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ASSTRACT

The coat  o f  d redg ing  in  o rder  to  p rov ide  accesr  fo r  eh ipa  aod o ther  vesae lo
can be  a  la rge  coaponent  o f  a  p ro jec t .  There  ia  an  in i t ia l  cap i ta l  coe t
invo lved in  c rea t ing  a  d redged area  and the  eubeequent  recur r ing  cos t  o f
o a i u c e n a n c e .

In  c rea t ing  a  d redged area ,  roa ter ia l  i s  reooved to  the  requ i red  depth
leav ing  e ide  va l la  e lop ing  up  to  o r ig ioa l  bed leve l .  I l i th  the  paaaage o f
t ioe  mater ia l  v i l l  accuuu la te  in  the  dredged aec t ion ,  eome hav ing  been
car r ied  in  cuepena ion  by  the  water ,  and poce ib ly  loue re8u l t ing  f rom gradua l
f a i l u r e  o f  t h e  e i d e  s l o p e e .

In  th is  rev ien  ve  cone ider  the  a tab i l i t y  o f  a ide  a lopee dredged ia  cohec ive
eoi le.  I {e eranine both the choice of elope angle to achieve a safe ini t ia l
condit ion and the nore gradual uovemeot of rnater ial  f ron the elopea. I t  haa
been undertaken i t  hac been underteken in order to provide a background for
an  erper i roenta l  s tudy  o f  underwater  e lope a tab i l i t y .

Hechan igne o f  fa i lu re  in  bo th  s t i l l  and  nov ing  na ter  a re  cona idered and
appropr ia te  ne thode o f  ana lye i r  ideo t i f ied ,  lead ing  to  recomendat iong on  a
number  o f  fea tures  o f  the  exper ioenta l  fac i l i t y  aad on  the  ana lye ia  o f
C e E t 8 .

There are lso f ie lds of etudy vhich oay be ured in aaalyeing the behaviour
o f  underwater  cohes ive  a lopec  -  ro i l  mcchan ica  and rheo logy .  I { i th in  the
f ie ld  o f  so i l  uechan ics ,  cur ren t ly  ava i lab le  cooputer  p rogremes ue ing
var ioua ne thods  o f  s l i ccs  a re  cu i tab le  fo r  undersa ter  e loper  and can a lao  be
Eade to take account of the effectr  of  noving sater.  The rheological
approach,  a l though leea deve loped,  can be  uged in  the  fo r ro  o f  l lo rgeneternra
sork  to  exao ine  ged iuent  f love .  .

The phye ica l  paraoeters  to  be  neaeured in  the  f ie ld l  and in  e :per iments t
have beeo l iated. Laboratory ccale rork necd not be vieved aa an exect
rep l i ca  o f  a  rea l  p ro to type,  bu t  ra ther  e r  rn  r t tenpt  to  es tab l iah  la ra
wh ich  epp ly  on  labora tory  a loper  aad hence,  i t  ia  aegurnedr  on  la rger
a l o p e a .

A l though ooc t  o f  the  in te reg t  i s  in  a lopee o f  coheg ive  mater ia l  oany  o f  the
pheaoneoa deecr ibed uay  be  eac i l y  s tud ied  by  ur ing  coaraer  ua ter ia l ,  ie ,
sande. These have the advaotage of requir ing leae t iue to consol idate than
c l a y e  a n d  s i l t s .
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1 INTRODUCTION

T h e  c o s c  o f  d r e d g l n g  l n  o r d e r  c o  p r o v i d e  a c c e s s  f o r

s h l p s  a n d  o t h e r  v e s s e l s  c a n  b e  a  l a r g e  c o n p o n e n E  o f  a

p r o j e c t .  T h e r e  i s  a n  i n i c i a l  c a p i c a l  c o s t  i n v o l v e d  i n

c reaE ing  a  d redged  a rea  and  E .he  subsequenE  recu r r i ng

c o s E  o f  m a l n t e n a n c e .

In  c rea t l ng  a  d redged  a rea ,  naEer ia l  l s  r emoved  Eo  the

requ l red  depuh  l eav ing  s ide  wa l l s  s l op ing  u ' p  co

o r l g l n a l  b e d  l e v e l .  W l t h  t h e  p a s s a g e  o f  t i m e  m a t e r l a l

w i l l  accumu l -a t , e  l n  t he  d redged  secE lon ,  some  hav lng

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

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

s l o p e s .

I n  c h l s  r e v l e w  w e  c o n s i d e r  t h e  s c a b l l t r y  o f  s i d e

s l o p e s  d r e d g e d  l n  c o h e s l v e  s o l 1 s .  W e  e x a m l n e  b o c h  c h e

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

cond i t l on  and  the  ruo re  g radua l  movemenE o f  ma t ,e r l a l

f r o m  E h e  s l o p e s .

The  scab l l t t y  o f  s l opes  on  l and  (1e ,  no t ,  submerged )

has  been  t , he  sub jece  o f  a  good  dea l  o f  a tEenc lon  i n

the  pas t ,  and  t . eehn iques  such  as  s l l p  c l r c l e  ana l ys l s

and  the  me t .hod  o f  s l l ces  a re  we l l  esEab l l shed .  These

Eeehn lques  can  be  app l l ea  co  subne rged  o r  emergenE

( i e ,  p a r t l y  s u b m e r g e d )  s l o p e s  w l c h  l l c c l e

mod i f l ca t l on ,  p rov lded  Ehey  a re  l n  s t l l l  wa t .e r .

Howeve r ,  d redged  s lopes  a re  a lmosE  l nva r l ab l y  f ound  l n

wa t .e r  wh l ch  l s  noc  sc i l l .  The  e f f ec t  o f  cu r ren ts  '

waves  and  t l des  on  the  s tab l l i t y  o f  t he  s i de -s lope  nay

be  s ign i f l canE  and  i nE roduces  an  exEra  deg ree  o f

conp lex lEy  i nEo  the  ana l ys l s .  I n  Eh l s  rev lew ,  we

e x a m i n e  t h e  s c a b l l l t y  o f  s l o p e s  u n d e r  s E l l l  a n d  m o v i n g

waEer  by  add ress ing  the  fo l l ow lng  ques t , i ons :

-  what  are lhe Eost  l ike ly  mechanLsns of

f  a l l u re?



-  how  can  Ehese  be  ana l vsed?

-  che re fo re ,  whaE  pa rame t .e rs  need  Eo  be  measu red

l n  t h e  f i e l d  i n  o r d e r  t o  D e r f o r m  t h e

anaLys  1  s?

L Ie  beg ln  by  cons lde r i ng  s lopes  l n  sC l l l  wa te r  and  Ehen

rnove  on  fo  exau ine  the  e f f ec t  o f  mov lng  wa te r .

F lna l l y ,  we  rev lew  p rev lous  expe r lmen ta l  wo rk  and

l d e n t l f y  t h e  m o s E  a p p r o p r i a t e  d l r e c t l o n s  f o r  f u t u r e

l a b o r a t o r y  l n v e s t i g a t l o n s .

2 SLOPES IN STILL

WATER

2 . L  I n t r o d u c t l o n

A  rev lew  o f  t he  l l t e ra tu re  revea l s  t ha t  a  good  dea l  o f

wo rk  has  been  done  on  the  s tab i l l r y  o f  submar lne

s lopes .  Howeve r ,  t h i s  wo rk  has  concen t ra t , ed  a lmos t

exc lus l ve l y  on  l a rge  mar lne  s l i des  on  l ong  s lopes

wh lch  can  be  cons lde red ,  f o r  t he  sake  o f  ana l ys l s ,  t o

be  l n f l n l t e  l n  ex ten t .  These  s lopes  l end  Lhemse lves

t o  a  f a l r l y  s t r a l g h t f o r w a r d  a n a l y s l s .

D r e d g e d  s l o p e s ,  h o w e v e r ,  a r e  r e l a t i v e l y  s h o r t ,  s o  t h a t

t h l s  ' l n f l n i t e  s l o p e r  t r e a t m e n t  m a y  n o t  b e  a p p l l c a b l e .

N e v e r E h e l e s s ,  l t  t s  d e s c r l b e d  h e r e ,  t o g e t h e r  w i t h

techn lques  wh lch  nay  be  more  app rop r l a te  t o  a  f l n l t e ,

d redged  s lope .

A  second  d l s t l nc t l on  Lo  make ,  bes ldes  the  one  be tween

f tn i t e  and  l n f l n l - t e  s l opes ,  l l es  l n  t he  cho i ce  o f

wh . l ch  f t eLd  o f  s tudy  i s  mos t  app rop r l ace  to  unde rwa te r

so l l  movemen ts .  The  cho i ce  l s  be tween  the  f l e l ds  o f

soi l  ruechanLcs and rheology.

