
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


Soft Ground Tunnelling under Buildings in Germany

C o n st r u c t i o n  d e T u n n el s en  T er r a i n  M eu b l e so u s I m m eu b l es en  A l l em ag n e

2/ 62

L. MÜLLER- SALZBURG Prof .  Dr..
G. SPAUN Dr. ,  Karl sruhe,  F.R.G.

SYNOPS IS

I n  t h e  l a s t  y e a r s  i t  w a s  f r e q u e n t l y  n e c e s s ­

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

t u n n e l s  i n  v e r y  u n f a v o u r a b l e  g r o u n d  c o n d i ­
t i o n s  a n d  u n d e r  lo w  c o v e r .  T h e  N ew  A u s t r i a n  

T u n n e l l i n g  M e th o d  w a s  u s e d  t o  d r i v e  t u n n e l s  

u n d e r  b i g  a n d  a n c i e n t  b u i l d i n g s .  T h e  i n f l u ­

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

d e n c e .  T h e  s e t t l e m e n t s  a b o v e  t h e  t u n n e l s  a l ­

w a y s  w e r e  s o  s m a l l  t h a t  n o  d a m a g e s  o f  t h e  

b u i l d i n g s  o c c u r r e d .

IN TR O D U C TIO N

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

c i e n t  c i t i e s  p r e s e n t s  s p e c i a l  p r o b le m s :

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

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

l i n e .  B e s id e :  d r a w b a c k s  l i k e  t h e  g r e a t  d i s ­

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

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

c i t y  d i s t r i c t s .  S u b s o i l  t u n n e l l i n g  p r o c e d u ­

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

t h e  d r a w - b a c k s  m e n t io n e d  a b o v e  a r e  a v o id e d .  

I n  l o o s e  o r  s o f t  s o i l s  t u n n e l  c o n s t r u c t i o n  

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

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

a b o v e .  T h i s  i s  p a r t l y  t r u e  a l s o  f o r  s h i e l d  

t u n n e l l i n g .  E x a c t  m e a s u r e m e n ts  h a v e  s h o w n  
t h a t  i n  s h i e l d  t u n n e l l i n g  t h e  s e t t l e m e n t s  

w h ic h  p r e v i o u s l y  h a v e  b e e n  c o n s id e r e d  t o  b e  

n e g l e c t a b l e ,  a r e  i n  t h e  o r d e r  o f  10  t o  1 5 c m , 

w h ic h  i s  i n a c c e p t a b l e  i n  t h e  c a s e  o f  s m a l l  
c o v e r .

S u r p r i s i n g l y  g o o d  r e s u l t s  h o w e v e r  h a v e  b e e n  

o b t a i n e d  b y  a p p l i c a t i o n  o f  t h e  s o  c a l l e d  
N ew  A u s t r i a n  T u n n e l l i n g  M e t h o d .  T h i s  m e th o d  

w a s  o r i g i n a l l y  d e v e lo p e d  f o r  t u n n e l l i n g  i n  

r o c k  a n d  w a s  b a s e d  o n  p r i n c i p l e s  o f  r o c k  

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

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

lo w  c o h e s io n  a n d  i n t e r n a l  f r i c t i o n .  M o d i f i ­

c a t i o n  o f  t h e  m e th o d  t o  t h e  s p e c i a l  n e e d s  

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

t i o n  o f  s e t t l e m e n t s  t o  a p p r o x .  4 0  mm o n  t h e  

g r o u n d  s u r f a c e .  I f  n e c e s s a r y  f o r  s p e c i f i c  
r e a s o n s  t h e  s u b s id e n c e  c a n  b e  f u r t h e r  r e d u ­

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

l i t t l e  a s  1 0  o r  2 0  mm. T h e s e  s p e c i a l  m o d i f i ­

c a t i o n  a l s o  r e s u l t e d  i n  a r e d u c t i o n  i n  c o n ­

s t r u c t i o n  c o s t s ,  s o  t h a t  t h e  s y s t e m  c a n  b e  

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

Some s e l e c t e d  e x a m p le s  o f  s u b w a y  t u n n e l s  i n  

t h e  G e rm a n  F e d e r a l  R e p u b l i k  m a y  d e m o n s t r a t e  

u n d e r  w h ic h  d i f f i c u l t  s o i l  c o n d i t i o n s  u n d e r -  
t u n n e l l i n g  o f  m o d e rn  a s  w e l l  a s  h i s t o r i c  

