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SYNOPSI S

Sandas pha l t ,  or  s a n d - b i t u me n , i s a mi x t u r e  of  s and and 3 t o 5 p e r c en t s  by  we i gh t  of  b i t umen.  I t s  r e ­

s i s t anc e  t owar ds  e r os i on  and s and t i gh t nes s  r ender s  s andas pha l t  a popu l a r  s ubs t i t u t e  f or  c l ay  or  

mi nes t one  i n dam c ons t r uc t i ons .  Sa n das pha l t  wi l l  p r o b a b l y  be us ed  i n t he out er  s hel l  of  r e l a t i v e l y  

s t eep abu t men t s  i n t he Eas t e r n  Sc he l d t  s t or m s ur ge ba r r i e r  i n t he Ne t her l ands .  For  t h i s  app l i c a t i on  
r e s t r i c t i ons  on t he a l l owed  d e f o r ma t i ons  ar e added t o t he us ual  s t ab i l i t y  r equ i r ement s .  I n a r ec en t l y  

s t a r t ed  r es ear c h  p r og r amme i t  i s  i nv es t i ga t ed  whe t he r  s andas pha l t  may  meet  t hes e r equ i r emen t s .  A v i s ­

c o - p l as t i c  s t r es s - s t r a i n  r e l a t i on  was  d e v e l opped  and bu i l t  i nt o t he we l l - k nown  s t ab i l i t y  ana l y s i s  
ac c o r d i ng  t o Bi s hop t o p e r f o r m mor e  r e l i ab l e  s t ab i l i t y  c a l c u l a t i ons .  For  t he es t i ma t i o n  of  d e f o r ma ­

t i ons  a s i mi l a r  s t r es s - s t r a i n  r e l a t i on  was  pu t  i n t o t he o r i g i na l l y  v i s c o - e l as t i c  f i n i t e  e l ement  p r o ­

g r amme MARC.  Wi t h t hes e t ool s  av a i l ab l e  now an as s es s men t  c an be made of  t he app l i c a b i l i t y  of  s a n d ­

as pha l t  i n hy d r au l i c  s t r uc t u r es  wher e  r es t r i c t i ons  ar e i mpos ed on t he de f o r ma t i ons .

I NTRODUCTI ON

Dur i ng  t he l as t  hal f  c en t u r y  a c h a r a c t e r i s t i c  way  

of  dam and d i k e  bu i l d i ng  was  dev e l opped  i n t he 

Ne t he r l ands  due t o t he abs enc e  of  quar r y  s t one,  
t he abundan t  p r es enc e  of  s and and t he a v a i l a b i l i ­

t y  of  a we l 1 - equ i pped  d r edg i ng  i ndus t r y .

The ex t ens i on  of  dams  i s s t a r t ed  by  l ay i ng  a b o t ­
t om p r o t ec t i on  ov er  t he ex i s t i ng  s ubs o i l  or  ov er  

a dumped  s and- g r av e l  f oundat i on.  A k er ne l  of  hy -  

d r a u l i c a l l y  t r ans por t ed  s and i s d epos i t ed  s u b s e ­
quen t l y  on t he bo t t om p r o t ec t i on  be t ween s u r ­

r ound i ng  d i k es  whi c h ar e made i n adv anc e  of  t he 
s and c or e t o p r o t ec t  i t  aga i ns t  e r od i ng  c u r r en t s  

and wav e at t ac k .  The p r o t ec t i ng  d i k es  wi l l  f or m 

par t  of  t he f i nal  dam s t r uc t u r e  and mus t  f or  t hat  
r eas on s at i s f y  mi n i mum r equ i r emen t s  as t o s and 

t i gh t nes s  and s t ab i l i t y  es pec i a l l y  i n t he z one 

of  wav es  and t i des .
Nex t  t o c l ay  and mi nes t one ,  bot h e x t ens i v e l y  us ed 

i n t he Ne t her l ands ,  s andas pha l t  ( or  s and- b i t umen)  

has  been emp l oy ed  f or  c o n s i de r ab l e  t i me as  a r e ­

l a t i v e l y  c heap mat e r i a l  f or  p r o t ec t i ng  d i k es  as 
wel l  as f or  dam c or es .  I n not  t oo s ev er e c o n d i ­

t i ons  s andas pha l t  ov e r l a i n  by  a s ur f ac e  d r es s i ng  

was  a l s o us ed at  t he dam s ur f ac e.  Fi gur e  1 i l l u ­
s t r a t es  t he app l i c a t i on  of  s andas pha l t  i n d i k es  

a r ound  a hy d r au l i c  f i l l  ex t end i ng  i n t o t he sea.