In  t he  f t e l d  o f  so l l  mechan l cs ,  t he  s tudy  o f  s l opes

on - l and  l s  we l l  advanced  compared  to  t he  s tudy  o f



2.2  l ' l echan lsus

f a  i  l u r e

o f

underwa te r  s l opes .  To  app l y  so l l  nechan i cs  E .echn lques

Eo  t , he  l aE . te r ,  t , he re f  o re ,  wou ld  seen  Eo  requ i re  che

t . rans la t l on  o f  above -waE.e r  oechods  o f  ana l ys l s  co  make

then  su l - cab1e  fo r  unde rwa le r  so l l s .  The  resu l r  o f

ch i s  l s  t ha t ,  Ehe  pa rane te rs  [ o  be  measu red  i n  t he

f l e l d  wou ld  be  Ehose  wh lch  a re  usua l  i n  so l l

m e c h a n l c s .

Rheo logy  l s  che  s t , udy  o f  f l ow  o f  maE,E ,e r .  I n  ou r

c o n t , e x E ,  t o  t a k e  a  r h e o l o g l c a l  a p p r o a c h  1 s  E o  c o n s l d e r

a  mass  o f  mov lng  so l l  and  waEer  as  a  f l ow  l n  wh l ch

maEer ia l  i s  noE  necessa r i l y  noov ing  as  one  b lock .

Tak lng  t , h i . s  app roach ,  t he  pa rameEers  Eo  measu re

are C,hose conunon C.o rheology.

Bo th  f i e l ds  can  be  app rop r l ace ;  so l l  mechan l cs  i s

pe rhaps  mos t ,  su iEab le  whe re  Ehe  so l l  noves  as  one

r l g i d  mass ,  rheo logy  where  cha t  l s  no t  t he  case .

Boehmer  ec ,  a l  ( 1983 )  ca r r i ed  ou t  f u l l  s ca le  s l ope

s rab l l l t y  t , es t s  l n  wh l ch  they  i den t l f i ed  Ewo  ma ln

geocechn l ca l  p rob lems .

( l )  I n l r i a l  s l o p e  s t a b l l l t y

( Z >  P o s t  f a i l u r e  s l o q e  s t a b i l l t y  a s  a  r e s u l c  o f

s e d i m e n E  ' f l o w r  t r l g g e r e d  b y  a n  l n l E l a l  f a i l u r e

H a m p t o n  ( 1 9 7 0 )  d e f l n e s  c h r e e  c a t , e g o r l e s  l n t o  w h l c h

rDovemenEs  o f  unde rwaEer  sed lnenE  can  be  d i v i ded  on

bas l s  o f  t he  deg ree  o f  l nEe rna l  de fo ruaE lon  t { i ch ln

nov lng  na te rLa l .  Hence ,  we  can  use  Ehe  fo l l ow lng

d e f l n l t l o n s :

Ehe

Ehe



S l l d e :  l a r g e  b l o c k s  o r  s l a b s  o f  m a t e r l a l  m o v e  o n  a

few  re la t t ve l y  we l l - de f l ned  s l l ppage  p lanes  w l th  on l y

s l l g h t  l n t e r n a l  d e f o r m a t l o n

S lump :  roa te r i a l  l s  b roken  up  i n to  many  b locks  and

l s  g e n e r a l l y  l n t e r n a l l y  d e f o r m e d

Sed luen t  g rav l t y  f l owe3  the  sed imen t -wa te r  m lx tu re

f l ows  l n  a  manner  mos t  ak ln  t o  t f i a t  o f  a  v l scous

f l u l d .  T h e r e  i s  a  h i g h  d e g r e e  o f  l n t e r n a l

de fo rua t l on .  Such  f l ows  a re  d l s t l ngu l shed  f rom f l u td

g rav l t y  f l ows ,  whe re  sed lmen t  t s  ca r r l ed  a long  i n  a

mov l yg  f l u i d ,  by  t he  fac t  t ha t  l t  l s  t he  pa r t i c l es

wh lch  a re  d r l ven  by  g rav t t y  and  move  the  l n te rs t l t l a l _

f l u i d .

Movemen ts  wh i ch  fa1 l  i n to  t he  ca tego ry  o f  s l i des  can

Eake  va r l ous  fo r ros .  On  a  l ong  s lope  the  s l i ppage

p lane  rnay  be  pa ra l l e l  t o  t he  s l ope  l t se l f  w iEh  the

m a t e r i a l  m o v l n g  a s  a  ' f l a k e ' .  F a l l u r e  p l a n e s  w 1 1 1

fo l l ow  l l nes  o f  weakness  l n  t he  ma t .e r i a l  and  1n  sho r t

s l o p e s  ( s u c h  a s  d r e d g e d  o n e s )  t h e s e  o f C e n  t a k e  E h e

a p p r o x l m a t e  f o r n  o f  a r c s  o f  c l r c l e s .

I n  a 1 I  t y p e s  o f  f a l L u r e  i n  s E l l l  w a t . e r ,  t h e  d r i v i n g

f o r c e  l s  g r a v l t y  a c t l n g  o n  t h e  s o l l  p a r t l c l e s  a n d  t h e

bas l c  reacE lon  to  t ha t  f o r ce  a r l ses  f r om the  so l l

s t reng th .  The  s t reng th  o f  unde rwa te r  depos i t s  l s

of t ,en rather  low,  the factor  whlch ln  s t t l l  l ra ter

con t r i bu tes  mos t  t o  t he  sha l l ow  s lope  ang les

obse rved .

The low st rengEh nay be a consequence of  the loose

pack lng  o f  pa r t l c l es .  An  add l t l ona l  f ac to r  may  be  the

gene ra t l on  o f  h l gh  po re  p ressu res  du r i ng

conso l l da t l on .  Morgens te rn  (1967 )  repo r t s  Te rzagh l

(1956 ) ,  who  d rew  a t ten t l on  t o  t he  l n f l uence  o f  h l gh

ra tes  o f  sed lmenEa t l on  on  the  deve lopmen t  o f  sc reng th



i n  a  c o n s o l i d a t i n g  s e d l m e n E .  E x c e s s  p o r e  p r e s s u r e s

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

u n d e r g o l n g  r a p l d  d e p o s l t l o n .  T h a t  e x c e s s  p r e s s u r e

r e d u c e s  t h e  e f f e c t i v e  s t r e s s ,  a n d  h e n c e ,  t h e  s t r e n g E h

o f  t h e  m a t e r i a l .

A n o t h e r  c a u s e  o f  l n s t a b t l l t y  o f  s l o p e s  l n  s t i l l  w a E e r

l s  t h e  p o s s l b l e  p r e s e n c e  o f  g a s  ( H a m p t o n  e t  a l ,  1 9 7 8 ) .

Th l s  can  con t r i bu te  t o  ra l s l ng  po re  p ressu res  and  so

lower lng  s t reng th .

F lna l l y ,  ea r thquakes  can  a l so  add  an  ex t ra

d e s t a b l l i s l n g  f o r c e  w h l c h  r n a y  l e a d  t o  f a l l u r e  a n d  m a y

a l s o  c o n t r l b u t e  t o  h l g h  p o r e  p r e s s u r e s  ( H a m p t o n ) .

I t  s e e m s  e v l d e n t  t h a t  s l i d e s ,  a s  d e f i n e d  a b o v e ,  l e n d

themse lves  Eo  ana l ys l s  us lng  concep ts  de r i ved  f rom the

f i e l d  o f  so l l  mechan l cs ,  whe reas  sed lmen t  g rav l t y

f l ows  a re  more  su i t ed  Eo  a  rheo log l ca l  app roach .

S lumps  rnay  be  t rea ted  as  a  l nEe rmed la te  phenomenon .

I n  t h e  s e c t l o n s  w h i c h  f o l l o w ,  L h e  f a c t o r  o f ' s a f e t y ,  F ,

l s  d e f l n e d  t n  t e r m s  o f  t h e  s o l l  s h e a r  s t r e n g t h ,  t e ,  a s

ava l l ab le  shea r  sE rengch  d t v l ded  by  t he  s t rengch  a t

wh i ch  fa t l u re  wou ld  occu r .  Th i s  l s  used  by  rnosE

au tho rs  l n  p re fe rence  to  o the r  de f l n l t l ons .

