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Engine e r ing Prope rtie s  of Dune  a nd Beach Sands  

and the  Influe nce  of Stress His tory

C a r a c t é r is t iq u e s  d e s  s a b le s  d e  d u n e  e t  d e  p la g e  e t  l ’in f lu e n c e  d e  l ’h is t o ir e  d e s  c o n t r a in t e s  

E .  Z O L K O V ,  m . s c . ,  He ad, Soils  Laboratory , S tandards  In s t itu t io n  o f  Is rae l, T e l A v iv , Is rae l

G .  W IS E M A N ,  D .s c .,  S e nio r Le c ture r, Fac ult y  o f  C iv il Eng ine e ring , T e chnion- Is rae l Ins t itute  o f  T e chnology , Haifa, Is rae l 

S U M M A R Y  S O M M A IR E

Mu c h  o f the  c oa s t a l p la in  o f Is r ae l is  c ove re d by  de pos its  o f 

v a r y ing  thickne s s  o f  s ub a n g ula r  u n ifo r m ly  gr ade d be a c h  a nd  

d une  s ands . T h is  p ape r  r e por ts  o n  e x te ns ive  s o il e ng ine e r ing  

s tudie s  o n  these  s ands  w ith  p a r t ic u la r  r e fe re nce  t o  the  influe nce  

o f  s tress  his to r y  o n  the  in- situ cha r ac te r is t ic s . Re s ults  are  r e por te d 

o n  lim it in g  de ns itie s  a nd  the  ang le  o f inte r na l fr ic t ion . T he  

a ng le  o f  in t e r n a l f r ic t io n  c or re la te s  w e ll w ith  the  vo id  r a t io . Da t a  

s ho w ing  the  influe nc e  o f  o ve r bu rd e n pre s s ure  o n the  b lo w  c o un t  

in  the  s t a nda r d pe ne tr a t ion  te s t a r e  pr e s e nte d. T h e  influe nc e  o f  

s tress  h is to r y  is  de mons tr a t e d  fo r  bo th  s t a nd a r d  pe ne t r a t ion  

tes ts  a n d  p la te - loa ding  tes ts . T h e  e ffe ct o f  the  po s it io n o f  the  

w a te r  t a b le  o n  s e t t le me nts  in  p la te - loa ding  tes ts  is  dis cus s e d. 

D a t a  s ho w ing  the  influe nc e  o f  fo u n d a t io n  w id th  o n s e t tle me nts  

a r e  pre s e nte d fo r  b o th  v ir g in  lo a d in g  a n d  r e lo a d ing . F o r  r e loa d 

ing , s e t t le me nt  was  fo u n d  d ire c t ly  p r o p o r t io n a l to  fo u n d a t io n  

w idth .

t h e  c o a s t  o f  I s r a e l  c o ns is ts  o f  a  b r o a d  b e lt  o f  b e a c h  a n d  

d u n e  s a n d s  in  t h e  e x t r e m e  s o u th , g e n e r a lly  n a r r o w in g  p r o 

g r e s s iv e ly  n o r th w a r d s . T h e  s u b s t r a t u m  o f  t h e  c o a s t a l p la in  

c o ns is ts  o f  P le is t o c e n e  d e p o s it s  o f  s a n d s , s a n d s to n e s , lim e 

s t o n e s , a n d  c la y s . T h e  t y p ic a l s o il o f  t h e  c o a s t a l p la in  is  a  

s lig h t ly  c la y e y  s a n d .  M u c h  o f  t h e  a r e a  is  c o v e r e d  b y  d e p o s it s  

o f  v a r y in g  t h ic k n e s s  o f  c le a n  u n ifo r m ly  g r a d e d  b e a c h  a n d  

d u n e  s a n d s . T h e r e  is  a t  p r e s e n t  m o s t  in t e n s iv e  b u ild in g  

a c t iv it y  (h o u s in g , in d u s t r y , h a r b o u r  w o r k s , s h ip y a r d s ) in  

t h is  s a n d y  a r e a . T h is  p a p e r  w ill  d is c u s s  a n d  r e p o r t  o n  e x t e n 

s ive  s o il e n g in e e r in g  s t ud ie s  o n  the s e  c le a n  s a n ds  c o n d u c t e d

