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Tunnel face stability in slurry shield tunnelling 

La stabilité du front d’un tunnel percé par bouclier et bentonite

H.BALTHAUS, Philipp Holzmann AG, HN Düsseldorf, FRG

S Y NOP S I S :  F o r  s l u r r y  s h i e l d  t u n n e l l i n g  ma c h i n e s  t h e  s t a b i l i t y  o f  t h e  t u n n e l  f a c e  d e p e n d s  o n  t h e  

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

t u n n e l  f a c e  h a s  t o  b e  a d j u s t e d  t o  a v a l u e  t h a t  g i v e s  a s  we l l  s u f f i c i e n t  s a f e t y  a g B i n s t  a c o l l a p s e  

o f  t h e  t u n n e l  f a c e  a s  a g a i n s t  u p l i f t i n g .  I n  t h i s  p a p e r  a n e w me t h o d  f o r  t h e  d e t e r mi n a t i o n  o f  t h e  

s u p p o r t  p r e s s u r e  a n d  t h e  r e l a t e d  s a f e t y  l e v e l  i s  d i s c u s s e d .  I t  i s  c o mp a r e d  t o  o t h e r s  a n d  a n  e x a mp l e  

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

1 I N T R OD U C T I ON

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

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

t h e  l a s t  d e c a d e ,  p a r t i c u l a r l y  i n  n e a r  s u r f a c e  

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

g r a n u l a r  s o i l s .  S u p p o r t i n g  t h e  t u n n e l  f a c e  w i t h  

c l a y - w a t e r  o r  b e n t o n i t e  s l u r r i e s  i n  me c h a n i c a l  

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

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

-  n o  t i me  f o r  o p e n i n g  a n d  c l o s i n g  a i r  l o c k s

-  h i g h e r  s a f e t y  l e v e l

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

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

a c t i n g  e a r t h  a n d  w a t e r  p r e s s u r e

-  a d d i t i o n a l  s u p p o r t  e f f e c t  d u e  t o  f o r ma t i o n  

o f  a f i l t e r  c a k e

-  r e d u c e d  h a z a r d  o f  b l o w - o u t  d u e  t o  l o we r  p r e s ­

s u r e  a t  t h e  t u n n e l  r o o f  a n d  l o we r  p e r me a b i l i ­

t y  o f  t h e  s o i l  f o r  t h e  s u p p o r t i n g  s l u r r y

-  s l u r r y  c a n  b e  u s e d  f o r  mu c k  r e mo v a l

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

d e p e n d s  o n  t h e  g e o me t r i c a l  a n d  g e o l o g i c a l  

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

o f  t h e  p r e v a i l i n g  s o i l s ,  t h e  p r o p e r t i e s  o f  t h e  

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

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

t h e  g r a i n  s i z e  d i s t r i b u t i o n  a n d  t h e  c h e mi c a l  

p r o p e r t i e s  o f  t h e  s o i l  t o  b e  c u t .

F o r  t h e  p r o p e r  a d j u s t me n t  o f  t h e  s u p p o r t  

p r e s s u r e ,  s t a b i l i t y  c o mp u t a t i o n s  h a v e  t o  b e  

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

a l o n g  t h e  t u n n e l  l i n e .  A n e w me t h o d  f o r  t h e  

d e t e r mi n a t i o n  o f  t h e  s u p p o r t  p r e s s u r e  wi l l  b e  

o u t l i n e d  i n  t h e  f o l l o w i n g .

2 T UNNE L  F A C E  S T A B I L I T Y  A ND S UP P OR T  P R E S S UR E

2 . 1  P o s s i b l e  s t a b i l i t y  p r o b l e ms

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

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

s t a b i l i t y  a l o n g  a t u n n e l  l i n e .  F o l l o w i n g  a 

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

d a t e  a n e w me t h o d  s h a l l  b e  i n t r o d u c e d  t h a t  i s  

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

A c e r t a i n  s i mi l a r i t y  e x i s t s  b e t w e e n  t h e  s t a ­

b i l i t y  p r o b l e m o f  o p e n  s i u r r y - f i 1 1 e d  d i a p h r a g m 

wa l l  t r e n c h e s  a n d  s l u r r y  s u p p o r t e d  t u n n e l  

f a c e s .  F o r  d i a p h r a g m w a l l s  u s u a l l y  t h e  

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

e x a mi n e d :

