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P ro pa g a tio n  des  pre s s ions  dans  les sols

V. B A R B E R IS , As s is tant, Is t itu to  Cos truz ioni Id raulic he , Univ e rs ity  o f  R o m e , R o m e , Italy

S U M M A R Y

Results  are  presented for  a series o f experiments  carr ie d out  

on diffe rent mate r ials , w ith the  purpose  o f e s tablishing the  laws 

o f propaga tion o f a pressure s tale  in  soils . T his  propagation, 

a lthough occurr ing quite  ins tantane ous ly in s andy mate r ials , 

requires  increas ingly more  time  with the  gradual tr ans ition to 

s ilty or  clayey mate r ials . T he  results  are  ana lyze d to de te rmine  

the  factors  which govern the  time  required to reach e quilibr ium 

afte r  the end o f a  s ample  has  been subjected to a s udden increase 

in pressure. Inte res t is ma in ly  focused on perme ability.

S O M M A IR E

O n  expose les résultats  d ’une  série  d ’expériences exécutées  sur  

des ma tér iaux de  types différents  afin d’é tablir  les  lois  de  propa ­

ga tion des pressions dans  un sol. Ce tte  propagation, presque  

ins tantanée  dans  les sables , exige des  temps  de  plus  en plus  

longs  lor s qu'on cons idère  des ma tér iaux  limone ux e t argile ux. 

L’analyse  des r ésultats  à  pour  but  la  recherche des facteurs  dont 

depend le  temps  nécessaire pour  é tablir  l’équilibr e  des pres ­

s ions , après  un  change me nt s ubit  des  press ions  à une  extrémité 

de l’échantillon.

a  w a t e r - s a t u r a t e d  s o i l  ca n  be  cons ide re d a r ig id  bo dy  in  

r e ga rd to  the  p r o p a g a tio n  o f  a  pre s s ure  s ta te . In  e ffe c t the  

ve ry  s m a ll co mpr e s s ibility , bo th  o f  wa te r  a n d  o f  s olid 

gra ins , ne e ds  unn o tic e a b le  m a tt e r  move m e nt s  to  tr a ns m it  the  

ap p lie d  pres s ures , a n d  the r e for e  p r o pa g a tio n  is  p r ac t ic a lly  

ins t antane ous . Conve r s e ly , whe n a ir  p a r t ia lly  fills  the  s pace  

be twe e n g ra ins  o r  w he n  s olid  pa r t ic le s , be caus e  o f  th e ir  

c o ns titu t io n  pre s e nt  a  me as ura ble  c ompr e s s ibility , p r o pa g a ­

t io n  o f  a  pre s s ure  s ta te  r e quir e s  a  ce r ta in flu id  m o ve m e nt,  by  

w h ic h  pre s s ure  va r ia t io ns  a r e  ap p lie d  fr o m  outs ide . It  is  

in  fa c t  e s s ential t h a t  e a ch  inte r s pace  o f  th e  s o lid  s ubs tance  

be  r e ache d by  the  a m o u n t  o f  flu id  c o r r e s p o nd in g  to  the  

v o lu m e  de creas e  o f  a ir  o r  s olid s ubs tance  r e qu ir e d  to  

e s tablis h a  ne w  pre s s ure  s ta te . A s  the  m o v e m e n t o f  a  flu id

is  de te rm ine d  b y  its  vis cos ity  and by  b o d y  pe r m e a b ility , the  

p r o p a g a tio n  o f  pr e s s ure  s tates  in  s oils  de pe nds  u p o n  thes e  

tw o  factor s .

p r e v i o u s  s t u d i e s  

Ma y e r  a n d  H a b ib  (1 9 5 5 ) ,  c a r r y in g  o u t  e x pe r im e nts  o n  s oil 

s am ple s  s ubje c te d to  a tm o s phe r ic  pre s s ure  a t o ne  e nd  a n d  

conne c te d w ith  a  wate r - fille d ta n k  loca te d 150 c m  above  

th e  s am ple s  a t  the  o th e r  e nd, s tud ie d  the  r e duc tio n  o f  the  

po re  wa te r  pre s s ure  in  the  t im e  a fte r  a s udde n in te r r up tio n  

o f  the  c o nne c tio n  w ith  the  ta nk. Ac c o r d in g  to  Ma y e r  a nd  

H a b ib  the  r e duc tio n  is  n o t  ins ta nta ne o us , b u t  de ve lops  

g r a d ua lly , as  if  compre s s e d a ir  s tor age  w o u ld  e x pe l wa te r
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fr o m  the  s a m ple  in a  t im e  c o m p a r a b le  w ith  th a t  r e quir e d by 

the  s a tu r a t io n wa te r  to pas s  th r o ug h  the  s ample .