U ne  g r a nde  p a r t ie  de  la  c ôte  d ’Is r a ë l e s t c ouve r te  de  s able s  

s ous - angule ux  de  d une  e t de  p lage  e n c ouc he s  va r ia b le s  e t d ’une  

g r a n ulo m é tr ie  u n ifo r m e . Ce t te  c o m m u n ic a t io n  a  p o u r  o b je t  

l ’é tude  dé ta illé e  de  ces  s able s  e t, e n  p a r t ic u lie r , de  l’influe nc e  de  

l ’his to ire  de s  c o ntr a inte s  s ur  le ur s  ca r a c té r is t ique s  in s itu. L ’é lud e  

r a ppo r te  de s  r és ulta ts  s ur  le s  de ns ité s  limit e s  e t le  fro t t e m e nt  

inte r ne . O n  y  v o it  u ne  b o n ne  c o r r é la t io n  e ntre  l ’a ng le  de  fr o t te 

m e n t  e t  l ’ind ic e  de s  vide s . De s  donné e s  s ont  prés e ntée s  m o n t r a n t  

l ’influe nc e  de  la  s ur c ha r ge  s u r  le  n o m br e  de s  c oups  d a ns  l’e ssai 

de  p é né t r a t ion  s ta nda r d . O n  y  m o nt r e  e n  o u tr e  l ’e ffe t de  l’h is 

to ir e  de s  c ont ra int e s  d a ns  l’e ssai de  pé né t r a t ion  aus s i b ie n  que  

da ns  l’e ssai de  c ha r ge m e nt  de  da lle . L ’influe nc e  de  la  p o s it io n de  

la  n a p pe  d ’e a u  s ur  le  tas s e me nt dans  l’e s s ai de  d a lle  y es t éga le 

m e n t  t r a itée . O n  pr és e nte  e nfin de s  donné e s  s ur  l ’influe nc e  de  la  

la r ge u r  de s  fo nd a t ion s  s ur  le s  tas s e me nts  p o u r  le  c ha r ge me nt  

in it ia i a ins i q ue  p o u r  le s  r é pé t it io ns  de  c ha r ge m e nt . P o u r  le  

r e c ha r ge me nt le s  tas s e me nts  s on t  d ir e c te me nt  p r o po r t io nn e ls  à  

la  la r g e ur  de  la  fo nd a t ion .

b y  t h e  la b o r a to r ie s  o f  t h e  Is r a e l S t a n d a r d s  In s t it u t io n  a n d  

t h e  Is r a e l In s t it u t e  o f  T e c h n o lo g y  o v e r  t h e  la s t  s e v e r a l y e a r s .

s o i l  p r o p e r t i e s

Grain  S iz e  an d  Shape

T h e  s a n d s  s t u d ie d  a r e  u n ifo r m ly  g r a d e d ,  fin e  s u b a n g u la r  

s a n d s . T h e  g r a in s  a r e  p r im a r ily  q u a r t z  a n d  it  is  g e n e r a lly  

be lie ve d  t h a t  t h e  b e a c h  s a n d s  o f  Is r a e l a r e  d e r iv e d  m a in ly  

f r o m  th e  N ile  R iv e r  w it h  s o m e  c o n t r ib u t io n  fr o m  th e  s t r e a m s  

a n d  s e a  c liffs  o f  S in a i.  T y p ic a l g r a in  s ize  c u r v e s  a r e  s h o w n  

in  F ig . 1, t h e  m e d ia n  s ize  r a n g in g  f r o m  0 .1 6  m m  to  0 .3 2  m m  

a n d  t h e  u n ifo r m it y  c o e ffic ie n t  f r o m  1 .4  t o  2 .1  (T a b le  I ) .  

E x a m in a t io n  o f  the  b e a c h  s a n d  g r a in s  s h o w s  a  fa ir ly  h ig h  

d e g r e e  o f  p o lis h  a n d  a  v is u a lly  e s t im a te d  r o u n d n e s s  o f  0 .3  

u s in g  t h e  c o m p a r is o n  c h a r t s  p r e p a r e d  b y  P o w e r s  ( 1 9 5 3 ) .

L im it ing  De ns itie s

In  e s t im a t in g  t h e  e n g in e e r in g  b e h a v io u r  o f  n a t u r a l s a n d  

d e p o s it s  a n d  in  s p e c ify in g  t h e  d e s ir e d  d e g r e e  o f  c o m p a c t io n  

o f  s t r u c tu r a l fills  o f  s a n d ,  t h e  r e la t iv e  d e n s it y  (£>,.) is  c o m 

m o n ly  us e d  as  t h e  s ig n if ic a n t  p a r a m e te r . T h e  r e la t iv e  d e n s it y  

o f  a  s a n d  d e s c r ib e s  t h e  in- s itu d e n s it y  in  r e la t io n  t o  t h e  

m a x im u m  a n d  m in im u m  p o s s ib le  d e n s it ie s  fo r  t h e  s a m e  s a n d . 

