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H . M Ü L L E R - K I R C H E N B A U E R  0 . Prof., Dr.-Ing., Inst, für Grundbau und Bodenmechanik, Tech. Univ. Berlin, F.R.G.

SYNOPSI S The n u me r i c a l  c a l c u l a t i o n  of  t he s t ab i l i t y  of  s l u r r y  t r enc hes  c o mmon l y  i s  bas ed  
on t wo s a f e t y  c ond i t i ons .  Fi r s t l y  t he  ea r t h  wed g e  bes i de  t he t r e n c h  mu s t  be p r e v e n t e d  f r om 
s l i d i ng  d o wn wa r d s  ( ex t e r na l  s t ab i l i t y )  and  s ec ond l y  t he  d r o p p i n g  o f f  of  s i ng l e  g r a i ns  or  
g r a i n  g r oups  mu s t  be  ex c l uded.  I n t he p r e s e n t e d  pape r  i t  i s  e n d e a v ou r ed  f i r s t  of  a l l  t o 
c omp l e t e  t he me t h o d s  o f  c a l c u l a t i n g  t he i n t e r na l  s t ab i l i t y .  The c o n v e n t i ona l  c r i t e r i o n  r e ­
qu i r es  t he  r e p r e s e n t a t i v e  s i ng l e  g r a i n  t o ' f l oat e' ,  i . e.  i t  i s  p r e v e n t e d  f r om s i nk i ng  down  
v e r t i c a l l y  and owi ng  t o t h i s  t he  s us pens i ons  ar e u s u a l l y  ov e r d i mens i oned .  The r ec e n t  i n ­
v e s t i g a t i o n s  c on f i r me d  p r a t i c a l  e x pe r i enc es  wh i c h  d e mo n s t r a t e d  s u f f i c i en t  s t ab i l i t y  a l s o  
by  t he us e  o f  e s s e n t i a l l y  l owe r  c o n c e n t r a t e d  s us pens i ons .  I t  i s  s hown add i t i ona l l y ,  t ha t  i n 
c as es  of  l o c a l l y  i n s t ab l e  c oar s e  g r a i ned  z ones  n e g a t i v e l y  i nc l i ned  s t ab l e  s l opes  ar e p o s ­
s i bl e.  Co n s i d e r i n g  t he  dept h ,  t he t h i c k n e s s  of  t he l ay e r s  and t he s oi l  p r oper t i es ,  
s t a b i l i t y  c r i t e r i a  and adv i c e  f o r  t he c o mp o s i t i o n  ar e  dev e l oped.

I NTRODUCTI ON

Up  t o n o w t wo c r i t e r i a  ar e  c o mmon l y  us ed  
i n t he e v a l u a t i o n  of  t he  s t ab i l i t y  of  
s l u r r y - t r e n c h e s . Fi r s t l y  no  s l i d i ng  of  
s o i l  we d g e s  ma y  oc c u r  t o wa r d s  t he  t r enc h.  
Se c o n d l y  t he s i ng l e  g r a i ns  or  g r a i n  g r oups  
ar e t o be f i x ed  i n t he i r  i n i t i a l  p o s i t i o n  
by  t he  s us pens i on ,  cp.  We n z  ( 1963) ,  Mo r gen -  
s t e r n  and Ta h ma s s e b  ( 1965) ,  Gr ewe  ( 1965) ,  
Lo r enz  ( 1966,  1967) ,  We i s s  ( 1967) .  The 
f i r s t  c o n d i t i o n  up  t o n o w has  b e e n  c o n ­
s i de r ed  f u l f i l l ed ,  wh e n  t he h y d r o s t a t i c  r e ­
t a i n i n g  f o r c e  i s  b i g g e r  t h a n  or  equa l  t o 
t he ac t i v e  ea r t h  p r es s ur e .  Ac c o r d i n g  t o t he 
s ec ond  c o n d i t i o n  t he e f f ec t i v e  y i e l d  l i mi t  
t  of  t he  r e t a i n i n g  s us pe n s i o n  has  t o be 
h Yg h  e n o u g h  t o ma k e  t he v e r t i c a l  s i nk i ng  of  
t he r e p r e s e n t a t i v e  s i ng l e  g r a i n  i mpos s i b l e .  
Th i s  g r a i n  d i a me t e r  i s  c ommo n l y  f i x ed  at
25 % o f  t he  g r a i n - d i s t r i bu t i on .

At  f i r s t  t he so c a l l ed  me mb r a n e  hy po t h e s i s  
i s  n o t  c o r r ec t  i n a l l  c as es .  Ac c o r d i n g  t o 
t h i s  h y p o t h e s i s  t he h y d r o s t a t i c  f l u i d  
p r e s s u r e  a l way s  ac t s  me mb r a n l i k e  i n t he 
s u r f ac e  of  t he ea r t h  wal l .  As  f r equen t l y  
obs er v ed,  howev er ,  d e p e n d i n g  on t he da t a  
of  s ubs o i l  and s u s p e n s i o n  as  we l l  as  g e o ­
me t r i c a l  c ond i t i o n s  t he s us pe n s i o n  p e n e ­
t r a t es  t he ea r t h  wa l l  up  t o a c e r t a i n  
me as u r e  a n d / o r  c e r t a i n  f i l t r a t e  f o r ma t i ons  
may  oc c ur .  Fi g.  1 s hows  t he p r i n c i p a l s  of  
s uc h  p e n e t r a t i o n s  a n d / o r  f i l t e r  c ak e 
d e v e l o p me n t s .