2 . 3  I n f i n i t e  s l o p e

The  me thod  o f  assu ro lng  the  s lope  l s  l n f l n l t e  has  been

used  by  mos t  o f  t hose  who  have  l nves t l ga ted  l a rge

mar lne  s l l des  (Hampton  e t  a l  ( 1978 ) ,  A lmagor  and

W i e s e m a n  ( 1 9 8 2 ) ,  M o r g e n s t e r n  ( 1 9 6 7 ) ,  K a r l s r u d  a n d

E d g e r s  ( 1 9 3 2 ) ,  O l s e n  e t  a l  ( 1 9 8 2 )  ) .  F a l l u r e  1 s

t reaced  as  t ak lng  p lace  on  a  p lane  pa ra l l e l  t o  t he

s l o p e  1 t s e 1 f .

l . {o rgens tern  (1967)  uses  the  techn lques  fo r  normal ly

conso l lda ted  c lays  w l th  an  undra lned shear  s r rength '



C u  a E  E h e  p l a n e  o f  f a l l u r e .  T h e  f a c t o r  o f  s a f e t y ,  F ,

a g a l n s t  s l t d l n g  l s  g i v e n  b y

o  =  C u  2  / / r \'  
Y t z  s I n  2 a  \ r ' l

whe re

y '  =  buoyan t  un l t  we igh t  o f  so l l

z  =  dep th  beLow su r face  o f  sed lmen t

o  =  s l ope  ang le

Morgens te rn  a l so  l n t roduced  a  ho r l zon ta l  f o r ce  due  to

ea r thquakes  hav lng  an  acce le ra t l on  k  wh i ch  l s  some

percen tage  o f  g rav l t y .  I l e  de r l ved  an  exp ress lon  fo r

t h e  v a l u e  o f  r h e  f a c t o r  o f  s a f e t v  a s

- C u
i  = - ( 2 )

\ ' z  (b  s ln  2  c r  *  3kcos  2o)

The  fac to r  o f  sa fe t y  aga lns t  s l l d i ng  o f  such  a  s l ope

l s  g l ven  l n  t e rms  o f  e f f ecE lve  s t ress ,  and  i gno r l ng

c o h e s l o n ,  b y  H a n o p t o n  e t  a l  ( 1 9 7 8 )  a s

F  =  ( 1  _  f u  \  E a n 0 r
- :

,1 '  zcos za tan 0

where

&r  =  excess  po re  p ressu re

0 ' =  e f f e c t l v e  s t . r e s s  f r l c c l o n  a n g l e

l lhereas the sol ! -  mechanlcs technlques descr ibed above

a re  mos t  app rop r l a te  f o r  t he  ana l ys i s  o f  l n l t t a l

s tab i l l t y ,  t he  rheo log l ca l  app roach  desc r i bed  by

I - l o rgens te rn  (1967 )  can  be  app l l ed  t o  t he  subsequenE

gradua l  f a l l u re .  Th l s  g radua l  f a l l u re  i s  mos t  l t ke l y

to be due to the ln f luence of  movlng water .

Morgens te rn  cons lde rs  t he  ve loc t t i es  w l t h l n  a  sedLmen t

f l ow  where  vLscous  fo rces  a re  l ncLuded ,  resu l . t l ng  i n  a



ve loc iEy  d i s t r l buc lon  rang lng  f ro ra  max imuu  aE  the

s lope  su r f  ace  do l rn  t , o  ze ro  aE  che  f  a l l u re  p lane  as

d e E e r r n i n e d  b y  E q u a c l o n  ( 1 ) .

He  cons ide rs  a  non -cohes i ve  so l l ,  and  examlnes  che

fo rces  on  a  sma l l  e l e raen t .  l n  che  f l ow ,  resu l t i ng  i n

E h e  e q u a E . l o n

0'u y e[/
Y ' s 1 n s - T _ = _ - E _  ( 4 )E sE-

where

t  l s  s h e a r  s t . r e s s  o n  t h e  f a l l u r e  p l a n e  ( p a r a l l e l  c o

r h e  s l o p e )

z  i s  measu red  pos i c l ve  downwards ,  pe rpend i cu la r  t o  Ehe

s  l o p e

V  i s  che  ve loc i t y  pa ra l l e l  t o  Ehe  s lope

He  a l so  assunes  Eha t  t , he  excess  po re  p ressu re  u

lnc reases  l l nea r l y  w i ch  depch  so  Eha t

u = n z

The  shea r  sE ress  l s  g i ven  by

r  =  ( y ' z cos  a -  nz )  r anQt  -  t #  ( 5 )

where  the re  t s  no  apparenE cohes ion  c r .

! ' l o rgens te rn  g i ves  a  so lu tLon  f  o r  Equa t l ons  (a )  and  (5  )

comb lned ,  whLch  a l l ows  the  f l ow  ve loc l t y  Eh roughouc  a

s l l de  Eo  be  ca l cu la ted  by  means  o f  a  g raph .  Th l s

cou ld  be  used  Eo  p red l cE  ra les  o f  sed imenc  movenenc .

A lEhough  Ehe  rheo log tca l  app roach  has  noc  been

deve loped  to  t he  same deg ree  as  va r i ous  so l1  nechan l cs



t e c h n l q u e s ,

to  Ehe  case

a p p e a r s  t o  h a v e  a  p o t e n E l a l  a p p l l c a E l o n

the  g radua l  movemen t  o f  sed i rnen t .

The re  a re  a  nunbe r  o f  c l ass l ca l  so i l  mechan l cs

techn lques  fo r  t he  ca l cu la t i on  o f  t he  l { ke l y  f ac to r  o f

sa fe t y  o f  a  f l n i t e  s l ope .  Many  o f  t , hese  a re  based  on

a  c i r cu la r  s l i p  w i t h  a  so lu t i on  ob ta ined  o f t en  by

d l v i d i ng  the  s l l p  zone  i n to  a  number  o f  s l l ces  and

ca l cu la t i ng  t he  dLs tu rb ing  and  resEorLng  fo rces  on

eaeh  s l l ce .  An  ou t l i ne  o f  some  o f  t hese  rne thods  l s

g i ven  i n  Append i x  A .

In  app l l ca t i on  t o  d redged  s lopes  the  shea r  s t reng th  o f

t he  mud  l s  nos t  l l ke l y  t o  l nc rease  w i th  dep th

( L e  e f f e c t l v e  s t r e s s )  b e l o w  t h e  o r l g i n a l  s u r f a c e ,  s u c h

t h a t

Cu
;- - i -  

= Constant

I E  l s  r e a s o n a b l e  l n  t h t s  i n s t a n c e  t o  u s e  a  s o l u E l o n

g l ven  by  Booke r  and  Dav l s  (Lg72>  based  on  an  exac t

p las t l c i t y  me thod .  The  so lu t l on  l s  shown  l n  F lgu re  1

a s  a  g r a p h  o f  t h e  r e l a t l o n s h l p  a t  f a l l u r e  ( 1 e ,  F  =  1 )

be tween  the  s lope  ang le  a  and  the  ra t i o  $ - .  I t  l s
T ' z

l n te res t l ng  t o  no te  t ha t  t he  so lu t l on  l s  l ndependen t

o f  t he  ac tua l  he lgh t  o f  t he  d redged  s lope  and  depends

on l y  on  the  ra te  o f  l nc rease  o f  t he  s t reng th  o f  t he

roud  w l th  e f f ec t t ve  s t ress .  A l so  shown  on  F lgu re  1  i s

the  l n f l n l t e  s l ope  so lu t l on  o f  Morgens te rn  (1967 )  as

g l ven  l n  Equa t l on  (1 ) .  Fo r  any  g l ven  va lue  o f  t he
-Curat to  

f t -  
tne cr t t lca l  s lope angle ls  substant ia l ly

l ess  f o r  Ehe  i n f l n l t e  sLope  than  fo r  Lhe  d redged

( f l n t t e )  s l o p e .

t r

o f

2 . 4  D r e d g e d  s l o p e



D e g r e e  o f

c o n s o l  i d a  t  1 o  n

2 . 6  T y p i c a l  v a l u e s

o f  C u /  ! ' z

The ra t lo  o f  undra lned shear  s t rength
Cu

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

c o n s t a n E ,  a n d  t h e r e f o r e ,  a  r e d u c t i o n

s t r e s s  d u e  t o  a n  e x c e s s  p o r e  p r e s s u r e

lower  t , he  und ra ined  shea r  s t rengEh  o f

unde rconso l i da t , ed  so11 .

I t  i s  mosc  l l ke ly  tha t .  muds ln  es t ,uar ine  or  near

coas ta l  reg ions  w111 be  underconso l lda ted .  Th is  means

chat  the  ruud is  sE i l l  conso l lda t , ing  under  i t s  se l f

welghr and squeezing out water trapped ln the pores of

the  ruud.  The pressure  o f  the  water  ln  these pores  (u )

w l l l  Ehere fore  be  h lgher  than the  aub len t  hydroscac lc

p r e s s u r e .  A s  a  r e s u l t  o f  t h l s  e x c e s s  p o r e  p r e s s u r e

che e f fec t l ve  s t . ress  (  o* r ' )  w l th ln  the  so l l  na l r l x  w l l l

be  less  than the  to ta l  s t ress  (  o . r )  and ls  g lven  by :

v
I  = : d  -  U

v

t o  e f f e c t l v e

to  be  reasonab l y

i n  e f f e c t i v e

w l l l  a c c o r d i n g l y

Ehe

For  exanp le ,  suppose a  mud w l th  an  e f fec t l ve  we lgh t ,

y '  o f .  2 .5kN/n3 had a  ra t lo  Cu/  o* r '  o f  0 .15 .  For  the

norna l l y  conso l ldaEed s i tua t lon  *  
=  ' ( '2 ,  and

h e n c e ,  C u /  y ' z  =  0 . f 5 .  F r o r n  F i g u r e  1  t h l s  c o r r e s p o n d s

E o  a  c r l u l c a l  f l n i t e  s l o p e  a n g l e  o f  2 2 " .  H o w e v e r ,  L t

che mud was underconso l lda ted  and had an  excess  Pore

pressure  o f  say  0 .5 rn  head o f  water  (V , ,= fOtn /m3;  a t  a

d e p t h  o f  5 n  t h e n  C u /  " ( ' z  =  0 . 1 5 ( 5 x 2 . 5 - 0 . 5 x 1 0 ) / ( 2 . 5 x 5 )

=0.09  and t ,he  c r t t l ca l  s lope ang le  l s  reduced to

a r o u n d  1 0 o .

