  t he research on t unnel l i ng/ ground i nt eract i on 
at  t he Engi neer i ng Depar t ment  of  t he Uni versi t y of  
Cambr i dge by At ki nson,  Mai r  and t hei r  col l eagues under  
t he di rect i on of  Prof essor  Schof i el d,  was i ni t i at ed by 
TRRL i n 1972 and has been act i vel y sponsored t here si nce 
t hen.  That  our  ear l y hopes have been f ul f i l l ed i s ampl y 
demonst rat ed by t he gl owi ng t r i but e to t hi 6 research work 
i n t he second paragraph of  t he I nt roduct i on t o t he 
General  Report .

Secondl y t he bent oni t e shi el d whi ch t wel ve years ago was 
j ust  a concept  i s now i n wi despread use.  I n t he DK t he 
TRRL car r i ed out  t he ground def ormat i on measurement s,  
dur i ng t he exper i ment al  t unnel l i ng usi ng t hi s t echni que,  
at  New Cross (Boden and McCaul ,  197*0 and at  War r i ngt on 
(O' Rei l l y et  al ,  1980) on t he f i rst  commerci al  appl i ca­
t i on of  t he process i n t he UK.  The bent oni t e shi el d 
i s a si gni f i cant  addi t i on t o t he t unnel l er ' s opt i ons i n 
cohesi onl ess ground or  i n ground wi t h smal l  percent ages 
of  cl ay.

The consi derabl e t unnel l i ng at  Warr i ngt on,  UK,  much of  i t  
associ at ed wi t h t he devel opment  of  t he New Town t here,

provided the opportunity to compare the response of 

essentially the same ground to a variety of tunnelling 

methods - the bentonite shield, tunnelling in free and 

compressed air, and with chemical treatment of the ground 

The results are summarised in Table I.

It must be mentioned too that despite the ground condi­

tions at Warrington - loose sand with SPT values 

generally below 10 and relative compaction less than 

90 per cent - and even when tunnelling below the water- 
table the ground losses and settlements were low by 

comparison with schemes elsewhere in the world. Those 

who suggested that the low settlements achieved on tunnel 

projects in the UK are confined to good tunnelling forma­

tions such as London Clay are well wide of the mark.

This brings -ne to my third point, the need for the 

promoter and designer to determine (i) the extent of the 

zone of ground affected by their tunnel, and (ii) the 

magnitude and distribution of ground movements within 

that zone. Their first concern will be to attempt to 

locate the tunnel so that its zone of influence does not 

impinge on buildings and services; in highly built-up 

areas this is often impossible and they will need to 

estimate the likely magnitude of settlements.

Accepting, as the General Report does, the normal distri­

bution is a good representation of the settlement trough 

then the volume of soil lost at the ground surface, V, 

is given by the expression

V = S i
v max

where S is the maximum settlement on the centreline 
max

of the tunnel and i is the distance of the inflection 

point from the centreline (the standard deviation).

From a knowledge of any two of V, S and i the third 

can be determined. max

TABLE I

Settlements resulting from various tunnelling methods at Warrington

Const ruct i on
met hod

Ground condi t i ons
Maxi mum sur f ace 

set t l ement  
mm

Best  
est i mat e 

of  i  
m

Area of  t rough 
- percent age 

of  t unnel

Cover /
di amet er

Bent oni t e shi el d Sand wi t h some sandst one i n 
i nver t

8 t o 
b z

1. 12 to 
2. 16

0. 7 t o 
1.8

1. 3 t o 
1. 8

Hand excavat i on 
wi t hi n shi el d 
i n f ree ai r

Par t i al l y-st abi l i sed sands and 
gravel s

15 and
20

1. 59 and 
1. 79

0. 6 and
0. 9 1.3

Ful l y st abi l i sed sands and 
gravel s 7 2.28 0. 1* 1. 3

Nat ural  sands and gravel s 78 2 .k O k .è 0. 8

Nat ural  sandy cl ay soi l 19 2. 52 1. 2 1.9

Hand excavat i on 
i n shi el d i n 
compressed ai r

Loose nat ural  sand bel ow wat er -  
t abl e 28 3. 20 7.1 3-7

Tunnel l i ng
machi ne

Mi xed f ace - chemi cal l y t reat ed 
sand over  sandst one near  
i nvert

2 to
5

2. 33 to 
4. 13

0. 34to
0. 5

1. 8 to
1.9

Sandst one 1 to
2

3.60 0. 3
2. 0 to
2.1

Excludes quite considerable settlements caused by insertion of injection tubes
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An anal ysi s cur rent l y i n progress at  TRRL of  t he dat a 
col l ect ed i n t he UK over  t he past  decade at  some 20 si t es 
and cover i ng a wi de range of  soi l  and st abi l i t y condi ­
t i ons shows t hat  f or cl ay soi l s i  i 6 hi ghl y correl at ed 
wi t h t he dept h t o t unnel  axi s,  z;  t he rel at i on i s l e6s 
wel l -def i ned f or cohesi onl ess soi l s but  i s never t hel ess 
of  consi derabl e pract i cal  val ue.

