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SYNOPSI S.  A  n e w f ai l ur e me c h a n i s m has  be e n  a d d e d  t o t he s ev e r a l  a l r eady  ex i s t i ng i n g y p s u m;  c ol l aps e.  T h e  

soi l s  i ndi c at ed i n t he t i t l e of  t hi s p a p e r  cons t i t ut e a  c on t i nuous  c a u s e  of  t r oubl e i n hy dr au l i c  wo r k s  o r  wh e n  

t her e a r e  c h a n g e s  i n t he wa t e r  l evel ,  but  not  i n o t her  t y pes  of  wo r k s  and wh e n  t he wa t e r  t abl e i s d e ep .

I N T R OD U C T I ON

Gy p s u m af f ec t s  t o a 6 0 % of  t he Eu r o p e a n  par t  of  

Spai n ( Ma c a u  and  Ri ba,  1962)  a n d  t o ma n y  o t her  

c ount r i es  ( j us t o,  1971 b) ,  and  c a u s e s  c on t i nuous  

t r oubl e o wi n g  t o sol ut i on,  e r os i o n  a n d  at t ac k  t o c o n ­

c r et e.

No t wi t hs t and i ng ,  t her e a r e  ma n y  e x a mp l e s  of  s u c c e s  

sf ul  f oundat i ons  s u p p o r t e d  by  g y p s u m,  and  s o me  

g y p s e o u s  soi l s  ma y  be c o n s i d e r e d  as  ex c el l ent  f r o m 

ma n y  poi nt s  of  v i e w ( Ma y e r ,  1962;  J us t o,  1971 b) .

As  a  ma t t e r  of  f act ,  i t  s e e ms  t hat  t he k i nd of  g y p  

s e o u s  soi l  wh i c h  h a s  c a u s e d  mo r e  t r oubl e,  s pec i al l y  

i n hy dr au l i c  wo r k s ,  i s t he one  i ndi c at ed i n t he t i t l e 

of  t hi s p a p e r  ( L l a ma s ,  1962;  Kl ei n,  1962) .  Be c a u s e  

of  t hi s,  a t h o r o u g h  r e s e a r c h  on  t hi s soi l  h a s  b e e n  

u n d e r t a k e n  l ook i ng f or  o t her  pos s i b l e  me c h a n i s ms  of  

f ai l ur e.

G E O L O G Y

Th i s  p a p e r  r e f er s  ma i n l y  t o o n e  of  t he s e v e r a l  k i nds  

of  g y p s e o u s  ma t e r i a l s  ex i s t i ng i n t he Eb r o  Val l ey :  

t he g y p s e o u s  si l t s a n d  c l ay s  d e r i v e d  f r o m t he 

we a t h e r i n g  of  s a c c h a r o i d  g y p s u m r oc k .  T h e y  f i l l  t he 

b o t t o m of  d e p r e s s i o n s  p r o t ec t ed f r o m t he wi n d  ( f i g.  l ),  

a n d  ha v e  b e e n  f o r me d ,  i n q u a t e r n a r y  t i mes ,  as  col l u 

vi al  o r  eol i an soi l s.  T h e  f r equent  hi gh g y p s u m c o n  - 

l ent  cer t i f i es  one  of  t hes e or i gi ns. ,  b e c a u s e  of  t he 

sol ubi l i t y  of  g y p s u m ( L l amas ,  1962) .

A  p r oo f  of  t he ac t i on of  wi n d  i n t he t r ans por t  of  s o me  

of  t hes e soi l s  s t ands  i n t hei r  ex i s t enc e at  l ong di s t an 

c es  or  at  h i gher  l evel s  t han t he t er t i ar y  g y p s u m r oc k .

S o me  k a r s t  p h e n o me n a  a r e  p r e s e n t  i n t hes e soi l s .

Fi g.  1. -  Gy p s e o u s  soi l s  f r o m Ar a g o n  a n d  g y p s u m 

r o c k  hi l l s.  Cu t  at  t he f r ont - l ef t  s i de

Th e i r  t h i c k nes s  i n c r e a s e s  f r o m ni l  n e a r  t he g y p s u m 

r o c k  hi l l s t o 10 m,  o r  mo r e  a wa y  of  t h e m.

I N DE X  P R OP E R T I E S

Ta b l e  I  i s a s u mma r y  of  t hes e pr oper t i es .