A  s tu d y  m a d e  o f  t h e  v a r io u s  m e th o d s  o f  o b t a in in g  m a x im u m  

d e n s it ie s  in  t h e  la b o r a to r y  h a d  s h o w n  th a t  la b o r a t o r y  c o m 

p a c t io n  u s in g  a  1 0 - p ou nd  h a m m e r  ( A S T M  D  1 5 5 7 - 5 8 T ) 

a c h ie v e s  d e n s it ie s  a s  h ig h  a s  th o s e  a c h ie v e d  b y  a n y  o th e r  

m e th o d  t r ie d  t o  d a t e . (F r e q u e n t ly ,  m a x im u m  d e n s it y  is  

o b t a in e d  a t  ze r o  c o m p a c t io n  m o is t u r e .)  A  m o r e  c o m m o n
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m e t h o d  o f  d e s c r ib in g  fie ld  d e n s it y  is  t o  d e t e r m in e  its  p e r 

c e n t a g e  o f  t h e  m a x im u m  d e n s it y . H o w e v e r , t h e  p e r c e n t a g e  

o f  m a x im u m  d e n s it y  c a n  b e  a m is le a d in g  m e a s u r e  o f  t h e  

fie ld  d e n s it y . F o r  e x a m p le , i f  t h e  r a t io  o f  m a x im u m  to  

m in im u m  d e n s it y  o f  a  s a n d  is  1 .2 5  a  d e n s it y  o f  8 0  p e r  c e n t  

o f  m a x im u m  d e n s it y  c o r r e s p o n d s  t o  a  r e la t iv e  d e n s it y  o f  

ze r o  o r  in  o th e r  w o r d s ,  t o  t h e  lo os e s t  p o s s ib le  p a c k in g . T h e  

r a t io  o f  m a x im u m  to  m in im u m  d e n s it y  h a s  b e e n fo u n d  t o  

v a r y  o v e r  a  c o m p a r a t iv e ly  n a r r o w  r a n g e  fo r  m o s t  s a n d s  

te s te d , t h a t  is , f r o m  1 .17  t o  1 .3 5 . S h o c k le y  a n d  G a r b e r

( 1 9 5 3 ) ,  in  t h e ir  s t u d y  o f  n a t u r a l a llu v ia l s a n d s  o f  t h e  lo w e r  

Mis s is s ip p i R iv e r  v a lle y ,  fo u n d  t h a t  t he  m a x im u m  a n d  

m in im u m  d e n s it ie s  b o th  inc r e a s e  w it h  in c r e a s in g  p e a k  g r a in  

d ia m e t e r . An a ly s e s  o f  t h e ir  d a t a  s h o w  t h a t  t h e  r a t io  o f  

m a x im u m  to  m in im u m  d e n s it y  v a r ie d  f r o m  1 .18  t o  1 .30 . 

F o r  u n ifo r m  s ph e r e s  it  c a n  b e  s h o w n  th a t  t h e  r a t io  o f  

m a x im u m  to  m in im u m  d e n s it y  is  1.4. T h e  r e la t io n s h ip s  

b e tw e e n  r e la t iv e  d e n s it y , p e r c e n t  o f  m a x im u m  d e n s it y , a n d  

r a t io  o f  m a x im u m  to  m in im u m  d e n s it y  a r e  s h o w n  in  F ig . 2 . 

In  T a b le  I  t h e  lim it in g  d e n s it ie s  fo r  t h e  s a n d s  t e s te d  a r e  

s h o w n .

S o il

no . Lo c a t io n

Gr a iin s ize  1[ n nn )

L im it in g  d r y  d e n s it ie s  

T o n / in 3

D5 0 D1 0

D6 0

i n o 7m in 7in«x

7niax 

7m in

1 A s h d o d  1 0 .3 2 0 .1 8 2 .1 1 .49 1 .86 1 .25

2 Ilo lo n  1 0 .1 S 0 .1 5 1 .3 1.43 1.74 1 .2 2

3 K is h o n  6 0 .2 2 0 .1 5 1 .6 1.27 1 .7 2 1 .35

4 H a ifa  B a y  2 0 ,1 6 0 .1 1 1 .6 1.41 1 .6 5 1 .1 7
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f i g . 2. Re la t ive  de ns ity , m a x im u m  a nd  m in im u m  de ns ity  

r e la t ions hips .

T A H LK  I .  G R A IN  S IZlv  A N D  L IM IT IN G  D E N S IT IE S

A ng le  o f  In te rnal Fric t ion

O v e r  t h e  y e a r s  n u m e r o u s  t r ia x ia l c o m p r e s s io n  te s ts  h a v e  

b e e n  p e r fo r m e d  o n  s a n d  s a m p le s  c o m p a c t e d  in  t h e  la b o r a to r y  

t o  v a r io u s  d e n s it ie s . M e a s u r e d  a ng le s  o f  in t e r n a l fr ic t io n  

v a r ie d  f r o m  3 0 °  t o  3 2 °  a t  r e la t iv e  d e n s it ie s  c lo s e  t o  ze r o  

b u t  inc r e a s e d  t o  a  r a n g e  o f  fr o m  3 6 °  lo  4 5 °  a t  r e la t iv e  

d e n s it ie s  c lo s e  t o  1 0 0  p e r  c e n t . T h e  a n g le  o f  in t e r n a l fr ic t io n