However,  det ermi nat i on of  ei t her  V or  S i s much moremax
di f f i cul t  and t heoret i cal  met hods are as yet  not  
suf f i ci ent l y devel oped to sol ve t he probl em.  At  t he 
present  t i me some f orm of  l oad f act or  approach det ermi n­
i ng t he ground l oss,  V,  - see Fi g.  8 of  Mai r  et  al  and 
Fi g.  10 of  Ki mura and Mai r  t o t hi s Sessi on - woul d 
appear  t o of f er  t he best  way f orward.

At  t hi s st age l et  me make a pl ea to t hose under t aki ng 
ground movement  st udi es around t unnel s.  Much dat a 
col l ect ed i n t he past  has of t en been l ess t han compre­
hensi ve.  Thi s was par t i cul ar l y borne i n upon me when 
compar i ng t he l ost  ground at  War r i ngt on usi ng t he 
bent oni t e shi el d wi t h si mi l ar  schemes el sewhere.  The 
mi ni mum requi rement s f or anal ysi s are:

1. Compl et e def i ni t i on of  t he set t l ement  t rough.

2.  Det ai l s of  t he si ze of  t unnel  and i t s dept h.

3.  I nf ormat i on on ground condi t i ons,  eg undrai ned
st rengt h or  SPT val ues as appropr i at e.

Det ai l s of  t he met hod of  const ruct i on.

I n many urban si t uat i ons t he al t ernat i ve t o t unnel l i ng i s 
deep -t renchi ng and here t he engi neer  needs t o know t he 
di st urbance caused by bot h met hods of  const ruct i on.  The 
t renchi ng si de of  TRRL' s programme of  research i s agai n 
bei ng pressed ahead on t wo f ront s t hrough f ul l -scal e 
measurement  i n t he f i el d by t he Laborat ory i t sel f  
(Symons,  1980 and Symons,  Chard and Carder,  1981) and 
wi t h concur rent  cent r i f uge model  st udi es at  Uni versi t y of  
Cambr i dge.  The i ndi cat i ons are t hat  di st urbance due to 
t renchi ng i s of  t he order  of  3-1* t i mes great er  t han t hat  
caused by t unnel l i ng.

Fi nal l y t he devel opment  of  l oads i n t unnel  l i ni ngs i s of  
consi derabl e i nt erest  and I  must  endorse t he asser t i on 
i n Concl usi on 6 of  t he General  Repor t  t hat  t hey ' are not  
al ways cont i nued l ong enough' .  The measurement s at  
Regent s Park,  begun i n 197** (Barrat t  and Tyl er ,  1976),  
are cont i nui ng and Fi g.  1 6hows t he bui l d-up of  l oad on 
t he l i ni ng t o Apr i l  t hi s year;  t he l oad has i ncreased 
t o 56 per  cent  of  overburden af t er  seven years.  
Measurement s over  18 years of  hoop l oad6 i n t he Thames-  
Lee Tunnel  (Cool ey,  1981) showed t hat  by t hat  t i me l oads 
had bui l t -up t o 55-89 per  cent  of  overburden;  t here was 
evi dence t hat  condi t i ons had not  al t ered appreci abl y 
i n t he f i nal  9 years i n t hree of  t he f our  i nst rument ed 
r i ngs.

Orr  i n model  t est s at  Cambr i dge (Orr,  1976) showed t hat  
t he l oad on t he l i ni ng i n an over -consol i dat ed cl ay was 
68 per  cent  of  overburden and t hi s was at t r i but ed t o t he 
compressi bi l i t y and/ or  l ack of  f i t  of  t he l i ni ng.  He 
suggest ed by ref erence to Bi shop (1966) t hat  creep 
ef f ect s mi ght  be l ow when t he st resses i n t he ground were 
a smal l  propor t i on of  i t s st rengt h;  pore-wat er  changes 
woul d t hen be t he cont rol l i ng f act or.  I t  wi l l  be of  
consi derabl e i nt erest  t o observers how t he l oads bui l d-up 
i n t he t unnel  l i ni ng of  t he recent l y const ruct ed Oxf ord 
Rel i ef  Sewer  as some of  t he measurement s are bei ng made 
i n a l engt h of  t unnel  where consi derabl e convergence of  
t he ground occur red on excavat i on.

Fi g.  1.  Dev el opment  of  l oads  on t unnel  l i ni ng at  Regent .  

Par k
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D. A.  Gr eenwood ( Wr i t t en di scuss i on)

STABI LI TY OF TUNNEL FACE AI DED BY VACUUM POI NTS.

I nwar d def or mat i on on excavat i on of  a t unnel  f ace 
t empor ar i l y cr eat es negat i ve por e pr essur es i n t he soi l  
i mmedi at el y sur r oundi ng i t .  I n l ow per meabi l i t y soi l s a 
dr y appear ance and appar ent  st r engt h r esul t s:  t hi s 
despi t e adver se hydr aul i c gr adi ent s.  I f  excavat i on 
cont i nues t her e i s t i me f or  suppor t  t o be pr ovi ded bef or e 
posi t i ve por e pr essur es ar e r e- est abl i shed.  Wi t h 
hi gher  per meabi l i t i es t hi s t i me can di sappear  and t he 
soi l  r uns.

Appar ent  st abi l i t y i n f i ne soi l s can cr eat e unj ust i f i ed 
conf i dence and on r emovi ng t empor ar y suppor t  af t er  
st oppages col l apse due t o r e- est abl i shed posi t i ve por e 
pr essur e may occur .  The pr obl em i s acut e i f  soi l  
var i at i ons of  a si gni f i cant  scal e r el at i ve t o t he f ace 
di mensi ons ar e encount er ed unexpect edl y.