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

EXAMPLES

I n  F r a n c f o r t  ( F r a n k f u r t / M a i n )  t w i n  t u n n e l  

t u b e s  h a d  t o  u n d e r p a s s  t h e  ’ 'R Ö M E R "/ a 

h i s t o r i c  c i t y - h a l l  o f  t h e  1 5 t h  c e n t u r y  a n d  

a m o d e rn  8 - s t o r y  b a n k  b u i l d i n g ,  b o t h  fo u n d e d  

i n  s a n d  a n d  g r a v e l  a b o v e  s t i f f  p l a s t i c  c l a y ­
e y  s i l t :

c o n s i s t a n c y :  0 . 7 6  t o  1 .0 3

i n t e r n a l  f r i c t i o n :  1 9 °  t o  2 5 °  

c o h e s io n :  0 . 2 0  t o  0 .6 5  k p /c m 2

w i t h  i n t e r c a l a t i o n s  o f  h a r d  l im e s t o n e  a n d  

s a n d .  T h e  g r o u n d w a t e r  l e v e l  w a s  a b o v e  t h e

F IG U R E  1 :

M e t r o  F r a n c f o r t .  C r o s s  s e c t i o n  t h r o u g h  t h e  

T o w n  H a l l  "R Ö M ER " a n d  a b a n k  b u i l d i n g .

663



2/62

r o o f  o f  th e  tu n n e l and had t o  be lo w e re d  by 
pum ping b e lo w  th e  i n v e r t  o f  th e  tu n n e ls .  The 
lin e s to n e s  o f te n  w ere  h e a v i ly  f r a c tu r e d  and 
w a te r  b e a r in g .  The v e r t i c a l  d is ta n c e  betw een 
th e  tu n n e l  r o o f  and th e  fo u n d a t io n s  was
6 .2  m re s p .  3 .5  m o n ly ,  (see f i g u r e  1 ) .  To 
a v o id  i r r e g u la r  s e t t le m e n ts  o f  th e  bank 
b u i ld in g  th e  sand and g r a v e l  above th e  
tu n n e l tu b e s  w ere  c o n s o l id a te d  w i t h  cem ent 
and c h e m ic a l g r o u t in g .

In  Bochum a r a p id  t r a f f i c  r a i lw a y  embankment 
and m odern b u i ld in g s  have been s i t u a t e d  on 
sand g r a v e l  and r e - f i l l .  The tu n n e l be low  
had t o  be d r iv e n  3 .5  m to  8 .0  m b e lo w  g rou n d  
s u r fa c e  p a r t l y  in  s i l t ,  p a r t l y  i n  s o f t  and 
h a rd  m a r l w i t h  p r o p e r t ie s  as l i s t e d  b e lo w :

R e f i l l :

c o m p r e s s ib i l i t y :  4 0 t o  120 kp /cm 2

c o h e s io n : 0 t o  0 .0 5  kp /cm 2 

in t e r n a l  f r i c t i o n :  25° t o  35°

and o f  a subway s t a t i o n ,  w here  tw o  tubes; 
a re  c o n n e c te d  t.o a e th e r  (see  f i g u r e  6) The 
c o v e r  was betw een 3 .0  and 8 .0  m, p a r t l y  th e  
fo u n d a t io n s  o f  o ld  b u i ld in g s  w ere  m et d u r ­
in g  th e  e x c a v a t io n  o f  th e  tu n n e ls .  The 
g ro u n d w a te r l e v e l  was lo w e re d  b e lo w  th e  i n ­
v e r t  by means o f  pum ping in  b o re h o le s .

In  th e  c e n te r  o f  Nurem berg (N ü rn b e rg ) a 
s im i l a r  subway s t a t io n  had t o  be d r iv e n  r e ­
c e n t ly  in  v e ry  s o f t  c la y -c e m e n te d  s a n d s to n e

e l a s t i c i t y :  600 t o  1 ,0 0 0  kp /cm 2

c o h e s io n : 0 .4  kp /cm 2

in t e r n a l  f r i c t i o n :  30°

w it h  a c o v e r  o f  3 m up t o  th e  fo u n d a t io n  o f  
tw o  h i s t o r i c  b u i ld in g s ,  th e  famous 
S t .  LORENZ C a th e d ra l o f  th e  1 2 th /1 3 th  c e n tu ­
r y  and th e  NASSAUER House o f  th e  13 th  c e n tu ­
r y  (see f ig u r e s  3 and 4 ) .