0* .  0 .5  0 .6  0 .7  O.Q 0 .9

l/o fc / £ o i/o

f i g . 3. An g le  o f  in t e r na l fr ic t io n  versus  vo id  r a t io .

versus  v o id  r a t io  w a s  fo u n d  to  h a v e  le s s  s c a t t e r . S o m e  o f  t h e  

te s t  r e s u lts  a r e  s h o w n  in  F ig . 3 fo r  a r a n g e  o f  v o id  r a t io s  

b e tw e e n  0 .4 5  t o  0 .8 5 .  A  v o id  r a t io  o f  0 .5  c o r r e s p o n d s  t o  a n  

a n g le  o f  in t e r n a l f r ic t io n  o f  a b o u t  4 4 ° .  F o r  e v e r y  inc r e a s e  

o f  0.1 in  v o id  r a t io  th e r e  is  a  c o r r e s p o n d in g  d e c r e a s e  in  a n g le  

o f  in t e r n a l f r ic t io n  o f  a b o u t  4 ° .

E F F E C T  O F  O V E R B U R D E N  P R E S S U R E  A N D  S T R E S S  H IS T O R Y  O N  

S T A N D A R D  P E N E T R A T IO N  T E S T  R E S U L T S  

O n e  o f  t h e  m o s t  c o m m o n ly  us e d  m e th o d s  o f  e s t im a t in g  

t h e  e n g in e e r in g  b e h a v io u r  o f  fo u n d a t io n s  o n  s a n d  d e p o s it s  

is  b y  m e a n s  o f  e m p ir ic a l c o r r e la t io n s  w it h  t h e  s t a n d a r d  p e n e 

t r a t io n  te s t . T h e  te s t  is  c a r r ie d  o u t  in  Is r a e l in  a c c o r d a n c e  

w it h  t h e  p r o c e d u r e s  o f  A S T M  (D 1 5 8 6 - 6 3 T ) .  In  in t e r p r e t in g  

t h e  r e s u lts  o f  t h e  s t a n d a r d  p e n e t r a t io n  te s t , in d is c r im in a t e  

us e  o f  t h e  T e r za g h i- P e c k  c o r r e la t io n s  le a ds  t o  o v e r c o n s e r v a 

t iv e  d e s ig n  in  m o s t  cas e s . In  t h e  la s t  five  y e a r s  t h e r e  h a s  

b e e n a  g r o w in g  a w a r e n e s s  b y  t h e  e n g in e e r in g  p r o fe s s io n  o f  

t h e  ne e d  fo r  c o r r e c t in g  t h e  m e a s u r e d  p e n e t r a t io n  v a lu e s  fo r  

t h e  in f lu e n c e  o f  o v e r b u r d e n  p r e s s u r e  ( G ib b s  a n d  H o lt z ,  

1 9 5 7 ; S u th e r la n d , 1 9 6 3 ; T h o r b u r n ,  1 9 6 3 ) .  T h e  a u th o r s  h a v e  

fo r  s e v e r a l y e a r s  b e e n  u s in g  t h e  c o r r e c t io n  fo r  in flu e n c e  o f  

o v e r b u r d e n  p r e s s ur e  s ug ge s te d  b y  G ib b s  a n d  H o lt z .  In  

g e n e r a l t h e  r e s u lts  o f  fie ld  e x p e r ie n c e  o f  t h e  b e h a v io u r  o f  

s t r u c tu r e s  a n d  t h e  r e s u lts  o f  m a n y  lo a d in g  te s ts  o n  d u n e  a n d  

b e a c h  s a n d s  in  Is r a e l h a v e  in d ic a t e d  t h a t  t h e  us e  o f  t h e  

o v e r b u r d e n  c o r r e c t io n s  fo r  o b t a in in g  t h e  r e la t iv e  d e n s it y  

g ive s  s u ffic ie n t ly  c o n s e r v a t iv e  de s ig ns .
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f ig . 4. F r e que nc y  d is t r ib u tio n  o f  s ta nda r d  pe ne t r a tion  re s is tance  fo r  a d un e  s and.

Relative  de ns ity . %

D ry  den s ity / to n s /m 3

f i g . 5 . Me a s ur e d  pe ne tr a t ion  re s is tance  versus  d r y  de ns ity  

fo r  de pths  fr o m  ze r o  to tw o  me te r s  fo r  a  d u n e  s and.