Sandas pha l t  i s  a mi x t u r e  of  d r i ed  ( quar t z )  s and 

and b i t umen  ho t l y  mi x ed  i n mas s  r a t i os  ( quar t z )  
s and 95- 97 per  c ent  by  wei ght ,  b i t umen  5- 3 per  

c ent  by  wei ght .  The mec han i c a l  s t ab i l i t y  of  t he 

mi x  i s de t e r mi n e d  by  t he q u an t i t y  and t he " h a r d ­

nes s "  of  t he b i t umen.  I n t he Ne t he r l ands  4% B- 100 

b i t umen  was  o f t en  us ed.  The p e r me a b i l i t y  of  s a n d ­
as pha l t  i s i n t he o r der  of  t ha t  of  t he c o n s t i ­

t uent  s and.  At  ma x i mum t he c oe f f i c i en t  of  p e r ­

meab i l i t y  of  t he mi x  i s 10 t i mes  l ower  t han t hat  

of  t he s and.  Sandas pha l t  wi t hs t ands  e r os i on  by

c u r r en t s  e x c eed i ng  3 m/ s .  The c hemi c a l  s t ab i l i t y  

of  t he mi x  depas s es  at  l eas t  t he ex pe r i enc e  

ga i ned  so f ar ,  wh i c h  i s 30 y ear s  ( Van As bec k ,  

1950,  1964) .

The f i l t e r  p r ope r t i es  of  s andas pha l t  and t he r e ­

s i s t anc e  t owar ds  e r os i on  r ender  t he ma t e r i a l  p o ­

pul ar .  I t s  p e r me a b i l i t y  and por e  s i z e d i s t r i b u ­
t i ons  ar e so s i mi l a r  t o t he p r o p e r t i e s  of  s andy  
c or e mat e r i a l  t hat  t he c or e i s not  a f f e c t e d  by  

s uf f os i on.  As  a p r o t ec t i ng  f i l t e r  s andas pha l t  

s u r pas s es  r i v a l  g r av e l l y  mat er i a l s .  The r e s i s ­

t anc e t owar ds  e r os i on  enab l es  t he r ap i d  c o n ­
s t r uc t i on  of  t he s and c or e  i n t he z one of  t he 

t i des  bec aus e  t he e v e n t ua l l y  needed  s t ony  s u r ­

f ac e l ay er s  c an be c o n s t r uc t ed  a f t e r war ds .  The 
r ap i d  c ons t r u c t i o n  of  t he s and c or e be t ween  

s u r r ound i ng  d i k es  i s a l s o  he l ped  a l ong  by  t he 

eas y  bu l k  p r o d uc t i on  of  s andas pha l t  due t o t he 
c omb i na t i on  of  l oc a l l y  av a i l ab l e  s and and p l ant -  

mi x  p r o d uc t i on  at  any  s pec i f i ed  r at e.  A d i s a d ­

v an t age  may  be t he r i s i ng  s a n d as pha l t  p r i c e  due 
t o r i s i ng  oi l  p r i c es .  Rec ent  l ar ge s c al e a p p l i ­

c a t i ons  ar e a c o f f e r  dam i n Hong Kong ( Lehner t ,  

1979)  and t he ou t e r  ha r bour  at  Zeebr ugge,  Be l ­

g i um ( Sc honi an,  1979) .  I n f i gur e 2 t he p r o ­
f i l i ng  of  a s ubaqueous  embank men t  at  Zeebr ugge  

i s i l l us t r a t ed .  Subs equen t  c har ges  ar e dumped  

t h r ough  a mov ab l e  p i pe under wat er .

I n t he des i gn  of  t he abu t ment s  of  t he s t o r m 
s ur ge ba r r i e r  i n t he Eas t e r n  Sc he l d t  ( Ne t her ­

l ands )  t he app l i c a t i on  of  s a n das pha l t  i s one of  
t he s er i ous  a l t e r na t i v es .  A c o mp l i c a t i o n  i n t he 

c o n s t r uc t i on  of  t hes e 17 m h i gh  and s t eep a b u t ­

ment s  i s t he near nes s  of  t he f i r s t  p i er s  ( f i ­

gur e  3)  .
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Fi gu r e  1.  Sandas pha l t  p r o t ec t i o n  d i k es  ar ound a h y d r au l i c  f i l l  f or  a wav e b r eak e r  i n t he Nor t hs ea.