I n t he abov e  s y s t em t he  c r i t i c a l  c as e of  
t he  d r o p p i n g  o f f  of  s i ng l e  g r a i ns  or  g r a i n  
g r oups  i s  c h a r a c t e r i s e d  by  t y pe  2 f or

c oar s e  g r a i ned  s oi l s .  I n a l l  o t he r  c as es  
t he  r e p r e s e n t a t i v e  g r a i n  i s  f i ne r  and on t he 
o t he r  hand  i t  i s  a d d i t i o n a l l y  f i x ed  by  a 
f i l t e r  me mbr ane  b u i l t  on t he t r e n c h  s i de.

Quan t i v e  s t a t emen t s  i n  t ha t  f i e l d  we r e  
made by  Mu l l e r - Ki r c h e n b a u e r  ( 1972) .  Ac c o r ­
d i n g  t o t hes e  t he f i na l  d i s t a n c e  of  
p e n e t r a t i o n  1 i s  c a l c u l a t e d  by

1 = $  [ cm]  ( 1 )

Her eby ,  ac c o r d i n g  t o f i g.  2,  h  means  t he 
s us pens i on  p r es s u r e  he i g h t  and  J Q i s  t he 
s t agna t i on  gr adi ent .

The s t ab i l i z i ng  f l u i d  p r e s s u r e  does  no t  ac t  
me mb r a n e l i k e  i n  t he  s u r f ac e  ar ea,  but  
v o l u me t r i c a l l y  i ns i de  t he p e n e t r a t e d  
v o l ume.  The s pec i f i c  v o l u me t r i c  r e t a i n i n g  
f or c e  s y i e l ds

s = J0 • YF [ Mp / m3 ] ( 2)

wh e r e b y  = un i t  we i g h t  of  s us pens i on.
The a b s o l u t e  r e t a i n i n g  f or c e  i s  g i v e n  by

S = V • J o . y f  [ Mpl  ( 3)

wh e r e  V means  t he p e n e t r a t e d  v o l u me  c o n ­

s i der ed.  Ac c o r d i n g  t o equ a t i o n  2 i n v a r i ous  
l ay e r s  i . e.  f or  d i f f e r e n t  g r a i n  s i z e d i s ­
t r i bu t i o n s  s s hows  v e r y  d i f f e r e n t  v a l ues  
( s ee c hapt er :  STAGNATI ON GRADI ENT) .
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t r en ch  ! so i

Ty pe  1:  Tr ue  f i l t er -  
c ak e  d e v e l o p me n t  i n 
f i ne  po r e d  s oi l s .  
Su s p e n s i o n  s o l i d  
c o n t en t s  ar e  f i l ­
t e r ed  out  i n  ea r t h  
wa l l  s ur f ac e.  The 
r e t a i n i n g  f o r c es  
ac t  membr an l i k e .

t r en ch  ! so i l

Ty pe  3a:  Co mb i n a t i o n  
of  p e n e t r a t i o n  and 
f i l t r a t i on .  The 
c oar s e  s o l i d  p a r ­
t i c l e s  ar e f i l t e r ed  
out  on t he  s ur f ac e.

m I

t r en ch  I so i l

Ty pe 2:  Pur e  p e n e ­
t r a t i o n  i n c oa r s e  
g r a i n e d  s oi l s ,  no 
s u r f ac e  f i l t r a t i on .

t r en ch  I so i l

Ty pe 3b:  L i k e  t y pe 
3a.  I n  a s ec ond  
s t at e,  howev er ,  b e ­
f o r e  t he c oar s e  
f i l t e r  a f u r t he r  
f i ne r  f i l t e r  l ay e r  
i s  s epar at ed.

Fi g.  1:  Ty p e s  o f  p e n e t r a t i o n  and f i l ­
t r a t i o n  on l i qu i d  r e t a i n e d  ea r t h  
wa l l s

s l u r r y  

t r en c h
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Fr o m e q u a t i o n  3 r es u l t s ,  t ha t  t he  s har e  of  
t he  p e n e t r a t e d  v o l u me  b e y o n d  t he  p o t e n t i a l  
s l i d i ng  s u r f ac e  does  no t  s u ppo r t  t he  e f f e c ­
t i v e  r e t a i n i n g  f or c e.  Th i s  e f f e c t i v e  r e ­
t a i n i n g  f o r c e  ma y  be i n  so f ar  l o we r  t han  
t he h y d r o s t a t i c  f or c e.

I n  t he  f o l l o wi n g  we  def i ne ,  t h a t  t he  ex ­
t e r n a l  s t ab i l i t y  ( s t ab i l i t y  a g a i ns t  
s l i d i ng  o f  t he  t o t a l  ea r t h  body )  i s  g i v e n  
s u f f i c i en t l y .

Me t h o d s  and  c o n s i d e r a t i o n s  o f  j u d g i n g  t he 
i n t e r na l  s t a b i l i t y  ( s t ab i l i t y  a g a i n s t  
p r o g r e s s i v e  d r o p p i n g  o f f  o f  s o i l  ma t e r i a l  
and  f a i l u r e  p r o c e s s e s  c aus e d  t he r eby )  ar e 
d e v e l o p e d  and ex p l a i ned .