Dr s.  War d and Henkel  emphasi sed t he danger s of  unexpect ed 
changes of  soi l  st r uct ur e det ai l  i n di scussi on.  Such 
hazar ds may be r educed by vacuum wel l  poi nt s t o 
mai nt ai n negat i ve pr essur e ahead of  t he f ace dur i ng a 
st oppage.

Thi s was envi saged when pl anni ng coal  mi ne dr i f t s at  
Hunt l y,  N. Z.  ( 1975)  and at  Sel by,  Gascoi gne Wood,  U. K.  
( 1976) .  I n each case t he dr i f t s wer e about  5* 2 m 
di amet er  shi el d dr i ven at  l s4 gr ade t hr ough wat er  l ogged 
soi l s r espect i vel y 35 m and 21 m t hi ck over  r ock.

At  Hunt l y t he soi l s wer e si l t y sands wi t h some gr avel ,  
over  st i f f  cl ay l enses of  an ol d del t ai c f or mat i on of  t he 
Wai kat o Ri ver .  Si l t st one r ocks wer e wat er  t i ght  bel ow.  
Hi ghest  per meabi l i t y was about  10“  3 cm/ sec wi t h gr ound 
wat er  l evel  10 m bel ow sur f ace.

I t s per meabi l i t y was est i mat ed at  about  10“ ^ cm/ sec:  t he 
j nar l  was r el at i vel y i mper meabl e.
I n bot h cases i t  was f ear ed t hat  ani sot r opi c per meabi l i t i es 
coul d l ead t o r api d conduct i on of  posi t i ve pr essur es t o 
t he f ace.  Despi t e a syst em of  deep wel l s t o r emove t he 
mai n wat er  hazar d t he phr eat i c sur f ace near  r ock cont act  
bet ween wel l s,  necessar i l y wi del y spaced,  coul d be hi gher  
t han t he f ace ( Fi gur e l ) .  Vacuum st abi l i sat i on was 
pr ovi ded agai nst  t hi s hazar d i n t he event  of  f or ced 
st oppages.

Vacuum poi nt s wer e t o be spaced not  l ess t han 1 m apar t  
penet r at i ng about  1. 5 m i nt o t he soi l .  Hi gh vacuum f or  
maxi mum ef f ect  was obt ai ned f r om ej ect or s si nce vol ume 
of  f l ow woul d be l ow ( Fi gur e 2) .

El ect r i c anal ogues i n t hr ee di mensi ons f or  f ul l  f ace 
t r eat ment  and i n t wo di mensi ons t o r epr esent  a hor i zont al  
per meabl e st r at um at  var i ous l evel s and t hi cknesses 
r el at i ve t o t he f ace,  est abl i shed number s and l ocat i ons 
of  wel l s r equi r ed t o avoi d f l ow bypassi ng t he negat i ve 
pr essur e zone.  The si mi l ar i t y of  shape of  such zones t o 
t hose of  f ace i nst abi l i t y i n Fi gur e 2 of  paper  2/ l 7 by 
Romo and Di az i l l ust r at es t he r eal  val ue of  vacuum 
pr ovi si on ( Fi gur e 3) *

I n t he event  no ser i ous st oppages of  shi el d t unnel l i ng 
occur r ed i n t he soi l s and t he syst ems wer e not  used.

Thi s was a par t i cul ar  appl i cat i on of  vacuum met hods 
pr evi ousl y pr oven i n t unnel s t hr ough mor e per meabl e sands 
i n gl aci al  t i l l  at  El m Par k Dr i f t ,  Medomsl ey Col l i er y,
U. K.  ( 1962) and t hr ough f i ne hydr aul i c f i l l  of  sea sand 
at  Cape Town,  Tabl e Bay Cont ai ner  Ber t h ( 1976).  I n t hese 
cases a si ngl e ej ect or  poi nt  was used cont i nuousl y t o 
st abi l i se t he f ace agai nst  adver se hydr aul i c gr adi ent s.  
Negat i ve pr essur e i s qui ckl y est abl i shed i n t he coar ser  
mat er i al  up t o per meabi l i t y 10“ 2 cm/ sec.

At  Sel by t he dr i f t s r an t hr ough f i r m l ami nat ed si l t y cl ays 
sat ur at ed al most  t o sur f ace,  over l yi ng Per mi an mar l s.
Near  r ock i nt er sect i on a l ens of  mi caceous si l t y sand 
was f ound whi ch coul d be si gni f i cant  f or  f ace st abi l i t y.

The met hod i s ver y si mpl e and cheap t o oper at e.  The 
mi ner s l i ke i t  si nce t hey ar e abl e t o adj ust  t he appar ent  
har dness of  t he soi l  t o sui t  t hemsel ves by var yi ng t he 
posi t i on of  t he vacuum poi nt  mar gi nal l y.

