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LANDSLIDE IN LOESS ALONG THE BANK OF THE DANUBE

GLISSEM ENT DANS UN  LOESS AU BORD DU DANUBE

A. KEZDI, Prof. Dr. techn. 

Technical University, Budapest.

SYNOPSI S Pa p e r  d e s c r i b e s  a n d  a n a l y s e s  t he s u d d e n  s p r e a d i n g  of  a l o e s s  p l a t e a u  c aus ed  by  t he 

r i s e  o f  t he g r o u n d  wa t e r  t ab l e  b e n e a t h  a n e wl y  c o n s t r u c t e d  i n d u s t r i a l  p l an t .  Af t e r  t he o u t 

l i ne  o f  t he g e o l o g i c a l  c o n d i t i o n s ,  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t he s o i l  and  t he r e s u l t s  of  

s t a b i l i t y  a n a l y s i s  a r e  g i v en .

1.  I NTRODUCTI ON

On t he Hu n g a r i a n  s e c t i o n  o f  t he  Danube,  

s o u t h wa r d  of  Bud a p e s t ,  t he r i v e r s i d e  i s  v e r y  

s t eep,  wi t h  r i f t s  and  p i t s ,  i n  a  l e n g t h  of  

5o - 7o  k m.  The Da n u b e  f o r me  he r e  a d i v i d i n g  

l i ne  b e t we e n  t he Gr e a t  Hu n g a r i a n  Pl a i n  i n  

t he mi d d l e  o f  t he c oun t r y ,  a nd  t he we s t e r n  

p a r t  o f  i t ,  t he  u n d u l a t i n g  c o u n t r y  o f  t he 

s o - c a l l e d  Tr a n s d a n u b l a .  The  Bt e e p  r i v e r s i d e  

r i s e s  t o 5o - 6o  m ab o v e  t he wa t e r - l e v e l ;  i t  

c o n s i s t s  o f  l oes s ,  as  l oes s  c o v e r s  a g r e a t  

p a r t  o f  Tr a n s d a n u b l a .  The Da n u b e  i t s e l f  

f l o ws  a l o n g  a f au l t ,  a  g e o l o g i c a l  t r enc h.

Be g i n n i n g  i n  t he f i f t i e s  o f  t he c en t u r y ,  a 

n e w s t e e l  p l a n t  a nd  a n e w t own h a v e  b e e n  

b u i l t  on  t h i s  t e r r i t o r y ,  a b o u t  7o k m s o u t h  

o f  Bu d a p e s t .  Su b s e q u e n t l y ,  s e v e r a l  o t h e r  

i n d u s t r i a l  p l a n t s  h a v e  b e e n  a d d e d  t o t he 

o r i g i n a l  p r o j e c t ;  a l l  t hes e  o n  t he t op  of  a 

p l a t e a u  f o r me d  b y  t he l o e s s  l ay e r s ,  a t  a 

d i s t a n c e  of  300-600 m f r o m t he c r e s t  o f  t he 

s ame.  La t e r ,  i n  t he c o u r s e  o f  t he e x t e n s i o n  

of  t he c o l ony ,  d we l l i n g  b o u s e s  we r e  b u i l t  

mu c h  n e a r e r  t o t he c r es t .  Two p u mp i n g  s t a 

t i ons ,  b u i l t  on  t he s hor e ,  e l e v a t e  d r i n k i n g  

a n d  i n d u s t r i a l  wa t e r  t o t he p l a n t  a nd  t he 

t own.

About ten yea rs  a f t e r  the co n stru c t io n  o f

t he ma i n  e s t a b l i s h me n t s ,  on  Fe b r u a r y  29,

1964 , a  t r e me n d o u s  9l l de  oc c u r r ed ,  i n  a  f ew 

hour s ,  l i k e  a Bu d d e n  s p r e a d i n g ,  on  t he s e c 

t i on  J us t  ab o v e  t he f i r s t  p u mp i n g  s t a t i on .

An  e a r t h  mas s ,  wi t h  a  l e n g t h  of  appr ox .

13oo  m,  and  a wi d t h  of  15 - 2 o  m,  c ame s u d d e n 

l y  i n t o  a d o wn wa r d  a nd  o u t wa r d  mo t i o n ;  t he 

b o t t o m o f  t he Da n u b e  was  l i f t ed ,  and  t he 

nar r ow,  f l a t  s t r i p  a l o n g  t he s hor e  was  h o 

r i z o n t a l l y  d i s p l a c e d .  The ab o v e  me n t i o n e d  

p u mp i n g  Bt a t i o n  a l s o  mo v e d  h o r i z o n t a l l y  35 

m,  a nd  i t  wa s  r o t a t e d  a r o u n d  i t s  v e r t i c a l  

ax i s  b y  12 ° ,  wi t h o u t  a n y  c h a n g e  i n  i t s  v e r 

t i c a l  p o s i t i o n  or  a n y  d amage  t o t he ma c h i n e 

r y .  Fo r t u n a t e l y ,  t he r e  we r e  no  c as ua l t i es .