I t  has  b e e n  s h o wn  by  me a n s  of  c h c mi c a l  t es t s  t hat  

t hes e soi l s  a r e  ma d e  out  of  g y p s u m,  c l ay  ( spec i al l y  - 

kaol i ni t e a n d  i l l i t e)  a n d  c a r bona t es .

Fi g u r e  2 s h o ws  an el ec t r on mi c r o g r a p h  of  t he soi l .

As  a r ul e,  t he wa t e r  cont ent , t he d e g r e e  of  sat ur at i on,  

t he l i qui d l i mi t  a nd  t he pl as t i c i t y  i ndex  i n c r eas e  wh e n
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t he sul f at e c ont ent  d e c r e a s e s ,  o wi n g  t o t he h i gh wa t e r  

r et ent i on c apac i t y  of  cl ay.

Ta b l e  _I  

I ndex  t est s  a n d  p e r me a b i l i t y

Wa t e r  c ont ent  ( %)  5 - 2 5

L i qu i d  l i mi t  «<38

Pl as t i c  l i mi t  <  26

Pl as t i c i t y  i ndex  4 - 1 9

De g r e e  of  s at ur at i on ( %)  2 4  -  6 4

Dr y  dens i t y  ( g / c m^ )  1 , 1 6 - 1 , 5 3

Vo i d  r at i o 0,  78- 0,  98

Spec i f i c  gr av i t y  of  sol i d par t i c l es  2 , 3 5 - 2 , 6 7

Coef f i c i ent  of  p e r me a b i l i t y  ( c m/ s )  5 x 1 0 " ^  -  4 x 1 0 ' ^

S O Ca  .  2 H  O ( %)

C043Ca (%)
Ca s a g r a n d e  '  s c l as s i f i cat i on of  f i ne 

f r ac t i on ( <■ 0,  4 2  mm)

7 - 1 0 0  

0 -  14

C L  or  M L

S T R E N GT H .

T h e  unc on f i ned  c o mp r e s s i v e  s t r engt h s wi n g s  b e t we e n  

0,  9  a n d  2 k p / c m^  f or  a  g y p s u m c on t en t  l es s  t han 8 6 %,  

Wh e n  t he g y p s u m c ont ent  r e a c h e s  t hi s p e r c e n t a g e  t he 

s t r engt h i nc r e a s e s  s ha r p l y  ( f i g,  3) ,  Fa i l u r e  i s of  a 

br i t t l e t ype ( v.  t abl e I I ) ,  wi t h  a p p e a r a n c e  of  v er t i c al  

c r a c k s .

Fi g, 3,  - Rel a t i on  b e t we e n  u n c o n f i ned  c o mp r e s s i v e  
s t r engt h a n d  g y p s u m c ont ent .

T h e  t r i ax i al  t es t s  we r e  c a r r i ed  out  s at ur at i ng t he 

s a mp l e  wi t h  a b a c k  p r e s s u r e  of  6 k p / c m^

Fi g.  2.  -  El e c t r o n  mi c r o g r a p h  s h o wi n g  p r i s ma t i c  

g y p s u m f o r ms ,  kaol i ni t e,  et c . .

T h e  f o l l owi ng a p r o x i ma t e  r el at i on h as  b e e n  f ound:

14, 6 - (1)

wh e r e

I  = pl as t i c i t y  i ndex  
P

S = g y p s u m c ont ent  i n p e r c en t age .

T h e  wa t e r  c on t ent  i s a l wa y s  b e l o w t he pl as t i c  l i mi t ,  

and  t he d e g r e e  of  s at ur at i on i s r a t her  l ow,  o wi n g  t o 

t he s e mi a r i d  c l i ma t e  of  t he z o n e s  wh e r e  i t  i s f ound,  

an d  t he d e e p  wa t e r  l evel s .  A  r es ul t  of  t hat  i s t he hi gh 

v a l ue of  s uc t i on and  t he f i r m a s pec t  of  t hes e soi l s  i n 

t he a b s e n c e  of  wa t e r  ( f i g,  1).

Af t er  f ai l ur e t her e a r e  nei t her  ver t i cal  c r a c k s  no r  

s l i di ng p l anes ,  but  t he s a mp l e s  d e f o r m ma i n t a i n i n g  a 

c i l i ndr i cal  s hape .  I n s o me  s a mp l e s  c l ear  s i gns  of  

buc k l i ng we r e  o b s e r v e d .