For  no rma l l y  conso l l da ted  c lays  1E  l s  reasonab le  Eo

assume that  the value of  Cu/  6v '  ls  l lke ly  to be ln  the



3. r

SLOPES IN MOVING

I{ATER

In  E roduc  t  i on

r a n g e  o f  0 . 1 5  t o  O . 4 0 .  A  t y o l c a l  v a L u e  w o u l d  b e

a r o u n d  0 . 2 5 .  H o w e v e r ,  t h e  e f f e c t s  o f

unde rconso l l da t i on  t end  to  reduce  the  ra te  o f  l nc rease

in  e f f ec t l ve  s t ress  w l t h  dep th  and  a l so  f o  reduce  the

ga tn  l n  shea r  sE reng th  w l t h  dep rh .  Acco rd ing l y ,  t he

va lue  o f  t he  ra t i o  Cu /y ' z  w111  be  l ower  i n

u n d e r c o n s o l l d a t e d  s o l l s  t h a n  l n  n o r m a l l v  c o n s o l l d a E e d

s o 1 1 .

Henke l  ( 1970 )  quo ted  va lues  o f  Cu /  y ' z  l n  t he

M i s s l s s l p p i  D e l t a  o f  0 . 0 3 - 0 . 0 5  a l t h o u g h  n o  p o r e  L r a t e r

p ressu re  measu remen ts  we re  g i ven .  F rom va lues  g l ven

o f  t he  dens l t y  and  shea r  r l g td l t y  l n  Zeeb rugge  ha rbou r

rquds  l t  was  poss lb le  t o  es t lma te  t haE  Cu /  y ' z  was

0 .04 .

I n  t he  absence  o f  any  s l t e  spec i f i c  da ta  t hen  l t  wou ld

be  adv l sab l -e  t o  choose  a  number  o f  d l f f e re t l  Cu f  y ' z

va lues  l n  t he  range  0 .03 -0 .15  depend lng  on  the

an t l c i pa ted  deg ree  o f  excess  po re  p ressu re .

The  s tab i l l t y  o f  an  unde rwa te r  s l ope  w l l l  be  e f f ec ted

by  the  uovemenE o f  t he  wa te r  a round  the  s lope .  Th l s

novemenE could be ln  the form of  waves,  t lda l

cu r ren ts ,  t i da l  va r l - a t l on  o f  wa te r  l eve l  o r  a

conb lnaE lon  o f  any  o f  t hese  fac to rs .  The t r  l l ke l y

l n f l uence  on  t . he  s tab l l l t y  and  deg rada t l on  o f  an

unde rwaEer  s l ope  l s  cons lde red  i n  t h l s  sec t l on .

3 . 2 . L  I n f  l n l t e  s l - o p e

Henke l  ( 1970 )  d i scussed  the  ro le  o f  waves  i n  caus ing

submar lne  l ands l l des .  He  cons lde red  an  l n f i n l t e  s l ope

3 . 2 Waves

1 0



a n d  c a l c u l a t e d  t h e  s t a t i c  e f f e c t  o f  a n  l d e a l l s e d  w a v e

above  the  sea  bed .  The  so lu t i on  was  p resen ted

g raph i ca l l y  i n  d lmens lon less  pa rame te rs  and  i s  shown

l n  F i g u r e  2 .

W r l g h t  ( L 9 7 ( t )  a l s o  u s e d  t h e  i n f i n i E e  s l o p e  a p p r o a c h .

He  used  a  s t ress -s t ra in  l aw  fo r  t he  so l l  and  deve loped

a  f i n i t e  e lemen t  mode l  wh l ch  wou ld  p red i c t  cyc l l e  so l l

m o v e m e n t s  a s  a  r e s u l t  o f  a  s e r l e s  o f  w a v e s .  T h l s  h e

app l i ed  success fu l l y  t o  an  ac tua l  submar ine  s l i de  l n

t h e  G u l f  o f  M e x l c o .

Ma l l a rd  and  Da l r ymp le  (1977 )  cons lde red  the  acEua l

va r i a t l on  l n  wa te r  p ressu re  a t  t he  bed ,  g i ven  tha t  t he

bed  l s  l t ke l y  t o  be  de fo rmab le  and  tha t ,  i n  respond lng

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

da rap lng  e f f ec t  on  those  p ressu res .  They  assumed  tha t

the  bed  was  an  e las t l c  rned lum and  de r l ved  exp ress l -ons

f o r  E h e  r e s u l t l n g  ( r o t a l )  s t r e s s e s  l n  c h e  s o l l ,  a n d

f o r  t h e  s o l l  d i s p l a c e m e n E s .

D e  G r o o t  a n d  S e l l m e l J e r  ( L 9 7 9 )  p r e s e n t e d  a n ' a n a l y t i c a l

so lu t t on  fo r  t he  va rLa t i on  o f  po re  p ressu re  due  to  t he

ac t l on  o f  waves  ove r  a  bed  cons ts t t ng  o f  two  l aye rs  o f

so l l .  They  found  tha t  l n  ce rca ln  cases  Ehe  po re

p ressu re  va r i ac lon  may  be  ou t  o f  phase  w l th  t he

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

f l uc tua t i ng  wa le r  l eve l  ove r  t he  bed ) .  Th i s  may

r e s u l C  l n  a  d e s t a b l l l s l n g  f o r c e  w h e n  t h e  s o l 1  s t r e n g t h

i s  v l ewed  l n  e f f ec t i ve  s t ress  Ee rms .

Yamamots  e t  a l  ( 1978 )  a l so  de r l ved  equa t l ons  fo r  t he

va r ta t l ons  o f  po re  p ressu re  and  e f f ec t l ve  s r resses  Ln

bed  ma te r l a l  as  a  resu l t  o f  wave  l oad lng .  They

cons ide red  some ex t reme  cases  and  p resen ted  s lmp le

exp ress lons  fo r  t hose  cond l t l ons .  I n  gene ra l  t hey

found  tha t  t he  po re  p ressu re  response  l s  ve ry

dependen t

1 l



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

s t l f ' f  n e s s .

Ka r l s rud  and  Edge rs  (1C82)  have  rev lewed  fu rEhe r  wo rk

on  th l s  t op l c ,  and  conc luded  thaE  " the re  l s  room fo r

theo re t i ca l  lmp rovenen l s  bu t  "  t he re  a re  many

m o r e  u n c e r t a L n t i e s  a s s o e l - a t e d  w l t h  t h e  d e E e r m l n a t l o n

o f  t h e  n e c e s s a r y  i n p u t  p a r a m e t e r s . . . . .  F u t u r e  w o r k

shou l r l  che re fo re  concen t raEe  on  deve lop lng  be t .Ee r  and

more  su l t ab le  samp l i ng  and  i n - s l t u  t es t l ng

t e c h n l q u e s " .

3  . 2 . L  D r e d g e d  s l o p e

T h e  e f f e c !  o f  w a v e s  o n  a  f l n l t e  d r e d g e d  s l o p e  l s

cons lde rab le .  The  passage  o f  a  wave  above  a  s l ope

w l l l  h a v e  t w o  e f f e c t s .  F i r s t l y ,  t h e  s l o p e  w 1 1 1  b e

subJee t  t o  a  non -un l f o rm  hyd ros ta t l c  p ressu re  and

s e c o n d l y ,  t h e  s u r f a c e  o f  t h e  s l o p e  w l l l  b e  s u b j e c t  E o

a  shea r  s t ress  gene ra ted  by  t he  o rb t t a l  moE lon  o f  t he

w a E e r .