The ma i n  p a r t  o f  t he mo v e me n t  was  ov er  i n  a 

f e w h ou r s ;  l a t e r ,  o n l y  s e c o n d a r y  mo v e me n t s  

we r e  obs e r v ed .

The r e p a i r i n g  of  t he damages ,  t he r e - e s t a b 

l i s h me n t  of  t he f a c i l i t i e s ,  t he r e me d i a l  

me a s u r e s  and  p r o c t e c t i v e  wo r k s ,  r e q u i r e d  t he 

Bu m of  a p p r ox .  25 mi l l i o n  do l l a r s .  I n v i e w 

of  t he h i g h  c o n s t r u c t i o n  v ol ume,  t he d e t e r mi n 

a t i o n  o f  t he Hu n g a r i a n  a u t h o r i t i e s  t o r e v ea l  

t he c aus es  and  c o n d i t i o n s  of  t he d i s a s t e r  

wa s  f u l l y  j us t i f i ed .  To t h i s  e f f ec t ,  i n 

v e s t i g a t i o n s  a nd  e x p l o r a t i o n s ,  me a s u r e me n t s  

a n d  l a b o r a t o r y  t es t s  hav e  b e e n  made .  Thes e 

i n v e s t i g a t i o n s  ma d e  t he d e s i g n  o f  e c o n o mi c a l  

p r o t e c t i v e  me a s u r e s  a nd  d e wa t e r i n g  s y s t em
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p o s s i b l e .  The p r e l i mi n a r y  i n v e s t i g a t i o n s  

I n c l u d e d  g e o l o g i c a l ,  h y d r o g e o l o g i c a l ,  s o i l  

p h y s i c a l  a n d  me c h a n i c a l  e x p l o r a t i o n s  and  

t es t i ng .  I n  t he f o l l o wi n g  I  wo u l d  l i k e  t o 

p o i n t  ou t  t he s a l i e n t  f e a t u r e s  o f  t he f i n d 

i ngs .  The v o l u me  o f  t he wo r k  don e  p r o h i b i t s  

t he p r e s e n t a t i o n  of  t he d e t a i l s ;  a f t e r  t he 

f i n a l  c o n c l u s i o n s  h a v e  b e e n  dr awn,  a n  o f f i 

c i a l  p u b l i c a t i o n  wi l l  g i v e  a c c o u n t  o f  t he 

wh o l e  c omp l ex .

The  wr i t e r ,  a f t e r  Se p t e mb e r  1964,  a c t e d  as  

a s c i e n t i f i c  c o n s u l t a n t  t o t he Bur eau ,  

wh i c h  was  r e s p o n s i b l e  f o r  t he i n v e s t me n t  of  

t he p r o t e c t i v e  wo r k s  a n d  me a s u r e s .  The Bu 

r e a u  wa s  h e a d e d  b y  Di r e c t o r  G^ BOR,  S.

The v i e w of  t he s l i de  i s  g i v e n  i n  Fi g.  1.  

a n d  2 . ;  t he l a t t e r  d i s p l a y s  t he wr e c k e d  

wa t e r  p i p e s  c o mi n g  f r o m t he p u mp i n g  s t a t i on .

Fi g.  1 Vi e w of  t he s l i de  f r o m t he We s t

2.  GEOGRAPHI CAL  AND GEOL OGI CAL  DATA

The l o e s s  p l a t e a u s  on  t he r i g h t  ba n k  on  t he 

Da n u b e  ar e d i s s e c t e d  b y  NW- SE c r a c k s . a c c o r d 

i ng  t o t he r e g i o n a l  t e c t o n i c  s t r u c t u r e  o f  

t he c oun t r y .  ( Fi g.  ?, )  The j o i n t s  ar e,  i n  

t he o p i n i o n  o f  Sc h mi d t - El l g l u s  ( 1 9 6 6 ) , d i s 

l o c a t e d  a nd  t h e r e f o r e  o p e n  a n d  wa t e r b e a r i n g .  