As  i ndi c at ed i n t abl e I I ,  t he ef f ec t i ve angl e of  i nt er nal  

f r i c t i on me a s u r e d  i n u n d r a i n e d  t est s  i s l o we r  t han t he 

one  of  d r a i n e d  t est s .  As  t he v o l u me  c hange at  f ai l ur e 

i s us ua l l y  ni l  i n t hes e t est s,  t her e i s n o  e n e r g y  c o r r e £  

t i on t o, be ma d e .

I t  i s i nt er es t i ng t o s h o w t he di f f er ent  s t r es s - pa t hs  i n 

bot h k i nd of  t est s ( f i g.  4) .  I n t he c ons o l i da t ed - und r a i -  

n e d  t est  t he s t r ong i nc r e a s e  i n p o r e - wa t e r  p r e s s u r e  

wh e n  t he dev i a t or  s t r es s  i n c r e a s e s  p r o d u c e s  a  h i gh 

d e c r e a s e  i n CTj  wh i c h  l eads  t o f ai l ur e.  On  t he ot her  

hand,  i n t he d r a i ned  t es t  f ai l ur e i s p r o d u c e d  b y  an 

i nc r eas e  i n O' , wi t h  0^  c ons t ant .

Th a t  i s t he r e a s o n  wh y  t he d e f o r ma t i o n  at  f ai l ur e i n -  

t he d i r ec t i on of  0,  i s mu c h  l a r ge r  i n t he d r a i n e d  t est  

( v.  t abl e I I ) .

T h e  v oi d r at i o i s of  t he s a me  o r d e r  of  t he o n e  of  

l oess ,  and  i ndi c at es  an o p e n  s t r uc t ur e.

As  a  r esul t ,  f ai l ur e i n c ons o l i da t e d - u n d r a i n e d  t est s 

i s of  a br i t t l e t ype,  wi t h  a s h a r p  d e c r e a s e  i n s t r engt h
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Ta b l e  I I  

St r engt h

Av e r a g e  Mi n .  Ma x .

Un c o n f i n e d  c o mp r e s s i v e  s t r engt h 

( k p / c m )

De f o r ma t i o n  at  f ai l ur e i n u n c o n ­

f i ned c o mp r e s s i o n  ( %)

Dr a i n e d  t est s

c t k p / c m ) 

^ ' ( degr ees )  

L£f(%)

0, 10 

2 9 , 7

Co n s o l i d a t e d - u n d r a i n e d  t est s:

En v e l o p e  of

Co n s t a n t  wa t e r

». c

- C3 )
ma x

' c 1( kp/ an) 0,  11 

0 Xdegreesf . 3,  7

. e£ W

0

19,  8 

0,  7

c '  ( k p / c m̂ ) 0,  11 0

0 ' ( degr ees ) 25,  6 20,  4

c ( k p / c m2 ) 

0 ( degr ees )

0,  38  

i ( , @£ 1, 1 k p /

0, 9

0 0,  30

Z3, 6  34, 6  

1,  3 20

0,  23

0,  23

5 s p e c i me n s )

So  as  t o i nv es t i gat e t he na t u r e  of  t he unc on f i ned  c o m ­

p r e s s i v e  s t r engt h s o me  s a mp l e s  we r e  i n me r s e d  i n 

di st i l l ed or  i n g y p s u m s at ur a t ed wat e r .  As  a  r ul e,  

onl y  s a mp l e s  wi t h mo r e  f t i an 8 6 % g y p s u m r es i s t ed 

i n me r s i o n ,  a l t hough wi t h  a  r educ t i on  i n s t r engt h.  So,  

i t  s e e ms  t hat  i n t hi s soi l  g y p s u m ac t s  as  a  s t abl e 

c e me n t  onl y  wh e n  i t  e x c e e d s  t hi s p e r c en t a g e ,  a l t hough 

i n ot her  soi l s  t he v er t i c al  p e r c e n t a g e  i s mu c h  s ma l l e r  

( Just o,  1971) .

As  t he s a mp l e s  i n me r s e d  i n di s t i l l ed wa t e r  di d not  - 

b e h a v e  wo r s e  t han t he s a mp l e s  i n me r s e d  i n g y p s u m-  

s a t ur a t ed wat e r ,  i t  mu s t  be  d e d u c e d  t hat  c api l l ar y  

s t r es s es  h a v e  a  p r e d o mi n a n t  ef f ect  i n t he unc on f i ned  

c o mp r e s s i v e  s t r engt h ( v,  Dud l ey ,  1970) .