-  s a f e t y  a g a i n s t  i n t r u s i o n  o f  g r o u n d w a t e r

-  s a f e t y  a g a i n s t  mo v e me n t  o f  s i n g l e  g r a i n s  

( l o c a l  s t a b i l i t y )

-  s a f e t y  a g a i n s t  t o o  l o w s u p p o r t  p r e s s u r e  

( g l o b a l  s t a b i l i t y )

-  s a f e t y  a g a i n s t  f o r ma t i o n  o f  s l i p  s u r f a c e s  

( c o l l a p s e  o f  t h e  t u n n e l  f a c e )

I n  We s t  Ge r n i a n y ,  Ge r ma n  s t a n d a r d  DI N  4 1 2 6  r e g u ­

l a t e s  t h e  r e q u i r e d  c a l c u l a t i o n s  a n d  s a f e t y  

levels.
F o r  s l u r r y  s u p p o r t  o f  t u n n e l  f a c e s  a d d i t i o n a l l y  

h a v e  t o  b e  e x a mi n e d :

-  s a f e t y  a g a i n s t  h e a v i n g  o f  t h e  o v e r b u r d e n  

(uplift)
-  s a f e t y  a g a i n s t  b l o w - o u t  f a i l u r e

T h e  f i r s t  t h r e e  f a c t o r s  o f  s a f e t y  c a n  b e  d e t e r ­

mi n e d  a c c o r d i n g  t o  D I N 4 1 2 6 .  T h e  s u p p o r t  p r e s ­

s u r e  s h o u l d  b e  a t  l e a s t  1 , 0 5  t i me s  t h e  w a t e r  

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

ma i n l y  b y  t h e  a d j u s t a b l e  y i e l d  p o i n t  o f  t h e  

s u p p o r t i n g  s l u r r y .

T h e  d e t e r mi n a t i o n  o f  s a f e t y  a g a i n s t  t h e  f o r ­

ma t i o n  o f  s l i p  s u r f a c e s  a n d  a g a i n s t  u p l i f t  

r e q u i r e  s p e c i a l  me t h o d s  t h a t  s a t i s f y  t h e  

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

T h e  f o r ma t i o n  o f  b l o w - o u t  c h a n n e l s  d e p e n d s  

n o t  o n l y  o n  t h e  l e v e l  o f  s u p p o r t  p r e s s u r e  b u t  

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

c h a n n e l s  i n  t h e  o v e r b u r d e n .  A g e n e r a l i s e d  

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

2 . 2  S a f e t y  a g a i n s t  f o r ma t i o n  o f  s l i p  s u r f a c e s

T h e  f a c t o r  o f  s a f e t y  a g a i n s t  f o r ma t i o n  o f  s l i p  

s u r f a c e s  c a n  b e  d e f i n e d  b y

7 7 5
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s -  w
( l )

Where S i9t the supporting force, W the water 

pressure and E the earth pressure. DIN 4126 

requires a factor of safety of ^ = 1,3 near 
structures. This factor of safety is suggested 

here for slurry shield drives a9 well.

2.3 Calculation models for the support pressure

Only few methods for the calculation of the 

required support pressure for slurry shield 

drives are documented in the literature (Broms 

et al. 1967, Atkinson et al. 1977, Davis et al. 

1980, Krause et al. 1987). In a summarised and 
tabulated form the main characteristics of 

these methods are outlined and compared in 

Fig.2. Fig.l explains the symbols used. It will 

be shown to which degree the different methods 

are able to take into account the 
stratification of soil, position of groundwater 

table, additional loads at or below the 

surface, depth of overburden above the tunnel 

roof, spatial earth pressure effects, and the 

9oi1 strength parameters.

r.v.t.tu

MW/M

Sh ie ld

m m  p £= su p p o rt  p r e ssu r e  

n e c e ssa r y  to

b a la n c e  t h e  

e a r t h  p r e ssu r e

Figure 1. Explanation of symbols in Fig. 2

2.4 Practical methods for the determination of 

support pressure and factor of safety

2.4.1 General

A calculation model (suitable for application 

in tunnelling practice) should allow for the 

following features:

- friction angle f% and cohesion c' as input 

parameters
- soil stratification

- surcharges as area and line loads
- groundwater level

- depth of overburden

- spatial earth pressure effects

- dependence of support pressure 

on tunnel depth

- level of safety depending on support pressure

Advantageous is the possibility of accounting 

for arching effects above the tunnel roof 
( Terzaghi/Jelinek , 1954).