Ma y e r  a n d  H a b ib  not e d, mor e ove r , th a t  the  pre s s ur izing 

and unp r e s s ur izin g  m e c ha n is m  o f the  a ir  o c c lu d e d  in  soils , 

de s pite  s a t ur a t io n o f lo n g  d u r a t io n , in  r e la t io n  to the  diffe r ­

e nce  in  w a te r  conte nt ; the y  r e cognize d this  m e c ha n is m  as 

tha t  expre s se d by  Ma r io t t e ’s law.

Lim it e d  in fo r m a t io n  has  be e n co n t r ibu te d  by  othe r  

au tho r s  o n  the  ph e no m e no n  e x am ine d he re , fo r  e x ample , in 

r e por ts  o n  the  b e ha v io ur  o f the  pore - pre s s ure  va r ia t io ns  in  

e a r th  da m s  caus e d  by  the  r e s e rvoir  fillin g  o r  e m p ty in g  (P a to n  

a n d  Se mple , 1 9 6 1 ). So m e  s ig nifica nt  obs e rva tions  have  be e n 

ma de  by  Gib s o n  a n d  H e nk e l (1 9 5 4 ).  N o t in g  tha t  it  was  not  

pos s ible  to  o b ta in  a co mple te  dr a ina ge  c o n d it io n  d u r in g  an 

o pe n  t r ia x ia l tes t, the y  fu r n is he d  a  th e or e t ica l e x pre s s ion 

(s ubs e q ue n tly  c o nfir m e d  by  p r a c tic a l e x pe r ie nc e );  by  this  

e x pre s s ion it  is  pos s ible  to  e s ta blis h a p rio r i h o w  lo ng  a  tes t 

m us t  be  c o n t in ue d  in  o r de r  tha t , in  its  cour s e , po r e  pres sures  

do  no t  e xce e d a  p r e d e te r m ine d  va lue . T he  t im e  r e q uir e d  for  

the  c o nd it io n  to  be  ve r ifie d gives  r e s ults  inve r s e ly  p r o p o r ­

t io na l to  the  pe r m e a b ility  coe ffic ie nt . T he se  au thor s  also 

e s tablis he d the  la w  by  w h ic h  the  r e s id ua l pre s s ure  decreases , 

in  the  cour s e  o f t im e , a fte r  th e  tr ia x ia l tes t is  e nde d  a n d  the y  

as s igned to  the  la w  th e  e x pre s s ion:

C vV 2u  =  d u / d i 

whe re  C t is  a  fu n c t io n  o f  K .

E X P E R IM E N T S

Equipm e nt

A  no r m a l tr iax ia l ap pa r a tu s  was  us e d (F ig . 1 ). T he  

s am ple  was  e nc los e d in a  wa te r t igh t  m e m b r a ne  a nd  place d 

in  a ce ll; its  to p  face  was  conne c te d w ith  the  wa te r  fille d 

t a n k  V 3 or  V  A. T he  pre s s ure  o n  th e  s a m ple  face  was  ke p t  

unc h a n g e d  d u r in g  the  te s t, by  cons e que nc e  o f co ns ta n t  le ve ls  

in  th e  ta nks  V j a n d  V 2, whe re , to  ke e p co ns ta n t  pres sures , 

a ny  te nde nc y  o f the  le ve l t o  de creas e  was  e x ac tly c o m p e n ­

s a te d by  the  de c re as ing le ng th  o f  s pr ings  to  w h ic h  the  tanks

we re  hung . Pre s s ure , e s tablis he d by  me ans  o f a ppr opr ia te  

ve r t ica l s h ift ing  o f ta n k  V 2, a n d  r e a d o n  the  m a no m e te r  M 1( 

was  tr ans mit te d ins t a ntan e o us ly  o n  th e  to p  face  o f the  

s am ple , by  the  s udd e n  o p e n in g  o f  co c k  13. T h e  unde r fa ce  

o f the  s a m ple  was  conne c te d w ith  the  s ys te m R M 2. Du r in g  

the  tes t th e  pis to n P 2 w as  m o ve d , in  or de r  to  ke e p the  po s it ion 

o f the  m e rc ur y  me nis c us  in the  c a p illa r y  tube  R  unc ha ng e d . 