S T R U C T U R E  A N D  P E R ME A B I L I T Y .

T h e  coef f i c i ent  of  p e r me a b i l i t y  of  t hes e soi l s  ( pr evi ot j  

i y s a t u r a t ed wi t h a b a c k  p r e s s u r e )  i s r a t her  h i gh ( v*  

t abl e I ) .

F i g u r e  5 s h o ws  a mi c r o s c o p e  p h o t o g r a p h  of  a n  undi s  -  

t u r bed  s a mp l e .  I n a n o t h e r  mi c r o g r a p h  a  hol e a p p e a r e d  

f t i at  mi g h t  hel p t o ex pl a i n t he h i gh per meabi l i t i es .

U »  l.*5

Fi g.  4.  -  St r es s - pa t hs  i n c o n s o l i d a t e d - u n d r a i n e d  t est s.

af t er  peak ,  p r o d u c e d ,  p e r h a p s ,  by  a c o l l aps e i n t he 

s t r uc t ur e.  Th i s  i s,  p r obab l y ,  t he r e a s o n  of  t he l o we r  

s t r engt h r eg i s t e r ed  i n t hes e t est s.  Pos s i b l y ,  i f  t he -  

t es t s  h a d  b e e n  c on t i nued  af t er  t he s h a r p  d e c r e a s e  i n 

s t r engt h,  a n o t h e r  peak ,  p e r h a p s  h i ghe r  t han t he f o r ­

me r ,  wo u l d  h a v e  appea r e d .

As  a  r ul e,  t he l a r ge r  t he ef f ec t i ve angl e of  i nt er nal  -  

f r i c t i on t he s ma l l e r  t he ef f ec t i ve c ohes i on.

F i g u r e  4 s h o ws  c l ear l y  t he i n c r e a s e  i n p o r e  p r e s s u ­

r e c oef f i c i ent  A  wh e n  t he dev i at or  s t r es s  i nc r eas es ,  

a n d  wi t h i n c r eas e  i n c ons ol i dat i on s t r es s .

0 '  i n c r e a s e s  wi t h t he s ul phat e cont ent .

Fi g,  5.  -  Mi c r o s c o p e  p h o t o g r a p h  of  und i s t u r bed  s a m - 

pi e,  s h o wi n g  a  b r o wn  b as a l  ma s s  ( M) ,  f or  -  

me d  by  c l ay  mi n e r a l s  a n d  c a r b o n a t e  mi c r o -  

cr i s t al s ,  a n d  g y p s u m f i l l i ng cav i t i es  (  Y)  

x  100.

I n a  s pec i al  pe r me a b i l i t y  t est ,  a s a mp l e ,  s a t ur a t ed - 

b e f o r e h a n d , wa s  s ub j ec t ed t o a c on t i nuous  p a s s  of  wa  -  

t er  du r i ng  t ŵ > mo n t h s .  TJhe p e r me a b i l i t y  i n c r e a s e d  -  

f r o m 5 x 1 0  t o 4 x 1 0  c m/ s ,  a n d  af t er  t he t est  t he 

s a mp l e  p r e s e n t e d  s ma l l  l ongi t udi nal  ho l es  p r o d u c e d  -  

by  t he p a s s  of  wa t e r .

Owi n g  t o t he sal i ne e n v i r o n me n t ,  t hes e soi l s exhi bi t  a 

f l oc c ul at ed s t r uc t ur e,  wi t h  t he p r o b a b l e  ex i s t enc e of  

si l t  s i ze pe d s  ( v.  Ba r d e n ,  1972) .
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COMP R E S S I B I L I T Y  A N D  S WE L L I N G.

Gome dat a  ar e s ummar i z ed  i n t ab l e  I I I .