L l t t l e  l n f o r m a t l o n  o n  t h e  d e s l g n  o f  d r e d g e d  s l o p e s

subJec t  t o  t he  e f f ec t s  o f  waves  appea rs  l n  t he

l l t e ra tu re  and  l t  has  t he re fo re  been  necessa ry  t o

exp lo re  roe thods  o f  ana l ys l s  wh l ch  may  be  app rop r i a te

in  eva lua t tng  the  e f f ec t  o f  waves

I ^ r i t h  re fe rence  to  t he  va r ta t l on  l n  hyd rosLa t l c  head

over the s lope due to the passage of  the wave a s imple

sEa t i c  ca l cu la tLon  o f  t he  s tab l l l t y  o f  t he  s l ope  was

unde r taken  us lng  B l shop rs  S lmp l i f l ed  l , f e thod .  The

shape of  the wave was ldeal lsed to a t r langular  form

w i th  t he  peak  co - l nc ld lng  w i th  t he  t op  o f  t he  s l ope

( r re  3) .

The  sc reng th  o f  Lhe  so l t  was  assumed  to  l nc rease

l l nea r l y  w l t h  dep th  f r om ze ro  aE  the  o r l g l na l  su r face .

The  s teepness  o f  t he  \ r ave  (h / f ^ )  was  va r i ed  be tween

L2



0  t o  0 . 0 7 w h t c h  r n a y  b e  l n t e r p r e t e d  a s  l n d l c a t i n g  t h e

s e v e r l t y  o f  t h e  w a v e s .  F o r  e x a m p l e ,  a  w a v e  s t e e p n e s s

o f  0 . 0 2  t s  t y p l c a l  o f  s w e l l ,  w h e r e a s ,  a  \ t a v e  s E e e p n e s s

o f  0 .06  l s  an  ave rage  s to rm.  The  wave  l eng th  1o  wou ld

t yp l ca l l y  be  l n  t he  reg ion  o f  4o rn  f o r  a  wa te r  depch  o f

5rn ancl  near  to 15Om for  a wat .er  depth of  2Om. The

resu l t s  o f  t he  s ta t l c  ana l ys l s  a re  no t  va l i d  when  the

l e n g t h  o f  t h e  d r e d g e d  s l o p e  l r l s  B r e a t e r  t h a n  l o l 2 . .

The  resu l t s  o f  l he  s l nop le  ana l ys l s  a re  p resen ted  i n

F igu re  3  as  t he  re la t l onsh lp  be tween  Cu /  y ' z  and  s lope

a n g l e  f o r  d l f f e r e n t  w a v e  s t e e p n e s s e s .  T h e  e f f e c t  o f

wave .s teepness  on  Lhe  c r l t , l ca l  s l ope  ang le  l s

cons ide rab le  even  fo r  a  \ . r ave  s teepness  o f  0 .O1 .  Fo r

e x a m p l e ,  i n  s t l l l  w a t e r  a  s l o p e  w l t h  $ .  o f  0 . 1 4  h a s  a^ ( ' z

c r i t i ca l  ang le  o f  20 " ,  whe reas ,  t he  same ma te r l a l

s u b j e c t  t o  a  e r a v e  o f  s t e e p n e s s  0 . O 1  h a s  a  c r i t i c a l

ang le  o f  on l y  9o .  Howeve r ,  t he  same so l l  wou ld  appea r

t o  b e  u n s t a b l e  u n d e r  a  w a v e  s E e e p n e s s  o f  0 . 0 2  f o r  a n y

s lope  ang le .  Th l s  conc lus lon  l s  t o  some  ex tenc

v e r l f i e d  b y  H e n k e l ' s  w o r k  f o r  a n  i n f l n l t e  s l o p e  ( s e e

r i g  2 )  wh i ch  shows  thaE  fo r  a  ze ro  s l ope  ang le  t he

Yr  hz
c r l t l ca l  va lue  o f  =9 -= - - - - -  f o r  f a l l u re  l s  abou t  o .16- C u 2 1 0 - " - -

wh i ch  co r responds  to  a  wave  s teepness  (assumlng

C u / y ' z  *  0 . L 4 ,  y '  =  2 . 5 k N / m 3  a n d  1 - -  =  I O k N / t 3 )  o f'w

a r o u n d  0 . 0 1 .

I t  l s  a l so  l n te res t i ng  t o  no te  t haE  the  c r i t i ca l  s l ope

ang le  ae tua l l y  dec reases  w l th  l nc reas lng  sc reng th  f o r

a  wave  s teepness  o f  0 .07 .  The  reason  fo r  t h i s

apparent  anomaly ls  due to t .he overr ld lng ln f luence of

t he  l eng th  o f  t he  s l ope  ra the r  t han  the  s r rengEh  o f

t h e  s l o p e  o n  s t a b i l l t y  a t  h l g h  w a v e  s t e e p n e s s e s .

Because  the  change  i n  hyd ros taE lc  p ressu re  be tween  the

t .op  and  bo t tom o f  t he  s l ope  l nc reases  w i th  t he  ove ra l l

l eng th  o f  t he  s l ope ,  and  l s  l nve rse l y  p ropo rc lona l  t o

l 3



t h e  a n g l e  o f  t h e  s l o p e ,  a  f l a t t e r  s l o p e  w l 1 l  b e

e f fec ted  re la t i ve l y  more  by  t he  s teep  naves  chan  w111

a  s E e e p  s l o p e .  H e n c e ,  t h e  s f e e p  s l o p e s  a r e  l n  s o m e

c i r c u m s t a n c e s  n o r e  s t a b l e .

The  shea r  s t ress  on  the  face  o f  t he  s l ope  l nduced  by

t h e  o r b l E a l  m o t l o n  o f  t h e  \ r a t e r  d u r l n g  E h e  p a s s a g e  o f

Ehe  wave  w l l l  have  t . he  e f f ec t  o f  f l u l d l s l ng  t he

s u r f a c e  l a y e r  o f  t h e  s l o p e  f a c e .  r h e  d e p t h  o f  t h e

f l u l d  mud  l aye r  l s  dependen t  on  the  magn l tude  o f  t he

o r b l t a l  v e l o c l t l e s ,  t h e  E l m e  d u r i n g  w h l c h  r h e  o r b l t a l

ve loc l t l es  a re  app l l ed  and  the  s t reng th

c h a r a c t e r i s t i c s  o f  f h e  s o i l .  O n c e  a  f l u i d  m u d  l a y e r

has  fo r rned  on  the  su r face  o f  t he  s l ope  ma te r i a l  wou ld

tend  Eo  f l ow  down  the  s lope  and  accumu laEe  nea r  t he

t o e  o f  t h e  s l o p e .  T h i s  n a y  w e l l  b e  d e r r l m e n t a l  t o  t h e

func t l on  o f  a  t r ench  as  l t  wou ld  dec rease  the  dep th  o f

t h e  t r e n c h .

The  dep th  o f  so l l  r esuspended  by  t he  o rb t t a l  mo t i on  o f

a  wave  l s  d i f f l cu l t  co  ca l cu lace ,  a l t hough  some

es t l na te  rnay  be  made  f rom the  ana l ys l s  o f  l abo ra to ry

tes t s  conduc ted  a t  Hyd rau l l cs  Resea rch  and  repo r ted  by

S o u l s b y  ( 1 9 8 6 ) .  I n  b r o a d  E e r m s ,  t h e  E y p l c a l  d e p t h s

o f  resuspens lon  fo r  sma l l  waves  l n  abou t  1Om o f  wa te r

wl l l  be in  the range 20-80mm. For  s torm waves Ehe

dep th  o f  r esuspensLon  may  we l l  be  app roach lng  l 50mm.

Howeve r ,  l t  u rus t  be  app rec la ted  tha t  because  Ehe

s t r e n g t h  o f  t h e  s o l l  l n c r e a s e s  w l t h  d e p t h ,  t h e  a m o u n t

o f  ma te r l a l  wh l ch  l s  f l u td t sed  and  wh lch  nay  then  f l ow

down the s lope wl l l  conslderably reduce f rom one wave

event  co the next  as the exposed sur face becomes more

and  more  res i s tan t .

A uovlng stream of water over or across a slope w111

cause eroslon of the surface of the slope. The amount

o f  e ros lon  ls  b road lv  a  func t lon  o f  the  shear

3 . 3  C u r r e n t s
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3.4  Vary lng  water

d e p t h

s t ress  exe r ted  on  the  su r face  by  Ehe  f l ow lng  wa te r  and

the  cha rac te r l s t l cs  o f  t he  so l l .  An  es t . lma te  o f  t he

l l ke l y  dep th  o f  e ros lon  may  be  made  fo l l ow ing  the

p rocedu res  g i ven  by  De lo  and  Bu r t  ( 1986 ) .

Neve r the less ,  t he  ove ra l l  r l ep th  o f  e ros lon  due  to  a

cu r ren t  (wh l ch  u ray  we l l  be  t l da l )  w l l l  be  l im t ted  by

che  max lmun  shea r  sE ress  o f  t he  cu r ren t  l n  re la t l on  co

Ehe  shea r  s t reng th  o f  t he  so l l  uh rough  the  depch .

L lhen the exposed sur face of  the sol l  has a shear

s t reng th  equa l  t o  t he  maxLmum app l l ed  shea r  s t ress

then  no  e ros lon  w i l l  occu r .