Pre s sures  o n  the  m a no m e te r  M 2 we re  r e ad at  s hor t  inte rvals . 

P re s sure  in  the  ce ll was  m a in ta ine d , b y  me ans  o f the  c o m ­

pre s s or  C , a t  a  va lue  a t  le as t 1 k g / s q .c m . highe r  t h a n  pre s ­

s ure  ap p lie d  to  the  to p  face  o f the  s ample . T h is  pre s sure , 

s h o w n by  the  m a no m e te r  M 3, pr e ve nte d the  wa te r  fr o m  

pas s ing be twe e n the  s ide  s ur face  o f the  s a m ple  a nd  its  m e m ­

br ane . T he  d y na m o m e tr ic a l r in g  D  me a s ur e d a nd  c ont ro lle d 

the  in te r g r a nu la r  pre s s ure s  o f the  m a te r ia l d u r in g  the  test.

M ate rials  T ested

Ex p e r im e n ts  we re  ca r r ie d o u t  o n  ma te r ia ls  o f diffe r e nt  

pe r me ab ilit ie s , s e lecte d so tha t  the  ph e no m e no n  c o u ld  be  

e x p lo re d o n  a r a the r  wide  p e r m e a b ility  r ange .

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

Sa m p le

S a n d  
(pe r  c e n t)

S ilt
(p e r  ce nt)

Cla y  
(pe r  ce nt)

P e r m e a b ility
coe ffic ie nt ,
K  (c m/ s e c .)

1 100 _ _ 5 .3 6  X  10"4

2 5)0 10 — 5 .0 8  X  10"4

3 80 20 — 3 .7 3  X  1 0 ^

4 70 30 — 3 .6 3  X  10“ 4
5 60 40 — 4 .9 1  X  10-4
6 50 50 — 6 .5 8  X  10“ 4
7 40 60 — 2 .6 2  X  10“ 4
8 30 70 — 1 .3 5  X  10~4
9 20 80 — 3 .4 4  X  10“5

10 10 90 — 7 .2 4  X  10“6
11 — 100 — 3 .6 4  X  10“«
12 — 90 10 4 .6 0  X  10- 4
13 — 80 20 2 .2 9  X  10~4

14 — 70 30 2 .9 3  X  1 0 '5

15 — 60 40 2  .4 8  X  10- ®
16 — 50 50 1 .0 7  X  10- «
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Ma t e r ia ls  cons is te d o f  s and, and h ig h ly  s andy  o r  h ig h ly  

c lay e y  s ilt  mix e s , in  th e  p r o por t io ns  ind ic a te d  in  T a b le  I. 

T he  g r a d ing  curve s  o f  mix e s  we re  a ll co n ta in e d  in the  

r a nge  illu s t r a t e d  in  F ig . 2 . T he  s ample s  we re  p r e pa re d  by  

ta m p in g  the  m a te r ia l w ith  a c o m p a c t in g  e ne rgy  o f  60  t o n s /  

c u .m ., w it h in  c y lin d r ic a l h o llo w  m o u ld s , 8 0  m m  in d ia m e t e r  

a n d  160 m m  h ig h , a t  a  mo is t ure  a p p r o a c h in g  P ro c to r ’s o p t i ­

m u m . T he  s ample s , w r a ppe d  in the  w a t e r t ig h t  m e m br a ne , 

we re  th e n  s ubje c te d to  p r o lo ng e d  s o a k ing  in the  co ns o lid a ­

t io n  ce lls .

Sam ple s  we re  ne x t  t r ans fe r r e d  to  the  tr ia x ia l ap pa r a tus  

a n d  s ubje c te d to  lo a d in g  a n d  u n lo a d in g  cyc le s : a firs t s h ift  

fr o m  ze r o  to  2 k g / s q .c m . was  fo llo w e d  b y  a  r e ve r s ion to  the  

s t a r t ing  c o n d it io n , the n a  ne w s h ift  fr o m  ze ro  to  2 k g / s q . 

c m ., a n d  othe r s  fr o m  2  to  3 .5  k g / s q .c m ., fr o m  3 .5  to  1 k g /  

s q.c m ., fr o m  1 to  5 k g / s q .c m ., fr o m  5  to  1 k g / s q .c m . 

an d  fina lly  fr o m  I k g / s q .c m . to  ze ro , a s  ind ic a te d  in F ig . 3. 