9. 30

Fi gur e  2.  Subaqueous  depos i t i on  of  s andas pha l t .

Th e r e f o r e  ma x i mum a l l owab l e  de f o r ma t i o n s  of  t he 

ab u t me n t  wer e s pec i f i ed  i n add i t i on  t o t he us ua l  

r equ i r e me n t s  of  s t ab i l i t y .  The v i s c ous  na t u r e  of  
b i t umen  r e n de r s  s andas pha l t  t o be e s s en t i a l l y  a 

v i s c o - p l a s t i c  mat er i a l .  I t  was  qua l i t a t i v e l y  
we l l - k n o wn  t ha t  i t  r eac t s  s t i f f  and s t r ong t o 

t r ans i en t  l oad i ngs  l i k e  wav es  and d u c t i l e  t o 

s l owl y  g r owi ng  de f o r ma t i o n s  l i k e s e t t l ement s .
The i mpos i t i on  of  a de f o r ma t i o n  r e q u i r emen t  

c a l l ed  howev er  f or  s t ab i l i t y  c a l c u l a t i ons  wh i c h  
i nc l uded  t he c o n t r i b u t i o n  of  i n t e r na l  v i s c ous

Fi gur e  3.  Cr os s  s ec t i on  of  abu t ment ,  c a i s s on  and 

f i r s t  p i e r  { s t or m s ur ge ba r r i e r  des i gn  

Eas t e r n  Sc hel d t ) .

de f o r ma t i o n s  t o t he s hear  s t r eng t h  of  s andas pha l  

and f or  v i s c o - p l as t i c  c ompu t a t i o n s  of  t he d e f o r ­
ma t i ons  of  t he abut ment s .

The Ne t he r l ands  Depar t men t  of  Pub l i c  Wor k s  as k ed 
Bi t umar i n  BV ( mar i t i me app l i c a t i ons  of  b i t u mi ­

nous  mat er i a l s )  t o p r ov i de  r ep r es en t a t i v e  s a m­

p l es  of  s andas pha l t  f r om dumped t r i a l  c ha r ges  
and as k ed t he De l f t  Soi l  Me c h a n i c s  Labo r a t o r y  t o 

de t e r mi n e  a r ea l i s t i c  s t r es s - s t r a i n  r e l a t i on  f or
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t he mat e r i a l  and t o pe r f o r m s t ab i l i t y  and  d e f o r ­
ma t i on  c omput a t i ons .  The f i r s t  r es u l t s  of  t h i s  

j o i n t  e f f o r t  ar e r epo r t ed  i n t hi s  paper .

STRESS- STRAI N RELATI ONS FOR SANDASPHALT

As men t i o n e d  i n t he i n t r oduc t i on  s andas pha l t  c o n ­
s i s t s  of  s and pa r t i c l es  g l ued  t oge t he r  by  b i t u ­

men.  I n f ac t ,  t he b i t umen  i s p r es en t  as  a t h i n 

c oa t i ng  ( t h i c k nes s  1 0  pm)  of  a l l  or  nea r l y  al l  
s and par t i c l es .

To get  s ome g r i p  on t he r e s pons e  of  t h i s  s andb i -  
t umen mi x t u r e  t o app l i ed  l oads  or  d e f o r ma t i o n s  a 

number  of  t es t s  wer e r un i n a Dut c h c el l  a p p a r a ­
t us  ( De Beer ,  1950) .  The i ns t r umen t  i s i l l u s t r a ­

t ed i n f i gur e  4.  I t  has  l ow- f r i c t i on  t op and b o t ­
t om p l a t ens ,  a bo t t om dr a i n ( de t e r mi na t i on  of  v o ­

l ume c hange)  and a doub l e  membr ane  enc l os i ng  h y ­

d r ophob i c  f l u i d  t o s epar a t e  t he s a t u r a t ed  s and ­

as pha l t  s ampl e  f r om t he c e l l - f l u i d .

A V

s a m p l e

m e m b r a n e s

c e l l  f l u i d

p r e s s u r e  

ve s s e  I

cons tant  v o l um e d e v i c e ^  

ai r  pressure r eg u l at or

Fi gur e  4.  Cr o s s - s e c t i o n  of  Dut c h c el l  appar a t us .