The l o e s s  l a y e r s  wh i c h  c o v e r  t he s u r f a c e  of  

t he r i g h t - b a n k  p l a t e a u s  ar e  o f  p l e i s t o c e n e  

o r i g i ns ,  t hey  ar e  aeo l i an ,  wi n d - l a i d  s e d i 

me n t s  wi t h  a we l l  p r o n o u n c e d  a e l o t r o p y  and 

ma c r o p o r o u s  s t r u c t u r e .  ( K^ z di ,  1 9 6 8 J Be 

n e a t h  t he l oes s ,  t he r e  a r e  Pa n n o n i a n  s e d i 

me n t s ,  a l t e r n a t i n g  c l a y  a n d  f i ne  s and  l ay e r s .  

The d i v i d i n g  l i ne  b e t we e n  t he t wo f o r ma t i o n s  

i s  mo r e  or  l es s  c l e a r l y  v e r i f i a b l e .  A g e o 

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

b y  t he s l i de  i s  g i v e n  i n  Fi g .  4.  I t  s h o u l d  

be me n t i o n e d  t h a t  t he Da n u b e  i t s e l f  f o r ms  

he r e  an  i s l and ,  t he we s t e r n  b r a n c h  of  t he 

r r l v e r  h a v i n g  b e e n  c l o s e d  b y  a  d i k e  s e v e r a l
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Fi g.  2 The b r o k e n  p i p e s  of  t he

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

Fi g.  3 Sk e t c h  of  t he p l a t e a u s  a l o n g

t he we s t e r n  b a n k  of  t he Da n u b e  

a f t e r  Sc h mi d t - El i g i u s
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d e c a d e s  ago.  So,  f o r  a  c e r t a i n  l eng t h ,  t he r e  

i e n o  d i r e c t  f l o w a t  t he f o o t  o f  t he p l a t e a u .  

Th i s  f a c t  does  n o t  mean ,  howev e r ,  t h a t  t he 

p r e s e n c e  of  t he r i v e r  wi l l  n o t  a f f e c t  t he 

s t a b i l i t y  o f  t he h i g h  bank .

The r e  ar e  t wo wa t e r  l e v e l B b e n e a t h  t he 

s u r f ac e .  The f i r s t ,  a  f r e e  one i n  t he l oes s  

l ay er ,  i s  f ed  b y  t he p r e c i p i t a t i o n  on  t he 

a r ea ,  wh i l e  t he s e c o n d  one,  i n  t he Pa n n o n i a n  

l ay er s ,  h a s  a  r a t h e r  h i g h  p i e z o me t r i c  l ev e l .  

( Fi g.  4. )

I n  t he pas t ,  s e v e r a l  s l i d e s  and  s p r e a d i n g s  

o c c u r r e d  i n  t h i s  t e r r i t o r y .  Ba s e d  on a r c h e o -

_  150m

l o g i c a l  f i n d i n g s ,  r e v e a l i n g  t he e x i s t e n c e  

of  a  Ro ma n  " c a s t r u m" he r e ,  a nd  o n  t he s t u d y  

of  h i s t o r i c a l  maps ,  Do mj d n  ( 1952)  d e mo n s t r a t e d  

t h a t  t he edge  of  t he p l a t e a u  mo v e s  g r a d u a l l y  

we s t wa r d ;  e v e r y  n o w a nd  t h e n  t he r e  wer e  

s l i des  on  d i f f e r e n t  p a r t s  of  t he bank ,  t he 

Da n u b e  wa s h e d  a wa y  t he d e b r i s  and  t he f o r me r  

d a n g e r o u s  s i t u a t i o n  wa s  c r e a t e d  a g a i n  and 

aga i n .  Ac c o r d i n g  t o Dor aj ^n,  i n  h i s t o r i c a l  

t i mes ,  an  a v e r a g e  of  m mo v e me n t  i n  ev e r y  

h u n d r e d  y e a r s  wa s  l i k e l y  t o oc c ur .  Ev e n  

du r i n g  t he y e a r s  o f  c o n s t r u c t i o n ,  s e v e r a l  

s l i d e s  h ad  t o be r e g i s t e r e d  and,  t he r e f o r e ,  

t he e r e c t i n g  of  b u i l d i n g s  i n  a  s t r i p  of  

2- 3oo m wi d t h  a l o n g  t he edge  was  f o r b i d d e n .