Fig  1 E L E V A T I O N  A S  A T  S E L B Y
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G.  Pugl i ese ( Wr i t t en di scuss i on)

UNDER- GROUND TUNNEL WI TH SUPER- I MPOSED TRACKS 

Tunnel  Mét r opol i t ai n à Deux Voi es  Super posées

I N T R O D U C T I O N

Th e  s c o p e  o f  t h i s  n o t e  is  t o  m e r e l y  i l l u s t r a t e  h o w  o n e  s e c t i o n  o f  

t h e  M i l a n  u n d e r -g r o u n d  s e c o n d  l i n e  w a s  b u i l t ,  r u n n i n g  u n d e r  

e x i s t i n g  b u i l d i n g s ,  a d o p t i n g  a n  u n u s u a l  t u n n e l  s e c t i o n .

D E S C R I P T I O N  O F  T H E  W O R K S

Th e  t u n n e l  in  q u e s t i o n  is  o f  t w o  t r a c k s ,  o n e  a b o v e  t h e  o t h e r ,  a n d  

p a s s e s  u n d e r  a  9  s t o r y ,  3 0  m  h i g h  b u i l d i n g  w h i c h  h a s  w e l l  

c o n s e r v e d  r e i n f o r c e d  c o n c r e t e  f o u n d a t i o n s .

Th e  c h o i c e  o f  t h e  s u p e r -i m p o s e d  t r a c k  s e c t i o n  w a s  m a d e  t o  

m i n i m i s e  t h e  a r e a  o f  t u n n e l  u n d e r  p r i v a t e  p r o p e r t i e s .

D u r i n g  t h e  c o n s t r u c t i o n  o f  t h e  t u n n e l  t h e  b u i l d i n g  a b o v e  w a s  n o t  

e v a c u a t e d ,  n o r  w a s  c o m m e r c i a l  a c t i v i t y  u p s e t ; o n l y  t h e  b a s e ­

m e n t  w a s  c l e a r e d  o u t  t o  m a k e  r o o m  f o r  e q u i p m e n t  t o  m o n i t o r  

a n y  m o v e m e n t  o f  t h e  b u i l d i n g  t h a t  m i g h t  o c c u r .

O f  a l l u v i a l  o r i g i n ,  t h e  s u b -s o i l  c o n s i s t s  o f  s a n d  a n d  g r a v e l  w i t h  

a b o u t  3 0 %  a i r  s p a c e s  a n d  a  g r a i n  s t r u c t u r e  o f  D ^ g =  0 .7  m m  a n d  

D ^ g =  5 0  m m .  T h e  d i s t a n c e  b e t w e e n  t h e  p l i n t h s  o f  t h e  b u i l d i n g  

f o u n d a t i o n  a n d  t h e  e x c a v a t i o n  w a s  a b o u t  3  m e t r e s .

T h e  w o r k  w a s  c o n d u c t e d  in  t h e  f o l l o w i n g  s e q u e n c e  o f  p h a s e s : 

c o n s o l i d a t i o n  o f  a  f i r s t  z o n e  o f  s o i l  b y  i n j e c t i o n  f r o m  t h e  

s u r f a c e ;

e x c a v a t i o n  o f  a  s m a l l  s e r v i c e  t u n n e l  a l o n g  t h e  l i n e  o f  t h e  

u p p e r  t u n n e l ;

c o m p l e t i o n  o f  s o i l  c o n s o l i d a t i o n  u n d e r  t h e  b u i l d i n g  b y  

i n j e c t i o n  f r o m  t h e  s e r v i c e  t u n n e l ;

e x c a v a t i o n  o f  t h e  u p p e r  t u n n e l  i n  h a l f -m e t r e  s e c t i o n s ,  w i t h  

i m m e d i a t e  l i n i n g  w i t h  s t e e l  l a t t i c e d  c e n t e r i n g  a n d  s h o t  

c o n c r e t e ;

f i n a l  l i n i n g  o f  t h e  u p p e r  t u n n e l  i n c l u d i n g  a n  i n t e r m e d i a t e  

f l o o r  in  r e i n f o r c e d  c o n c r e t e  c a s t  o n  s i t e ; 

e x c a v a t i o n  o f  t h e  l o w e r  t u n n e l ,  a g a i n  i n  h a l f -m e t r e  

s e c t i o n s  i m m e d i a t e l y  l i n e d  a s  a b o v e ;

f i n a l  l i n i n g  o f  t h e  l o w e r  t u n n e l  in  6  m  s t a g e s  a s  t h e  w o r k  

p r o g r e s s e d .

D u r i n g  t h e  b u i l d i n g  o f  t h e  u p p e r  t u n n e l  t h e  w a t e r  t a b l e  l e v e l  

r o s e  u n e x p e c t e d l y ,  r e a c h i n g  a  l e v e l  o f  t w o  m e t r e s  a b o v e  t h e  

b a s e  o f  t h e  l o w e r  t u n n e l .  I t  w a s  t h u s  n e c e s s a r y  t o  c r e a t e  a n  

i m p e r m e a b l e  l a y e r  o n  t h e  b a s e  o f  t h e  t u n n e l .