I NTERNAL  STABI L I TY

I n t he  f o l l o wi n g  we  p r e s u p p o s e  t he  ex ­
t e r n a l  s t ab i l i t y ,  i . e.  t he  e f f e c t i v e  
h y d r o s t a t i c  r e t a i n i n g  f o r c e  i s  b i g g e r  t h a n  
or  at  l ea s t  equa l  t o  t he  s um of  t he ea r t h  
p r e s s u r e s  t o  be ex pec t ed.

We  c o n s i d e r  t he  s o i l  z one  s u r r o u n d i n g  t he 
t r e n c h  c o n t a i n i n g  t he  l i mi t  l ay e r  ex pos ed  
t o  t he d a n g e r  of  d r o p p i n g  of f .  I n  t h i s  
p e n e t r a t e d  z one  t he  d i s t a n c e  o f  p e n e t r a t i o n  
r e s u l t s  f r om f o r mu l a  1 and  s pec i f i c  
v o l u me t r i c  r e t a i n i n g  p r e s s u r e  f r om 
f o r mu l a  2 .

Fo r  s uc h  c as es  u p  t o n o w on l y  t he  s a f e t y  
ag a i n s t  v e r t i c a l  s i n k i n g  of  t he  r e p r e s e n ­
t a t i v e  g r a i n  has  be e n  s t at ed.  Es p e c i a l l y  i n 
t he  v e r y  c oa r s e  l ay e r s  be t ween ,  t he  abov e  
a s s u mp t i o n  l eads  t o  h i g h  s u s p e n s i o n  s t i f f - "  
n e s s  wh i c h  c aus es  d i f f i c u l t i e s  on t he  s i t e  
( i n t ens i v e  d i r t  c onc en t r a t i on ,  h i g h  
i nc r eas e  of  u n i t  we i g h t  and  p r o b l e ms  i n  
d r i v i n g  u p wa r s  t he  s u s p e n s i o n  by  c onc r e t e ) .

Fi g.  2:  Pe n e t r a t i o n  o f  a p l a s t i c  f l u i d
( ben t on i t e  s us pens i on )  i n t o  po r ous  
me d i u m

Fi g.  3:  Pe n e t r a t i o n  c on t o u r s  i n  i nhomo-  
g e neous  s ubs o i l
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Ac c o r d i n g  t o f i g.  3 and  4 mor e  p r ec i s e  c o n ­
s i de r a t i o n  r e q u i r e s  t hat :

a. )  t he s o i l  z one b e s i de  t he t r en c h  
mu s t  be s t ab l e  u n d e r  t he i n f l uenc e  
of  t he  s pec i f i c  v o l u me t r i c  r e ­
t a i n i n g  p r e s s u r e s

b. )  t he  r e p r e s e n t a t i v e  g r a i n  has  no t  t o 
mov e  out  o f  t he s l ope.

Fi g.  4a:
Ap p l i c a t i o n  of  t he 
s pec i f i c  v o l ume  
f o r c es  i ns i de  t he 
i n j e c t e d  z one

Fi g.  4b:
Pos s i b l e  d i r e c t i o n  
o f  t he i n i t i a l  
mo t i o n  of  s i ng l e  
g r a i n

Fi r s t l y  we  as s ume  an  i n d e f i n i t e  e x t e n s i o n  
of  t he s l ope.  The  s p ec i f i c  v o l u me - f o r c e s  
a c t i n g  i n t he p e n e t r a t e d  r e g i o n  ar e s hown i n 
f i g. 4a.  The f i r s t  s t ab i l i t y  c ond i t i on  ment i on ­
ed means  we  hav e t o de t e r mi ne  t he ang l e  a.  
at  wh i c h  t he s l ope v o l u me  i s  j us t  p l as t i -  
f i ed,  i . e.  t he  Ra n k i n e - s t a t e  i s  r eac hed.

We  us e  t he  f o l l o wi n g  f ac t s :

a. )  t he g r a v i t a t i o n  y ( i . e.  he r e  t he 
s o i l  un i t  we i g h t  Qn d e r  up l i f t )  and 
t he  s pec i f i c  r e t a i n i n g  p r e s s u r e  s 
ar e t o be add e d  v e c t o r i a l l y  t o a 
n e w s pec i f i c  v o l u me - f o r c e  p , wh i c h  
ac t s  a l l  ov e r  t he  c o n s i d e r e d  z one.

b. )  I n t he Ra n k i n e - s t a t e  t wo  s l i d i ng  
p l a n e  s y s t ems  ex i s t .  One o f  t hem 
r uns  p a r a l l e l l y  t o t he s l ope s u r ­
f ac e and t he  o t he r  s hows  an i n ­
c l i n a t i o n  o f  9o — (p ag a i n s t  t he  
s l ope,  i . e.  a g a i ns t  t he f i r s t  
s y s t em.

c . )  The  i n c l i n a t i o n  o f  - t he f i r s t  
' s l i di ng p l a n e  s y s t em c o i n c i d e s  wi t h  
t he d i r e c t i o n  o f  t he s pec i f i c  
v o l u me  f o r c e  p.