Fi g.  4 Ge o l o g i c a l  s e c t i o n  of  t he a f f e c t e d  a r e a

3 .  CONDI TI ONS PREVAI L I NG BEFORE THE SL I DE

The s i t u a t i o n  o u t l i n e d  ab o v e  h as  b e e n  r a t h e r  

d r a s t i c a l l y  c h a n g e d  t h r o u g h  t he c o n s t r u c t i o n  

ac t i v i t y .  A f o r me r l y  a g r i c u l t u r a l  l an d  was  

t r a n s f o r me d  i n t o  an  i n d u s t r i a l  a nd  c i t y  

t e r r i t o r y ;  r a i n f a l l  c o u l d  e n t e r  i n t o  t he 

s o i l  i n  a  c o n c e n t r a t e d  ma n n e r ,  a n d  wh a t  

ma k e s  t h i n g s  wor s e ,  l e a k i n g  wa t e r  p i p e B and  

s e we r s  s u p p l i e d  a  g r e a t  a mo u n t  o f  wa t e r  wh i c h  

c a u s e d  a v e r y  s i g n i f i c a n t  r i s e  o f  t he g r o u n d  

wa t e r  t ab l e .  Fi g .  5.  g i v e s  a n  i d e a  a b o u t

ab o u t  t he d e g r e e  of  t h i s  r i s e ,  p r e s e n t i n g  

t he c o n t o u r - l i n e s  of  eq u a l  r i s i n g  he i gh t s ,  

i n  me t e r B.  A v e r y  i mp o r t a n t  f a c t o r  i n  t he 

d e v e l o p me n t  o f  t hes e  wa t e r - c u p o l a s  wa s  t he 

a e l o t r o p y  of  t he l oes s :  t he c o e f f i c i e n t  of  

p e r me a b i l i t y  b e i n g  mu c h  g r e a t e r  i n  t he 

v e r t i c a l  d i r e c t i o n ,  due t o t he mo r e  or  l es s  

v e r t i c a l  n e t wo r k  o f  r o o t  h o l e s . ( Te r z a g h i -  

Pe c k . 1967. )  The o r i g i n a l  wa t e r  t ab l e  had  

a  s l i g h t  e l ope  t o wa r d  t he r i v e r ,  s o t he 

r e s e r v o i r  wa s  d r a i n e d  t h r o u g h  t he f oo t  o f  

t he s t e e p  l o e s s - wa l l .  Af t e r  t he r i s e  of
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t he wa t e r  l ev e l ,  t he g r a d i e n t  b e c a me  g r ea t e r ,  

t hus  I n c r e a s i n g  t he s e e p a g e  f o r c e s  a c t i n g  on 

t he e a r t h  ma s s e s  i mme d i a t e l y  b e n e a t h  t he 

s u r f ac e .

Of  c our s e ,  t he p i e z o me t r i c  l ev e l  o f  t he 

s e c o n d  g r o u n d wa t e r - t a b l e  d i d  n o t  r e ma i n  u n 

a f f e c t e d  b y  t he r i s e  o f  t he u p p e r  l ev e l ;  

t he r e  mu s t  ha v e  b e e n  s o me wh e r e  i n t e r c o n n e c 

t i ons  b e t we e n  t he wa t e r s .  Ra i n f a l l s  i n  r e mo t e  

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

of  t he po r e  wa t e r  p r e s s u r e  i n  t he s an d  l a y 

e r s  s a n d wi c h e d  b e t we e n  i mp e r me a b l e  c l a y  

s t r a t a .

Wh i l e  t he c o n s t r u c t i o n  o f  t he p l a n t  a nd  t he 

c i t y  wa s  g o i n g  on,  B orn e  s i g n s  s h o we d  a c e r 

t a i n  e x t e n t  o f  mo v e me n t  r i g h t  i n  t he v i c i n 

i t y  o f  t he p l an t ,  wh e r e  l a t e r  t he s l i de  

o c c u r r e d .  J us t  o n , t h e  r i m of  t he l o e s s  wa l l ,

Fi g .  5 Ri s e  of  t he u p p e r  wa t e r  t ab l e ;  

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

P -  p u mp i n g  s t a t i o n

t he r e  wa s  a n  ol d,  a b a n d o n e d  hous e  wh i c h  

s h o we d  c r a c k s  and  f i s s u r es .  So we d e c i d e d  t o 

t ak e  me a s u r e me n t s  f r o m t i me t o t i me,  and  so,  

we c o u l d  f o r e t e l l  t he s l i de,  b e c a u s e  t he 

r e f e r e n c e  p o i n t s  s howed a mo v e me n t  o f  an 

i n c r e a s i n g  r a t e .  Howev e r ,  t he e x t e n t  of  t he 

s l i de  wa s  ma n y  t i mes  g r e a t e r  t h a n  a n t i c i p a t e d .  

The mo v e me n t  o f  an  o b s e r v e d  p o i n t  up t o t he 

o c c u r r e n c e  o f  t he s l i de  i s  g i v e n  as  an  e x 

a mp l e  on  Fi g.  6 .