In  a n  a r e a  s o u th  o f  T e l A v iv  (s o il n o . 2 ) ,  o v e r  a  t h o u s a n d  

s t a n d a r d  p e n e t r a t io n  te s ts  h a v e  b e e n  p e r fo r m e d  in  t h e  u p p e r  

t h r e e  m e te r s  o f  a u n ifo r m ly  g r a d e d  s a n d . T h e  fr e q u e n c y  

d is t r ib u t io n  c u r ve s  a r e  s h o w n  in  F ig . 4 . T h e  r e s u lts  o f  te s ts  

in  t h e  u p p e r  2 m ,  w h e r e  fie ld  d e n s it ie s  w e r e  a ls o  d e t e r m in e d , 

a r e  s h o w n  in  F ig . 5 . T h e  s a n d s  r a n g e d  in  r e la t iv e  d e n s it y  

f r o m  3 5  t o  9 0  p e r  c e n t  a n d  t h e  b lo w s  p e r  fo o t  f r o m  1 t o  2 0 . 

S h o w n  in  t h e  s a m e  fig u r e  is  t h e  r e la t io n s h ip  b e tw e e n  t h e  

r e la t iv e  d e n s it y  a n d  t h e  b lo w  c o u n t  as  s u gg e s te d  b y  P e c k , 

H a n s o n ,  a n d  T h o r n b u r n  ( 1 9 5 3 )  as  w e ll a s  th o s e  p u b lis h e d  

in  t h e  Earth  M an u a l o f  t h e  U n it e d  S t a t e s  B u r e a u  o f  R e c la m a 

t io n  ( 1 9 6 0 )  fo r  0  p s i a n d  1 0  ps i o v e r b u r d e n  p r e s s u r e . It  

m a y  b e  o b s e r ve d  t h a t  t h e  m e a s u r e d  c o r r e la t io n  b e tw e e n  

r e la t iv e  d e n s it y  a n d  b lo w  c o u n t  c h e c k s  t h e  0 p s i c u r v e  o f  t h e  

U S B R  r a th e r  w e ll a n d  fo r  the s e  s a n d s  fo r  s h a llo w  t e s t in g  

in  t h e  u p p e r  tw o  m e te r s  t h e  c u r v e  s ug g e s te d  b y  P e c k ,  et al. 

u n d e r e s t im a te s  s e r io u s ly  t h e  r e la t iv e  d e n s it y  o f  t h e  s a n d .

In  c o n n e c t io n  w it h  t h e  fo u n d a t io n  e x p lo r a t io n  fo r  a  35-  

s to r e y  r e in fo r c e d  c o n c r e t e  s t r u c tu r e  in  T e l A v iv ,  s t a n d a r d  

p e n e t r a t io n  te s ts  in  c a s e d  h o le s  w e r e  c a r r ie d  o u t  f r o m  th e  

o r ig in a l g r o u n d  s u r fa c e  a t  e le v a t io n  +  1 7 .5  m e te r s  a b o v e  s e a  

le v e l t o  a  d e p th  o f  3 0  m e te r s  b e lo w  o r ig in a l g r o u n d  s u r fa c e . 

A f t e r  g e n e r a l e x c a v a t io n  o f  t h e  a r e a  t o  e le v a t io n  - f- 2.0 m e te r s  

a b o v e  s e a  le v e l, fu r t h e r  e x p lo r a to r y  b o r in g s  w it h  s t a n d a r d  

p e n e t r a t io n  te s ts  w e r e  in it ia t e d  f r o m  e le v a t io n  + 2.0 t o  a  

d e p th  o f  a n  a d d it io n a l 2 0  m .  C le a n  u n ifo r m ly  g r a d e d  s a n d s  

w e r e  e n c o u n t e r e d  o v e r  a ll t h e  s ite  w it h  o c c a s io n a l s t r a t a  o f  

c la y e y  s a n d s  a n d  s lig h t ly  c e m e n t e d  s a n d s . G r o u n d w a t e r  

le v e l w a s  a t  a b o u t  s e a  le v e l. T h e  r e m o v a l o f  s o m e  3 0  t o n s /  

s q .m . o f  o v e r b u r d e n  a n d  t h e  o v e r la p p in g  s t a n d a r d  p e n e t r a 

t io n  te s ts  a llo w e d  a u n iq u e  o p p o r t u n it y  fo r  c h e c k in g  t h e  

in flu e n c e  o f  o v e r b u r d e n  p r e s s u r e  o n  t h e  r e s u lts  o f  t h e  

s t a n d a r d  p e n e t r a t io n  te s t.

P lo t t e d  in  F ig .  6 a r e  t h e  r e s u lts  o f  s t a n d a r d  p e n e t r a t io n  

te s ts  o v e r  a  9 - m e te r  d e p th  in t e r v a l f r o m  s e a  le v e l a n d  b e lo w . 