S i l t :

c o m p r e s s ib i l i t y :  50 t o  200 kp /cm 2

c o h e s io n : 0 .1  t o  0 .2  kp /cm 2

in t e r n a l  f r i c t i o n :  20° t o  2 7 .5 0 °

Mar l  :

c o m p r e s s ib i l i t y :

c o h e s io n :

in t e r n a l  f r i c t i o n :

300 t o  2500 kp /cm 2

0 .2  t o  0 .5  kp /cm 2 

20° t o  25°

The l i n e  c o n s is ts  o f  tw in  tu b e s  up t o  11 .6  m 
d ia m e te r  (see f i g u r e  2 ) ,  o f  s in g le  tu b e s ,

M e tro  Bochum.

C ross s e c t io n  tw in  tu b e  b e lo w  a b u i l d in g .

Sf f l SSSHBf f l ESi S 

SSa SHSl SBSS!  

E a S S l i S B i i S l

M e tro  N urem berg . C ross  s e c t io n  NASSAUER 
House w it h  u n d e rg ro u n d  s t a t i o n .

The w ho le  s t a t i o n  w i t h  a le n g th  o f  110 m 
had t o  be d r iv e n  e i t h e r  u n d e r b u i ld in g s  o r  
ro a d s  w it h  tram w ay t r a f f i c .  S p e c ia l  p rob le m s 
a ro s e  fro m  th e  f a c t  t h a t  be tw een th e  tw o 
tu b e s  o n ly  2 .8  m o f  g ro u n d  re m a in e d  i n  w h ich  
f i v e  c ro s s  passages had t o  be e x c a v a te d .

The fo u n d a t io n  o f  th e  to w e r  o f  th e  
S t .  LORENZ C a th e d ra l was s u p p o r te d  by s in g le  
p i l e s  w h ic h  w ere  a nch o re d  t o  a v o id  h o r iz o n ­
t a l  movements as much as p o s s ib le .

The NASSAUER House had to  be c ro s s e d  by th e  
tu n n e ls ,  w hereas th e  to w e r  o f  th e  S t .  LORENZ 
C a th e d ra l i s  j u s t  1 m b e s id e  th e  tu n n e l .
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c lo s in g  o f the in v e r t .

FIGURE 4:

M e tro  N urem berg . C ro ss  s e c t io n  S t .  LORENZ 
C a th e d ra l w it h  u n d e rg ro u n d  s ta t i o n  and 
a nch o re d  p i l e s .

E x c a v a t io n  o f  th e  u n d e rg ro u n d  subway 
s t a t i o n  o f  Nurem berg c re a te d  a maximum s e t t ­
le m e n t o f  th e  NASSAUER House o f  9 mm, and 
o n ly  2 mm o f  th e  s e t t le m e n t  f o r  th e  75 m 
h ig h  c h u rc h  to w e r .

In  a l l  th e s e  ca ses  th e  d i f f e r e n t i a l  s e t t l e ­
m ents w ere  so s m a ll t h a t  n e i t h e r  c ra c k s  in  
th e  b u i ld in g  have  been o b s e rv e d  n o r  d id  th e  
d o o rs  and th e  w indows g e t  lo c k e d .

! time between first excavatioi 
I and closing the invert

SETTLEMENTS AND DEFORMATIONS

In  a l l  th e s e  ca ses  th e  g u id e l in e  o f  th e  
d e s ig n  was t o  m in im iz e  s u b s id e n c e  and to  
g u a ra n te e  t h a t  no damages t o  b u i ld in g s  w ou ld  
o c c u r .  T h e re fo re  i t  may be a p p r o p r ia te  f i r s t  
t o  m e n t io n  some o f  th e  m a jo r  r e s u l t s  r e g a r ­
d in g  g ro u n d  d e fo rm a t io n s  and th e  s e t t le m e n ts  
o f  th e  b u i ld in g s  b e fo re  d e s c r ib in g  th e  
m ethods o f  t u n n e l l in g  used in  th e s e  e xam p le s . 
The maximum s e t t le m e n t  o f  th e  F r a n c fo r t  
"RÖMER" fo u n d a t io n  due t o  t u n n e l l in g  was 
m easured to  be 42 mm, th e re b y  th e  d i f f e r e n ­
t i a l  s e t t le m e n t  o n ly  a c c o u n te d  f o r  a b o u t h a l f  
o f  t h i s .  A d d i t io n a l  s e t t le m e n ts  o f  44 mm due 
to  lo w e r in g  o f  th e  g rou n d  w a te r  l e v e l  w ere  o f  
no im p o rta n c e  because t h i s  movement d id  n o t  
c r e a te  any d i f f e r e n t i a l  s e t t le m e n ts .  A t 
a n o th e r  subway tu n n e l i n  F r a n c fo r t  u n d e r o ld  
houses i n  th e  B e rg e rs t ra s s e  th e  s u b s id e n c e  
due t o  t u n n e l l in g  c o u ld  be re d u ce d  to  as much 
as 18 mm.