Ac c o r d i n g  t o t he  p r i n c i p a l s  s hown  i n  f i g.  4,  
we  f i nd  f o r  t he no r ma l  s t r es s  a and  t he 
s hear  s t r es s  t  zx  i n  t he  f i r s t  s l i d i ng  
p l ane  s y s t em:

= r f

c os a +

s i n a

J 0 * YF * z  [ ^ ]  ( 4 a )  
m

[ ^ 1  ( 4b )

I .

F o r  t h e  f a i l u r e  s t a t e  f o l l o ws :

t ar xp
; z x  

Jz

( 5)

( 6)

Wi t h  t hes e  e qua t i ons  r e s p e c t i v e l y  u s i n g  t he 
Mc h r ' s c i r c l e  c o n s t r u c t i o n  shown,  i n  f i g.  5 
i t  i s  p o s s i b l e  t o d e t e r mi n e  t he n e c e s s a r y  
s t agna t i o n  g r a d i e n t  e s p e c i a l l y  f o r  t he mos t  
c ommon  c as e i . e.  a = 9o . On t he  ot her -  
hand  f r om f i g.  6 t he ang l e  a ma y  be we n  f o r a  
g i v e n  J  and <p .

STABI L I TY OF SI NGL E GRAI N

I n t he c h ap t e r  abov e  t he s l ope  body  has  
been  c ons i d e r e d  as  an h o mo g e n e o u s  one.  Th i s  
i s  t r ue a l l  ov e r  t he i n j ec t ed  z one ex c ep t  
f o r  t he l as t  t h i n  l ay e r  i n t he s u r f ac e  
f ac i ng  t he t r enc h,  wh e n  we i n v e s t i g a t e  t he 
s t ab i l i t y  of  t he s i ng l e  gr ai n.

Two s i gn i f i c a n t  c as es  of  t ha t  k i nd  ar e  s hown 
i n  f i g.  7.  The d i r e c t i o n  o f  t he i n i t i a l  
mo t i o n  ac c o r d i n g  t o t he p r i nc i pa l  d r a wn  i n 
f i g.  7a i s  i nc l i ned  n e i t h e r  v e r t i c a l l y  n o r  
p a r a l l e l l y  t o t he s l ope s ur f ac e.  Ac c o r d i n g  
t o Mt i l l e r - Ki r c henbauer  ( 1972)  t h i s  
d i r e c t i o n  c o r r e s ponds  t o t he ang l e  
' i ' = a + p -  9o , wh e r e b y  p,  wh i c h  d e pends  

on  t he s ubs o i l  s t r uc t u r e ,  i s  t o be t ak en  
i nt o ac c ount  f r om 35°  t o 40° .  Tha t  means  f or  
a c er t a i n  c ombi na t i on  of  t w and \p t hat  t he 
d i amet er  D of  t he j us t  f i x ed gr a i n  i s  a l way s  
b i gger  t han t he c r i t i c a l  d i amet e r  Dv  c a l c u ­
l a t e d  c o n v e n t i o n a l l y  a g a i ns t  v e r t i c a l  s i n k ­
i ng.  The  r e l a t i o n  b e t we e n  a and D/ D i s  
s hown i n f i g.  8 by  u s i n g  t he s y mbo l s  of  

f i g.  7.

Dv  i s  t o be c a l c u l a t ed  by  We i s s  ( 1963) :

3 1
D =  t  T • 71 • ■/ \

v  2 w ( Ys -  yF) [ cm]

and D by  Mu l l e r - Ki r c h e n b a u e r  ( 1972) :

D
D =

s i n \p [ cm]

( 7)

( 8)

Ac c o r d i n g  t o t hes e  c o n s i d e r a t i o n s  f o r  iJj = o 
a s us p e n s i o n - i n j e c t e d  s l ope - b o d y  c anno t  
f a i l  by  d r o p p i n g  of f ,  i . e.  f or  ex amp l e  f or  
(3 =  35 t he mi n i mu m i n c l i n a t i o n  a  wo u l d  be 
r e a c h e d  by  a = 55 . Th i s  i s  c o r r ec t  as  f ar  
as  t he i n t e r na l  s l ope - body  i s  s t ab l e  
a c c o r d i n g  t o equa t i on  6 and / o r  f i g.  5 and 
f i g.  6 .

We  ge t  a f u r t he r  v a r i a n t  by  t he p e n e t r a t i o n  
of  s o l i d  d i r t ed  s us pens i on.  Th i s  s o l i d  c o n ­
t en t  i s  n o r ma l l y  f i l t e r ed  out  t o t a l l y  or  
at  l eas t  pa r t i a l l y  on t he s u r f ac e  and bu i l d s  
up  a t h i n  l ay e r  wi t h  an i n c r e a s e d  s t a g n a t i o n  
g r a d i e n t .
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Fi g.  5:  Re l a t i o n  b e t we e n  ang l e  of  i n t e r na l  f r i c t i o n  9 , s l ope  ang l e  a and  s t agna t i o n  
g r a d i e n t  J Q

Fi g.  6 : De t e r mi n a t i o n  of  t he po s s i b l e
ang l e  of  t he s l ope  a f or  g i v e n
9 and  J
T o