E a c h  p o in t  s ho w s  t h e  a v e r a g e  r e s ults  o f  th r e e  te s ts  a t  e a c h  

le v e l b o th  b e fo r e  e x c a v a t io n  w h e n  t h e  o v e r b u r d e n  p r e s s ur e  

r a n g e d  f r o m  3 3  t o  4 3  t o n s / s q .m . a n d  a ft e r  g e n e r a l e x c a v a 

t io n  fo r  t h e  s a m e  le v e l w h e n  t h e  o v e r b u r d e n  p r e s s ur e  r a n g e d  

fr o m  2  t o  1 2  t o n s / s q .m . T h e  r e s u lts  fo r  e a c h  e le v a t io n  h a v e  

b e e n g iv e n  t h e  s a m e  s y m b o l in  t h e  fig u r e  a n d  t h e  r e s u lts  

b e fo r e  a n d  a ft e r  g e n e r a l e x c a v a t io n  fo r  e a c h  la y e r  h a v e  b e e n  

jo in e d  b y  a  s t r a ig h t  lin e . S h o w n  o n  t h e  s a m e  p lo t  is  t h e  

r e la t io n s h ip  b e tw e e n  b lo w  c o u n t  a n d  o v e r b u r d e n  p r e s s u r e  

fo r  r e la t iv e  d e n s it ie s  o f  5 0 , 6 5 , a n d  8 5  p e r  c e n t  b a s e d  o n  

c u r ve s  in  t h e  Earth  M an u a l b y  t h e  U S B R  ( 1 9 6 0 ) .

T h e  p lo t  s h o w s  t h e  in f lu e n c e  o f  o v e r b u r d e n  p r e s s ur e  a t  

t h e  t im e  o f  te s t  a s  w e ll a s  t h e  in f lu e n c e  o f  s tre s s  h is t o r y  o n  

t h e  m e a s u r e d  p e n e t r a t io n  r e s is ta n c e . T h e  b lo w  c o u n t  w h ic h  

w a s  o r ig in a lly  b e tw e e n  2 0  t o  3 0  b lo w s  p e r  fo o t  a t  a n  o v e r 

b u r d e n  p r e s s u r e  o f  a b o u t  4 0  t o n s / s q .m . c o r r e s p o n d s  t o  a 

r e la t iv e  d e n s it y  o f  5 0  t o  6 0  p e r  c e n t . U p o n  r e m o v a l o f  s o m e  

3 0  t o n s / s q .m . o f  o v e r b u r d e n  p r e s s u r e  t h e  b lo w  c o u n t  

d r o p p e d  t o  10 t o  20 b lo w s / fo o t  in d ic a t in g  t h e  d e fin it e  in f lu 

e n c e  o f  o v e r b u r d e n  p r e s s u r e  a t  t im e  o f  te s t  o n  t h e  m e a s u r e d  

p e n e t r a t io n  r e s is ta n c e . It  is  in t e r e s t in g  t o  n o t e , h o w e v e r , t h a t  

t h e  r e d u c t io n  in  p e n e t r a t io n  r e s is ta n c e  u p o n  r e d u c t io n  o f  

o v e r b u r d e n  p r e s s u r e  is  n o t  as  la r g e  a s  w o u ld  b e  e x pe c t e d  

c o n s id e r in g  t h a t  t h e  r e la t iv e  d e n s it y  h a s  r e m a in e d  e s s e n t ia lly  

c o n s t a n t .  T h e  e x p la n a t io n  fo r  t h e  h ig h e r  t h a n  e x pe c t e d  b lo w  

c o u n t  fo r  t h e  u n lo a d e d  s a n d  v e r y  p o s s ib ly  lie s  in  t h e  in 

c r e a s e d  s t r e n g th  b u ilt  in to  t h e  s a n d  d u e  t o  pr e - s tr e s s ing  a n d
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f ig .  6. Me a s u r e d  pe ne t r a t ion  re s is tance  bo th  be fore  a nd  a fte r  e x c a va t ion .

t h e  r e s id u a l h o r iz o n t a l s tr e s s e s  r e m a in in g  a ft e r  r e m o v in g  

t h e  s u r c h a r g e . In  la b o r a to r y  c o n s o lid a t io n  te s ts  o n  s im ila r  

s a n d s  in  w h ic h  la t e r a l p r e s s u r e s  w e r e  m e a s u r e d  w h e n  t h e  

v e r t ic a l p r e s s ur e  w a s  r e d u c e d  fr o m  4 0  t o n s / s q .m . t o  10  

t o n s / s q .m . t h e  c o r r e s p o n d in g  d r o p  in  la t e r a l p r e s s ur e  w a s  

o n ly  fr o m  1 6  t o n s / s q .m . t o  8 t o n s / s q .m . in d ic a t in g  a  r e s id u a l 

K 0 v a lu e  o f  0 .8 . S h o u ld  s u c h  h ig h  K 0 v a lu e s  e x is t  in  t h e

fie ld  a ft e r  e x c a v a t io n  t h is  w o u ld  e x p la in  t h e  h ig h e r  t h a n  

e x p e c t e d  p e n e t r a t io n  r e s is t a n c e  fo r  t h e  c o r r e s p o n d in g  v e r t ic a l 

o v e r b u r d e n  p r e s s u r e  fo r  t h e  u n lo a d e d  c o n d it io n . F r o m  a n  

in s p e c t io n  o f  F ig .  6 t h e  pre - s tre s s  e ffe c ts , t h o u g h  h ig h  fo r  

d e p th s  o f  f r o m  5  t o  1 0  m e te r s , w o u ld  a p p e a r  t o  v a n is h  

a lm o s t  e n t ir e ly  a t  s h a llo w  d e p th s .

