
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


HYDROTECHNICAL STRUCTURES ON LOESSIAL COLLAPSIBLE SOILS

CONSTRUCTIONS HYDROTECHNIQUES SUR SOLS LOESSIQUES SENSIBLES A L ’ HUMECTATION 

n mPOTEXHWHECKME COOPyXEHMf l  HA J1ECCOBHX nPOCA/ l OHHUX TPy HTAX

R.-J. BALLY, Dr. Eng., Head of Division, Res. Inst, for Land Reclamation, Bucharest

I.P. ANTONESCU, Dr. 'Eng.,1 Head of Laboratory, Res. Inst. *for Land. Reclamation, Bucharest

S.V. ANDREI, Dr. 'Eng., Professor, Civil Engineering Institute, Bucharest

A. DRON, Civ. Eng.,1 Consultant, Design Inst, for Land Reclamation, Bucharest

D* POPESCU, Head of Design Team, Design Inst, for Land Reclamation, Bucharest (Rumania)

SYNOPSI Se A gr eat  number  of  v ar i ous  hy dr of c ec hni c al  s t r uc t u r es  e r ec t ed  i n Roman i a  dur i ng  t he 
l as t  y ea r s  on l oes s i a l  s oi l s ,  c o l l aps i b l e  o r  n o t  un d e r  t he i r  o wn  wei ght ,  demons t r a t ed  t hat  
a  c omp l e t e  d i s mi s s a l  of  c o l l aps i ng  s ubs i denc es  i s  d i f f i c u l t  t o  ob t a i n  and i nv o l v es  s pec i a l  
meas ur es  c o nc e r n i ng  c onnec t i on  bet ween t he mo t i on l es s  and  t he ad j ac en t  s e t t l i ng  par t s  of  t he  
s t r uc t ur es .  The  s o l u t i ons  i nv o l v i ng  s t r uc t u r e  adap t ab i l i t y  t o  d i f f e r en t i a l  s ubs i denc es  a n d  
r educ t i on  of  wat er  ac c es s i b i l i t y  be l o w f ounda t i ons  p r ov ed  t o  be r a t i ona l  and adv ant ageous .  
Wa t e r  ac c es s  wa s  h i nde r ed  b y  p l a c i n g  t he  ma i n  s our c es  at  a  c e r t a i n  d i s t anc e a wa y  f r o m t he 
s t r uc t ur e a n d ‘c onnec t i ng  t hem by  s t ee l  p i pe  l i nes  p r ov i ded  wi t h  f l ex i b l e  or  h i n g e d  t er mi na l  
j o i nt s ;  b y  l owe r i n g  t he s ubs i denc e  p r og r es s  v e l o c i t y  t owar ds  t he  s t r uc t ur e  t hr ough,  appr opr i ­
a t e  wa t e r p r oo f  l i n i ng  and s o on.  The  f i r s t  one o r  t wo  y ear s  of  oper a t i on  wer e  i nc l uded  i n 
t h e  c ons t r uc t i on  per i od.  Si mpl e,  q u i c k  and  non - e x pen s i v o r emed i a l  meas ur es  wer e  s i £ f i c i ent  
f o r  r es t o r i ng  t he f e w damages ,  wi t hou t  s e r i ous  c ons equenc es ,  oc c ur r ed  dur i ng  s t r uc t ur e o p e ­
r at i on.  No  s o i l  c o l l aps i ng  phenomena  d e v e l o p e d  on  wa t e r  d i s t r i bu t i on  non - pe r meab l e  ne t wor k s  
( e l ev at ed f l umes  o r  b u r i e d  p i pes ) .  Theor e t i c a l  and ex per i ment a l  r e s e a r c h  en l i gh t ened  v a ­
r i ous  as pec t s  of  t he c o l l aps i ng  s ubs i denc e  mec han i s m.

1.  UTPBDDUCTI Di r

Loes s i a l  c o l l aps i b l e  s o i l s  ( LCS ) c ov er  a-  
bout  11, 4 % o f  Roman i an  t er r i t or y .  Thus  f oun ­
d i ng  on s uc h s oi l s  r ep r es en t s  a ma j o r  and 
d i f f i c u l t  p r ob l em f o r  Roman i an  c i v i l  eng i n ­
eer s .  LCS c l as s i f i c a t i on  i s  bas ed on t he 
add i t i ona l  s e t t l ement  i mp ( cm/ m)  of  oei ome-  
t er  s ampl es  when  mo i s t ened  unde r  p r es s ur e  p.  
Fo r  Roman i an  LCS i mp ge t s  up  t o 10- 12 c m/ m 
f o r  p = 2 . . . 3  k g f / c m2 . The t ot a l  c o l l aps i ­
b l e po t en t i a l  of  a s oi l  na t u r a l  depos i t  i s  
c onv en t i ona l l y  c har ac t e r i z ed  by  t he f ac t or

I mg = 2  l mgj  . hj

whe r e  hj  = t h i c k nes s  o f  t he c omponent  l ay ­
er s ;  i m£j  = oedomet r i c  add i t i ona l  s et t l ement  
when  mo i s t en i ng  a s ampl e f r om t he " j "  l ay er  
u n d e r  c o r r es pond i ng  ov er bur den.