In  Bochum a maximum s e t t le m e n t  o f  th e  t r a c k s  
on th e  r a i lw a y  embankment has been m easured 
o f  23 mm. Above th e  d o u b le  tu b e  s t a t i o n ,  
w here  th e  ro a d  t r a f f i c  was n o t  in t e r r u p te d  
d u r in g  c o n s t r u c t io n  t im e ,  a m ax im a l s e t t l e ­
m ent o f  30 mm was re c o rd e d . In  a s in g le  case 
in  th e  d o u b le  t r a c k  tu b e  72 mm s u b s id e n c e  
o c c u r re d  because o f  th e  c a lo t t a  b e e in g  d r iv e n  
to o  f a r  ahead and th e  co n s e q u e n t d e la y e d

FIGURE 5 :

S u r fa c e  s e t t le m e n ts  d u r in g  d i f f e r e n t  tu n n e l 
e x c a v a t io n s .  C u rve s  1 , 3 , and 5 show e xcava ­
t i o n  w i t h  a v e r t i c a l  s u b d iv id e d  fa c e  and 
v e r t i c a l  s t e e l r i b s ;  c u rv e s  2 and 4 show th e  
in f lu e n c e  o f  in c l i n e d  s t e e l r i b s ;  and c u rv e  3 
shows th e  e f f e c t  o f  a l a t e  c lo s in g  o f  th e  
i n v e r t .

The d e fo rm a t io n  o f  th e  s h o tc r e te  l i n i n g  
n e v e r has been b ig g e r  th a n  20 mm. The s e t t ­
le m e n ts  o f  th e  r o o f  w ere  26 mm in  maximum.

CONSTRUCTION METHOD

The d e s ig n  w o rk  o f  a l l  th e s e  tu n n e ls  was 
g ove rn e d  n o t  so much by s t a t i c  m ethods b u t  
m a in ly  by th e  c o n s t r u c t io n  p ro c e d u re s , i .  e . 
e x c a v a t io n  w o rk  and p r im a ry  (b u t n o t  tem pora­
r y )  l i n i n g .  Much e f f o r t  was p a id  in  s p e c i f y ­
in g  e x a c t b u t a t  th e  same t im e  f l e x i b l e  con ­
s t r u c t io n  p ro c e d u re s , so t h a t  a s h o r t  t im e  
a f t e r  o p e n in g  o f  th e  fa c e  q u ic k  s t a b i l i z a ­
t i o n  o f  th e  w h o le  sys tem  was a c h ie v e d , w he re ­
b y  th e  s t a t i c  sys tem  c o n s is te d  o f  b o th  th e  
t h i n  s h e l l  o f  s h o tc r e te  and th e  s u r ro u n d in g  
r i n g  o f  e a r th  m a te r ia l .  The e s s e n t ia l  e le ­
m ents o f  t h i s  t u n n e l l in g  sys te m  a re :

-  a t h i n  la y e r  o f  s h o t c r e te ,  s p ra ye d  im ­
m e d ia te ly  a f t e r  e x c a v a t io n  o r  w i t h in  a
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s t r i c t l y  p re s c r ib e d  span o f  t im e ,  
r e in fo r c e d  by w ir e  mesh and l i g h t  
s t e e l  r i b s ,

-  s o i l  a n ch o rs  p r e s t r e s s in g  th e  s u r ro u n d ­
in g  s o i l ,  so  t h a t  a th re e d im e n s io n a l 
s ta te  o f  s t r e s s  i s  m a in ta in e d  a round  
th e  tu n n e l tu b e ,

-  f i n a l  l i n i n g ,  c o n c re te d  c o n t in u o u s ly  
i n  th e  f i n a l  c o n s t r u c t io n  s ta g e .

DETAIL

FIGURE 6:

T y p ic a l  c ro s s  s e c t io n  th ro u g h  a tw in  tu b e  
t u n n e l .