As  e v i den t  f r om f i g.  7b i n  t ha t  c as e t he 
s i ng l e  g r a i n  c o n s i d e r a t i o n  i s  n o t  y e t  v a l i d  
and t he s t a b i l i t y  p r o o f  a c c o r d i n g  t o 
e q u a t i o n  7 c ou l d  be a p p l i e d  t o t he me n t ­
i oned  t h i n  l a y e r  i t s e l f .  On t he  o t h e r  hand  
t he f i l t e r c a k e  g r a i n  d i s t r i b u t i o n  i s  
e s s e n t i a l l y  f i ne r  t h a n  t he s o i l ' s , i . e .  t he 
f i l t e r c ak e  s t agnat i on  g r ad i en t  i s a c c o r d ­
i ngl y  muc h h i gher  t han t he s oi l ' s .
Tha t  means ,  t ha t  on l y  a c r i t i c a l  f i l t e r  
t h i c k n e s s  i n t he o r de r  of  ma g n i t u d e  o f  t he 
h a l f  r e p r e s e n t a t i v e  d i a me t e r  ( s ee f i g.  7b)  
i s  n e c e s s a r y  i n o r de r  t o o b t a i n  a s uf f i c i en t  
f i x i ng  ef f ec t .  Fu r t h e r mo r e  i n c oar s e r  
l ay e r s  as  s hown  i n f i g.  3 t he d i s t a n c e  of  
p e n e t r a t i o n  as  we l l  as  t he p e n e t r a t e d  s u s ­
p e n s i o n  v o l u me  ar e c o mp a r a t i v e l y  b i g  a n d , 
t he r e f o r e  , t he f i l t e r  d e v e l o p me n t  I s i mpr ov ed.  
Af t e r  t he e v a l u a t i o n  o f  ma n y  s i t e  s i t ua t i ons  
t he f i l t e r  f o r ma t i o n  i s  mo s t l y  i n t ens i v e

Fi g.  7b:
Cr i t i c a l  t h i c k n e s s  
o f  f i l t e r c a k e  f or  
f i x i n g  t he  r e p r e ­
s en t a t i v e  s i ng l e  
g r a i n

enough,  t o r ea c h  t he me n t i o n e d  c r i t i c a l  
t h i c k nes s .  Pr o v i d e d  t ha t  t he  p e n e t r a t i o n  of  
s u s p e n s i o n  t o g e t h e r  wi t h  t he t o t a l  g r a i n  
s i z e  d i s t r i b u t i o n  wi t h o u t  f i l t e r  d e v e l o p ­
me n t  i s  ex c l uded,  a q u a n t i t a t i v e  c a l c u l a t i on  
o f  t he f i l t e r  t h i c k n e s s  i s  p o s s i b l e  f o l l o w­
i ng  Mu l l e r - Ki r c h e n b a u e r  ( 1972) ,  bu t  no t  
a l way s  nec es s ar y .

Fi g.  7a:
Di r e c t i o n  of  t he 
i n i t i a l  mo t i o n  wh e n  
t he s i ng l e  g r a i n  
d r o p p i n g  o f f
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Fi g.  8 : Re l a t i o n  b e t we e n  t he q u o t i e n t  D/ Dv  
and t he  ang l e  of  t he s l ope

An o t h e r  i mp o r t a n t  q u a l i t a t i v e  p r o o f  of  
f i l t e r  oc c u r a n c e  i s  b a s ed  on t he  g r a i n  s i z e 
d i s t r i b u t i o n  of  t he di r t .  The  l a t t e r  beg i ns  
at  t he c oar s e  s i de a t  t he  d i a me t e r  D ( see 
eq u a t i o n  7 ) s hows  at  f i r s t  a r e l a t i v e l y  
s t eep  i n c l i n a t i o n  and depends ,  f u r t her mor e ,  
on t he g r a i n  s i z e  d i s t r i b u t i o n  o f  t he 
t r e n c h e d  l ay er s .  As  a v e r y  s af e c r i t e r i on  
f o r  f i l t e r  o c c u r a n c e  a c c o r d i n g  t o Te r z agh i  
ma y  be c a l c u l a t e d

d l 5 -  5 • Dv  [ cml  ( 9)

wh e r e b y  d l c- i s  t he 15 % d i a me t e r  of  t he 
c o n s i d e r e d  s o i l  ma t e r i a l  i n  t he  wal l .  On 
t he  o t he r  h a n d  t es t  ev a l u a t i o n s  hav e  d e mo n ­
s t r a t ed  t ha t  t he mo d i f i e d  c r i t e r i o n

d ^  -  8 ■ Dy  [ cml  ( l o)  

i s  p r ac t i c ab l e .

I n d e p e n d e n t  of  t he  l a t t e r  c o n s i d e r a t i o n s  
t he d r o p p i n g  o f f  s t a b i l i t y  ag a i n s t  c l ean  
s u s p e n s i o n s  has  b e e n  i n v e s t i g a t e d  i n a 
s pec i a l  appa r a t u s  as  p o i n t e d  out  i n f i g.  9.  
He r e b y  t he mo de l  s l ope  u n d e r  t he i n f l uenc e  
of  t he r e t a i n i n g  p r e s s u r e  c ou l d  be t u r ned  
t o a l l  i n c l i n a t i o n s  up  t o 18o a g a i ns t  t he 
o r i g i na l  v e r t i c a l  p o s i t i o n  ( i . e.  t he  bu i l t  
i n  p o s i t i o n ) . I n add i t i o n  t he  t u r bu l e n c e  
c aus ed  by  t he  g r a t s  u n d e r  s i t e  c ond i t i ons  
wa s  s i mu l a t e d  by  a r o t a t i n g  p r ope l l e r .  I t  
i s  r e ma r k a b l e  t ha t  f or  i n c l i n a t i o n s  up  t o 
9o°  a g a i ns t  t he  o r i g i na l  ax i s ,  i . e.  f o r  t he 
mo s t  c ommo n  c as e of  v e r t i c a l  s l ope,  no  d r op  
o f f  has  be e n  o bs e r v ed  ex c ep t  wh e n  t he 
s t ab i l i t y  has  be e n  p r o v e d  by  eq u a t i o n  6 .