For  about  51, 5 % o f  t he Roman i an  t er r i t o r y  
c ov er ed  by  LCS I mg  ^  5 c m ; f o r  ot her  37 % 

I mg  = 5. . . 40 c m ; t he r ema i n i ng  11»5 % ov er -  
pa l s  I ny,  = 40 c m and  ge t  u p  t o 1 »  = 150. . .  
200  cm.  LCS depos i t s  t h i c k nes s  dec r eas es  and 
c l ay  c ont ent  gr ows  u p  f r om v a l l ey  s l opes  t o 
i n t e r f l uv i a l  p l at eaux .  The i r  ma x i mu m t h i c k ­
n es s  r eac hes  50 m.  LCS depos i t s  ar e f r equ ­
en t l y  un de r l a i n  by  i mper v i ous  l oam or  c l ay  
f or mat i ons ,  but  a l s o f i ne  sands ,  g r av e l s  or  
c a l c ar eous  f i s s u r ed  bedr oc k s  may  be enc oun ­
t er ed.  St ud i es  pe r f o r med by  t he Buc har es t

I ns t i t u t e  o f  Ci v i l  Eng i neer i ng  po i n t ed  out  t o  
a  r epr es ent a t i v e  c o r r e l a t i on  be t ween  LCS 
s or pt i ona l  i n d e x  p F ai d c l i mat i c  i ndex  I  
( pr opos ed by  Th o r n t h wa i t e ) a n d  t i i ei r  d i s ­
t r i bu t i on  ov e r  t he Roman i an  t e r r i t o r y  ( An­
dr ei ,  1971a) .  Ther e I s a  goo d  c or r es pond ­
enc e be t ween  a r i d  r e g i ons  ( negat i v e  c l i mat i c  
i ndex )  a n d  L3S oc c ur r enc e;  mor eov er ,  h i ­

ghe r  i mp v a l u es  c o r r es pond t o mo r e  ar i d  
z ones .  The c or r e l a t i on  be t ween c l i mat i c  
f ac t or s  and l oes s - wat e r  i n t e r ac t i on  demon ­
s t r a t es  t he v a l i d i t y  of  t he c onc ept i on  of  
l oes s  as  an unde r c ons o l i da t ed  s oi l  i n t r odu ­
c ed by  Pr of .  Den i s ov  ( 1953 ) e

The ar i d  or  s emi - ar i d  c l i mat i c  c ond i t i ons  r e  
s ui t  i n  a l oose,  mac r opo r ous  s t r uc t ur e  of  
l oes s i a l  aeol i an depos i t s .  The  l ow mo i s t u r e  
c ont en t  i nduc es  a h i g h  c ont ac t  f r i c t i on  bet ­
ween  s i l t  par t i c l es ,  h i nder i ng  i n i t i a l  c ons o ­
l i dat i on,  and al s o a t i me i nc r eas i ng  i n t e r ­
pa r t i c l e  c ement at i on due t o c l ay  mat r i x ,  sal t  
r ec r y s t a l l i z a t i on  and s i l i c a  ge l  ha r den i ng  
( Andr e i  et  al . ,  1963 ) .  The  h i gh  eoi l  s uc ­
t i on v a l ues  i n  ar i d  z ones  ( H = 200 . . . 6 , 000 
c m wa t e r  head  ) c ont r i bu t es  t o ma i n t a i n  an 
i mpor t an t  i n t er par t i c l e  f r i c t i on  and t hus  a 
l oos e but  s t r ong s t r uc t ur e  of  l oes s i a l  f o r ­
mat i on ( Andr ei ,  1971b  ) .

Al l  abov e- ment i oned  har den i ng  f ac t o r s  d i mi ­
n i s h  under  t he i n f l uenc e  of  i nc r eas i ng  wat er  
c ont ent .  Wat er  abs or b t i on  and s t r uc t ur a l
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br eak down  . get  a r ema r k a b l e  i n t ens i t y  i n  v er y  
dr y l oes s i a l  s oi l s i  a i r  t appor ed  bubbl es ,  v i ­
o l en t l y  ex pe l l ed  by  wa t e r  i n t r us i on ,  p r ov ok e  
d e s t r oy i ng  mi c r ob l as t i ng ,  s t i mu l a t ed  by  t he  
wi de v a r i e t y  i n  por e  s i z e*

A gener a l  ac c oun t  o f  d i f f i c u l t  f ound a t i o n  
pr ob l e ms  i nduc ed  by  l a r g e  ar ea  an d  s en s i t i ­
v i t y  t o mo i s t e n i n g  o f  l oes s i a l  s o i l s  on Ro ­
ma n i a n  t e r r i t o r y  has  been p r es en t ed  t o t he  
Vl l t h  I CSMFE ( Bo t ea  et  al . ,  1969 ) .  Thus  

on l y  hy dr o t ec hn i c a l  and es pec i a l l y  r e c l a ma ­
t i on  s t r uc t u r es  on L CS ar e  r e l a t ed  her e i n .