' dr ai n

I n t he c el l  t es t  ho r i z on t a l  and v e r t i c a l  s t r es s es  

ar e appl i ed.  The s t r es s  pa t hs  c ons i s t ed  of  i s o ­

t r op i c  c o n s o l i da t i on  <Jq = (7  ̂ = 0 2  = f o l l owed 
by  pur e  d i s t o r t i on  3o^  = CT̂  + C ^  = c ons t ant .

Si nc e Op  = ® 3  pur e  d i s t o r t i on  means  -  - 2^ 0^ *
The c oe f f i c i en t  of  p e r me a b i l i t y  of  us ual  s a n d a s ­
pha l t  mi x es  i s i n t he o r der  of  5- 10 x  10“ ^ m/ s ; 

p e r meab l e  enough t o p r ev en t  por e  p r es s u r e  g e n e ­
r a t i on  du r i ng  d r a i ned  t es t s  under  ex pec t ed  r a t es  

of  l oadi ng.  Henc e  t he app l i ed  s t r es s es  ar e e f ­
f ec t i v e  s t r es s es .

The v i s c ous  c ha r ac t e r  of  s andas pha l t  i s  f a i r l y  

wel l  des c r i bed  by  a s l i gh t l y  mo d i f i ed  v e r s i on  of  
t he r heo l og i c a l  mode l  of  Bur ger s  f or  b i t umen,  

wh i c h  c ons i s t s  of  a l i near  s p r i ng  E and a Ke l v i n  

mode l  A ( Suk l j e,  1969) .  I n f i gur e  5 t he adopt ed  

mode l  i s s hown.

The r e l a t i on  be t ween  s hear  s t r es s  T and s hear  

s t r a i n  y,  p r i mi t i v e l y  i l l us t r a t ed  i n a s t at e of  

s i mpl e  s hear ,  i s  d es c r i bed  by  t hr ee s i mpl e 

c oup l ed  el ement s :

E ,  t he i ns t an t aneous  and r ev e r s i b l e  c omponent ,

A,  t he v i s c o - e l a s t i c  c omponen t  and
P,  t he v i s c o - p l as t i c  c omponent .  Thi s  l as t  el e-

Ti

g - i L p - "

©  ®

Fi gur e  5.  Adop t ed  r heo l og i c a l  model  f or  s andas -  

p h a I t .

ment  P i s added t o t he Bu r g e r s - mo d e 1.  I t  c o n ­

s i s t s  of  a das hpot  wi t h  appar en t  c oe f f i c i e n t  of  

v i s c o s i t y  n and a s hear  e l ement  mode l i ng  i n t e r ­
nal  s hear  r es i s t anc e  T ^ - Ti  i s  a f unc t i on  of  

i s o t r op i c  s t r es s  (7q  and t o t a l  s hear  s t r a i n  y.

I n s y mb o l s :

dy
T = Ti <a0 , Y> + n ^ t i me ( 1 )

For  l ar ger  s hear  s t r a i ns ,  mor e t han 4%,  t he c o n ­
t r i bu t i on  of  t he e l emen t s  E  and A  t o t he s t r es s -  

s t r a i n  r e l a t i on  of  s andas pha l t ,  es pec i a l l y  i n 

mono t on i c  l oad i ng,  i s v an i s h i ng  s mal l .  I n t he 

s i mpl e  d i s c u s s i o n  p r es e n t e d  i n t hi s  paper  t hes e  
e l ement s  ar e t he r e f o r e  d i s r egar ded .  The e f f ec t  

of  t empe r a t u r e  T i s not  c ons i d e r e d  e i t her ;  i t  

c an be eas i l y  i nc l uded  i n t o n( T) .  A  t y p i c a l  t es t  

r es u l t  of  a c el l  t es t  on s andas pha l t  i s g i v en i n 

f i gur e  6 .

--- —  VC/ . )

Fi gur e  6 . St r e s s - s t r a i n  r e l a t i on  of  s and and 

s a n d a s p h a l t .

I n med i um dens e  s and t he ma x i mum mob i l i z ed  s hear  

r es i s t anc e  ( f a i l ur e l i mi t )  i s  r eac hed  at
s hear  s t r a i ns  y  of  2- 4%.