An additional safety check for risk of uplift 

(overburden heaving) should be possible. There­
by a threshold value can be established that 

forms an upper limit for the support pressure.
Fig. 3 shows how important it is to introduce 

the soil stratification into the calculation 

model. It is 9hown how an unstable layer can 

initiate a successive failure of the tunnel 

face. A method that allows for layered soil 

profiles and renders a safety profile over the 

tunnel height could have revealed the hazard.

2.4.2 Safety against collapse of the 
tunnel face

A method that satisfies the requirements out­

lined before can be derived from the numerical

Cal c ul at i on me t h o d c har ac t er i s t i c s

descr i pt i on so urce f o r mu l a

st r a t i -

ficat ior
su r ­
charg e

internal

frict ion

9

cohesion

C(CU)

sp at ial
ear t h
p res­
su re

so il
o v e r ­
burden

ground
w at e r
level

Lo g .

Sp i r a l
161 p ^ = f (fC,f ,p ,H ,D ) - + + — +

u p p er

and

lo w er

b o unds

121 pE»f (H .D/ 2)< .p - N cu N «6 — — + + + —

w
131 ^ - 1 r 0 ‘ PE‘ 1/hi nco sV ,l r ° l ^ — +■ — + — —

IU PE= y (H »D / 2 )* p - N cu N = f {H / 0) — — + + + —

h a l f

c i r c le  ,2 0 ___

III

P£ = (f 0 / 6 - j r c / 2 )/ t ' o n y i — + + — — —

q u a r t e r  

c i r c le  ,20
P£ = (j 'D / 3 - r cc/ 2 )/ (0 .5 * t an if ) - + + — — -

h o l f

sp h e re f t)
p^ = (¡f 0 / 9 - > t c/ 2 )/ t an y> - + + + — —

so il wedge 

w it h

sid e f r ic t io n $
- PE= f l ( f ,c ,i f ,p 1H,D,rj) + + + + + -i -

/ 2 /  Broms et a l . 1967 

/3/ Atkinson et al. 1977 

/ 4 /  Davis et a l . 1980 

/5/ Krause 1907 

/6/ Murayama

Figure 2. Comparison of different methods for determination of slurry support pressures 
at the tunnel face

776



9/2

Ä \ W nr
T  req u ired  slu r ry  level

p ro g ressin g  ch im n ey?

• . /  J .  ' • ■
/  I ^ p r o g r e s s i v e

Sh ie ld " t u n n e l  f a ce  

/ W e a k  la y e r

w al l W  \ r ’ ' '  *
^  ■ .* °  -

s l u r r y .

b e f o r e

a f t e r

f a i l u r e  o f  t h e  

t u n n e l f a ce

Figure 3. Process of tunnel face collapse due 

to a too weak layer

algorithm described by Walz and Pulsfort (1903) 

for the evaluation of open, siurry-fi1led 

diaphragm wall trenches.
Fig. 4 illustrates the main features of the 

method applied to a slurry shield tunnel. The 

tunnel cross-section is approximated by a 

conservative substitute rectangle. The tunnel 

face is regarded as an open slurry-filled 

trench and its stability is computed according 
to the above mentioned method. For that purpose 

a vertical pressure at the tunnel roof level is 

calculated that may take into account possible 

arching effects. Slurry pressure is defined by 

an assumed (fictitious) slurry level that lies 

above the tunnel roof.

The method now computes the stability (as a 
factor of safety) for different depths under 

variation of the angle of inclination for the 

slip surface of a sliding wedge. The com­

putation renders a safety profile from tunnel 

roof to base and a lowest value for the factor 
of safety. The slurry level that correlates to 

the minimum required safety (e.g. ^ = 1,3) is 

found by an iterative computer procedure. This 

slurry level is related to the minimum support 

pressure at the tunnel cross-section under 

cons i deration.