I n t he  l as t  4 or  5 y e a r s  s ev er a l  hund r e ds  of  
t hous ands  hec t a r es  o f  i r r i ga t ed  l and wen t  i n 
ope r a t i on  on LJ S ( I mg u p  t o 200  c m ) i nc l u ­
d i ng  v e r y  l a r ge  hy d r au l i c  s y s t ems  ( t o t a l  a-  
r ea  r e a c h i n g  t ens  o f  t hous ands  ha,  s pec i f i c  
r ec l a i med  di s c har ges Q. 5. . CL8 1/ s ec , ha ,  l a r ge  
s upp l y  c ana l s  up  t o 75 m’ / s ec  ) .  I n s p i t e  
of  s hor t  c ons t r uc t i on  t e r ms  ( 2 . . . 3  y e a r s  ) 
and  d i f f i c u l t  s oi l  c ond i t i ons ,  ope r a t i on  de ­
v e l ops  no r ma l l y .  No  es s en t i a l  d i f f i c u l t i e s  
i nduc ed  by  s oi l  c o l l a ps i v i t y  we r e  enc oun ­
t er ed.

Rec en t  l i t e r a t u r e  r e f e r e n c e s  f r o m a l l  ov er  
t he wor l d  emphas i z e  t he ac u i t y  of  pec u l i e r  
pr ob l ems  of  hy d r o t ec h n i c a l  c on s t r uc t i on  on 
c o l l aps i b l e  s o i l s  ( e. g.  VSN 4 - 6 6 ;  Ki r i l l o v  
et  al . ,  1969;  Dar mogr a i ,  1969;  Gi b b s  and  

Bar a,  1967;  Mi nk ov ,  1969 ) .  The r e f o r e  a 
s hor t  s ur v ey  o f  Roma n i an  ex per i enc e  i n  t h i s  
f i e l d  o f  i n t e r es t  wa s  c ons i de r ed  s eas onab l e .

2.  DESI GN Af JD BUI L DI NG SOLUTI ONS

2. 1.  Wa t e r  s upp l y  ne t wo r k s

Wo r e  t han 1 , 000  k m o f  open  wa t e r  s upp l y  c a ­
na l s  ar e p r es en t l y  i n  ope r a t i on  f o r  i r r i ga ­
t i on  pu r pos es  on LCS.  The r e  ar e ma i n l y  c ut ­
o f f  c anal s ;  embank men t  c ana l s  wer e  p r ov i ded  
onl y  on c o l l aps i b l e  l ay e r s  hav i ng  a t h i c k nes s  

l es s  t han 15 m.  Gene r a l l y  1 : 1. 5 s l opes

we r w adopt ed,  wi t h  an i n t e r med i a t e  ben c h  at  
t he ma x i mu m wa t e r  l ev e l  wh e n  cut r - of f  dep t h  
wa s  mo r e  t han 5* . - 6  m.

Some s t a t emen t s  r e g a r d i n g  open c ana l s  on 
LCS i n Roman i a  may  be made  ( f i g.  1 ) :

-  wh en  I mg  = 5 . . . 10  c m ( c o l l aps i b l e  l ay er  
t h i c k nes s  H l es s  t han  7 . . . B m ) ,  no  s u r f ac e  
de f o r ma t i on  oc c u r r ed  ;

-  n e g l i g i b l e  s e t t l emen t s  oc c ur  whe n  I m„  r i ­
s es  t owar ds  30 c m ( H = 8 . . . 12  m ) .  L o n g i t u ­
d i na l  c r ac k s  and s ub s i den c es  of  10 . . . 20  c m 
dev e l op  whe n  I m_ r eac h e s  40 . . . 50  c m ( H =
12 . . . 15  m ) .  e

-  ma j o r  s ubs i denc e  p h e n o me n a  c or r es pond  t o 
h i ghe r  v a l u e s  of  I mg and H ( f i g.  2 ) .  
Suc c es s i v e  e l l i p t i c a l  c on t ou r s  of  l a r ge  
c r ac k s  dev e l op  ( t he ma j o r  ax i s ,  d i r ec t ed  a-  
l ong  t he c anal ,  r e a c h e s  2 0 0 . . . 300  m ; t he  
mi no r  ax i s  r i s es  t o 6 0 . . . 8 0  m,  i . e.  2 0 . . . 3C 

m of  eac h s i de  out  of  c ana l  bank s .  Ma x i mum

mg
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s e t t l e me n t  l a  t h e  c e n t e r  o f  a f f e c t e d  z one  
g e t s  u p  t o  150. . .  200  c m.  Su b s i d e n c e  a n d  

c r a c k i n g  d e v e l o p me n t  i s  r e l a t i v e l y  f a s t  a n d  
s i mi l a r  t o  a  c h a i n  r eac t i o n .  Du r i n g  a  p e r i o d  
of  1 . . . 6  mo n t h s  of  c o n t i n u o u s  f l o o d i n g

8 0 . . . 9 0  % f  f i n e l  s u b s i d e n c e s  a r e  a l r e a d y  

d e v e l o p e d  ( a b o u t  50  % i n  t he  f i r s t  mo n t h  )
Th e  f i r s t  3- . . 4 we e k s  o f  i n t e n s i v e  wa t e r i n g  
a r e  s u f f i c i e n t  t o  r e v e a l  t h e  p r o b a b l e  i n t e n ­
s i t y  o f  s u b s i d e n c e  p h e n o me n a .  On e  i r r i g a t i o n  
s e a s o n  i s  g e n e r a l l y  s u f f i c i e n t  f o r  t h e  c o m­
p l e t e  d e v e l o p me n t  o f  9 u c h  p h e n o me n a ,  wh e n  f i ­
n a l  s e t t l e me n t  do n o t  o v e r p a s s e s  1 0 0  c m ; 
t wo  s e a s o n s  a r e  n e c e s s a r y  wh e n  s e t t l e me n t s  
a r e  l a r g e r  t h a n  1 0 0  cm.