Thes e  r e s u l t s  i nd i c a t e  t ha t  t he p h y s i c a l  
bas es  of  t he me n t i o n e d  d e v e l o p me n t s  c o n ­
t a i n  c e r t a i n  r es er v es ,  wh i c h  c an n o t  be

Fi g.  9:  Tes t  appa r a t u s  f or  s t ab i l i t y  of  
i n c l i ned  p e n e t r a t e d  s l opes

e x p l a i ned  t o t a l l y  at  t he t i me bei ng.  
Ad d i t i o n a l  f r i c t i o n  e f f ec t s  n o t  t ak en  i n t o 
ac c oun t  up  t o now,  c ou l d  p o s s i b l y  be t he 
ex p l ana t i on .

OVERHANGI NG SLOPE

I n mos t  c as es  -  as  me n t i o n e d  abov e -  t he 
i n c l i n a t i o n  a = 9o i s  u s u a l l y  appl i ed .  On 
t he o t he r  ha n d  f or  p r a c t i c a l  app l i c a t i ons  
i t  i s  c e r t a i n l y  a d v e n t a g e o u s  t o ob t a i n  
f u r t he r  i n f o r ma t i on  abou t  t he c ons equenc es  
of  l oc a l  f a i l u r es  i . e.  l oc a l  s l ope i n c l i n a ­
t i ons  wi t h  a -  9o . I t  c an be demons t r a t ed ,  
t ha t  f or  c e r t a i n  c o n s t e l l a t i o n s  s uc h 
f a i l u r es  do no t  de v e l o p  up wa r d s  t o t he 
g r ound  s ur f ac e  i . e.  t hey  r e ma i n  l i mi t ed  t o 
t he t h i c k nes s  o f  t he c oar s e  l ay e r  bet ween.  
Su c h  a s i t ua t i on  i s  g i v e n  i n f i g.  l o.

I n l ay e r  I I  t he r e  ex i s t s  a pe n e t r a t i o n  
ac c o r d i n g  t o t y pe 2 and i n l ay e r s  I  and I I I  
a me mb r a n e  c o r r e s p o n d i n g  t o t y pe 1 as  
s hown i n f i g.  1.  Us i n g  Co u l o mb ' s  h y p o ­
t hes i s  and a s s umi ng  mo mo l l t h i c  s l i d i ng  
wedg e s  we ar e ab l e  t o c a l c u l a t e  t he s a f e t y  
aga i ns t  t he s l i d i ng  down wa r d s  a l ong  t he 
f a i l u r e  p l anes ,  i nc l i ned  by  w t o t he 
h o r i z o n t a l .
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c . )  Ac c o r d i n g  t o a. )  and  b. )  u c an
be t a k e n  i n t o  a c c o u n t  f or  t he v e r t i ­
c a l  s l i d i ng  p l a n e  i n c l i n a t i o n  as  a 
s i mp l i f i e d  c a l c u l a t i o n  p r i nc i p l e .

Fi g.  l o:  Ap p l i c a t i o n  o f  t he f o r c es  on t he 
o v e r h a n g i n g  ea r t h  body

Fi g.  11:  Re l a t i o n  b e t we e n  a s s u me d  s l i d i ng  
p l ane  i n c l i n a t i o n  and c a l c u l a t e d  
s a f e t y  f a c t o r  a c c o r d i n g  t o f i g.  l o

Se v e r a l  t r i a l  c a l c u l a t i o n s  c onf i r med:

a. )  The c r i t i c a l  s l i d i ng  p l ane  ( s howi ng  
t he  mi n i mu m s a f e t y  f a c t o r  f o r  a 
c e r t a i n  c ons t e l l a t i on )  i s  a l way s  
i nc l i ned  wi t h  u — So  .

b. )  I n t he o r de r  of  ma g n i t u d e  r| = 1 t he 
s hape o f  t he  c ur v e  r| = f ( w)  i s  v e r y  
f l a t  and  i n t he  r an g e  a r ound  “  = 9o 
r | - val ues  h a r d l y  v a r y  ( s ee ex amp l e

f i g.  I D-

Fi g.  12:  Ex a mp l e  f o r  mod e l  t es t  r es u l t  
s h owi ng  t wo s t ab l e  ov e r h a n g i n g  
s l opes