Ta b l e  I I I

Co mp r e s s i b i l i t y  and  s wel l i ng

Mo d u l u s  of  d e f o r ma t i o n  i n unc on f i ned

c o mp r e s s i o n  ( k p/ c  m  ) 35 -  110

Mo d u l u s  of  d e f o r ma t i o n  i n pl at e l oa - 

d i ng t est s  wi t h s at ur at i on ( l oadi ng 

up  t o 2 k p / c m^  ) ( k p / c m^ )  14 - 62

Asj ’/ Ae,  i n c o n s o l i d o me t e r  t es t s  o n  s at u 

r a t ed s a mp l e s  ( l oadi ng u p  t o

2 k p / c m^ )  ( k p / c m^ )  20  -  6 9

i n c o n s o l i d o me t e r  t es t s  wi t h 

c o l l aps e ( l oadi ng u p  t o 2 k p / c m^ )

( k p / c m^ )  i 5 -  66

Pr ec ons o l i da t i on  p r es s ur e  of  s a t ur at ed 
s aur i es  ( k p/ c m̂ )  1, 3- 2,  1

Co mp r e s s i o n  i ndex  of  s a t ur a t ed s a mp l e s  0 , 22- 0 , 59

Swel l i ng  i ndex  of  s a t ur a t ed s a mp l e s  0,  0 0 7  - 0,  0 2 0

Swel l i ng  u n d e r  0,  1 k p / c m ( %’ 0 -  0,  3

S o me  t est s  we r e  ma d e  i n a s pec i al  o e d o me t e r  p r e p a ­

r ed  so as  t o  av o i d  t h e  c ont ac t  of  t he wat er  
of  t he s ampl e wi t h  t he at mos pher e, s i mi l ar  t o  
t he one des c r i bed  by Yoshi ni i  a n d  Os t e r ber g  
( 196p) .  I n  t h i s  oedomef cer  t he c hange  of  wa ­
t er  c ons ent  was  negl i g i b l e«
The t i me dependent  de f o r mat i ons , whe t he r  t he 
s ampl es  ar e s a t u r a t ed  or  not  ar e v e r y  i mpor ­
t ant .  The r a t i o  be t ween t he de f o r mat i ons  
c or r es pondi ng t o  one day  and  t o 15 s ec onds  
af t er  app l y i ng t he l oad s wi ngs  

b e t we e n  1, 5 a n d  14 ( f i g.  6) .  Owi n g  t o t he l o w d e g r e e  

of  s at ur at i on of  u n d i s t u r b e d  s a mp l e s ,  t hi s r et ar dat i on 

c anno t  be  of  a h y d r o d y n a mi c a l  t ype.

I t  i s i nt er es t i ng t o not i c e t he v e r y  l o w v a l ues  of  t he * 

s wel l i ng i ndex .  I n n o n  s a t u r a t ed s a mp l e s  a  s wel l i ng 

i ndex  of  z e r o  h a s  b e e n  me a s u r e d  i n t wo  t es t s .

C O L L A P S E

I f  we  app l y  a  l oad  on  a s a mp l e  wa i t  t o t he e n d  of  t he 

s et t l ement s ,  and,  t hen,  f l ood t he s a mp l e  wi t h  di st i l l ed 

or  g y p s u m s a t u r a t ed  wa t e r  an  addi t i onal  s e t t l emen t  - 

oc c ur s ( f i g.  7 a n d  8) .

As  i n o t her  c a s e s  of  c o l l aps e t he s e t t l emen t  c u r v e  

wi l l  t hen j oi n t he one c o r r e s p o n d i n g  t o 

a s a mp l e  s a t u r a t ed  f r o m t he beg i nn i ng ( f i g.  8) .

I f  we  def i ne a " c oef f i c i ent  of  c o l l aps e ”  as  t he r at i o 

b e t we e n  t he s e t t l emen t  s u f f e r ed by  t he s a mp l e  wh e n  

we  a d d  wa t e r  ( pos i t i ve i f  c o mp r e s s i o n  a n d  negat i v e  i f  

i t  i s s wel l i ng)  a n d  t he t ot al  mo v e me n t  ( c ons i de r ed  

a l wa y s  as  pos i t i ve) ,  we  f i nd t hat  t hi s coef f i c i ent  —

Fi g.  6.  - T i me  c u r v e s .  Pr e s s u r e  i nt er v al  10 t o 15 

k p / c m^ .  Na t u r a l  wa t e r  c ont ent .

v ar i es  f r o m - 1  f o r  no  l oadi ng and  0 , 78  f o r  3 
k p / c m2 . Thi s  phenomenon  i s  t y p i c a l  of  s oi l s  
wi t h  a l ow degr ee of  s at ur a t i on  ( v * Sal as  and  
J u s t o , 197 1 ) f and  f o r  t hat  r eas on 01 a r i d  or  
s emi ar i d  c l i ma t es  ( v . Dud l ey , 1970) . I t  i s  muc h 
mor e i mpor t an t  i n s oi l s  of  open s t r uc t ur e  
and l ow p l as t i c i t y . The  c oe f f i c i en t  of  c o l l ap  
se i s  mu c h  h i ghe r  i n t h i s  s o i l  t han i n l oes s  
( v . Far ac o, 1972) .