A f u r t h e r  e s s e n t ia l  e le m e n t o f  t h i s  m ethod 
i s  th e  c o n t r o l  o f  th e  b e h a v io u r  o f  th e  
system  by means o f  s p e c ia l  in s t r u m e n ta t io n  
(see l a t e r ) .

E x c a v a tio n  was c a r r ie d  o u t  by an e x c a v a to r  
o r  a ro ad  h e a d e r r e s p e c t iv e ly .  The sequence 
o f  o p e ra t io n s  i s  shown i n  f i g u r e  7 . The 
q u a l i t y  o f  th e  g rou n d  a lw a ys  was so p o o r 
t h a t  a f u l l f a c e  e x c a v a t io n  was im p o s s ib le .  
U s u a l ly  th e  e x c a v a t io n  was s p l i t  up in  
c a lo t t a ,  bench and i n v e r t .  Each e x c a v a te d  
p a r t  was s u p p o r te d  as q u ic k ly  as p o s s ib le .  
F o r th e  o p e n in g  o f  a s h o r t  c a lo t t a ,  th e  
b e n c h in g , and th e  s h o t c r e t in g  p ro c e d u re s  
s t r i c t  t im in g  i s  r e q u i r e d .  T h is  t im in g  
r e s u l t s  fro m  th e  e v a lu a t io n  o f  th e  d a i l y  
m easurem ents. The c r i t i c a l  span o f  t im e  i s  
th e  i n t e r v a l  be tw een th e  f i r s t  a t ta c k  o f  
th e  fa c e  and th e  c lo s in g  o f  th e  i n v e r t  and 
i t  i s  g ove rn e d  by th e  fre q u e n t  change o f  
g ro u n d  c o n d i t io n s .  F u r th e r  p a ra m e te rs  o f  
in f lu e n c e  a re  th e  le n g th  o f  a t ta c k s  and 
th e  d is ta n c e  o f  s te e l  r i b s .

The d is ta n c e  o f  s te e l  r i b s  was between 0 .6  
and 1 . 2  m. I t  c o u ld  be p ro v e d  t h a t  a re d u c ­
t i o n  o f  th e  le n g th  o f  a t ta c k s  o f  o n ly  0 .2  m 
c o u ld  im p ro v e  th e  s t a b i l i t y  o f  th e  g round  
above th e  tu n n e l  and re d u c e  th e  s u r fa c e  
s u b s id e n c e  c o n s id e r a b ly .

The t im e  betw een th e  f i r s t  e x c a v a t io n  in  
th e  c a lo t t a  and th e  f i n i s h i n g  o f  th e  
s u p p o r t  by p la c in g  s h o tc r e te  in  th e  i n v e r t  
c o u ld  be re d u ce d  to  10 h o u rs  o n ly .  The 
th ic k n e s s  o f  s h o tc r e te  v a r ie d  be tw een  15 cm 
in  s in g le  r a i l  tu b e s  and 25 cm in  e n la rg e d  
d o u b le  r a i l  tu n n e ls .  I n  case  o f  sand and 
g r a v e l  w i t h  v e r y  l i t t l e  c o h e s io n  f o r e - p o l -  
in g  w it h  s te e l  p la te s  was n e c e s s a ry .

The f i n a l  l i n i n g  c o n s is te d  e i t h e r  o f  im p e r­
m eab le  c o n c re te  o r  i n s u la t i o n  and c o n c re te .

I n  s p e c ia l  s i t u a t io n s  w here  an e x tre m e  
s h o r t  t im e  f o r  c lo s in g  o f  th e  i n v e r t  was 
r e q u ir e d ,  i n c l in e d  s t e e l  r i b s  have  been 
i n s t a l l e d  in s te a d  o f  th e  v e r t i c a l  ones 
u s u a l ly  u sed . I n  such  c a se s  th e  bench  fa c e  
a ls o  was e x c a v a te d  in c l in e d  (see f i g u r e  7 ) .  
T h is  was done e . g .  in  th e  B e rg e rs t ra s s e  in  
F r a n c fo r t  and u n d e r th e  r a i lw a y  embankment 
i n  Bochum w i t h  g r e a t  s u c c e s s .

FIGURE 7:

Sequence o f  o p e r a t io n s  u s in g  th e  New 
A u s t r ia n  T u n n e l l in g  M ethod.