-  t h e  c o mp a r i s o n  b e t we e n  t he  f o r e c a s t  a c c o r ­
d i n g  t o  p r e v i o u s  i n v e s t i g a t i o n s  an d  a c t u a l  

b e h a v i o u r  o f  o p e n  c a n a l s  r e v e a l e d  t he  e f f i c i ^  
enc y  o f  i n i t i a l  d i v i s i o n  o f  t he  t e r r i t o r y  i n ­
t o  z o n e s  o f  d i f f e r e n t  s e n s i t i v i t y  t o  mo i s t e n »  
i n g  ( c o l l a p s i v i t y  ) .  Sma l l  d i a me t e r  b o r i n g s  
f o r  c o l l e c t i n g  o n l y  i d e n t i f i c a t i o n  a n d  mo i a = _  

t u r e  c o n t e n t  s amp l es ,  l o c a t e d  a t  3 0 0 . . . 5 0 0  m 
a p a r t  a l o n g  t he  c a n a l  a x i s  ( i n c l u d i n g  p o i n t s  
of  d e c l i v i t y  c h a n g e )  a l l o we d  a  s i g n i f i c a n t  

e v i d e n c e  o f  g e n e r a l  scd. 1 c o l l a p s i v i t y  v a r i ­
a t i o n .  Sp e c i a l  f i e l d  i n v e s t i g a t i o n s  ( s h a f t s  

§ or  b o r i n g s  wi t h  d e v i c e s  a l l o wi n g  u n d i s t u r b e d  

v s a mp l i n g  i n  l o e s s i a l  s o i l s )  a t  a  f r e q u e n c y  o f  
one  t o  ev e r y  4 , 0 0 0 . . . 5 , 0 0 0  h a  ( i n  a  g i v e n  

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

s u b s i d e n c e  ( i mp  a n d  1^  v a l u e s  ) .

c a n a l  l i n i n g  wa s  g e n e r a l l y  p o s t p o n e d  u n t i l  
a f t e r  2 . . . 4  y e a r s  of  o p e r a t i o n ( i n  o r d e r  t o  
a v o i d  b r e a k d o wn  d u e  t o  s u b s i d e n c e  a n d  a c c o r ­
d i n g  t o  t h e  mu c h  l a r g e r  d i s p o n i b i l i t y  i n

Fig. 3.

ear t h  mov i ng  t han i n c anal  l i n i ng  equi pment .  
Hi r i ng  t he f i r s t  2 . . . 3  y ea r s  of  oper at i on,  
i n f i l t r a t i on  l os s es  r es u l t ed  i n about  2. . . 3  
m l oc a l  wa t e r  t abl e r i s e,  es pec i a l l y  a l ong  
na t u r a l  c o l l ec t i ng  and  ev ac uat i ng  under g r ound  
wat er way s ;  no  s i gn i f i c ant  damages  c onc er n i ng  
t ops o i l  we r e  r ec or ded  so f ar  ( t he af f ec t ed  
ar ea was  l es s  t han 0 . 5 - 1 . 0  % of  t he t o t a l  i r i -  
r i ga t ed  t e r r i t o r y ) .

-  s ome pec ul i a r  un f av ou r ab l e  c ond i t i ons  wer e  
r ev ea l ed  c onc er n i ng  de t r i ment a l  i n f l uenc e  of  
i n f i l t r a t i on  l os s es .  Seepage t h r ough  a t hi n  
l oes s  l ay er  ( of  s ev er a l  met r es  max i mu m t h i c k ­
nes s )  under l a i n  by  f i s s ur ed and c av er nous  l i ­
mes t one  d i r ec t ed t he i n f i l t e r ed wa t e r  f r om a 
l a r g e  c anal  t owar ds  a depr es s i onal  z one s ome  
hundr ed  met r es  as i de  ( f i g.  3 a ) .  Ac c umu ­
l a t i on  of  wa t e r  i n f i l t r a t ed  f r om an open c a ­
n a l  i n a l a t er a l  depr es s i on  was  f av our ed by  
a s and l ens e s i t uat ed at  a s mal l  dep t h  be l ow 
c anal  bo t t om ( f i g.  3 b ) .  The oc c ur r enc e i n  

t he l oes s  depos i t  of  a  ho r i z on t a l  s ha l l ow i m­
per v i ous  l ay er  ( e . g . bur i ed t ops o i l )  i ndu ­
c ed  a  qu i c k l y  ex t end i ng  wa t e r  t ab l e  r i s i ng  
under  t he c an a l  ( f i g. 3c ) .