I n soi l s  wi t h  n o  s ol ubl e sal t s  al l  t he s e t t l emen t  wi l l  

o c c u r  u p o n  f l oodi ng.  But ,  i f  t her e  a r e  s ol ubl e sal t s ,  

e v e r y  t i me  wa t e r  i s a d d e d  t her e ma y  b e  a  n e w we a k e ­

n i ng of  t he s t r uc t ur e  c a u s i n g  a s u b s e q u e n t  c ol l aps e.

P L A T E  L OA D I N G T EST S .

Pl at e l oadi ng t es t s  we r e  c a r r i e d  out  u n d e r  s at ur at i on.  

I n o r d e r  t o a c h i ev e  t hi s i t  wa s  n e c e s s a r y  t o p o u r  

e n o r mo u s  quant i t i es  of  wa t e r .  F i g u r e  9 c o mp a r e s  t he 

s e t t l ement s  obt a i ned wi t h  t he s e t t l e me n t  of  l oes s .  I t  

i s e a s y  t o s ee  t hat  t he g y p s e o u s  soi l  i s mo r e  c o mp r e s  

si bl e,  a l t hough t hi s i s not  r e v e a l e d  i n l ab o r a t o r y  t es t s  

( v.  Fa r a c o ,  1972) .

I t  i s i nt er es t i ng t o o b s e r v e  t he l a r ge i n c r e a s e  i n 

s e t t l emen t  wh e n  we  p a s s  f r o m 1 t o 1, 5 k p / c m^ .  Th i s  

p h e n o me n o n  i s not  o b s e r v e d ,  at  l eas t  wi t h  t he s a me  -  

i nt ens i t y  i n c o n s o l i d o me t e r  t est s.

T h e  p r ec ons o l i da t i on  p r e s s u r e  obt a i ned f r o m s a mp l e s  

s a t u r a t ed  wi t h g y p s u m wa t e r  s wu n g  b e t we e n  1 , 4  a n d  -
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£ Fi g.  7.  -  Co l l a p s e  t est ;  98,  7 % S O Ca  .  2 H^ O;

3 k p / c m^ .

I n a n y  c as e,  t he s h a p e  of  t he c u r v e  i s s i mi l a r  t o t he 

one  of  l oes s *

T h e  i mp o r t a n c e  of  t i me - d e p e n d e n t  s e t t l emen t s  i nc r ea 

s es  wi t h l oadi ng.  F o r  0 , 5  k p / c m^  n ea r l y  al l  t he 

s e t t l ement s  o c c u r r e d  i n l es s  t han o ne  day ,  but  f or

2 k p / c m t he s t abi l i zat i on of  s e t t l ement s  t ook  1, 5 

mo n t h s .

1 , 8  k p / c m^ #

Fi g*  9.  -  Pl at e l oadi ng t est s  i n g y p s u m a n d  l oes s .

L o e s s  c u r v e s  r e p o r t e d  by  Gi b b s  a n a  Ho l l a n d  

( I 960) .

Wh e n  t he t es t s  we r e  ended ,  s o me  v er t i c al  ho l es  a p p e a  

r ed i n one  of  t he pi t s.  Th i s  ma y  ex pl ai n t he hi gh a b s o r  

pt i on of  wat er .

<7* ( Kp / cm*  )

Fi g.  8.  -  Se t t l e me n t - p r e s s u r e  c u r v e  s h o wi n g  t he 

ef f ect  of  f l oodi ng t he s a mp l e .

Owi n g  t o t he i mp o r t a n c e  of  t i me  d e p e n d e n t  d e f o r ma  -  

t i ons,  i n o r d e r  t o obt ai n t he r i ght  o r d e r  f or  t he 

s e t t l ement s  of  t he pl at es ,  t he mo d u l u s  of  d e f o r ma t i o n  

mu s t  not  be  obt a i ned f r o m r out i ne c o n s o l i d o me t e r  t es t s  

wi t h  o n e - d a y  l oadi ng i nt er v al s ,  but  f r o m t est s  i n 

wh i c h  t i me  e n o u g h  has  b e e n  s pen t  i n e v e r y  i nt er v al  

( v.  J us t o,  1971 a  a nd  b) .