\\

Fi g.  6 Mo v e me n t  of  a  h o u s e  on  t he r i m 

o f  t he l o e s s  p l a t e a u
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Af t e r  t he s l i de ,  i n  1965,  s e v e r a l  f u r t h e r  

r e f e r e n c e  p o i n t s  we r e  i n s t a l l e d .  The me a s u r 

ed  mo v e me n t s  6h o we d  v e r y  i n t e r e s t i n g  r e g u l a r 

i t y  and  c o r r e l a t i o n s .  I n  Fi g.  7. ,  I  p l o t t e d  

t he c h a n g e  i n t he d i s t a n c e  b e t we e n  t wo r e -  

Te r e n c e  p o i n t s  i n s t a l l e d  at  t he t op and  at  

t he f o o t  o f  t he p l a t e a u ,  f u r t h e r  t he v e l o c i 

t y  of  t he mo v e me n t ,  t he l e v e l  o f  t he Danube ,  

60
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t he s u mma t i o n  of  t he r a i n f a l l  and  t he v a r i 

a t i o n s  of  t he t e mp e r a t u r e  as  we l l :  i t  c an  be 

s een,  t ha t  t he r e  i s  a  ma r k e d  c o r r e l a t i o n  e. g.  

b e t we e n  t he v e l o c i t y  a n d  t he wa t e r  l ev e l .

Th i s  f a c t  g i v e s  r i g h t  t o  t he a s s u mp t i o n  t ha t  

a  r i s i n g  wa t e r  l e v e l  r e d u c e s  t he s h e a r i n g  

s t r e n g t h  o n  a  c e r t a i n  c r i t i c a l  p l a n e .  Ho w

ev er ,  t h i s  f a c t  c a n n o t  be c o n s i d e r e d  as  t he 

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

4.  SOI L  CONDI TI ONS;  PHYSI CAL  PROPERTI ES

A r e p r e s e n t a t i v e  s a mp l e  o f  t he bo r e  ho l e  

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

Fi g .  8 . ;  i t  doe s  n o t  n e e d  a n y  f u r t h e r  e x p l a 

n a t i o n .  The c o l l a p s e  of  s t r uc t u r e ,  wh i c h  i s

F i g . 8 I n d e x  p r o p e r t i e s  o f  s o i l s  f r o m a  d r i l l  

h o l e  i n  t he a r e a  o f  t he s l i de

/  '
/  Temperature

°C

Fi g .  7 An a l y s i s  o f  t he me a s u r e d  mo v e me n t s  

of  t he l o e s s  wa l l

sa ndy  

i i l t __

IK 7966 

Water level
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c h a r a c t e r i s t i c  f o r  ma c r o p o r o u e  s o i l s ,  c ou l d  

he e x p e r i e n c e d  i n  a l l  s a mp l e s  wi t h  t h r ee  

p h a s e s  s u b j e c t e d  t o c o mp r e s s i o n  a nd  i n u n d 

a t i on .  Howev e r ,  s a t u r a t e d  s a mp l e s  f r o m b e 

n e a t h  t he wa t e r  t ab l e ,  do n o t  e x h i b i t  t h i s  

p r o p e r t y .  As  we  s h a l l  s ee l a t e r ,  t he " s ea t  

o f  t he s l i d e " wa s  s i t u a t e d  i n  t he l o we r , s a 

t u r a t e d  l ay er s ,  so,  t he c o l l a p s i n g  s t r u c t u r e  

wa s  n o t  a  d e c i s i v e  f a c t o r  i n  t he p r ob l e m.  On 

t he o t h e r  hand,  s t r e n g t h  c h a r a c t e r i s t i c s  

p l a y  a  v e r y  i mp o r t a n t  pa r t .  Ba s e d  on  a g r e a t  

n u mb e r  o f  t e e t ? , t h e  i n t e r e s t i n g  d i a g r a m i n  

Fi g .  9.  c o u l d  be  ob t a i n e d .  Tr l a x i a l  t es t s  

f u r n i s h e d  t he i mp o r t a n t  d a t a  i n  Fi g .  l o. ,  

s h o wi n g  t he Co u l o mb - l i n e s  f o r  d i f f e r e n t  

t e s t i n g  c o n d i t i o n s .  Fo r  t he s t a b i l i t y  i n 

v e s t i g a t i o n s ,  t he " c o n s o l l d a t e d - u n d r a l n e d " 

s t r e n g t h  p a r a me t e r s  a r e  c o mp e t e n t ;  t he c o n 

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

we i g h t  o f  t he l a y e r  abov e  t he a s s u me d  s l i d 

i n g  s u r f a c e .  No d r a i n a g e  wa s  a l l owed ,  b e 

c aus e  t he mo v e me n t  o c c u r r e d  v e r y  r ap i d l y .