I n  rough  f l gu res  l t  i s  un l i ke l y  t ha t  d i recc  cu r ren t

e ros lon  wou ld  remove  l n  t o ta l  more  Ehan  l 0omm o f  so i l

f r om the  su r face  o f  t he  s l ope .  As  wL t .h  waves ,  t he

e f  f ec t . s  o f  t he  cu r ren t  wou ld  be  subs tan t , l a l l y  g rea te r

a t  Ehe  top  o f  t he  s l ope  where  the  ma te r l a l -  l s

na tu ra l l y  weake r .  A t  t he  t oe  o f  t he  s l ope ,  wh l ch  may

wel l  be more than 2rn below the or lg lnal  sur face,  Ehe

r e s i s t a n c e  o f  t h e  s o l l  t o  e r o s l o n  w i l l  b e  g r e a E e r ,

pe rhaps  to  t he  excen t  t hac  no  e ros lon  wou ld  t ake  p lace

a t  t h e  t o e  o f  t h e  s l o p e .

Long  pe r tod  changes  l n  t he  wa te r  dep th  ( l e ,  t l da l )

w t l l  e f f ec t  on l y  t hose  s lopes  wh lch  a re  t o  some  deg ree

emergen t .  I n  t h i s  case  the  s tab l -e  ang le  o f  t he  s l ope

wl l l  be less for  the ernergent  saturated par t  of  the

s lope  than  fo r  t he  submerged  pa r t  o f  t he  s l ope .

P rov ided  the  changes  l n  t he  po re  p ressu res  l n  t he  so i l

f o l l ow  the  changes  l n  wace r  dep th  t he  s lope  may  be

ana l ysed  by  cons ide r l ng  l t  t o  be  l n  s t l l l  wa te r .
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EXPERIMENTAL

FACILIfi

For  l ong  sha l l ow  s lopes  wh lch  become emergen t  l t  may

b e  n e c e s s a r y  t o  c o n s l d e r  E h e  e f f e c t s  o f  a  l a g  l n  p o r e

p ressu re  response  by  ana l ys tng  the  s lope  fo r  t he

passage  o f  a  l ong  l eng th  wave .

-i1

AEtenp ts  t o  uode l  so l l  mechan l cs  p rob lems  on  a

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

sea l l ng  l aws  i nvo l ved .  The  on l y  t echn ique ,  wh l ch  has

found  a  reasonab le  deg ree  o f  accep tance  l s  t he  use  o f

c e n t r i f u g e s .

Howeve r ,  a  l abo raco ry  f ac l l l t y  need  no t  c l a lm  to  be  an

exac t  rep l l ca  o f  a  f  u l l - sca le  p ro toEype .  I ^ l o r k  can  he

d o n e  o n  a  l a b o r a t o r y  s c a l e  t o  e s t a b l l s h  g e n e r a l  l a w s

f o r  s o l l  b e h a v l o u r .  I n  t h a t .  c a s e ,  n o  s c a l l n g  i s

l nvo1ved ,  on l y  t he  assumpt lon  tha t  wha t  has  been

o b s e r v e d  o n  a  0 . 5 m  s l o p e  i n  r e s p e c t  o f  g e n e r a l  l a w s  l s

a l so  va l i d  on  a  2o ru  s l ope .  Tha t  app roach  appea rs  t o

o f f e r  c h e  b e s t  p r o s p e c t s  f o r  o u r  w o r k .

M l g n l o t r s  w o r k  ( 1 9 6 8 )  h a s  b e e n  d e s c r l b e d  e a r l l e r .  H l s

obse rva t l ons  o f  t he  ang le  o f  r epose  o f  r nud  s lopes  were

a l l  based  on  expe r imen ts  us lng  s lopes  0 .4m h lgh .

Measu re ruen ts  o f  t he  rheo log l ca l  p rope r t l es  ( l e ,

v l scos l t y ,  l n l t l a l  r l g td t t y )  we re  uade  us ing  a

vLscomete r  w l t h  ro ta t i ng  cy l l nde rs .

Yanamoto  e t  a l  ( 1978 )  repo rc  expe r lmen ts  t ha t  we re

performed in order  to evaluate the theory which they

had developed for  wave induced pore pressures.  They

used  a  sand  bed  0 .5 rn  deep  w i th  a  wa te r  dep th  o f  0 .9 rn .

The  wave  pe r l od  l n  t he l r  t es t s  was  be tween  1  and  2 .6

seconds  and  two  Eypes  o f  sand  were  used ,  one  coa rse

4 . 1  R e v l e w

work

o f  p rev l -ous
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( - l . 2 r n m )  a n d  o n e  f l n e  ( - 0 . 2 r n m ) .  T h e y  f o u n d  t h a E

the l r  t heo ry  was  success fu l  l n  p red i c t i ng  che  obse rved

po re  p ressu re  response ,  wh l ch  showed  a  de f l n l t e  phase

lag ln  the lor . rer  permeabl l l ty  f lne sand.

K r o e z e n  e t  a l  ( 1 9 8 2 )  r e p o r t  s l m l l a r  e x p e r i m e n t s

c a r r l e d  o u t  a E  D e l f t  H y d r a u l l c s  L a b o r a t o r y  t o  t e s t  t h e

theo ry  deve loped  by  de  Groo t  and  Se l l r ue i Je r  f o r  po re

p ressu re  response  i n  a  t ,wo  l aye r  sys tem.  They  used  a

2 .5m h igh  l aye r  o f  f l ne ,  medLum dense  sand ,  l oaded  by

s tand ing  wa te r  waves  up  to  2 .5m h lgh  and  w i th  pe r i ods

up  to  5  seconds .  The  ave rage  wa te r  dep th  was  5m.  The

conc re te  bo t to rn  o f  t he  f l ume  was  taken  t . o  rep resen t

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

lmpermeab le  p rope r t l es .  F rom the  s tudy  l !  was

conc luded  tha t  Ehe  ana l - y t i ca l  ca l cu la t l on  me thod  may

y t e l d  r e l i a b l e  r e s u l t s  f o r  r e l a t l v e l y  d e n s e  s a n d s .

K roezen  eE  a l  go  on  Eo  c lesc r l be  expe r lmen ts  t o  obse rve

f l ow  s1 ldes  tn  l oose  sands .  The  resu l t s  we re

qua l l t a t l ve ,  r a the r  t han  p rov id tng  gove rn lng  equa t l ons

fo r  t he  f 1ow.  A  30 ru  1ong ,  3m w ide  and  2 .5m 'h lgh  body

o f  sand  was  bu i l t  i n  a  f l ume .  A t  one  end  a  gace  he ld

t h e  s a n d  a t  a  s l o p e  a n g l e  o f  2 : 1 .  T h e  g a t e  w a s

sudden l y  removed ,  t r i gge r i ng  a  f l ow  s l i de .  Va r i ous

measu remencs ,  such  as  po re  p ressu re  va r i a t l on '  I , 7e re

taken.  The phenonenon was ident l f led as belng a

hybr td of  so l l -  mechanlcs and hydraul lcs and a Jolnt

ef for t  ln  those two f ie lds was recommended.

0n  a  l a rge r  sca le  s t111 ,  Boehmer  e t  a l  ( 1983 )

desc r i bed  fu I l  sca le  d redg lng  tes t s  ca r r l ed  ou t  \ t l t h

coope ra t i on  be tween  a l l  pa r t l es  conce rned ,  t o

de te rm lne  feas lbLe  s lopes  e i t he r  s l de  o f  a  new

sh ipp tng  channe l .
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4 . 2  I m p o r E a n t

p a r a n e c e r s

F r o n  E h e  w o r k  d i s c u s s e d  a b o v e  1 r  l s  p o s s l b l e  E o

l d e n t l f y  E h e  p a r a m e t e r s  w h l c h  a r e  n e c e s s a r y  f o r  E h e

a n a l y s i s  o f  a  s l o p e :

so l l  s t rengch :  e l c ,he r  und ra ined ,  Cu ,  as  measu red

fo r  exa rnp le  by  a  m in la t . u re  vane ;  o r  e f  f ec t i ve

s c r e s s  p a r a m e E , e r s ,  c t  a n d  0 t  ,  e l t h e r  r o e a s u r e d  ( e g ,

l n  a  t r l a x i a l  c e l l )  o r  e s c l n a E e d  f r o m  e m p l r i c a l

f  orroulae

:
-  s o l l  d e n s i t v .

O r  a l t e r n a t l v e l y

-  s o 1 1  r l g t d i u y :  a n a l o g o u s  E o  u n d r a l n e d  s E r e n g E h .

-  s o l l  v l s c o s i t y :  m e a s u r e d  b y  a  s u i r a b l e  v l s e o m e t e r .