B E H A V I O U R  O F  C ON S T R U C T I ON S  F O U N D E D  O N  T H E  

SOI L .

Se t t l e me n t  pl at es  h a v e  b e e n  p l ac ed  u n d e r  a r o a d  e m  - 

b a n k me n t .  Un d e r  l es s  t han 2,  80 m.  hei ght  of  e mb a n k ­

me n t  t he s e t t l ement s  h a v e  b e e n  l es s  t han 1 c m.  T h e  

r o a d  has  not  s uf f er ed any  d a ma g e .  Owi n g  t o t he s e mi a  

r i d c l i ma t e  of  Ar a g o n ,  i t  i s not  p r o b a b l e  t hat  t he i nc r ea 

se i n t he wa t e r  c ont ent  p r o d u c e d  by  t he c ons t r uc t i on  of  

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

soi l .
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On  t he ot her  hand,  as  i t  has  b e e n  a l r eady  s t at ed,  t he 

b e h a v i o u r  of  i r r i gat i on c h a n n e l s  on t hi s soi l  has  b e e n  

v e r y  t r o u b l e s o me ,  s pec i al l y  wh e n  t he hy dr au l i c  g r a ­

d i ent  i s h i gh as  i n c ut - and- f i l l  sect i ons '  ( L l a ma s ,  

1962) .  T h e  h i gh  coei f i c i ent  of  per meab i l i t y ,  o p e n  

s t r uc t ur e  a n d  er os i onabi l i t y  o wi n g  t o t he p r e d o mi n a n  

c e  of  s i l t - s i ze p e d s  he l p  t o t he det er i or at i on of  t hi s 

soi l .

As  s t at ed b y  Sa l as  ( 1971)  i n s o me  c a s e s  t he c a v e s  - 

ma y  a l r eady  ex i s t  i n t he soi l  ( f o r me d  i n geol ogi c a l  

t i mes ) ,  a n d  t he ac t i on of  t he wa t e r  f r o m t he c hanne l  

ma y  be  t o sof t en and  c ol l aps e t he r oof s  of  t he c av es *

An o t h e r  f ai l ur e me c h a n i s m h a s  b e e n  d e s c r i b e d  b y  - 

Ro ma n a  a n d  So r i a n o  ( 1971) .

On e  of  t he bes t  o b s e r v e d  ac c i dent s  of  t hi s t ype 

h a p p e n e d  i n a  s u b u r b  of  Z a r a g o z a  dur i ng  t he f i r st  

mo n t h s  of  1970*  Su d d e n l y  a  c a v e  wa s  p r o d u c e d  wi t h  

a dept h  of  6 m.  a n d  a n  a p r o x i ma t e  d i a me t e r  of  15 m.  

T h e  e s c a r p me n t  wa s  ver t i cal ,  a n d  onl y  t he c ent r a l  -  

par t  of  t he r oof  c ol l aps ed.  T h r e e  bui l di ngs  af f ec t ed 

b y  t he c av i ng  i n we r e  d e mo l i s h e d .  No  s e e p a g e  f r o m 

t he s ur f ac e  ex i s t ed i n t he n e i g h b o u r h o o d .

A  n u mb e r  of  p r i o r  s i mi l a r  ac c i dent s  a r e  a p p a r e n t  i n 

t he s a me  z o n e  l i ke t he Ba r r a g a n  c a v e s  ( f i g,  10)

T h e  soi l  pr of i l e i s:

To p s o i l  ( l  m.  )

Ce me n t e d  g r av e l l y  c o n g l o me r a t e  ( 2 m.  )

- Gi p s e o u s  si l t y s a n d s  and g r av e l s  ( 4 , 5  m.  )

-  Cl a y  a n a  ma r l ,  ( wi t h g y p s u m) .

Te r r a i n  i s a  n e a r  hor i z ont a l  s er i es  of  t e r r ac es  

s l opi ng gent l y  t o t he Eb r o  r i v er .  Ph r ea t i c  l evel s  h a ­

v e  b e e n  of t en n e a r  t he s ur f ac e,  s o  t hat  t he t ypi cal  

c ol l aps e c a u s e d  b y  f l oodi ng i s not  pos s i bl e.