STAGNATI ON GRADI ENT

The s t a b i l i t y  c ond i t i o n s  ex p l a i n e d  i n  t he 
c h ap t e r  I NTERNAL  STABI L I TY c ann o t  be 
c a l c u l a t e d  wi t h o u t  t he  k n o wl e d g e  o f  t he 
a p p r o p i a t e  s t a g n a t i o n  g r ad i en t .  Fi r s t l y  i t  
i s  p o s s i b l e  t o d e t e r mi n e  t he  J  - v a l ue  ex ­
p e r i me n t a l l y  u s i n g  a s pec i a l  pe r meamet e r ,  
d e mo n s t r a t e d  by  Mu l l e r - Ki r c h e n b a u e r  ( 1968,  
1972) ,  t he p r i n c i p l e  of  wh i c h  i s  s h own  onc e 
mor e  i n  f i g.  13-  On t he o t he r  h a n d  one c an  
p r o c e e d  by  c a l c u l a t i n g  i n  a s i mi l a r  wa y  t o 
We i s s  ( 1963)  on t he bas i s  of  an e q u i v a l e n t  
c a p i l l a r y  s y s t em.  Co n t r a r y  t o We i s s ,  who  
de f i n e d  17 c o ns t an t s  i n  al l  r e c o mme n d i n g  
t ha t  t hes e  s hou l d  be s i ng l y  d e t e r mi n e d  
ex pe r i men t a l l y ,  we  ar e t r y i n g  t o  c omp i l e  
t he i n f l u e n c e s  as  f a r  as  p o s s i b l e  and i n 
t ha t  wa y  t o l i mi t  t he t es t  ef f or t .

I n  t he s i mp l es t  wa y  we  o b t a i n  t he  d i s t a n c e  
of  p e n e t r a t i o n  1 f o r  a c a p i l l a r y  s y s t e m by

h • R • 7F r
1 = 5"T T --- -  [ cm! (11)

wh e r e b y  h:  p r e s s u r e  h e i g h t  a l o n g  1

R:  e q u i v a l e n t  po r e  r ad i us

Yp:  un i t  we i g h t  o f  s u s p e n s i o n

t „ :  e f f e c t i v e  y i e l d  l i mi t  of  
s us pens i on.

SCHLITZ
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a b en t on i t e  s us pens i on .  By  s e t t i ng  equ a t i o n  
14 i n t o  15,  y i e l ds :

Fi g.  13:  Ex p e r i me n t a l  d e t e r mi n a t i o n  o f  t he 
s t a g n a t i o n  g r a d i e n t

St a t e  1:  Si t u a t i o n  b e f o r e  t he  b e ­
g i n n i n g  o f  t he  t es t  

St a t e  2:  Si t u a t i o n  a f t e r  s t agnat i on

I n t he s ame s y s t em f o r  t he s t a g n a t i o n  
g r a d i e n t  y i e l ds :

( 12)

As  i s  we l l  k n o wn  f or  t he Da r c y ' s  p e r me a ­
b i l i t y  a s i mi l a r  c o n s i d e r a t i o n  i s  s o me ­
t i mes  us ed.  Ex p r e s s i n g  t he  p e r me a b i l i t y  k  
by  t he  e q u i v a l e n t  s y s t em,  i t  i s  t o be 
wr i t t en :

k  = A
8

[ cm/ sl ( 13)

wh e r e b y  A:  Cons t an t ,  c o n t a i n i n g  t he g e o ­
me t r i c a l  d i f f e r e n c e s  b e t we e n  
r ea l  and c h anged  s y s t em

Yw : un i t  we i g h t  wa t e r

n:  p o r o s i t y

r| :  d y nami c  v i s c o s i t y

For  R we  obt ai n:
- 1

[  cmlR =
A

( 14)

Ap p l y i n g  equ a t i o n  12 t o a r ea l  po r e  s y s t em 
we  hav e  t o c omp l e t e

J  -  £  
J o -  1

= C-,
2 * TF 

R ’ Yj?
( 15)

wh e r e b y  C-, c o n t a i ns  t he phy s i c a l  an g e o ­
me t r i c  d i f f e r e n c e s  o f  t he r ea l  and  c a p i l ­
l a r y  s y s t em aga i ns t  a p l as t i c  f l u i d  s uc h  as

t  _ h
J o -  1

_ F
( 16)

He r e i n  C c on t a i ns  t he i n f l uenc e  s hown  by  

We i s s  ( 1963)  and  T p t he mi n i ma l  y i e l d  
l i mi t  d e t e r mi n e d  by  r o t a t i o n  v i s c o s i me t e r  
f o r  s t agn a t i o n  s t at e.  C r e p l a c e s  among  
o t he r  i n f l uenc es  t he d i f f e r e n c e s  be t we e n  
t he y i e l d  l i mi t  t  d e t e r mi n a b l e  i n t he 
v i s c o s i me t e r  and  t he e f f ec t i v e  y i e l d  l i mi t  
i n t he por e  s y s t em,  s l i pp i ng  e f f ec t s  
b e t we e n  f l u i d  and por e  c hanne l  s u r f ac e  et c . .