Fi g .  9 Un c o n f i n e d  c o mp r e s s i o n  s t r e n g t h  as  a 

f u n c t i o n  o f  p h a s e  c o mp o s i t i o n

Pe r me a b i l i t y  t e s t s  r e v e a l e d  t he abov e  me n 

t i o n e d  a e l o t r o p y  o f  t he l oes s :  t he k - v a l u e  

i n  t he v e r t i c a l  d i r e c t i o n  wa s  mo r e  t h a n  

h u n d r e d  t i me s  g r e a t e r  t h a n  t ha t  i n  t he h o 

r i z o n t a l  d i r e c t i o n .  Th i s  f a c t  wa s  r e s p o n s 

i b l e  f o r  t he r a t h e r  s t e e p  p h r e a t l c  l i ne of  

t he f i r s t  g r o u n d wa t e r  l ev e l ,  wh i c h  c aus ed  

h i g h  s e e p a g e  p r e s s u r e s .

Fi g.  l o Sh e a r  s t r e n g t h  p a r a me t e r s .  1 -  s a t u 
r a t e d  ; no v o l u me  c h a n g e ; 2 -  s a t u r a t 
ed,  u n c o n s o l i d a t e d ;  no v o l ume  
c h a nge ;  3 -  s a t u r a t ed ,  c o n s o l i d a t e d

5.  STABI L I TY ANAL YSES

I n t he c ou r s e  of  t he i n v e s t i g a t i o n s  s e v e r a l  

t y peB of  s t a b i l i t y  a n a l y s i s  we r e  app l i ed .  I t  

wa s  c l ear ,  r i g h t  at  t he beg i n n i n g ,  t hat  t he 

u s u a l  c i r c u l a r  s l i d i n g  s u r f a c e  mu s t  n o t  be 

a s s u me d  her e ,  t he me c h a n i s m of  t he s l i de  b e 

i n g  c o mp l e t e l y  d i f f e r e n t .  Fi r s t ,  we  p l o t t e d  

s e v e r a l  c r o s n  s e c t i o n s  o f  .ho  bank ,  i n  one 

s i ng l e  d r awi ng ,  and  s e l e c t e d  t he mo s t  d a n 

g e r o u s  one,  a c c e p t i n g  I t  f o r  t he p u r p o s e  of  

s t a b i l i t y  ana l y s i s .  I t  was ,  t hen,  c omb i n e d  

wi t h  t he r e p r e s e n t a t i v e  s o i l  p r o f i l e  and 

p h y s i c a l  -  p a r t i c u l a r l y  s t r e n g t h  -  c h a r a c 

t e r i s t i c s .  The e x p l o r a t i o n  of  t he h y d r o g e o 

l o g i c a l  c o n d i t i o n s  f u r n i s h e d  t he mo me n t a n -  

eous  h e i g h t  a nd  t he p r o b a b l e  v a r i a t i o n s  of  

t he p l e z o me t r l c  l e v e l  o f  t he s e c ond  g r ound  

wa t e r  l ev e l ,  s o t he ba s i c  da t a  c ou l d  be pu t  

t o ge t he r .  Thes e  a r e  g i v e n  i n  Fi g .  11.  The 

u p p e r  g r o u n d  wa t e r  l e v e l  wh i c h  f o r me d  a d e 

p r e s s i o n  l i ne,  wa s  r ep l a c e d ,  f o r  s i mp l i c i t y ,  

b y  t wo b r o k e n  l i nes ,  one b e i n g  ho r i z o n t a l ,  

t he o t h e r  one  ma k i n g  a n  an g l e  ot  wi t h  t he 

h o r i z o n t a l .
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T  + EP

S ♦ Ea
T,  t he r e s i s t i n g  t a n g e n t i a l  f o r c e  c a n  be 

c a l c u l a t e d  ae

T= N'tan$+sc,

wh e r e  N* d e n o t e s  t he e f f e c t i v e  n o r ma l  f o r c e  

o n  t he c r i t i c a l  p l a n e , d ue  t o t he de a d  

we i g h t  o f  t he s l i d i n g  b l oc k .