I n s andas pha l t  t he i n i t i a l  g r a i n  s k e l e t on  does  

not  ex i s t  i n f ac t  wh i l e  t he b i t umen c o a t i ng  p r e ­
v ent s  par  t i d e - t o - p a r t  i c l e c ont ac t .  Due t o i s o ­

t r op i c  c o n s o l i d a t i o n  t he c oa t i ng  wi l l  be 
s queez ed out  f r om be t ween  ad j ac en t  pa r t i c l es  

wher eas  dev i a t o r i c  l oad i ng  ( d i s t or t i on)  c aus es  
t he b i t umen  c o a t i ng  t o s hear  be t ween  pa r t i c l es  
and ev e n t u a l l y  t o be s queez ed out .  Shear  d e f o r ­

ma t i on  r es u l t s  i n a g r adua l  bu i l t  up o f  i n t e r ­

nal  r es i s t anc e  of  t he med i um due t o t he i n c r e a s ­

i ng number  of  s and pa r t i c l es  ge t t i ng  i nt o d i r ec t  

c ont ac t .  I n f i gu r e  6  t h i s  behav i o u r  i s  i l l u s t r a ­

t ed by  an i n i t i a l l y  ho r i z on t a l  s egment ,  r e p r e ­

s en t i ng  t he i deal  c as e of  no p a r t i c l e - t o - p a r t i -  
c l e c on t ac t  at  al l ,  f o l l owed  by  a c u r v ed  s e g ­

men t  wh i c h  appr oac hes  t he i n t e r na l  r es i s t anc e
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c ur v e  f or  s and at  l ar ge s hear  s t r a i ns  ( 9- 16%) .
The r e l a t i v e l y  l ar ge d e f o r ma t i ons  r eq u i r e d  t o 

b r i ng  s andas pha l t  t o f a i l u r e  t oge t he r  wi t h  t he 
c apac i t y  t o c ar r y  ov e r l o a d s  dur i ng  a l i mi t ed  p e ­

r i od  by  i nc r eas ed  s t r a i n  r at es  ( I  -  T ^ — T\ 

r ender  s andas pha l t  an i n t e r es t i ng  mat er i a l .

The l ower  angl e of  i n t e r na l  f r i c t i on  o f  s a n d a s ­

p ha l t  as c ompar ed  t o t he angl e of  t he c ons t i t uen t  
s and ( f i gur e  6 ) i s  dec ept i v e ,  s i nc e any  v i r t ua l  

ons e t  of  f a i l u r e  wou l d  i nc r eas e  l oc al  s t r a i n  
r a t es  and mob i l i z e  i nc r eas ed  v i s c ous  r es i s t anc e .  

The e f f ec t  o f  s t r a i n  r at e  "V ( ^X)  i s not  r e p r e ­

s ent ed i n f i gur e  6 . Had i t  b e (̂ t i t  wou l d  hav e  d e ­
mo n s t r a t e d  t hat  f a i l u r e  at  s mal l  s t r a i ns  and at  

l ow s hear  s t r es s  l ev e l s  i s nea r l y  i mpos s i b l e .

At  c ons t an t  t emper a t u r e  { t o get  r ep r od u c a b l e  r e ­

s u l t s  i t  s hou l d  v ar y  l es s  t han 0. 2° K)  and at  c o n ­

s t an t  s hear  s t r es s  l ev el  T/ J 0  y  i s  a f u nc t i on  of  
t i me ( f i gur e  7) .

t

Fi gur e  7.  y ( t )  as  a f unc t i on  of  s hear  s t r es s  T.

To a r r i v e  at  f i n i t e  s t r a i ns  Y mus t  dec r eas e  t o 
z er o.  I t  i s  v e r y  t i me - c o n s u mi n g  t o ob t a i n  t he 

max i mum v al ue of  T f or  wh i c h  ^  s t i l l  bec omes  z e ­
r o.  The eas i es t  way  t o a r r i v e  at  t h i s  l i mi t i ng

v a l ue appea r ed  t o be t o app l y  s mal l ,  i n c r e a s ­

i ng de v i a t o r i c  s t r es s  s t eps  unt i l  t he s t r a i n  r at e  
i s f ound  no t  t o dec r eas e  ( af t er  a s pec i f i ed  t i me 