-  s ubs i denc es  up t o  4 0 . . . 50c m d i d  not  di s ­
t u r b  l ong i t ud i na l  ea r t h f i l l s  hor d i ng  t he c a ­
na l s  ( max i mum h e i gh t  6 . . . 7m» i nner  e l o p e  
1: 1. 5*  out er  s l ope 1: 2. 5) .  Onl y  e l l i p t i c a l  
c ont our s  of  c r ac k s  ar ound  l ar ge s ubs i denc e l o 
l oc a t i ons  ( mor e t han  50 c m)  wen t  ac r os s
t he ear t h f i l l  body .

-  pos t pon i ng  of  c anal  l i n i ng c aus ed s ubs t an ­
t i al  t ec hn i c a l  d i f f i c u l t i es  ( about  10 % i n ­
c r eas e of  ear t hwor k s ;  s hor t  and  unf av our ab l e  
c ons t r uc t i on  p e r i od  du r i ng  wi n t e r  b r e a k  of  
i r r i ga t i on  ac t i v i t y ;  s of t ,  mo i s t e n e d  l i n i ng  
bed) .  The  behav i our  of  ex t ant  c ana l s  empha ­
s i z ed  t he  pos s i b i l i t y  t o  pos t pone  l i n i ng wor k!  
onl y  f or  c anal s  on l oes s  depos i t s  whe r e  mor e  
t han 40 . . . 50  c m s ubs i denc es  ar c  ex pec t ed.

Ho  d i s t u r banc e  due  t o  s ubs i denc es  i n duc ed  by  
s oi l  c o l l aps i v i t y  wa s  enc oun t e r ed  by  t h e  ne t ­
wor k s  of  b u r i ed  pr es s ur e  p i pes  ( wor k i ng  un ­
der  7«<* 8  a t m. ) or  of  c onc r e t e  f l umes .

Mor e  d i f f i c u l t  a r e  t he c ondi t i ons  f or  ( dr i nk­
i ng or  i ndus t r i a l  wa t e r  p i pe l i nes  wor k i ng  
under  l ow p r es s ur e  or  wi t h  f r ee  wa t e r  l ev el .  
Pi pe br eak s  c annot  be i mmedi a t e l y  l oc at ed  
( as  f o r  h i gh  p r es s ur e  net wor k s ) .  Per menent  
and i nher ent  wat er  l os s es ,  t he h i gh  ne t wor k  
dens i t y  on t he t er r i t o r y  r es u l t ed  i n  s ome c a ­
s es  i n  a r i s e  by  s ev er a l  met r es  of  gr oundwat er  
t ab l e  and d i s t u r banc e of  ex t ant  bui l d i ngs .

2. 2.  Founda t i ons  o f  hy dr o t ec hn i c a l  s t r uc t ur es

Founda t i on  s o l u t i ons  adopt ed f or  t he mor e  i mr  
por t an t  hy dr o t ec hn i c a l  wo r k s  i n  t he abov e-  
ment i oned  i r r i gat i on s y s t ems  on LCS may  be 
d i v i ded i nt o t hr ee gr oups  :

a.  Pi e r c i ng  t he c o l l aps i b l e  depos i t  by  deep  
f ounda t i ons  ( c onc r et e p r ec as t  or  bor ed p i l es  
or  we l l s ) .

b.  Ma i n t a i n i ng  s ome c o l l aps i b l e  l ay er s  be l ow 
s t r uc t ur e,  but  r emov i ng  away  t he wa t e r  s our ­

c es  t o d i s t anc es  as  l ong as  2. . . 3  t i mes  t he 
c o l l aps i b l e  depos i t  t h i c k nes s ;  us e  of  non- bu-
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ried steel pipes for water transport between 

structure and neighbouring open basirs or 
canals: providing compacted loess cushions 
under foundations.
o. Maintaining some collapsible layers under 

structure and adjaoent water sources, but re­
ducing water accessibility and possibility 
of moisture content increasing by various 
protective works> compacted loess cushions, 
waterproofing of adjacent basins or canals 

over a distance of 2...3 times the collapsi­
ble layer thickness.

The last two groups of solutions maintain 
the structure settlement risk if soil moist­
ening occurs under foundations. They sup­
pose that seepage extension would stop before 
reaching the understructure zone or its pro­
gress would be very slow. Foundation soil 
moistening risk would be less for " b " than 
for ■ c " solutions.

The following statements derived from first 
years operation experience :

a. Deep foundation system apparently ensures 
a aomplete avoiding of structure settlements. 
However, actual structures behaviour pointed 
out to two kinds of settlement occurred evan 
the collapsible deposit was pierced b y  the 
foundations:

Fig. 5.

- settlement caused by the deformation of soil 
which surrounds or underlies piles and wells 
( effect of negative friction ); it is the 
situation of a rigid concrete head basin on 
a 5 m3/sec canal, founded on deep concrete

wells, whose settlement rose to 101cm (ma­
ximum), 75 cm (mean value), and 48cm (ma­
ximum differential) (fig.4).