T he  va r ious  pre s s ure s  we re  ke pt  c ons ta nt  un t il e q ua l va lue s  

we re  r e a che d o n  the  tw o  face s  o f the  s a mple . Wh e n  the  

cyc le  was  c omple te d the  p e r m e a b ility  o f  the  m a te r ia l was  

me a s ur e d und e r  a  pr e s s ure  o f  1 k g / s q .c m .

f i g . 3 .  Tes t cycle.

E XP OS IT ION  AND DIS CU S S ION  O F  RES ULT S  

T e s t r e s ults  ha ve  be e n g r a p h ic a lly  pre se nte d. F ig . 4  r e pre ­

s e nts  pr e s s ure s  a t  th e  s a m ple  bas e  v a r y ing  w it h  the  t im e . In  

th e  pre s s ure  u n lo a d in g  phas e  the  fo llo w in g  c a n  be  obs e rve d:
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( 1 )  Pre s s ure  s tate s  do no t  p r o pag a t e  ins t an tan e o us ly , bu t  

g r a d ua lly  in  the  cour s e  o f  t ime . ( 2 )  P r o pa g a tio n  be ha v io ur  is  

de pe nde nt o n  the  p e r m e a b ility  o f  th e  te s te d m a te r ia l;  the  

t im e  r e qu ir e d  to  e s tablis h a ba lan ce  s ta te  o f  po r e  w a te r  

pre s s ure s  in  th e  s ample s  is  gr e a te r  w ith  a  de crease  in  the  

p e r m e a b ility . (3 )  T he  p r o p a g a t io n  spe e d va r ie s  dir e c t ly  

w it h  th e  diffe r e nce  Au  be twe e n the  pre s s ure  a pp lie d  o n  

th e  to p  face  o f  the  s a m ple  a nd  the  p r e v io us  w a te r  pre s sure .

T h e  fo r m  o f  the  curve s  in  F ig . 4 is a ty p ic a l o ne  o f 

e x haus tion. Ho w e ve r , if  the  da ta  a r e  tr a ns fe r r e d in  the  semi-  

lo g a r it hm ic  p la ne , as  in  F ig . 5 , the y  ar e  no t  s tr a igh t  line s

J

A iu

_ x  

i  _

............

V time

v \ \ \

B

\  ct9 a

------------ \ c

p i

— 10

1" ‘—  9 
~ ~ - - 8

\ \ %  

\ \  \  
\\ V

' 7

\ \
\ \  

7 1

V \
\

\ 5

" ' ' ' 2  

Time minutes

0

f ig .  5. T ime  versus pressures at the  bottom face  o f the  s ample .

bu t  curve s  w it h  a s y m pto t ic  s tr a ight  line  be hav io ur . T he  

po s it io n  o f  thes e  curve s  is  de te rm ine d  by  the  o r d ina te  lo g  ua 

a n d  by  the  a n g u la r  pa r am e t e r  « ,  a n d  va rie s  a c c o r d ing  to  the  

law s  ind ic a te d , in  fu n c t io n  o f  pe r m e a b ility , in  th e  gra phs  

o f  Fig s . 6 a n d  7 in  the  r ange  e x pe r im e nta lly  e x a mine d.

E a c h  cu rve  o f  F ig . 5 is  als o  cha r ac te r ize d by  a  m o r e  o r  less 

fa s t  a p p r o a c h  to  the  a for e s a id  a s ymptote .

T he  fo llo w in g  e x pre s s ion, in  in te r po la te d  fo r m , has  the re ­

fo r e  be e n a t ta in e d  fo r  the  abo ve - me ntione d curve s :

lo g  U  =  ( lo g  Ua  -  at )  +  e- ?l lo g (w 0/ w a )

whe re  lo g  ua — at  is  the  a s y mpto te  o f th e  curve s  o f  F ig . 5 , 

e - M o g (u0/ u a ) is  the  diffe r e nce  be twe e n curve s  a n d  the  

r e la t ive  a s y mp to te , w0 be ing  the  in it ia l w a te r  pre s s ure  in  the  

s am ple ; the r e for e  f t  de note s  a n  in de x  o f  the  s pe e d o f 

ap p r o a c h  o f  th e  cons ide re d cur ve  to  the  a s ymptote , a nd , 

b y  the  no ta t io ns  o f  F ig . 5 , re s ults  in

( A B / B C )  -  a  

lo g  (u 0/ u a)

- 6- -

f ig .  6. a  and  0  versus p e rm eab ility  o f m ateria ls.

f ig .  7. ua versus p e rm eab ility  o f  

m ate ria ls.