of  obs e r v a t i on ) .  Then t he c e l l - v a l v e  was  c l os ed 

whi c h made t he c el l  p r es s u r e  0 ^ t o r i s e unt i l  

t he s ampl e  s t opped de f o r mi ng .  By  t hi s  p r oc edu r e  

t he dev i a t o r i c  s t r es s  Tq = CF j  -  CJ3  d r opped  wh e r e ­
as  t he i s o t r op i c  s t r es s  r i s es .  A c ompar i s on  
wi t h  t he mor e  c o r r ec t  p r oc e d u r e  i l l u s t r a t ed  i n 
f i gu r e  7 l ear ned  t ha t  t he ob t a i ned  v a l ues  of  

wer e  p r a c t i c a l l y  s i mi l ar .
The c el l  t es t s  wer e us ed t o ob t a i n  numer i c a l  v a ­

l ues  f or  T f  and T ̂  and n ( T)  f r om ( 1) .

COMPUTATI ON OF DEFORMATI ONS AND STABI L I TY OF 

SANDASPHAL T MASSI VES

Comp u t a t i o n  of  de f o r ma t i ons

The a b u t me n t s  of  t he Ea s t e r n  Sc he l d t  s t o r m s ur ge 
ba r r i e r  ar e made of  s and,  s andas pha l t ,  gr av e l  

and r oc k f i l l .  Sand,  gr av e l  and r oc k f i l l  may  be 
d es c r i b e d  by  a non- l i nea r  s t r es s - s t r a i n  r e l a t i on  

i ndependen t  f r om t i me wher eas  s a n das pha l t  b e ­
hav es  n o n - l i n e a r l y  and t i me - d e p e n d e n t . The  f i ­
n i t e  e l emen t  p r og r amme MARC ( Mar c al ,  1971)  a p ­
pear s  s u f f i c i e n t l y  f l ex i b l e  t o i nc l ude  al l  t hes e 

s t r es s - s t r a i n  r e l a t i ons .
The g r anu l a r  med i a  ar e des c r i bed  by  an angl e of  

i n t e r na l  f r i c t i on  ( Mohr - Cou l c mb behav i ou r )  c o m­

b i ned  wi t h  t he Von Mi s es  y i e l d  c ond i t i on  i n

O q  =  c ons t an t  p l anes  i n t he s t r es s  s pac e.  The 

p r og r amme emp l oy s  an as s oc i a t ed  f l ow r u l e.  The 

s t r es s - s t r a i n  r e l a t i on  was  c hec k ed  aga i ns t  p l ane 
s t r a i n  t es t  r es u l t s  upon Eas t e r n  Sc he l d t - s and  

and was  f ound t o p r ed i c t  t he t es t  r es u l t s  wi t h  
a f a i r  s i mi l a r i t y  r ega r d i n g  T- y - r e l a t i o n  and 
T- e ( v ol ume s t r a i n ) - r e l a t i o n .
As  t o t he s andas pha l t  behav i ou r  a s pec i f i c  s u b ­

r ou t i ne  was  set  up bas ed  on t he f o l l owi ng  c o n ­

s t i t u t i v e  model :

a.  By  l abo r a t o r y  t es t s  a r e l a t i o n s h i p  be t ween 

u l t i ma t e  s hea r - s t r a i n  and s hea r - s t r es s  d i v i ­
ded by t he i s o t r op i c  s t r es s  was  d e t e r mi ned  
( see f i gur e  8 ) .

Fi gu r e  8 . Compu t e r  s i mu l a t i on  of  T- Y- r e l a t i on  

of  s andas phal t .

The c ur v e  r uns  t h r ough  T=Y = 0 i n c on t r a d i c t i o n  
wi t h  mos t  of  t he t es t  r es ul t s .  Th i s  i s done f or  

eas e of  c a l c u l a t i on  and a l s o bec aus e  a number  

of  t es t  r es u l t s  s how t h i s  behav i ou r  due t o t he 
ex i s t enc e  of  p a r t i c l e - t o - p a r t i c l e  c on t ac t s  i n 

s andas pha l t  f r om t he s t ar t  of  t he t est .

b.  Cr eep  t hen c ou l d  be de f i ned  by  t he f or mu l a  

T- T .
Ay  = i  . A t ,  ( 2)

n i s het  appar en t  v i s c o s i t y  d e t e r mi ned  by  

l abo r a t o r y  t es t s  ( at  293° K) .