In  Bochum an u n d e rg ro u n d  s t a t i o n  had t o  be 
b u i l t  w i t h  o n ly  0 .8  m c o n c re te  be tw een  b o th  
tu b e s  i n  s o f t  m a r ls  u n d e r a ro ad  and b e t ­
ween b u i ld in g s .  The m ethod ch o se n , was to  
e x c a v a te  a t  f i r s t  one tu b e  and s u p p o r t  i t  
w ith  s h o t c r e te ,  s te e l  r i b s ,  m esh, and an­
c h o rs .  Then th e  f i n a l  l i n i n g  was p o u r re d  in  
w ith  a v e r t i c a l  w a l l  to w a rd  th e  second  tu b e  
in t e r r u p te d  by c ro s s  p assa g e s . The s h o tc r e ­
t e  s u p p o r t  o f  th e  second tu b e  was th a n  
based on t h i s  c o n c re te  w a l l .  I t  i s  re m a rk ­
a b le  t h a t  th e  e x c a v a t io n  o f  th e  second tu b e  
d id  n o t  in c re a s e  th e  s u r fa c e  s u b s id e n c e  
w h ic h  was f i n a l l y  o n ly  30 mm above an e xca ­
v a te d  d o u b le  tu n n e l o f  a span o f  1 7 .8  m 
und e r a c o v e r  o f  o n ly  5 .8  m.

A v e ry  im p o r ta n t  p r e c o n d it io n  f o r  su ccess  
i s  an e x p e r ie n c e d  c re w  and a co n se q u e n t 
a p p l i c a t io n  o f  th e  t h e o r e t ic a l  p r in c ip le s  
o f  th e  m ethod.

666



2/62

M e tro  Bochum. C o n s t r u c t io n  o f  an u n d e r­
g rou n d  s t a t i o n .

The d a i l y  p ro g re s s  when w o rk in g  i n  tw o  
s h i f t s  v a r ie d  be tw een  tw o and s ix  m e te rs , 
d ep e n d in g  on g ro u n d  c o n d i t io n s ,  d ia m e te r ,  
and p o s s ib le  le n g th  o f  a t ta c k s .

CONTROL MEASUREMENTS

B e s id e  fro m  c o n v e n t io n a l s t a t i c a l  c a lc u la ­
t io n s  in  a l l  p r o je c t s  f i n i t e  e le m e n t a n a ly ­
s is  was made w h ic h  gave v e ry  good c o r r e s ­
pondence betw een  th e  p r e d ic te d  and m easured 
d e fo rm a t io n s  and s e t t le m e n ts .

E x p e rie n c e  has shown t h a t  p ro p e r  m easure­
m ents o f  c h a r a c t e r i s t i c  d e fo rm a t io n s  a re  
a s i g n i f i c a n t  in d e x  o f  th e  b e h a v io u r  o f  
th e  w h o le  compound s t r u c tu r e  c o n s is t in g  o f  
ro c k  o r  s o i l ,  c o n c re te  and s t e e l ,  and t h a t  
i t s  b e h a v io u r  depends t o  a la r g e  d eg re e  on 
th e  q u a l i t y  o f  w o rkm a n sh ip . F ig u re  9 shows 
a t y p i c a l  m e a s u rin g  s e c t io n  c o n ta in in g  
l e v e l l i n g  p o in t s  on th e  g round  s u r fa c e  and 
a t  th e  tu n n e l r o o f ,  f o r  c o n ve rg e n ce  m easure­
m ent b o l t s ,  m u l t ip le  e x te n s o m e te rs , c h a in  
d e f le c to m e te r s ,  and p re s s u re  c e l l s  m easur­
in g  ta n g e n t ia l  s t r e s s e s  i n  th e  s h o tc r e te  
s h e l l  and r a d ia l  ( c o n ta c t )  p re s s u re s  
be tw een  s h o tc r e te  and s o i l .

FIGURE 9 :

M e tro  N urem berg . T y p ic a l  c ro s s  s e c t io n  
w i t h  c o m p le te  m e a s u rin g  e q u ip m e n t.

econom ic  p ro c e d u re  o f  th e  sequence o f  o p e ra ­
t io n s  and t o  a v o id  u nn e c e s s a ry  s a fe ty  
m easures as w e l l  as i n s u f f i c i e n t  s u p p o r t  
c o n d i t io n s .

D u r in g  a l l  d e s c r ib e d  tu n n e l w o rks  no heavy 
a c c id e n ts  o f  f a i l u r e s  o c c u r re d  and each 
p r o je c t  c o u ld  be f in is h e d  in  th e  p la n n e d  
t im e  s c h e d u le  and c o s ts .
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