Xjj;«" ~  0,8

Mechani sm of  sl i de

Fi g.  11 Ba s i c  d a t a  f o r  s t a b i l i t y  a n a l y s i s

Be f o r e  e n t e r i n g  i n t o  t he n u me r i c a l  c a l c u l 

a t i ons ,  we  h a v e  t o f o r m an  i d e a  on t he me 

c h a n i s m of  t he s l i de .  Pr e v i o u s  e x p e r i e n c e s  

a nd  o b s e r v a t i o n s  d u r i n g  and  a f t e r  t he s l i de ,  

s h o we d  t ha t  t he s ea t  o f  t he s l i de  l a y  i n  a 

c e r t a i n  dept h ,  wh e r e  t he s h e a r i n g  r e s i s t a n c e  

wa s  s u b s t a n t i a l l y  we a k e n e d  s o t h a t  t he p u s h 

i ng  f o r c es ,  t he s h e a r i n g  s t r e s s e s  a l o n g  t he 

Bame p l ane ,  c o u l d  o v e r c o me  t he t o t a l  r e s i s t 

anc e .  The l a t t e r  wa s  f u r n i s h e d  by  t he s h e a r  

s t r e n g t h  and  t he p a s s i v e  e a r t h  p r e s s u r e  as  v e l  

we l l .  Wh e n  f a i l u r e  a l o n g  t he c r i t i c a l  p l pne  

oc c ur s ,  t he s h e a r  s t r e n g t h  d r o p s  Fi g.  I P 

and t he mo v e me n t  s p r e a d s  out .  The i n c i p i e n t  

f a i l u r e  wi l l  be c a u s e d  b y  t he i n c r e a s e  of  

t he a c t i v e  f o r c es :  t h i s  wa s  a c t u a l l y  t he 

ma i n  e f f ec t ,  s i nc e  t he r i s e  o f  t he wa t e r  l e 

v e l  I n c r e a s e d  b o t h  t he a c t i v e  e a r t h  p r e s s u r e  

a nd  t he s e e p a g e  f o r c es .  An  a d d i t i o n a l  e f f e c t  

c ame  i n t o  b e i n g  due  t o t he i n c r e a s e  o f  t he 

p i e z o me t r i c  p r e s s u r e s  ( t hi s  wa s  due  t o  h i g h  

Da n u b e  wa t e r ,  s ee  t he c o r r e l a t i o n  i n  Fi g .  7) 

wh i c h  r e d u c e d  t he s h e a r i n g  s t r e n g t h  :

Lt s = (6--u) tan i ’+ cj

Fi g . 12 Di f f e r e n c e  b e t we e n  ma x i mu m a n d  f i n a l  
s h e a r  s t r e n g t h

So,  t he p r o g r e s s i o n  of  t he e l i de  c a n  be 

t r ac ed,  i n  t he wr i t e r ’ s op i n i on ,  as  g i v e n  i n  t ;Ts

Fi g.  13.  He r e i n ,  t he i n c r e a s e  of  t he s e e p a g e  

f o r c e  a  , o f  t he p i e z o me t r i c  Bt r ese b 

a nd  t he v a r i a t i o n s  o f  t he s h e a r i n g  a nd  r e 

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

o f  s a f e t y  d r o p s  t o un i t y ,  wh e n  t he Bum of  

t he d r i v i n g  f o r c e s  b e c o me s  e q u a l  t o t he r e -  j g,

s i s t i n g  f o r c es .  The f a c t o r  o f  s a f e t y  i s  t h e r e 

f o r e  g i v e n  b y  ( see Fi g .  14^  Fi g .  13
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Fi g.  14 Eq u i l i b r i u m of  f o r c e s

The h e i g h t  of  t he c r i t i c a l  p l a n e  c o u l d  be 

d e t e r mi n e d  wi t h  a  s u f f i c i e n t  a c c u r a c y ;  a l s o  

t he e x t e n s i o n  a n d  d i me n s i o n s  o f  t he d i s 

p l a c e d  b l o c k  we r e  k nown,  so,  t he v a l u e  o f  t he 

p i e z o me t r i c  s t r e s s e s  wa s  t he on l y  u n c e r t a i n  

qua n t i t y .  The r e f o r e ,  we  c a l c u l a t e d  t he s a f e 

t y  f a c t o r  a s s u mi n g , d i f f e r e n t  v a l u e s  f o r  t he 

n e u t r a l  s t r e s s  a c t i n g  i n t he c r i t i c a l  p l ane ;  