T h e  r e i n f o r c e m e n t  o f  t h e  s o i l  w a s  a c h i e v e d  i n j e c t i n g  f i r s t  a  

m i x t u r e  o f :

-  c e m e n t  4 6 %  -  f i l l e r  5 0 %  -  b e n t o n i t e  4 %

d i l u t e d  in  1 .5  p a r t s  o f  w a t e r  a n d  i n j e c t i n g  s o m e  8 0  l i t r e s  p e r

J.  Huder  ( Wr i t t en di scuss i on)

MI LCHBUCK TUNNEL

_A l ar ge number  of  cont r i but i ons have been r ecei ­
ved under  t he t heme " Savi ng ol d ci t i es" .  These 
paper s deal  wi t h a r ange of  t opi cs,  i ncl udi ng 
t he wel l - known Tower  of  Pi sa and ot her  f amous 
st r uct ur es of  a monument al  char act er ,  l i ke 
cat hedr al s.  Wor k on t hese st r uct ur es demands,  
amongst  ot her  t hi ngs,  t he gr eat est  i nt ui t i on;  
al t hough t he mat er i al s used ar e t o some ext ent

c u b i c  m e t r e ;  t h e r e  f o l l o w e d  a  m i x t u r e  o f :

-  s o d i u m  s i l i c a t e  3 0 -4 0  B e  4 6 .5  l i t r e s

-  d u r c i s s e u r  B ,  o r  C  7  l i t r e s  -  w a t e r  4 6 .5  l i t r e s

u p  t o  a  t o t a l  a b s o r b t i o n  o f  a n  a v e r a g e  o f  2 0 0  l i t r e s  p e r  c u b i c  

m e t r e  o f  r e i n f o r c e d  s o i l .

Th e  e q u i p m e n t  f o r  m o n i t o r i n g  b u i l d i n g  m o v e m e n t  c o n s i s t e d  o f  

n i n e  l o n g  b a s e  e x t e n s i o m e t e r s  p o s i t i o n e d  in  c o r r i s p o n d e n c e  t o  

t h e  m a i n  p i l l a r s ,  a n d  c o n n e c t e d  t o  a n  e l e c t r i c a l  a l a r m  s y s t e m .  

T h e  i n s t r u m e n t s ,  w i t h  a  r e s o l u t i o n  o f  0 .0 1  m m ,  r e c o r d e d  a  

m a x i m u m  o f  3  t o  4  m m  o f  m o v e m e n t  d u r i n g  t h e  w o r k s .

T h e  d e s i g n  a n d  s i t e  m a n a g e m e n t  w e r e  u n d e r t a k e n  b y  t h e  

M e t r o p o l i t a n a  M i l a n e s e  S . p . A . ,  w h i l e  t h e  w o r k  w a s  e x e c u t e d  b y  

t h e  c o m p a n y  S O C O M E T  o f  M i l a n .

F i g .  1

known,  and possi bl y t he cr acks devel oped ar e 
vi si bl e,  t he i nt er nal  st r esses ar e l ar gel y 
unknown.  Above al l  i t  i s not  known how much 
addi t i onal  def or mat i on such st r uct ur al  syst ems 
can t ol er at e bef or e t hey become unst abl e.  Her e,  
however ,  I  woul d l i ke t o deal  wi t h anot her  
aspect  of  pr eser vi ng ol d bui l di ngs i n our  ci t i es,  
t hat  i s,  t he const r uct i on of  t r af f i c syst ems i n
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Fi g.  1 St andar d Cr oss Sect i on

ver y dense ur ban ar eas near  or  beneat h such 
bui l di ng monument s.  The engi neer  of  t oday must  
successf ul l y handl e t hese pr obl ems i f  i n t he 
f ut ur e l i vi ng i n t he ol d t owns and ci t i es i s t o 
be made at t r act i ve.

I n par t i cul ar ,  a shor t  r epor t  i s gi ven her eaf t er  
of  t he const r uct i on of  a 3- l ane hi ghway t unnel  
whose r oof  i s onl y 5. 5 m bel ow sur f ace st r uc­
t ur es,  r oads,  t r aml i nes,  sewer  syst ems,  et c.
The engi neer s i n t hi s pr oj ect  wer e conf r ont ed 
wi t h new,  i nt er est i ng pr obl ems.  The mat er i al  
t hat  had t o be t unnel l ed t hr ough consi st s of  
mor ai ne wi t h zones of  sand and si l t  wi t h,  i n 
addi t i on,  t he added compl i cat i on of  ar t esi an 
wat er .  Af t er  t r aver si ng a st r et ch of  about  
350 m of  soi l  t he t unnel  ent er s r ock.  ¡The pr o­
j ect  descr i bed her e i s t he Mi l chbuck t unnel  i n 
t he ci t y of  Zur i ch ( see Fi g.  1) .

The most  di ver se const r uct i onal  met hods wer e 
i nvest i gat ed and t hei r  advant ages and di sadvan­
t ages compar ed.  I t  t ur ned out  t o be ver y di f f i ­
cul t  t o pr edi ct  t he set t l ement  due t o excavat i on 
usi ng t he i ndi vi dual  met hods.  The est i mat es 
var i ed f r om cent i met r es t o deci met r es wi t h t he 
same met hod,  so t hat  i n t he end i t  was agr eed 
t o accept  a pr oposal  of  t he cont r act or  t o car r y 
out  t he const r uct i onal  wor k f or  t hi s t unnel  wi t h 
t he ai d of  t he gr ound f r eezi ng t echni que.  At  
f i r st ,  however ,  t hose concer ned wer e not  t er r i b­
l y happy about  t hi s pr oposal ,  as i n Swi t zer l and 
a t unnel  of  14. 5 m di amet er  had never  been ex­
cavat ed i n t he i mmedi at e vi ci ni t y of  t he f ound­
at i ons of  bui l di ngs.  Thus ext ensi ve st udi es 
wer e under t aken,  unt i l  i t  was f i nal l y deci ded 
t o adopt  t hi s pr oposal .  At  t hi s poi nt  i n t i me 
t hi s st r et ch of  excavat i on has been compl et ed 
and one can speak of  a gr eat  success,  i n so f ar  
as no damage compl ai nt s have been made and t he 
wor k pr ogr essed mor e or  l ess accor di ng t o pl an 
( Fi g. 2 and Fi g. 3) .