A l s o

-  pa rE l c l e  concen t ra t . Lon :  can  be  used  as  a

funda ruenEa l  pa rame te r  and ,  w l t . h  va r l ous

c o r r e l a E i o n s  ( s u c h  a s  M l g n i o r r s ) ,  t o  e s E l m a E e  s o l l

s E r e n g t h ,  d e n s L E y ,  e c c .

-  po re  p re66u res :  l n  a  dyna ro l c  env l ronmenE,  neasu red

b y  f a s E  r e a c t l n g  e l e c t r l c a l  s r a n s d u c e r s .

external  loadl l rg.

s l ope  geone t r y .

cu r ren ts .  r r ave  d imens lons .  € t c .
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CONCLUSIONS

l .  U n d e r w a t e r  s l o p e  s t a b l l t t y  i n v o l v e s  E h e

c o n s i d e r a t l o n  o f  b o t h  l n i t l a l  s l o p e  s t a b l 1 l t y  a n d

a l s o  p o s L - c o n s t r u c E l o n  g r a d u a l  f a l l u r e .

So11  rnechan i cs  Eechn iques  a re  mos t  app l l cab le

where  so l l  f a l l s  as  a  rnov ing  b lock .  The

rheo log l ca l  app roach  1s  mosE  app l l cab le  whe re

f a l l u r e  l s  l n  E h e  f o r m  o f  a  f l o w  o f  m a t e r l a l .

W l th ln  t he  f l e l d  o f  so1 l  mechan l cs ,  cu r ren t l y

ava l l ab le  compu te r  p rog rammes  us ing  va r l ous

me thods  o f  s l i ces  a re  su i cab le  f o r  unde rwa te r

s lopes  and  can  a l so  be  rnade  to  t ake  accoun t  o f  t he

e f f e c t s  o f  m o v l n g  w a t e r .

The rheo log lca l  approach,  a l though less  deve loped,

c a n  b e  u s e d ,  i n  t h e  f o r m  o f  M o r g e n s E e r n t s  w o r k ,  E o

examine sed iment  f lows.

The physical  parameters to be measured in the

f le ld ,  and ln  exper imencs ,  have been l f s ted .

Laborat .ory scale work need not  be v lewed as an

exac t  rep l l ca  o f  a  rea l  p ro to f ype ,  bu t  ra the r  as

an  aE temp t  t o  es tab l t sh  l aws  wh ich  app l y  on

labo ra to ry  s l opes  and  hence ,  i t  1s  assumed ,  on

l a r g e r  s l o p e s .

A l t hough  mos t  o f  t he  l n tenes t  i s  l n  s l opes  o f

coheslve mater la l ,  many of  the phenomena descr lbed

may  be  mos t  eas l l y  s tud led  by  us lng  coa rse r

ma te r l a l ,  i € ,  san< l s .  These  have  the  advan tage  o f

requl r ing less t lme to consol ldate than c lays and

s l l t s .

5 .

6 .

7
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APPENDIX A

OUTLINE OF CLASSICAL METHODS OF ANAI,YSIS

A number  o f  t he  t echn lques  desc r l bed  be low  a re  we l l

e s t a b l i s h e d  a n d  a r e  d e s c r t b e d  i n  s t a n d a r d  t e x t s ,  w h l c h

shou ld  be  re fe r red  to  f o r  more  de ta i l s .  Cappe r  and

C a s s l e  ( 1 q 5 4 ) ,  f o r  e x a m p l e ,  d e s c r i b e  t h e  u s e  o f  E h e

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

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

app l l ed  t o  unde rv ra te r  s l opes ,  and  they  a re  we l l  su l t ed

t o  t h e  p u r p o s e ,  p r o v l d e d  E h a t  t h e  w a t e r  l s  s t l l 1 .

The  cho l ce  o f  a  me thod  o f  ana l ys l s  shou ld  t ake  accoun t

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

espec la l l y  unde rwa te r .  A  soph l s t i ca ted  techn lque

wh lch  uses  r t n re l l ab le  da ta  may  l ead  to  unmer iEed

con f i dence .

S l l p  C l r c l ee

Th l s  t , echn lque  l s  su l t ab le  f o r  f i n l t e  s l opes .  I t  l s

asstrmed that  fa l lure wl l l  take p lace by means of  a

r l g td  body  o f  so l l  s l l d l ng  on  a  f a l l u re  p lane  wh lch  i s

an  a rc  o f  a  c l r c l e .  Th i s  assunp t l on  l s  Jus t l f { ed  t o  a

ce r ta ln  ex ten t  by  t he  obse rva t l on  t ha t  t h l s  mode  o f

f a l l u r e  l s  o f t e n  t h e  c a s e .  I t  i s  a l s o ,  h o w e v e r ,  a

means  o f  s f t up l l f y l ng  t he  ca l cu la t l ons .

The actual  fa l lure p lane rnay be any one of  an ln f in l te

number of  arcs,  and the t ,echnlque lnvolves examlnlng a

large number of  t .hese ln order  to f lnd the one wlch

the lowest  fact ,or  of  safety.

Fo r  sa tu ra ted  c lay  so l l s ,  whe re  sho r t - t e rm  sEab l l l t y

l s  o f  l nce res t ,  t he  und ra ined  shea r  s t reng th  Cu  can  be



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

cons lde r i ng  t he  noomen t  equ l l l b r i un  o f  t he  f a l l l ng  so11

unde r  t he  l n f l uence  o f  Jus t  two  fo rces  -  i t s  own

se l f -we igh t  and  the  shea r  res l s tance  a long  the  p lane

o f  f a l l u re .  Th i s  l s  knowr r  as  t he  d  =  0  me thod .

Fo r  homogeneous ,  l so t rop l c  so l l s ,  whe re  an  und ra lned

a n a l y s l s  l s  a p p r o p r i a t e ,  T a y l o r  ( 1 9 4 8 )  h a s  p r o d u c e d

cha r t s  wh l ch  enab le  t he  use r  t o  l den t l f y  Ehe  " l easE

f a v o u r a b l e "  s l l p - c l r c l e  L n  a  s t r a i g h t f o r w a r d  m a n n e r .

F o r  g r a n u l a r  s o l l s ,  o r  l n  c a s e s  w h e r e  a n  e f f e c t i v e

s t . r e s s  t r e a t m e n t  l s  m o r e  s u l t a b l e ,  t h e  a n a l y s i s

becomes  uo re  comp l l ca ted .  The  Q-c i r c l e  me thod  can  be

u s e d  f o r  a  s o l l  w h e r e  t h e  e f f e c t l v e  s t r e s s  s t r e n g t h

p a r a m e E e r s ,  c r  a n d  Q r ,  a r e  c o n s t a n t .  P r e v l o u s l y ,  l n

the  case  where  und ra ined  s t rengLh  was  used ,  t he  no rma l

reac t i on  be tween  the  two  masses  o f  so l l -  on  t he  fa l l u re

p lane  cou ld  be  ove r l ooked  s lmp ly  by  choos ing  a

su l t ab le  po ln t  abou t  wh leh  t , o  t ake  momen ts .  Fo r  an

e f ' f e c t l v e  s c r e s s  a n a l y s i s ,  h o w e v e r ,  t h e  d i r e c t l o n  o f

Eha t  reac t ton  l s  no t  known

In t .he O-c l rc le method the react lon ls  assumed to act

l n  a  ee r ta in  d l rec t l on  whLch  depends  on  the  magn l tude

of  0t .  Thls  assurnpt ion a l lows the problen to be

solved.  The roethod ls  expla lned at  greater  length ln

C a p p e r  a n d  C a s s l e  ( l C 5 4 ) .

Bo th  che  0  =  0  me thod  ( f o r  und ra lned  s r reng th

ana l ys l s )  and  the  g -c l r c l e  ( f o r  e f f ec tLve  s t ress )  may

be  su l t ab l -e  f o r  unde rwa te r  s l opes  l f  t hey  cons l sE  o f

homogeneous  ma te r l a l .  Howeve r ,  t h l s  l s  un l i ke l y  t o  be

the  case .



Method  o f  S l l ces

Tn  th l s  me thod  the  mov ing  body  o f  so l l  i s  d l v i ded  l n to

many  ve r t l ca l  s l i ces  and  the  equ t l i b r i um o f  each  s1 l ce

l s  cons tde red .  The  techn lque  can  a l so  be  app l l ed  t o

non -c l r cu la r  s1 lp  su r faces  so  thaL  Judgemenr  can  be

used  l n  choos ing  sL1p  p lanes  tha t ,  f o r  l ns tance ,  pass

th rough  weak  so l l .  I t  i s  s t l l l  necessa ry  t o  examlne  a

la rge  number  o f  po ten t i a l  p l anes  o f  f a l l u re  l n  o rde r

to  i den t i f y  t he  mos t  c r i t l ca l  one l  compu te r  p rog rams

are  necessa ry  and  many  ex l s t .