To d e t e r mi ne  t he o r de r  of  ma g n i t u d e  of  t he 
f ac t o r  C nu me r o u s  t es t s  wer e  c a r r i ed  out  
and  ev a l ua t ed ,  f or  wh i c h  al l  t he p a r a me t e r s  
i n e q ua t i on  16 we r e  de t e r mi ned .  As  s t a t ed  
f or  d i f f e r e n t  k i nds  of  ben t o n i t e  t he  f r e ­
q u enc y  bo u n d a r y  of  t he f a c t o r  C -  i n d e ­
pendent  of  t he c hos en  c o n c e n t r a t i o n  and of  
t he g r a i n  s i z e d i s t r i b u t i o n  i s  r e l a t i v e l y  
nar r ow.  The av e r age  C- v a l u e s  f o r  s ev er a l  
i nv e s t i g a t e d  k i nds  of  b e n t o n i t e  l i e  b e ­
t we e n  o , 45 and o, 9o.  Th i s  r e ma i ns  b a s i c a l ­
l y  v a l i d ,  wh e n  t he p e r me a b i l i t y  i s  e s t i ­
ma t e d  by  t he mo d i f i e d  e mp i r i c a l  f o r mu l a  of
Ha z e n  ( k = c • d2 ) .w

Ther e f o r e ,  u s i n g  t he av e r age  C- v a l ue  f or  
es t i ma t i ng  J  we ge t  a r e l a t i v e l y  s mal l  
er r or ,  wh i c h  i s  r emar k ab l e ,  b e c aus e  p e r ­
me a b i l i t y  i s  i nv o l v ed.

Wi t h o u t  de t a i l e d  d i s c u s s i o n  of  t h i s  r e ­
ma r k a b l e  c o i nc i denc e  we s ha l l  b r i e f l y  name  
s ome t h i nk ab l e  r eas ons  f or  t hes e  o b s e r ­
v a t i ons .  Fi r s t l y  t he  s t a g n a t i o n  g r a d i e n t  
d e pends  r e c i p r o c a l l y  on l y  on R and n o t  as  
t he pe r me a b i l i t y  on  R2 . Se c o n d l y  t he i n ­
f l uenc e  of  t u r bu l anc e  d i s a p p e a r s  b e c aus e  
we ar e c ons i d e r i n g  s t agna t i on  p r o b l e m f or  
p l as t i c  med i a  and no t  a f l ow p r o b l e m of  
Ne wt o n i a n  f l u i ds .  Th e r e f o r e  we c an a l s o  us e 
Ha z en ' s  es t i ma t i o n  t o ex p r es s  t he por e  
c hanne l  r ad i us  i n c oar s e  por e  s y s t ems ,  i n 
wh i c h  Da r c y ' s  l aw i s  no  l o nge r  v al i d .

CONCL USI ON

The p r es e n t e d  pap e r  dea l s  wi t h  t he i n t e r na l  
s t ab i l i t y  of  s l u r r y  t r e n c h e s  i n t he c r i t i c a l  
s t at e,  i . e.  be f o r e  be i ng  f i l l ed  up  wi t h  c on ­
c r e t e  .

At  f i r s t  t he i n f l uenc es  c aus i ng  t he  p r o ­
g r es s i v e  d r o p p i n g  o f f  of  t he e a r t h  ma t e r i a l  
out  of  t he s t ab i l i z ed  wa l l  ar e i n v e s t i ­
gat ed.  I t  i s  s hown t ha t  t he c o n v e n t i ona l  
p r o o f  a g a i ns t  v e r t i c a l  s i nk i ng  of  s i ng l e  
g r a i n  i s  ov e r d i me n s i o n e d  and c aus es  t oo 
h i g h  c o n c en t r a t i ons  of  s us pens i on .  Fu r t h e r ­
mor e  t h i s  p r o o f  was  a l way s  r e l a t e d  t o t he 
c o a r s es t  r e p r e s e n t a t i v e  g r a i n  of  a l l  t he 
t r e n c h e d  l ay e r  s equenc e,  ev en wh e n  t he 
r e a l l y  c oa r s e  l ay e r  wa s  n o t  v e r y  t h i c k .
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I n t h i s  pap e r  t he p e n e t r a t i o n  and  f i l t r a ­
t i on  b e h a v i o u r  o f  t he  s u s p e n s i o n  a g a i n s t  
r e l a t i v e l y  c oa r s e  g r a i n  s y s t ems  wa s  t ak en  
i n t o  ac c ount .  Us i n g  t he  d i me n s i o n l e s s  
s t a g n a t i o n  g r a d i e n t  on t he bas i s  o f  t he 
Ra n k i n e ' s s t a t e  me t h o d s  we r e  d e v e l o p e d  t o 
d e t e r mi n e  t he ang l e  a,  u n d e r  wh i c h  a 
p e n e t r a t e d  s o i l  c an  be c o n s i d e r e d  as  s t abl e,  
ev en  wh e n  t he c o n v e n t i o n a l  p r o o f  a g a i ns t  
s i mp l e  s i nk i ng  does  n o t  s t and.  Fu r t h e r ­
mor e  i t  i s  d e mo n s t r a t e d  t ha t  u n d e r  c e r t a i n  
c o n d i t i o n s  wh i c h  c an  be p r o v e d  by  Cou l o mb ' s  
hy po t hes i s ,  f o r  a c e r t a i n  t h i c k n e s s  a l oc a l  
f a i l u r e  z one  c an  be t o l e r a t e d  and ne e d  no t  
c aus e  a n o t h e r  u p wa r d s  d i r e c t e d  f a i l u r e  
dev e l opmen t .  Si mp l i f i e d  me t h o d s  we r e  s ug ­
g e s t ed  i n  o r de r  t o d e t e r mi n e  t he s t a g ­
n a t i o n  g r a d i e n t  J  wh i c h  i s  n e c e s s a r y  f or  
t he r e a l i s a t i o n  of  t he  a b o v e - men t i oned  
c a l c u l a t i on .
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