Var i ous ar t i cl es have been publ i shed whi ch gi ve 
i nf or mat i on about  t he wor ks car r i ed out .  [1) [2)

Today we ar e i n a posi t i on t o eval uat e and

Fi g.  2 Longi t udi nal  Sect i on f or  Fr eezi ng 
Sect i ons 3 and 4 ( see f i g.  4)

Fi g.  3 Fr ozen Ar ch wi t h Fr eezi ng Pi pes

di scuss t he r esul t s of  t he measur i ng 
pr ogr amme,  whi ch i ncl uded sur f ace set t l ement  
checks at  about  200 poi nt s,  i ncl i nomet er s and 
ext ensomet er s i n bor ehol es and i n t he t unnel  
and t emper at ur e l ongi t udi nal l y and r adi al l y.  
(Not e,  an ext ensi ve pr ogr amme woul d have been 
necessar y i n any ot her  met hod;  addi t i onal  i s 
mai nl y t emper at ur e measur ement ) . Her e,  however ,  
many aspect s can onl y be br i ef l y t ouched upon 
and,  above al l ,  t hose quest i ons wi l l  be consi ­
der ed,  whi ch ar ose bef or e begi nni ng t he f r ozen 
gr ound sect i on and whi ch can be pr of i t abl y di s­
cussed f r om t he exper i ences gai ned.

At  f i r st  i t  was doubt ed whet her  t he hor i zont al  
bor ehol es t o t ake t he f r eezi ng t ubes coul d be 
dr i l l ed wi t h suf f i ci ent  accur acy,  but  t hi s was 
sat i sf act or i l y accompl i shed,  al bei t  wi t h t he 
use of  an exact  t empl at e and a dr i l l i ng car r i age.  
Ther eby,  t he speci f i ed t ol er ances of  + 1 % wer e 
act ual l y i mpr oved on,  wi t h a maxi mum devi at i on 
of  + 0 . 8  %.  The cont r ol  measur ement s wer e exe­
cut ed wi t h a newl y devel oped appar at us ( Ext enso-  
def l ect omet er  I SETH)  whi ch has an accur acy of  
+  0 . 0 5  i  or  +  2 cm i n 40 m.  ( 3 ]

Frozen ground

Fre«zino plpss

41. Volyme 4 6 2 5



The doubt s about  t he heat  of  hydr at i on of  t he 
shot cr et e af f ect i ng t he t hi ckness of  t he f r ozen 
r i ng of  soi l  t o t he ext ent  t hat  a l oss of  
st r engt h woul d r esul t  wer e shown on t he basi s 
of  f i el d measur ement s t o be unf ounded.  Thi s con­
cl usi on depends,  t o be sur e,  on t he qual i t y of  
t he mat er i al  i n t he f r ozen st at e and cannot  be 
gener al i zed.  Li kewi se,  t he r esul t s pr esent ed 
her e ar e par t i cul ar  t o t hi s case.  To gener al i ze 
much mor e exper i ence i s r equi r ed especi al l y i n 
r espect  t o di f f er ent  mat er i al s.

The gr ound wat er  pr essur e under  condi t i ons of  
ar t esi an head was r el i eved usi ng a l ar ge number  
of  wel l s dr i l l ed f r om t he sur f ace.  The r esul t i ng 
l oadi ng of  t he subsoi l  caused an ext ended set t l e­
ment  depr essi on wi t h a maxi mum val ue of  2. 8 cm 
and an aver age val ue of  about  1. 0 cm.

The def or mat i ons, i n par t i cul ar  t he heave of  
t he bui l di ng due t o t he f r eezi ng pr ocess coul d 
be pr edi ct ed on t he basi s of  t est s and cal cul a­
t i ons.  However ,  one unknown coul d not  be pr e­
di ct ed accur at el y,  i . e.  t he r at e of  excavat i on 
whi ch i s i mpor t ant  f or  t he f r eezi ng per i od.  The 
f act  t hat  due t o t he f i r st - t i me nat ur e of  t he 
wor k a cer t ai n t i me was needed bef or e t he wor ki ng 
r out i ne was est abl i shed had t he di sadvant age t hat  
t he f r ozen soi l  body cont i nues t o gr ow dur i ng 
t he mai nt enance per i od and t hus t he heave keeps 
i ncr easi ng.  Thi s may be seen f r om Fi g.  4.  Li ke­
wi se,  al ong t he axi s of  t he t unnel  t he " Mar cci -  
avant i " - l i ke excavat i on of  t he i ndi vi dual  f r eez­
i ng sect i ons i s shown,  wher eby t he ef f ect  of  
smal l  over bur den her e i s evi dent .  For  t he f i r st  
sect i on 101 days wer e r equi r ed and i n t hi s per i od 
heaves of  up t o 105 mm wer e r egi st er ed and sur ­
f ace set t l ement s of  45 mm wer e measur ed af t er  
t hawi ng.  By means of  sui t abl e measur es t he heave 
coul d be l ar gel y r educed,  wher eas t he set t l ement s 
-  wi t hout  r emedi al  measur es -  r emai ned i n t he 
same or der  of  magni t ude.