Se a s o n a l  c h a n g e  of  g r o u n d wa t e r  l evel s  wa s  u s ua l  i n 

t he z one  d u e  t o wi n t e r  r ai ns  a n d  s pr i ng  i r r i gat i ons  

f o l l owed by  a v e r y  d r y  s u mme r .  Ac t ual l y  t he aqui f er  

i s bei ng heav i l y  p u mp e d  f or  t he wa t e r  s upp l y  t o a 

r ec ent l y  d e v e l o p e d  i ndus t r i al  z o n e  and  l evel s  a r e  l ow 

i n al l  s e as ons «

Gy p s u m c onc en t r a t i on  i n wa t e r  i nc r e a s e s  wi t h 

d e c r e a s i n g  di s t anc e t o t he r i ver *  T h e r e  i s a k ar s t i c -  

l i ke p r o c e s s  of  g y p s u m di s s ol ut i on by  wa t e r .  I f  t her e 

i s n o  c o mp e t e n t  l ay er  t he c a v e  s t r uc t ur es  f ai l  wh e n  

f o r mi ng , g i v i ng  wa y  t o a  v e r y  gent l y  s l opi ng s u b s i d e n ­

c e ar ea.

I f  a h a r d  l ay er  i s n e a r  t he s u r f ac e ( as t he c o n g l o me ­

r at e)  t hen i t  f o r ms  a r es i s t ent  r oof  t o t he di s s ol ut i on 

c av es ,  wh i c h  c ol l aps e onl y  wh e n  a cr i t i cal  s i ze i s 

r eac hed ,  gi v i ng wa y  t o a dol i ne f o r m.

B A RRA GA N CAVE - I NS

a)  PL AN

b)  PROFI L

b) CO N GL O M ERA T E.

Fi g .  10 . -  Ca v e - i n s

T h e  nat ur a l  p r o c e s s  i s ac e l e r a t ed  b y  ov e r - ex p l o i t a  • 

t i on of  aqui f er s  wh i c h  i n c r e a s e s  ef f ect i ve p r e s s u r e s  

and  t r i gger  t he c o l l aps e of  a f o r mi n g  c a v e  ( Sal as ,

1971) .  A  s i mi l a r  p h e n o me n o n  has  b e e n  o b s e r v e d  i n 

k ar s t i c  l i me s t o n e  i n Sout h Af r i c a  ( J enn i ngs  et  al .  f 

1965) .

Co mp a c t i o n  of  t he si l t s and  c l ay s  of  l ow pl as t i c i t y  

p r o d u c e s  a n  i n c r e a s e  i n t he d r y  dens i t y  a n d  t he ef f ec 

t i ve a ng l e  of  i nt er nal  f r i c t i on and  an i mp o r t a n t  deer *  

se i n t he p e r me ab i l i t y  ( v.  Jus t o,  1971 a ; Fa r a c o ,

1972) .  S o me  s a mp l e s  we r e  c o mp a c t e d  t o a  d r y  dens i  

t y h i g h e r  t han t he nat ur al  one but  l es s  t han ma x i mu n  

Pr oc t o r .  Al t h o u g h  t he s a mp l e s  set t l ed mo r e  t han 

wh e n  und i s t ur bed,  t he c oef f i c i ent  of  c o l l aps e wa s  

■ nuch l ower .

C A V E- I N  W ITH 

V ERT I CA L  SL O PES
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Th e  gy ps eous  soi l s of  l ow pl ast i ci t y ar e,  i n ma n y  - 

r espec t s ,  s i mi l ar  t o l oees,  al t hough t hey exhi bi t  

gr eac er  col l apse and compr ess i bi l i t y .

I n hydr aul i c  wor k s ,  col l apse,  sol ubi l i t y and er os i on 

ma y  p r oduc e  a qui ck  det er i or at i on of  a channel .

On  t he ot her  hand,  i n Ar ag<5n and wh e n  t he wa t e r  t a ­

bl e i s deep,  i t  does  not  s e e m t hat  t he c hange i n t he 

wa t e r  cont ent  p r oduc ed  by  t he seal i ng of  t he sur f ace 

of  t he soi l  mi g h t  br i ng i t  t o col l apse.

A C K N O WL E D G E ME N T S

Th e  pl at e l oadi ng t est s we r e  c ar r i d out  by  t he 4? Je-  

f at ur a Regi onal  de Car r et er as .
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