Fi g .  15 p r e s e n t s  t he r e s u l t  o f  t hes e  c a l c u l 

a t i ons .  We  o b t a i n e d  V  = u n i t y  f o r  a p i e z o -  

me t r i c  h e a d  1 22  m ab o v e  Bea  l ev e l .  Th i 6 

v a l u e  a g r e e s  v e r y  we l l  wi t h  t he o b s e r v a t i o n s  

b e f o r e  t he s l i de,  so i t  p r o v e d  t ha t  t he a s 

s u me d  me c h a n i s m o f  t he Bl i de  c anno t  be f a r  

f r o m r e a l i t y .  Si nc e  t he o r i g i n a l  wa t e r  l e 

v e l s  -  f i r Bt  a n d  s e c o n d  g r o u n d  wa t e r  -  we r e

UO

m

130

m

“ no
u
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C D
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100
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Fi g.  15 Fa c t o r  o f  s a f e t y  as  a  f u n c t i o n  
o f  t he p i e z o me t r i c  h e a d  o n  t he 
c r i t i c a l  p l a n e

IN LOESS

k nown ,  i t  wa s  p o s s i b l e  t o c a l c u l a t e  t he 

f a c t o r  of  s a f e t y  f o r  t he s t a t e  b e f o r e  c o n 

s t r u c t i o n s  s t a r t e d ;  i t  was

y=  f,Zi

I t  d r o p p e d  t o V= l  , due t o t he r i s e  o f  t he 

wa t e r  l ev e l .  Af t e r  t he mo v e me n t s  s t opped,  

i t s  v a l u e  v; as s o me wh a t  g r e a t e r  t h a n  1 , bu t  

t he q u e s t i o n  ar os e,  h o w t o i n c r e a s e  t he s t a 

b i l i t y  o f  t he p l a t e a u  and  t o p r o t e c t  t he 

c o n s t r u c t i o n s  a g a i n s t  f u r t h e r  mo v e me n t s .

6 .  RECONSTRUCTI ONS

I n p o s s e s s i o n  o f  t he r e l e v a n t  f e a t u r e s  o f  

t he s l i de  a nd  h a v i n g  r e c o g n i z e d  t he r e a l  

c aus es ,  r e me d i a l  me a s u r e s  c ou l d  be p r op o s e d .  

Of  c our s e ,  a n y  p r o c e d u r e  e mp l oy s  one of  t he 

f o l l o wi n g  me t hods :  e i t h e r  we r e d u c e  t he a c 

t i v e  f o r c es ,  or  we  i n c r e a s e  t he r e s i s t i n g  

f o r c es .  Bo t h  me t h o d s  we r e  a p p l i e d  h e r e . Fi r s t ,  

a t  t he p r o p o s a l  o f  t he wr i t er ,  we l l s  we r e  i n 

s t a l l e d  a t  a  c e r t a i n  d i s t a n c e  ba c k  f r o m t he 

c r e s t  i n  o r d e r  t o l o we r  t he u p p e r  g r o u n d  

wa t e r  t ab l e  and,  at  t he s ame t i me,  t o r e v e r s e  

t he d i r e c t i o n  o f  s e e p a g e  i n  t he u p p e r  par t ,  

f u r t he r ,  t o r e d u c e  t he p i e z o me t r i c  l e v e l  of  

t he s e c o n d  wa t e r  t ab l e .  Then,  s ha f t s  a nd  

g a l l e r i e s  we r e  b u i l t  a t  t he f o o t  o f  t he 

p l a t e a u ,  f o r  d r a i n a g e  p u r p o s e s  a nd  i n  o r d e r  

t o i n c r e a s e  t he s h e a r i n g  s t r e n g t h  o f  t he 

a f f l i c t e d  ma s s e s .  A f i l l  i n  a nd  b y  t he Da n u b e  

wa s  ma d e  t o p r o t e c t  t he r i v e r s i d e  f r o m b e i n g  

wa s h e d  away .  As  an  a d d i t i o n a l  meas u r e ,  t he 

s h a p i n g  o f  t he s i des  wa s  p r o v i d e d ,  i n  o r d e r  

t o t ak e  go o d  c a r e  o f  t he p r e c i p i t a t i o n  and 

t o p r e v e n t  g u l l y i n g ;  a l s o  t he a p p e a r e n c e  of  

t he h i l l s i d e  p a r t i c u l a r l y  f r o m a Danube  

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

I t  s h o u l d  go t oo f a r  t o d i s c u s s  t hes e  c o n 

s t r u c t i o n s  i n  de t a i l ;  I  g i v e  he r e  o n l y  a 

t ab l e  d i s p l a y i n g  t he n e w f a c t o r s  o f  s af e t y ,  

due  t o t hes e  r e me d i a l  me a s u r e s .  The n e w 

l a n d s c a p e  i s  s h o wn  i n  Fi g .  16.  —
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