The r at e of  expansi on and t hi ckness of  t he f r ozen 
soi l  body coul d be checked usi ng t he i nst al l ed 
t her momet er s and t hey cor r esponded wel l  wi t h 
t he pr edi ct i ons.  I n or der  t o avoi d damage,  t he 
l ar gest  heaves of  t he f i r st  sect i on had t o be 
r educed.  The r at e of  excavat i on was speeded up 
and al so ways and means of  pr event i ng t he f or ma­
t i on of  i ce l enses wer e consi der ed.  I ce l enses 
devel op at  condi t i ons of  t her mal  equi l i br i um on
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t he 0° -C i sot her mal  f r ont .  I f  t hi s condi t i on 
can be di st ur bed t her e I s some hope of  r est r i ct ­
i ng t he i ce l enses f or mi ng.  Thi s was achi eved i n 
t he f ol l owi ng way:  i nst ead of  usi ng a cool i ng 
l i qui d of  r educed t emper at ur e (-20° C) t o mai nt ai n 
t he pr escr i bed t emper at ur e i n t he f r ozen body 
( af t er  t hi s st at e had been achi eved usi ng a 
cool i ng l i qui d at  -40° C) an al t er nat i ng cool i ng 
cycl e has been used,  i n whi ch t he f r ozen sec­
t i on i s subj ect ed t o a cool i ng per i od of  24 
hour s at  - 3 5° C wi t h equal  i nt er medi at e per i ods 
wi t hout  cool i ng.  The amount  of  cool i ng l i qui d 
r emai ned t he same,  but  t he desi r ed ef f ect  was 
cl ear l y obser ved.  The r educt i on i n heave t hough 
i s not  onl y due t o t hi s i nt er mi t t ent  cool i ng 
met hod and t he i ncr eased r at e of  advance,  but  
i s al so a r esul t  of  t he i ncr easi ng over bur den 
pr essur e.  The r educt i on i n t he r at e of  advance 
i n t he l ast  f ew sect i ons was caused by t he 
excavat i on of  t he r ock at  t he bot t om of  t he 
t unnel .

The devel opment  of  def or mat i ons i s i l l ust r at ed 
f or  di f f er ent  poi nt s i n a cr oss- sect i on of  t he 
f i r st  wor ki ng sect i on.  The l ocat i on of  t he 
moni t or ed poi nt s i s gi ven i n Fi g.  5a.  Her e t he 
maxi mum val ues of  heave and set t l ement  ar e 
shown f or  t hi s sect i on.  Not i ceabl e i s t he smal l  
i nf l uence of  t he f r eezi ng on heave i n t he 
l at er al  di r ect i on.  The set t l ement s exhi bi t  a 
st r i ki ng depr essi on- f or m.

Heavi ng st ar t s wi t h t he begi nni ng of  t he 
f r eezi ng phase (-40° ) and i s di f f er ent  f r om 
t he subsequent  heavi ng i n t he mai nt enance phase 
wi t h const ant  t emper at ur e of  -20° .  ( r ef er  t o 
Fi g.  5b) . As soon as t he excavat i on has r eached 
t he desi r ed pr of i l e,  set t l ement s st ar t  t o 
devel op (as can be seen i n Fi g.  5b)  i . e.  t he 
f r ozen ar ch has t o car r y t he over bur den l oad,  
and a r edi st r i but i on of  st r esses t akes pl ace.  
Af t er  t hi s r edi st r i but i on even a new i ncr ease 
i n heave can be obser ved.  Thi s i ncr ease i s i n 
t hi s case al so due t o t he deeper  cool i ng t em-
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Fi g.  5b Heave- Set t l ement  Di st r i but i on Sect i on 1

per at ur e ( see t emper at ur e cur ve wi t hi n mai nt en­
ance per i od) . Set t l ement s st ar t  t o devel op onl y 
af t er  cool i ng has st opped and t hawi ng has st ar t ed.

I t  i s not ewor t hy t hat  t he out er  concr et e l i ni ng,  
whi ch has been const r uct ed as r ei nf or ced shot -  
cr et e,  begi ns t o car r y l oad onl y i n t hi s phase.
The cr eep- def or mat i on of  t he f r ozen soi l  was 
veTy smal l ,  as was t o be expect ed f r om t he l abo­
r at or y t est s.  The set t l ement s r esul t  f r om t he 
t hawi ng of  t he soi l  and f r om t he def or mat i on due 
t o t he st r ess t r ansf er  f r om t he f r ozen soi l  ar ch 
t o t he concr et e t unnel  l i ni ng.  The t hawi ng of  
t he soi l  i s associ at ed wi t h a l ooseni ng ef f ect ,  
whi ch gi ves a gr eat er  f l exi bi l i t y t o t he subsoi l ,  
especi al l y i n t he vi ci ni t y of  t he ar ch abut ment s.  
Ther eby addi t i onal  set t l ement s occur .  These set t ­
l ement s wer e under est i mat ed.  I n sect i ons i n whi ch 
t he amount  of  set t l ement  appear ed t o be t oo l ar ge 
t hey wer e hi nder ed by means of  gr out i ng (see 
Fi g.  4) .