Q u it e  ana lo go us  c o nc lus io ns  ca n be  a t t a ine d b y  cons id e r ­

in g  the  p r o p a g a tio n  o f  pos it ive  pre s s ure  jum ps .

In  this  case , how e ve r , it  is  no te d  th a t , b y  e qua l Aw, the  

ba la nce  c o nd it io ns  a r e  r e ache d in  a  s hor te r  t ime  t h a n  tha t  

r e q uir e d  to  p r o pag a t e  a ne g a tive  Au. T his  r e s ults  fr o m  the  

e x pe r im e n ta l d a t a  r epre s e nte d in F ig . 8, whe re  the  tr ans ­

m is s ion t im e  is c o m p a r e d  dir e c t ly  w ith  the  pe r m e a b ility
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fig. 8. Propagation times versus permeability.

coe ffic ie nts  o f  ma te r ia ls . Ea c h  cu rve  o f th is  figure  r e fe r s  to  a 

p a r t ic u la r  a m  va lue . Als o  to  be  no te d is th e  pre vio us ly  

de s c ribe d de pe nde nce  o f  the  s pe e d o f pre s s ure  p r o pa g a tio n  

o n  the  p e r m e a b ility  a n d  on the  a m plitud e  o f  in te r va l A m . 

Mo r e  c ons p ic uous ly , it  ca n  be  no te d  th a t  pos it ive  A «  a re  

m o r e  q u ic k ly  tr an s m it te d  t h a n  ne g a tive  Au  o f an e qua l 

a m plitu de .

But an o the r  fac to r , ap a r t  fr o m  K  a n d  A m , in flu e n c in g  the  

tr ans mis s ion t im e  in  a r e mar kab le  wa y, issues  fr o m  this  

r e pr e s e nta t ion. T his  is  the  va lue  o f th e  s te ady  pre s s ure  m0 

in  the  s am ple  p r io r  to  the  pre s s ure  v a r ia t io n ;  fo r  e qua l va lue s  

o f  K  a nd  a m , the  tr ans mis s ion t im e  is  dir e c t ly  p r o p o r t io na l 

t o  the  h 0 va lue s  a nd  v ice  versa.

It  ca n  be  no t ic e d , fo r  e x am ple , th a t  the  cu rve  r e pr e s e nting 

the  s h ift  fr o m  2 to  3.5 k g / s q .c m . is e n tir e ly  o n  the  le ft  (t h a t  

is , tow ar ds  a  s hor te r  t im e ) o f  the  curve  r e pr e s e nting the  

pass age  fr o m  1 to  5 k g / s q .c m . O n  a c c o unt o f  w h a t  has  be e n 

pre vious ly  s a id  r e la t ing  to  the  de pe nde nce  on A m , th e  po s i­

t io n  o f thes e  curve s  in  the  d ia g r a m , w ith o u t  the  m 0 influe nce , 

s h o uld  be  inve r te d. T his  ne w de pe nde nce  is  de e m e d to  be  

a s c r ibable  to  the  fa c t  tha t  the  a m o u n t  o f  a ir  h e ld  in  the

s ample s  is unc ha ng e d  d u r in g  tes ts , o n ly  the  wa te r  c ont e n t  

o f m a te r ia ls  be ing  va r ie d.

T he  p r o b le m  is  the r e for e  to  be  r e cons ide re d in r e la t io n to 

the  v o lu m e  o f a ir  he ld in s am ple s  a t  the  s ta r t  o f  e ach tes t. 

It  is  obv io us  tha t  a s  the  u0 va lue s  a r e  h ighe r , so th e  a ir- fille d 

vo lume s  a r e  a t  the  s ta rt , s ma lle r . By  cons e que nc e , fo r  e qua l 

a m , the  va lue s  o f  pe r m e a t in g  w a te r  w ill be  s m a lle r  w ith  

h ig he r  va lue s  o f  m0 ; the re fore  the  t im e  r e q uir e d  to  a t t a in  the  

ba lance  decreas es  as  u0 is  inc re as ing.
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