E a r l y ' v e r s l o n s  o f  t h e  m e t h o d  o f  s l l c e s  a r e  s u l t a b l e

fo r  c l . r cu la r  s l l ps .  r he  SwedLsh  C l r c l e  Me thod  (o r

Fe l l en ius  l v l e thod )  i s  an  exanp le ,  bu t ,  l t  has  been

shown  to  be  ove r - conse rva t . l ve  a t  t lmes  and  l s  no t  ve ry

sa t l s fac to ry  f o r  use  on  subne rged  s lopes  (Wh i tman  and

B a 1 1 e y ,  1 9 6 7 ) .

The  S lqp l l f t ed  B tshop  Me thod  a l so  app l l es  t o  c t r cu la r

s l l p  c t r c l es .  The  mos t  awkward  aspec t  o f  t he  me thod

o f  s l l ces  l s  t he  de te r rn lna t l on  o f  t he  Ln te r - s l i ce

forces and the Slnpl l f ied Bishop l ' le thod overcomes that

d l f f l cu l t y  by  assumlng  tha t  t hose  fo rces  a re

ho rLzon ta l .  Th l s  can  l ead  to  e r ro rs  l n  t he  ca l cu la ted

fac to rs  o f  sa fe t y ,  bu t  t hese  a re  usua l l y  l ns lgn l f l can t

and  a re  on  the  sa fe  s l de  (Spence r ,  1967 ) .  The

l lml tat lons of  the method have been Lnvest lgated by

I{h i tman and Bal ley (1967) who concLude that  l t  can

occasLonal ly  g lve rn ls leadtng answers.  An Lrnportant

case  l s  t ha t  o f  a  deep  s l l p  w l t h  a  l ow  fac to r  o f

sa feLy  where  the  toe  o f  t he  sL1p  su r face  passes

th rough  a  f r t c t l ona l  ma te r l a l .  Compu te r  p rog rammes

uslng th ls  method usual ly  g lve a warnlng when a

p rob le ru  o f  t h l s  so r t  i s  l t ke l y  t o  occu r .



S p e n c e r r e  m e t h o d  l s  a  r e f l n e m e n t  o f  B i s h o p r s  m e t h o d .

I n t e r - s l l c e  f o r c e s  a r e  a s s u m e d  t o  b e  p a r a l l e l  r a t h e r

t h a n  s l m p l y  h o r l z o n t a l .  S p e n c e r  ( f 9 6 7 )  h a s  s h o w n  t h a t

E h e  r e s u l t s  u s u a l l y  d i f f e r  l t t r l e  f r o n  t h o s e  o b t a l n e d

b y  B i s h o p ,  e x c e p t  f o r  s t e e p  s l o p e s ,  w h e r e  S p e n c e r f s

m e t h o d  l s  t o  b e  o r e f e r r e d .

Janbu rs  ne thod  ( Janbu  e r  a l ,  1956 )  t s  app l l cab le  t o

c l r cu la r  and  non -c t reu la r  s l i p  su r faces .  The  assumed

i n t e r - s l l c e  f o r c e  d i s f r i b u t i o n  s a E i s f l e s  o v e r a l l

ho r l zon ta l  and  ve r t l ca l  equ l l l b r l um,  bu t  no t  momen t

e q u i l l b r i u m .  E r r o r s  c a n  b e  u p  t o  1 5 %  ( o n  t h e  s a f e

s ide )  bu t  a re  sma l l  f o r  sha l l ow  s lopes .  E r ro rs

lnc reese  acco rd lng  to  t . he  dep th  t o  l eng th  ra t i o  o f  t he

s l l d l ng  mass .  A  co r rec t l on  f ac to r  can  be  app l l ed  t o

ob ta in  an  Lmproved  fac to r  o f  sa feLv .

In  anoEher  f o rm ,  Janbu rs  me thod  l s  s im l l a r  t o

S p e n c e r r s  m e t h o d  b u t ,  u n l l k e  S p e n c e r r s  m e t h o d ,  i t  l s

app l l cab le  t o  non -c i reu la r  s l l p  su r faces .

A  roe thod  p roposed  by  Morgens te rn  and  p r l ce  (196 .5 )  l s

desc r l bed  by  I , I h l tman  and  Ba l l ey  (1967 ) .  Judgemenr  l s

used  to  choose  a  d l s t r i bu t l on  o f  Ehe  d l rec t l ons  l n

wh lch  tn te rs l l ce  f o r ces  ac t .  I n  add i t l on  t o  t he

fac to r  o f  sa fe t y ,  t hg  so luE lon  a l so  y l e lds  rhe

magn i tude  and  the  l l ne  o f  t h rus t  o f  t he  l n te rs l i ce

forces throughout  the body.  These can be checked for

t  reasonableness I  .

Wh l t ruan  and  Ba l l ey  (L967 )  l nves t l ga ted  th l s  me thod .

They concluded that  t t  lnvolves considerable ef for t  on

the par t  of  the engLneer but  that  l t  can be usefu l  ln

praet lca l  work to s tudy non-c l rcu lar  s l lps or  Eo

check solut lons obta lned by s i ropler  methods.  In

resea rch  l t  can  be  used  as  a  more  re f l ned  Lechn lque .



Techn lques  o f  t h l s  so r t  have  been  used  to  s tudy

unde rwa te r  s l opes .  A lmagor  and  l ^ I l seman  (1982 )  have

used  E ,he  Morgens te rn  and  P r l ce  rne thod  Lo  l nves t l ga te

s lumped  sea r  s l opes  on  the  con t tnen ta l  marg in  o f

I s r a e l .  S I l p  c l r c l e  a n a l y s e s  w e r e  u s e d  t o  a s s e s s  t h e

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

t e s c s  d e s c r l b e d  b y  B o e h m e r  e E  a l  ( 1 9 8 3 ) .

Wedge Hethod

When  the  fa l l u re  su r face  can  be  sa t l s fac to r l l y

app rox lma ted  by  two  o r  t h ree  s t ra igh t  1 lnes ,  t he  Wedge

Method  can  be  used ,  as  desc r l bed  l n  s tanda rd  t . ex t s

( e g ,  B o l t o n ,  f 9 7 9 ) .  T h e  s o l l  l s  d l v l d e d  l n t o  a  f e w

wedges and t ,he forces act lng on between each of  these

a re  used  to  examtne  Ehe  s tab l l l t y .  The  techn lque

aga in  needs  to  be  used  tho rough l y  l n  o rde r  t o  be  su re

tha t  t he  mos t  c r l t l ca l -  f a t l u re  p lane  has  been

i d e n t i f l e d .

Earthquakee

Almogor and l " I lseman (1982-)  and l {arnpton et  a l  (1C78)

have  cons lde red  Ehe  e f f ec t  o f  ea r thquakes  on  s lopes

and  demons t ra te  how the i r  e f f ec t  can  be  taken  l n to

accoun t  l n  t he  i n f l n i t e  s l ope  mode l .  Ea r thquakes  can

also be lncorporated lnEo comput ,er  programmes for  s l lp

c l r c l e / m e t h o d  o f  s l l c e s  a n a l y s e s .

More recent rnethods

The methods descr lbed above are re lat lve ly  wel l

establ lshed.  l , fore recent  work has produced technlques

wh lch  a re  more  soph l s t l ca ted .

Booke r  and  Dav l s  (L972 )  desc r l bed  a  p las t l c l t y

solut lon to a problern tack led by Glbson and

Morgens te rn  (1952 )  us lng  a  s l l p  c t r cLe  ne thod ;  a

cu t t . l ng  l n  c l ay  whe re  the  und ra lned  s t reng th  l nc reases

w i th  dep th .



Booke r  and  Dav i s  f ound  tha t  t he  s l l p  c l r c l e  me thod

gave  resu l t s  wh l ch  cou ld  be  i n  e r ro r  by  50 "1  f o r  ve ry

s h a l t o w  s l o p e s  ( a p p r o a c h i n g  z e r o  d e g r e e s ) ,  b u t  w h i c h

e r red  by  no  more  than  lO7 .  f o r  s l opes  ove r  5%.

Bake r  and  Garve r  ( f 978 )  Lnves t l ga ted  the  shape  o f  t he

c r i t l ca l  f a l l u re  su r face ,  wh i ch  has  t . o  be  assumed  i n

the  s tanda rd  t echn lques  desc r l bed  so  fa r .  They

de r i ved  some geomet r l ca l  r u l es  wh i ch  cha rac te r l se  t he

fa l l u re  p lane ,  bu t  Ehe i r  wo rk  has  no t  been  deve loped

ln to  a  usab le  ana l ys l s  t echn ique  ye t .

Leshch lnsky  e t  a l  ( 1985 )  desc r l bed  a  3 -D  ma thena t i ca l

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

equ l l i b r l um and  va r l a t l ona l  ana l ys l s .  The  techn lque

was  app l l ed  t o  some  s imp le  eases  o f  homogeneous

s l o p e s .