S e t t le m e n t  o b s e r v a t io n s  o n  t h e  c o m p le t e d  r a f t  fo u n d a t io n

4
I5

<0

IV/c/t/? o f  /buz? c/a///?/?, m . 

f ig .  7. Me a s ur e d  s e t t le me nt vesus  w id th  o f  fo o t ing  fo r  a  be a c h s a nd.
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s h o w  r e la t iv e ly  h ig h  v a lu e s  fo r  t he  c o e ffic ie n t  o f  s ub g r a d e  

r e a c t io n , t h u s  c o n f ir m in g  t h e  inc r e a s e d  r ig id it y  o f  the  s a n d  

d u e  t o  t h e  p r e v io u s  s u r c h a r g e .

E F F E C T S  O F  S T R E S S  H IS T O R Y ,  P O S IT IO N  O F  T H E  W A T E R  T A B L E ,  

A N D  S IZ E  O F  F O U N D A T IO N  O N  T H E  R E S U L T S  O F  P L A T E - L O A D IN G  

T E S T S

In  c o n n e c t io n  w it h  a  fo u n d a t io n  in v e s t ig a t io n  fo r  a  p a s 

s e n ge r  t e r m in a l in  H a ifa  p o r t , a  s e r ie s  o f  lo a d in g  te s ts  o n  

fo o t in g s  o f  v a r io u s  s ize s  w e r e  c a r r ie d  o u t  o n  a  d e n s e  b e a c h  

s a n d . T h e  te s ts  w e r e  p e r fo r m e d  o n  s qu a r e  c o nc r e t e  fo o t in g s  

h a v in g  c o n t a c t  a r e a s  o f  0 .5 , 1 .0 , 2 .0 , a n d  4 .0  s q .m . A ll 

fo o t in g s  h a d  s u r c h a r g e s  o f  1 .45  m  o f  s a n d  a n d  t h e ir  ba s e s  

w e r e  a ll 0 .5 5  m  a b o v e  g r o u n d w a te r  le v e l. F r o m  tw o  to  

fo u r  te s ts  w e r e  p e r fo r m e d  fo r  e a c h  fo o t in g  s ize . L o a d  in c r e 

m e n t s  w e r e  g e n e r a lly  0 .5  k g / s q .c m .  a n d  t h e  lo a d  w a s  

r e d u c e d  t o  ze r o  b e fo r e  p r o c e e d in g  t o  n e x t  lo a d  in c r e m e n t . 

T h e  s e t t le m e n t  a t  2 .0  k g / s q .c m .  c o n t a c t  s tre s s  is  s h o w n  

fo r  t h e  v a r io u s  s ize s  o f  fo o t in g s  in  F ig . 7 . S h o w n  a r e  b o t h  

t h e  g r os s  s e t t le m e n t  fo r  fir s t  lo a d in g  a n d  the  s e t t le m e n t  

m e a s u r e d  w h e n  r e lo a d in g  f r o m  0  t o  2 .0  k g / s q .c m .  a ft e r  

h a v in g  b e e n  fir s t  lo a d e d  t o  2 .0  k g / s q .c m . S h o w n  o n  t h e  s a m e  

p lo t  is  the  e x pe c t e d  s e t t le m e n t  as  a  fu n c t io n  o f  fo u n d a t io n  

w id t h  fo r  c o e ffic ie n ts  o f  s u b g r a d e  r e a c t io n  o f  5 a n d  10 

k g / c u .c m .  fo r  3 0 - c m s qu a r e  p la te s  b a s e d  o n  t h e  r e la t io n s h ip  

g iv e n  b y  T e r z a g h i a n d  P e c k  (1 9 4 8 )  fo r  s u r fa c e  lo a d in g .