-initial settlement of adjacent shallowly 
founded building elements, joint opening, re­
sulting in seepage and settlement increasing 
(when the main structure, deep founded, does 
not settle). Such kind of phenomena occurred 
around the concrete basin on a 18m3/sec ca­
nal, rigLdly founded on piles, in the under­

lying non-deformable layer. The soil around 

and beneath structure settled by about 15cibt 
uncoveriig pile tops. The concrete dJreotly 
founded wings settled by about 35cm and 
twisted. The steel pipes, rigidly fixed i n  

the basin wall, broke down (fig. 5)»

b. There are some pumping stations connected 

by overground steel pipes no open basins or 
canals at some 50m distance which did not 
settle so far, although the settlement of ba­
sins or canals, caused by loess moistening, 
reached 50...100cm (fig.6). Settlement 
phenomena are now going to end, which means 
the moistened zone has been stabilized. Even­
tual, but quite unprobable, settlement exten­
sion towards the structure would be very slow 
and associated by moderate differential de­
formations.

c. According to initial design hypotheses, 
the lining over 50...100 m of open water

• r r r ;  7 ; 777777777

Fig. 4.
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s o u r c e s  ( b a s i n s  o r  c a n a l s )  n e a r  t h e  s t r u c t u ­

r e s  d i d  n o t  e l i mi n a t e  t h e i r  s e t t l e me n t ,  b u t  

d i mi n i s h e d  d e i o r ma t i o n  r a t e  a n d  i t s  f i n a l  v a ­

l u e .  S e t t l e me n t s  b e g a n  a t  t h e  c o n t a c t  b e t ­

we e n  wa t e r p r o o f e d  a n d  u n l i n e d  z o n e s ,  a c c o mp s r  

n i e d  b y  s p e c i f i c  f a n - s h a p e d  c r a c k s ,  g r a d u a l l y  

p r o g r e s s i n g  t o wa r d s  t h e  s t r u c t u r e .  L i n i n g  

d a ma g e s  we r e  n o t  r e p a i r e d ,  t h u s  a l l o wi n g  s e t ­

t l e me n t  e x t e n s i o n ,  b u t  wi t h  s u c h  a  s l o w r a t e  

t h a t  n o  s e r i o u s  d i s t u r b a n c e  o c c u r r e d .  F i g .

7  r e f e r s  t o  a  1 7  m^ / s e c  c a n a l  a n d  c o n c r e t e  

h e a d  b a s i n ,  f o u n d e d  o n  c o mp a c t e d  l o e s s  c u s h ­

i o n  a n d  p r o t e c t e d  b y  l i n i n g  o n  a n  i n i t i a l  

s e c t o r .  A f t e r  1 6  mo n t h s  o f  o p e r a t i o n  s e t t l e ­

me n t s  we r e  g o i n g  t o  c o mp l e t e  s t a b i l i z a t i o n .  

T h e y  r e a c h e d  5 5  c m i n  t h e  l i n e d  z o n e  a n d  3 7  

c m o n  t h e  b a s i n ,  wh o s e  ma x i mu m d i f f e r e n t i a l  

s e t t l e me n t  wa s  7 . 5  c m.  Op e r a t i o n  wa s  n o r ­

ma l l y  g o i n g .

2 . 3 .  S t r u c t u r e  a n d  f o u n d a t i o n  s o i l  i n t e r ­

a c t i o n  ; d e s i g n  a c c e p t e d  r i s k

S p e c i f i c  L CS  b e h a v i o u r  i n v o l v e s  s o me  u n a v o i d ­

a b l e  r i s k  f o r  r e c l a ma t i o n  s y s t e ms ,  b e c a u s e  a  

c o mp l e t e  d i s mi s s a l  o f  s e t t l e me n t s  o f  s t r u c ­

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

p o s s i b l e .  So me  s t a t e me n t s  c o n c e r n i n g  t h e  a -  

mo u n t  o f  r i s k  r e s u l t e d  a f t e r  1. . . 3  o p e r a t i o n  

y e a r s  o f  l a r g e  i r r i g a t i o n  s y s t e ms  a r e  p r e ­

s e n t e d  b e l o w :

-  s p e c i f i c  L CS  b e h a v i o u r  a n d  i t s  c o n s e q u e n c e s  

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

t i o n ,

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

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

d o n me n t .  ? o r  e x a mp l e ,  i n  a  g r o u p  o f  s y s t e ms  

o v e r  a  t o t a l  a r e a  o f  6 7  , 0 0 0  h a  o n  I X3S,  wh e r e  

I m „  i s  mo r e  t h a n  2 5  c m o n  1 8 , 5 0 0  h a ,  r e a c h i n g  

l o c a l l y  150...200  c m,  t h e r e  a r e  a b o u t  1 6 0  

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

s t a t i o n s ,  b a s i n s ,  we i r s ,  b r i d g e s  e t c . )  p l a c e d  

o n  a  n e t wo r k  o f  300 k m c a n a l s  w i t h  1 . . . 7 5  

n K / s e c  d i s c h a r g e s .  On l y  3 c a s e s  o f  s t r u c t u r e  

a b a n d o n me n t  we r e  r e c o r d e d :  t wo  o f  t h e m we r e  

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

o u t  o f  t h e  f l o w l i n e  wh e n  a d j a c e n t  b u i l d i n g  

s e t t l e me n t s ,  l i k e  t h o s e  p r e s e n t e d  i n  f i g .  5,  

o c c u r r e d  ( b u t  r e p a i r  i s  s t i l l  q u i t e  p o s s i b l e ) ;  

t h e  t h i r d ,  a n  e x c e s s i v e - s e t t l e d  we i r - b r i d g e ,  

wh o s e  a d j a c e n t  l i n e d  c a n a l  s e c t o r s  we r e  t o o  

s h o r t ,  wa s  d e mo l i s h e d  a n d  r e b u i l t .