Co mpu t e r  c a l c u l a t i o n s  l ed t o t he t i me dependen t  
s hea r - s t r a i n  dev e l o p me n t  s hown i n f i gur e  9,  

wh i c h i s  c on f o r m t o t he t i me dependen t  behav i ou r  

of  s andas pha l t  ( p r ogr es s i v e  de f o r ma t i o n s  at  h i gh 
s hear  l ev e l s ,  s t ab i l i s a t i on  at  l ow s hear  l ev e l s )

Fi gur e  9.  Comput e r  s i mu l a t i on  of  y - t  r e l a t i ons  

at  d i f f e r en t  s h e a r - s t r es s  l ev e l s .

When al l  bou n d a r y  c ond i t i ons  ( geomet r y ,  l oads ,  

ma t e r i a l  par amet er s )  wer e d e t e r mi ned  t hey  wer e 

i nput  f or  s ome f i na l  r uns  t o c a l c u l a t e  t he l ong
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t e r m d e f o r ma t i o n s  of  t he abut ment s .

Mod i f i ed  Bi s hop  s t ab i l i t y  ana l y s i s

Conv en t i ona l  me t hods  f or  s t ab i l i t y  a n a l y s i s  of  

s l opes  c anno t  t ak e i nt o ac c oun t  t he v i s c ous  p r o ­

p e r t i es  o f  t he s andas pha l t  mi x t ur e ,  wh i c h  howev er  

p l ay  an es s en t i a l  r ol e i n t he p h i l os ophy  of  d e ­

s i gn  of  t empo r a r y  dams.  Vi s c o s i t y  of  t he mi x  has  
a r es t r a i n i n g  i n f l uenc e  on t he s l i d i ng  v e l oc i t y  
i n c as e of  ac t ua l  f ai l ur e.  Smal l  s l i d i ng  r a t es  

may  be v e r y  we l l  ac c ep t ed  f or  s hor t  t e r m e a r t h ­
wor k s .  To t ak e adv an t age  of  t he v i s c ous  p r o p e r ­

t i es  a s l i gh t  mo d i f i c a t i o n  of  t he c o n v en t i ona l  

s t ab i l i t y  ana l y s i s  i s needed.  Mob i l i z ed  s hear  
s t r eng t h  i s  de f i ned  as

T s = f s ( Y ) o t an (<t>s ) ( 3)

f or  s and,  wher e  s s t ands  f or  s and,  and

Ta = f a ( y ) a t a n  ((J>a ) t  0 ^  ( 4)

f or  s andas pha l t ,  wher e a s t ands  f or  s andas pha l t .  

Her e,  y  s t ands  f or  ( uni f or m)  s hear  s t r a i n  a l ong  

t he f a i l u r e  s ur f ac e,  f s and f a ar e mo b i l i z a t i o n  
f ac t o r s  ( f i gur e 10) ,  O i s  s t r es s  no r mal  t o f a i l ­

ur e s ur f ac e,  t an (<{>s ) and t an (<J>a) ar e f r i c t i on  
pa r ame t e r  s .

1

0

Fi gu r e  10.  f  and f  as  f unc t i ons  of  s hear  

s t r a i n  y?

Eq ua t i on  ( 4)  i s e s s e n t i a l l y  s i mi l ar  t o ( 1) .

Thes e  d e f i n i t i ons  ar e us ed i n t he e q u i l i b r i um 

ana l y s i s  i n t he Bi s hop  met hod of  s l i c es  ( Cr ai g,  
1974)  and t hus  ob t a i n i ng  an o r d i n a r y  f i r s t  o r der  

d i f f e r e n t i a l  equa t i on  f or  y  ( f i gur e  11) .

Fi gu r e  11.  I nput  p a r a me t e r s  f or  s andas pha l t  and 

s and i n t o Bi s hop ' s  s t ab i l i t y  ana l y s i s  
bas ed on t he equ i l i b r i um of  s l i c es .

Two d i f f e r e n t  t y pes  of  s o l u t i ons  of  y  ar e p o s ­
s i bl e :

1 . ^  -► 0,  f  s ( y)  < 1 and f a ( y)  < 1 as  t  + 00

( t  = t i me p a r a me t e r ) .