T h e  s h a p e  o f  t h e  c u r v e  o b t a in e d  fo r  b o th  v ir g in  lo a d in g  

a n d  r e lo a d in g  in  F ig . 7  w o u ld  a p p e a r  t o  b e  d iffe r e n t  fr o m  

th a t  g iv e n  b y  T e r za g h i a n d  P e c k . T h e  s e t t le m e n t  o b s e r v a 

t io n s  fo r  v ir g in  lo a d in g  s h o w  v e r y  s t r o n g ly  t h e  in flu e n c e  o f  

t h e  r e la t iv e  p o s it io n  o f  t h e  w a t e r  t a b le  o n  t h e  s e t t le m e nt . F o r  

t h e  s m a lle s t  fo u n d a t io n  te s te d , t h e  w a t e r  t a b le  w a s  7 8  p e r  

c e n t  o f  t h e  fo u n d a t io n  w id th  b e lo w  th e  b a s e  w h e r e a s  fo r  the  

la r g e s t  fo u n d a t io n  p la t e  t h e  w a t e r  t a b le  w a s  o n ly  2 8  pe r  

c e n t  o f  t h e  fo u n d a t io n  w id th  b e lo w  th e  b a s e . T h e  d a t a  

r e p o r t e d  h e r e , as  w e ll as  n u m e r o u s  o th e r  te s ts  o n  30 - c m 

s q u a r e  p la te s  a t  v a r io u s  d e p th s  a b o v e  t h e  w a t e r  t a b le , s u p 

p o r t  t h e  c o n t e n t io n  t h a t  t he  s e t t le m e n t  o f  a  fo u n d a t io n  w it h  

its  ba s e  a t  t h e  w a t e r  t a b le  is  tw ic e  t he  s e t t le m e n t  t o  b e  

e x pe c t e d  fo r  t h e  s a m e  s ize  p la t e  o n  s a n d  o f  t h e  s a m e  r e la t ive  

d e n s it y  w h e n  t h e  w a t e r  t a b le  is  a  fo u n d a t io n  w id th  b e lo w  

th e  b a s e  o f  t h e  fo u n d a t io n .

T h e  in f lu e n c e  o f  pr e - s tr e s s ing  is  v e r y  m a r k e d . In  a d d it io n  

to  r e d u c in g  s u b s e q u e n t  s e t t le m e nt , t he  s a n d  b e ha v e s  as  a n  

“e la s t ic ” m e d iu m ,  t h e  s e t t le m e n t  b e in g  d ir e c t ly  p r o p o r t io n a l 

to  t h e  w id t h  o f  fo u n d a t io n  fo r  t he  r a n g e  c o ns id e r e d .

C O N C L U S IO N S

T h e  fo llo w in g  c o n c lu s io n s  m a y  b e  d r a w n  fo r  t h e  s ub-  

a n g u la r  u n ifo r m ly  g r a d e d  fin e  d u n e  a n d  b e a c h  s a n ds  s t u d ie d .

1. N ine ty - five  p e r  c e n t  o f  m a x im u m  d e n s it y  c o r r e s p o n d s  

t o  a  r e la t iv e  d e n s it y  o f  fr o m  7 0  t o  8 0  p e r  c e n t .

2 . T h e  a n g le  o f  in t e r n a l fr ic t io n  c o r r e la te s  w e ll w it h  t h e  

v o id  r a t io .

3. T h e  b lo w  c o u n t  in  t h e  s t a n d a r d  p e n e t r a t io n  te s t  is  

m a r k e d ly  in flu e n c e d  b y  t h e  o v e r b u r d e n  p r e s s ur e  e x is t ing  a t  

t h e  t im e  o f  te s t. T h e  c o r r e la t io n s  p u b lis h e d  b y  t h e  U S B R  o f 

b lo w  c o u n t  w it h  p r e s s u r e  a n d  r e la t iv e  d e n s it y  w o u ld  a p p e a r  

t o  be  o n  t he  s a fe  s ide  fo r  s h a llo w  d e p th s  fo r  d u n e  s a n d .

4 . C o n s id e r a t io n  o f  p a s t  m a x im u m  o v e r b u r d e n  p r e s s u r e  

is  im p o r t a n t  in  in t e r p r e t in g  t h e  r e s u lt s  o f  s t a n d a r d  p e n e t r a 

t io n  te s ts . R e s id u a l h o r iz o n t a l p r e s s u r e  a r e  p r e s u m e d  r e s p o n 

s ib le  fo r  h ig h  p e n e t r a t io n  r e s is ta nc e s .

5. A n  inc r e a s e  in  t h e  r a t io  o f  d e p th  o f  w a t e r  t a b le  to  

w id t h  o f  fo u n d a t io n , o f  f r o m  ze r o  t o  a b o u t  o n e , r e d uc e s  the  

s e t t le m e n t  fo r  t h e  s a m e  c o n t a c t  p r e s s u r e  b y  a fa c to r  o f  a b o u t  

o ne - h a lf.

6. A f t e r  pr e - s t r e s s ing , fo u n d a t io n  s e t t le m e n t  t e n d s  t o  be  

a p p r o x im a t e ly  d ir e c t ly  p r o p o r t io n a l t o  fo u n d a t io n  w id th  fo r  

fo u n d a t io n  w id th s  o f  u p  t o  2 .0  m .
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