I n sect i on 1 heave begi ns at  t he same t i me as 
t he f r eezi ng pr ocess i s st ar t ed.  The sur f ace 
poi nt  4 exhi bi t s smal l er  heave t han t he poi nt s 
near er  t o t he f r ozen body.  For  t hese smal l  over ­
bur den dept hs and a r el at i vel y l oose mat er i al  
t her e i s a compr essi on dur i ng t he f r eezi ng pr o­
cess whi ch i s al so connect ed wi t h t he f or mat i on 
of  i ce l enses.  Af t er  about  55 days t he poi nt  1 
of  t he ext ensomet er  i s f i xed i n t he f r ozen body 
and r eact s wi t h t he def or mat i on of  t he same.
Af t er  65 days t he excavat i on has r eached t he 
measur i ng sect i on.  The i nf l uence of  t he r edi st r i ­
but i on of  st r esses i n and ar ound t he f r ozen body 
may be cl ear l y seen.  I n how f ar  t hese set t l ement s 
wer e connect ed wi t h cr eep movement s was not  pos­
si bl e t o say t hen.  By means of  t he l ow cool i ng 
t emper at ur es,  however ,  i t  was possi bl e t o st op 
t hese set t l ement s;  i ndeed t he gr ound heaved once 
mor e f or  up t o 101 days,  at  whi ch t i me t he cool ­
i ng syst em was t aken out  of  oper at i on.

I mmedi at el y af t er  i nt r oduci ng t he shot cr et e l i n­
i ng t he measur ement  of  t he ar ch def or mat i ons was 
st ar t ed.  The set t l ement  of  t he r oof  poi nt  begi ns 
f i r st  when t he t hawi ng pr ocess begi ns.  Apar t  
f r om poi nt  2,  whose measur ed val ue i s af f ect ed 
by t he f r eezi ng pr ocess,  t he poi nt s 2,  3,  4 and 
1002 at t ai n t he same f i nal  set t l ement  at  t he 
r oof  poi nt  of  t he l i ni ng.  The heaves and set t l e­
ment s at  poi nt s out si de t he t unnel  axi s ( poi nt s 
1001 and 1003)  ar e shown i n t he sect i on ( see 
Fi g.  5a f or  t he val ues of  maxi mum heave and set t ­
l ement  r espect i vel y) . The r esul t s f or  sect i on 5 
( see Fi g.  6) can be seen t o be qui t e di f f er ent  
f r om t hose of  sect i on 1.  The poi nt s ar e shown 
i n t he cr oss- sect i on (Fi g.  6a) wi t h t he max.  
val ues of  heave and set t l ement .  The t i me var i a­
t i on of  heave and set t l ement  i s gi ven i n Fi g.  6b.  
The i ni t i al  set t l ement  of  about  5 mm ( ext enso­
met er  r eadi ng)  r esul t s f r om t he excavat i on f or  
sect i on 4.  The di st ance f r om t he f ace of  sect i on
4 t o t he measur i ng sect i on i s about  6 m.

Fi g.  6a Heave- Set t l ement  Di st r i but i on Sect i on 5 
Cr oss- Sect i on

Settlement due to Loading :

a) Frozen Soil Arch b) Concrete Lining
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FI NAL COMMENTS

The heave and set t l ement  of  bui l di ngs and t he 
gr ound sur f ace coul d be kept  t o a mi ni mum usi ng 
t he gr ound f r eezi ng t echni que.  By means of  con­
t r ol  measur ement s t he def or mat i ons t hat  wer e 
pr oduced coul d be r est r i ct ed wi t h t he hel p of  
r emedi al  measur es and r epai r  wor k coul d be 
avoi ded.  The exper i ence gai ned i n wor ki ng sec­
t i on 1 was used t o advant age i n r educi ng t he 
heave i n subsequent  sect i ons.  The i ncr easi ng 
over bur den pr essur e al so had a benef i cai l  ef f ect .  
Besi des l i mi t i ng t he f r eezi ng t i me and t he spe­
ci al l y adopt ed i nt er mi t t ent  f r eezi ng t echni que 
t he set t l ement  coul d,  when necessar y,  be r educed 
usi ng cement - cl ay gr out i ng.  I f  t he set t l ement s 
of  about  1. 0 cm (max.  2. 8 cm) due t o gr ound 
wat er  l ower i ng car r i ed out  bef or e const r uct i on 
was st ar t ed ar e added t o t hose f or  t he excavat i on 
t he gr adi ent  of  t he set t l ement  t r ough i n t he 
cr i t i cal  sect i ons amount s t o a maxi mum of  1/ 250,  
but  an aver age of  1/ 300.  An except i on i s sec­
t i on 1.

The maxi mal  angul ar  di st or t i on occur s i n t he 
cr oss- sect i ons.  Damage was not  r ecor ded.  Onl y 
an expansi on j oi nt  on a new bui l di ng,  whi ch had 
not  been pr oper l y const r uct ed,  gave r i se t o a 
damage cl ai m.
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