Re d u c t i o n  o f  r i s k  a mo u n t  i s  p o s s i b l e  i f  f o l ­

l o wi n g  s o l u t i o n s  a r e  a p p l i e d  :

£

10 

^ 20 

o 30 

«  40 

50

F i g .  7.

a .  f l e x i b l e  c o n n e c t i o n s  b e t we e n  a d j a c e n t  

s t r u c t u r e s  ( e . g . s t e e l  p i p e s  w i t h  mo v a b l e  

j o i n t s ;  s y p h o n s  i n s t e a d  o f  r i g i d l y  e mb e d d e d  

p i p e s  i n  t h e  b a s i n  wa l l ) .  F o r  t h e  a b o v e - me n -  

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

d e d  ma x i mu m d i f f e r e n t i a l  s e t t l e me n t  wa s  25 
mm/ m a l o n g  c o n n e c t i n g  p i p e s  a n d  1 mm/ m o n  

s t r u c t u r e  p e r i me t e r .

b .  a  s p e e d y  c o n t r a c t o r ’ s  i n t e r v e n t i o n  d u r i n g  

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

g e r o u s  c o n s e q u e n c e s  ( e . g .  c o mp l e me n t a r y  f i l l  

o f  s i d e  d y k e s ,  r e p a i r  o f  l i n i n g  j o i n t s ,  a d ­

j u s t me n t  o f  e q u i p me n t  s u p p o r t s ,  ma i n t e n a n c e  

o f  r o a d s  a l o n g  c a n a l s  a . s . o . ) .

2 . 4 .  So me  r e me d i a l  me a s u r e s  f o r  p r o t e c t i n g  

o r  r e s t o r i n g '  d a ma g e d  s t r u c t u r e s  f o u n ­

d e d  o n  L CS

L o e s s i a l  s o i l  e l e c t r o s i l i c i f i c a t i o n  s t o p p e d  

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

i n g .  I mp r o v e d  l o e s s  s t r e n g t h  wa s  mo d e r a t e  

( 2 . . . 3  k g f / c m^ )  b u t  c o l l a p s i v i t y  wa s  c o mp l e ­

t e l y  e l i mi n a t e d .

Na t r i u m s i l i c a t e  p r e s s u r e  g r o u t i n g  i n  v e r y  

mo i s t e n e d  l o e s s  s o i l s  ( d e g r e e  o f  s a t u r a t i o n  

mo r e  t h a n  0 . 7 . . . 0 * 8 )  i s  n o t  e f f i c i e n t  b e c a u s e  

t h e  c o n s o l i d a t i o n  r a d i u s  i s  e x t r e me l y  s ma l l .

I n  s u c h  c a s e s  e l e c t r i c a l  t r e a t me n t  i s  a d v i ­

s a b l e .  I t  a c t a  b o t h  b y  e l e c t r o - o s mo s i s  a n d  

b y  e l e c t r o l y s i s ,  i n d u c i n g  a  g r a d u a l  i n c r e a s e  

o f  s o d i u m i o n  c o n c e n t r a t i o n  t o wa r d s  c a t h o d e  

a n d  o f  s i l i c a  t o wa r d s  t h e  a n o d e .  A n  a d d i t i o ­

n a l  D. C.  t r e a t me n t  o f  1 0 . . . 2 0  h o u r s  a f t e r  

g r o u t i n g  i s  r e q u i r e d  ( Ba l l y ,  1 9 7 1  ) .

T i l t i n g  Of  s o me  wa t e r  t o we r s  wa s  r e c t i f i e d  

b y  u n d e r d i g g i n g .  Du e  t o  t h e  g a t h e r e d  wt p e -  

r i e n c e ,  r e c o v e r i n g  r a t e  g e t  u p  t o  5- . .  10 
c m/ d a y  v e r t i c a l  mo t i o n  a n d ,  o n c e  p r e p a r a t o r y  

wo r k s  p e r f o r me d ,  e f f e c t i v e  r e c o v e r i n g  o p e r a ­

t i o n  wa s  l i mi t e d  t o  f e w d a y s .  I n  o r d e r  t o  

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

d i g g i n g  f o l l o we d  s u c c e s s i v e ,  c o n c e n t r i c »  ( n o t  

r a d i a l )  s t r i p s  5...30  c m wi d e  a n d  ma x i mu m 10 
c m d e e p ,  e q u a l  t o  a  c e r t a i n  f r a o t i o n  o f  t h e  

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

( A n d r e i  e t  a l . ,  1 9 7 1  ) .