2.4.3 Simplified methods

In practice less sophisticated methods are 
often used. Tho methods shall be mentioned 

here .

The first method calculates the support pres­

sure at the tunnel roof as sum of the water 

pressure and the average horizontal active 

earth pressure between ground surface and 

tunnel base (Fig. 5).
The second method is based on an evaluation 

of results won by the more sophisticated soil 

wedge method described above and expressing the 

results in the form 
F

( O'* P) ( 2 )

k is an empirical earth pressure coefficient 

depending on soil layering and properties that 

is derived from the soil wedge method, k may 

only be applied for a limited tunnel length, 

where soil conditions do not change 

considerably. The vertical pressure * + p at 
tunnel roof level should be calculated using an 

arching reduction according to Terzaghi (1954).

o G W  * '

?-  d ep t h  
p r o f i le

• ' *  . - v * /  *  ' 
sl id ing -  • \ ■ 

we’dge 0 1 /  •  
w ith  m in, /  » • .

fact o r  o f / . # 
sa f e t y  /

k m in. 
req u. 

sa f e t y

j

7 r U

Sh ie ld i r h  •

v  -

k 33SWP

M f

face

s l u r r y  e a r t h  w at er  p ressure

Pr es s u r e  bal anc e

assu m ed  
so il wedge

ac t u a l
slid in g
wedge

T t t t j  assum ed  
1 1 i .l "~ si isid e p ressu re

Se ct io n A - A

t u n n e l face  

Se ct io n  B- B

Figure 4. Calculation model for the safety
against collapse of the tunnel face 

(soil wedge method)

e g^ = average active horizontal earth pressure 

between ground surface and tunnel base

Figure 5. Mean pressure method for support 

pressure determination

2.4.4 Safety against uplift of overburden

Increasing the support pressure leads to higher 

factors of safety against collapse of the 

tunnel face. However, too high support 

pressures increase the risk of blowout-failures 

and overburden uplift ahead of the tunnel face.
While the formation of blowouts mainly 

depends an possible preferred seepage channels, 

the factor of safety against uplift can be 

evaluated with a comparatively simple model.

For that purpose the force balance according 
to Fig. 6 at a soil obelisk is evaluated. 

Comparing the weight of the uplift soil body to 

the uplifting slurry force yields a safety
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definition (Fig. 6).rf and G in the equations of 
Fig. 6 are constants independent of B.

Instead of looking at the factor of safetyy 

which still contains the unknown length of ac­

tion of the support pressure, at the tunnel 

roof, it is sufficient to take only the first 
term of the definition formula of ^ as a con­

servative safety definition 71 » Fig«6).
For very deep tunnels fjl may be used as factor 

of safety.

The minimum factor of safety against uplift 

can be based on typical national requirements 
for safety against buoyancy.

2. 5 Example

To determine the slurry support pressure and 

the span within which it may change without a 
risk for stability, for each charateristic 

point along a tunnel line the factors of safety 

against collapse of the tunnel face and uplift 

have to be determined. The depth of the tunnel, 

the soil layering and properties, the ground 

water level, and the surcharges influence the 
results.

If the slurry levels that belong to certain 
prescribed factors of safety against collapse 

of the tunnel face and uplift of overburden are 

plotted along the tunnel line, a safety profile 

results that may be U9ed to define an optimum 
support pressure that lies between the upper 

and lower safety line.

Fig. 7 demonstrates the effect of overburden, 

surface surcharge, and groundwater level on the 

optimum slurry level. Vertical stress has the 

most dominant influence.

A = w id t h * o f  eq u iv a len t  
r e c t a n g le

B= e f f çc t iv e  len g t h  o f  
a c t io n  o f  su p p o rt  
p r e ssu r e  a t  funnel ro o f

G= — - [ A B  + A'-B**( A+ ÄH B+Ö)] = *  */ 3B 

P=  A-B-pJ

F i g u r e  6. Ca l c u l a t i o n  mo d e l  f u r  t h e  s a f e t y  

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

Figure 7. Support 

pressure and safety 

margins as slurry 
levels along a 

tunnel line 

(Mayer, 1987)
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