2.  > 1 , f  ( y)  = 1 and f  ( Y)  = 1 as  t  -*■ “  
dt  s a

I n t he f i r s t  c as e de f o r ma t i ons  wi l l  be bounded  
and e q u i l i b r i um needs  no dr aw on v i s c os i t y .  I n 

t he s ec ond c as e de f o r ma t i on  goes  on,  but  v i s c o ­

s i t y  p r e v e n t s  s udden f a i l u r e.
The p r oc edur e  of  f i nd i ng  t he c r i t i c a l  s l i d i ng  
c i r c l e  i s as  f ol l ows :

1.  For  eac h po t en t i a l  c en t r e  of  r o t a t i on  and r a ­

d i us  of  t he s l i d i ng  c i r c l e  c o e f f i c i en t s  of  
t he d i f f e r en t i a l  equat i on  ar e de t e r mi ned ,  
bas ed on t he t es t  r es u l t s  of  par .  2.

2.  The d i f f e r e n t i a l  equa t i on  i s ana l y s ed  t o d e ­

t e r mi ne  t he l i mi t i ng  v a l ue  of  t he a s s o c i a t ed  

s hear  s t r a i n  y,  or  t he s t r a i n  r a t e  i n c as e 
of  ac t ua l  f a i l ur e.  The c r i t i c a l  s l i d i ng  

c i r c l e  i s de f i ned  as t he p o t en t i a l  f a i l u r e  

c i r c l e  wi t h  h i ghes t  v a l ue  of  as s oc i a t ed  

s hear  s t r a i n ,  or  h i ghes t  s t r a i n  r at e.

CONCLUSI ONS

Sandas pha l t ,  a mi x t u r e  of  s and and b i t umen,  has  

been f ound f or  many  y ear s  t o be a c o mp l e t e l y  a c ­
c ep t ab l e  s bus t i t u t e  f or  c l ay  and mi nes t one  i n 

t he c o n s t r uc t i on  of  p r o t ec t i o n  d i k es  and t e mp o ­
r ar y  d i k es  f or  mar i t i me  dam bu i l d i ng .  The 
k nowl edge  of  s andas pha l t  pe r f o r ma n c e  was  bas ed 
on f i e l d  t es t s  and p r ac t i c e  of  c oas t a l  and r i ­

v er  eng i neer i ng .

Rec ent l y ,  f or  ex ampl e  f or  t he Eas t e r n  Sc he l d t  
s t or m s ur ge ba r r i e r  i n t he Ne t he r l ands ,  new r e ­

q u i r emen t s  f or  t he us e of  s andas pha l t  wer e  made 

p u t t i ng  r es t r i c t i o n s  t o t he a l l owab l e  t ot a l  d e ­
f o r mat i ons  of  embank men t s  and abu t ment s .  The 

new demands  n e c es s i t a t ed  ex pe r i men t a l  r es ea r c h  

i nt o  t he v i s c ous  and v i s c o - p l as t i c  c ha r a c t e r  of  
s andas pha l t  and t he i n t r oduc t i on  of  o b t a i ned  

s t r es s - s t r a i n  r e l a t i ons  i nt o c omp u t a t i o n a l  p r o ­
c edu r es  f or  s t ab i l i t y  and d e f o r ma t i o n s  of  e m­

bank me n t s  .
The f i r s t  r es u l t s  of  t h i s  r es ear c h  ar e p r es en t ed  

her e.  I t  appear ed  ac c ep t ab l e  t o de s c r i b e  s and ­

as pha l t  behav i ou r  at  s omewhat  l a r ger  s t r a i ns  by  

a s i mpl e  v i s c o - p l a s t i c  model .  The model  c ou l d  
be i n t r oduc ed  i nt o bot h  t he MARC f i n i t e  e l ement  
p r og r amme f or  d e f o r ma t i ons  and t he Bi s hop  met hod  

of  s t ab i l i t y  ana l y s i s .
The c a l c u l a t i ons  pe r f o r med  now f or  t he abu t men t s  

i n t he s t or m s ur ge ba r r i e r  s how t hat  s andas pha l t  
may  be us ed  as  c or e p r o t ec t i on .

The r es ea r c h  wi l l  be c on t i nued  t o c hec k  t he r e ­

l i ab i l i t y  of  t he f i r s t  r es u l t s  and t o ob t a i n  
mor e  f undament a l  k nowl edge  of  s andas pha l t  b e h a ­

v i our ,  t he f av our ab l e  e f f ec t s  of  p r es h e a r i n g  
du r i ng  t he depos i t i on  of  t he hot  mi x  and of  

h a r de n i n g  of  t he mi x  i n t he c our s e of  t i me.  I n 

t he c ompu t a t i on  of  de f o r ma t i ons  t h r e e - d i me n s i o ­

na l  ge o me t r y  wi l l  be i nv es t i ga t ed .
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