3 .  S OME  A S P E CT S  RE L A T E D T O T HE P ROGNOS I S  

OF  L OE S S  MOI S T E NI NG A N D  DE F ORMA T I ON

Wh e n  g r o u n d  s u r f a c e  i s  f l o o d e d ,  t h e  we t t e d  

d e s c e n d e n t  z o n e  ma y  b e  d i v i d e d  i n t o  t wo  p a r t s :  

a n  u p p e r  f u l l y  mo i s t e n e d  r e g i o n  a n d  a  s u r ­

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

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

a s  s t a r t i n g  p o i n t  t h e  c l a s s i c a l  u n i a x i a l  s o ­

l u t i o n ,  t h e  t i me - d e v e l o p me n t  o f  p a r t i a l l y  

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

o f  s o i l  s u c t i o n ,  e x p r e s s e d  b y  e q u i v a l e n t  wa ­

t e r  h e a d  ( f i g .  8 ) ( An d r e i ,  1 9 7 1  b  ) .  A  s a ­

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

d a t a  a n d  a c t u a l  mo i s t e n i n g  e x t e n s i o n  b e n e a t h  

e x p e r i me n t a l l y  f l o o d e d  bas i t o s  a l l o we d  s u c t i o n  

f o r c e s  i n t e n s i t y  e v a l u a t i o n  ( A n t o n e s c u , 1 9 7 1 ) .

F o r  t h e  g e n e r a l  c a s e  6f  u n i a x i a l  wa t e r  mi ­

g r a t i o n  t h r o u g h  a  t r i p h a s i c  s o i l ,  a  n e w a n a ­

l y t i c a l  mo d e l  wa s  p r o p o s e d ,  b a s e d  o n  mi g r a ­

t i o n  f l o w s e p a r a t i o n  a l o n g  f l o w l i n e s .
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k ' t

F i g .  8 .

E a c h  o f  o b t a i n e d  c o mp o n e n t  s u p p l i e s  mo i s t e n ­

i n g  o f  a  s o i l  t r a n s v e r s a l  e l e me n t  ( f l e w r a t e  

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

me n t  a n d  e q u a l  t o  wa t e r  a mo u n t  e q u i v a l e n t  t o  

e l e me n t  mo i s t u r e  c o n t e n t  i n c r e a s e  r a t e ) .  A n  

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

c e s  a c t i n g  o n  e a c h  f l o w c o mp o n e n t  i s  e s t a b l i ­

s h e d  ( s o i l  e l e me n t  s u c t i o n  g r a d i e n t ;  wa t e r  

we i g h t ;  h y d r o d y n a mi c a l  s e e p a g e  f r i c t i o n )

( Ba l l y ,  1 9 6 9  ) .

L o a d i n g  e x p e r i me n t s  o n  v a r i o u s  a r e a s  ( u p  t o

10 x  10  m)  p o i n t e d  o u t  t o  s u b s t a n t i a l  d i f f e ­

r e n c e s  a g a i n s t  c l a s s i c a l  e l a s t i c  t h e o r y  ( Ba l ­

l y ,  A n t o n e s c u  a n d  P e r l e a ,  1 9 6 9 )  :

-  a  t h r e e - p h a s e  p r e s s u r e —s e t t l a me n t  d e p e n d e n ­

c e  f o r  mo i s t e n e d  L OS  : I ( O. . . p 0 ) -  n e g l i g i ­

b l e  s e t t l e me n t ;  I I  ( p 0 . . . p i )  -  p r o p o r t i o n a l  

d e p e n d e n c e ;  I I I  ( b e y o n d  p- ^T -  l a r g e ,  u n d a mp e d  

d e f o r ma t i o n .  A v e r a g e  v a l u e s  f o r  p 0 = 0 . 5 . . .

0.8 k g f / c m^ ;  f o r  p i  = 1 . 5 . . . 2.0 k g f / c m^ .

-  t h e  a c t u a l  d e p t h  o f  a c t i v e  z o n e  i s  s u b s t a n ­

t i a l l y  s ma l l e r  t h a n  t h e  c a l c u l a t e d  o n e .  T h e  

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

f a c e s .

I n  t h e  i n t e r v a l  ( p0 . . . p ^ )  t h e  d e p e n d e n c e  b e t ­

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

a c t i v e  z o n e  d e p t h  ma y  b e  e v a l u a t e d  b y  me a n s  

o f  a  d o u b l e - l a y e r  mo d e l ,  i . e .  t h e  h o mo g e n e o u s  

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

e l a s t i c  a n d  a  l o we r  u n d e f o r ma b l e  l a y e r  ( Ba l ­

l y  a n d  A n t o n e s c u ,  1 9 7 1 ) .

4 .  CONCL US I ONS

E x p e r i e n c e  o f  c o n s t r u c t i o n  a n d  o p e r a t i o n  o v e r  

1_5 y e a r s  o f  s o me  l a r g e  i r r i g a t i o n  s y s t e ms  o n  

L CS  i n  Ro ma n i a  wh e r e  s u b s i d e n c e s  g e t  u p  t o  

1 5 0 . . . 2 0 0  c m d e mo n s t r a t e s  ( Ba l l y ,  A n t o n e s c u  

a n d  Pe r l e a ,  1 9 6 5  ) , ( Ba l l y  a n d  A n t o n e s c u , 1 9 7 1 ) :

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

o f  L CS  b e h a v i o u r  a s  f o u n d a t i o n  b a s e  f o r  i r r i - 

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

p h a s e ,  t h u s  a v o i d i n g  u n e x p e c t e d  c o n s e q u e n c e s  

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

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

t i o n  b e t we e n  s t r u c t u r e s  a n d  d e f o r ma b l e  L CS  

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

v e d  a s  v e r y  e f f i c i e n t  ;

-  i mp r o v e me n t  o f  L CS  b e h a v i o u r  p r o g n o s i s  a n d  

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

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