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ABSTRACT

This report has been conpiled to give the practising engiueer a nanual on
the engineering aspects of the eiltation and etability of cobeeive dredged
slopes. It eu'r"oeriee the results of recently completed reeearch into
depositioo of cohesive eedioent, the stability of coheeive dredged elopes
and the behaviour of estuarine nuds during tidal cycles (eee Refe L, 2, 3
and 4) .

The manual givee aa introduction to dredged cobesive elopes and infornation
coveriag depoeition of eediment, elope stability and erosion of seditent.
Each section presente the eagineering infornation in terus of knorledge and
procedures for the uaer.
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INTRODIICTION

The  cos t  o f  d redg ing  i n  o rde r  t o  p rov ide  access  fo r

sh ips  and  o the r  vesse l s  can  be  a  l a rge  componen t  o f  a

p ro jec t .  The re  i s  an  i n i t i a l  cap i t a l  cos t  i nvo l ved  i n

creat ing a dredged area and the subsequent  recurr ing

cos t  o f  ma in tenance .  I n  c rea t i ng  a  d redged  a rea ,

mater ia l  is  removed to the requi red depth leaving s ide

wa l l s  s l op ing  up  to  o r i g i na l  bed  l eve l .  W i th  rhe

passage of  t ine nater ia l  wi l l  accumulate in  the

dredged sect ion,  some having been carr ied in

suspens ion  by  t he  wa te r ,  and  poss ib l y  some  resu l t i ng

f roo  g radua l  f a i l u re  o f  t he  s i de  s lopes .

The abi l  i ty  to  predict  the movement of  cohesive

sed imen t  w i t h i n  coas ta l ,  es tua r i ne  o r  i n l and  wa te rs  i s

cruc ia l  to  both the technical  and f inancia l  v iabi l  i ty

of  many exis t ing and proposed engineer ing works.  In

par t icu lar ,  the capi ta l  and maintenance dredging

requirement  of  a pro ject  oay form a substant ia l  par t

o f  t he  ove ra l l  cos t  o f  t ha t  p ro jec t .  Good  p red i c t i ve

measu res  to  f o recas t  t he  l i ke l y  ra tes  o f  se t t l emen t  o f

cohes i ve  sed imen t  f r om suspens ion  a re  essen t i a l  t o

pro jects which have an e lement  of  dredging wi th in

them.

The process of  deposi t i_on of  cohesive sediment  is

contro l led by a complex combinat ion of  physical  and

chemica l  f ac to rs  wh i ch  a re  no t  f u l l y  unde rs tood .  The

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

un i t s  o f  a  cohes i ve  sed imen t  a re  t he  resu l  t s  o f

f l o c c u l a t i o n .  T h e s e  u n i t s ,  o r  f l o c s  c o m p r i s e

agg rega tes  o f  f l ocs  wh i ch  sE i ck  t oge the r  as  a  resu l t

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

aggregate of  the pr imary par t ic les buE may have a

se t t l i ng  ve loc i t y  pe rhaps  t \ r o  o r  t h ree  o rde rs  o f

magn i tude  g rea te r .  Pa rame te rs  wh i ch  i n f l uence

f l occu la t i on  i nc lude  the  s i ze ,  m ine ra togy ,  ph  and

i o n i c  s t r e n g t h  o f  t h e  p a r t i c l e s ,  t h e  s o l i d s



concentrat ion of  the suspension,  the chenical

composi t ion of  the suspending \ i la ter  and hydrodynamic

pa ramece rs  such  as  shea r i ng  ra tes  w i t h in  t he

suspens ion  and  the  bed  shea r  s t ress .

The  scab i l i t y  o f  s l opes  on  l and  ( i e ,  no t  subne rged )

has been the subject  of  a good deal  of  at tent ion in

the  pas t  and  techn iques  such  as  s l i p  c i r c l e  ana l ys i s

and  the  me thod  o f  s l i ces  a re  we l l  es tab l i shed .  These

techniques can be appl  ied to submerged or  emergent

( i e ,  pa r t l y  submerBed)  s l opes  w i th  l i t t l e

rnod i f i ca t i on ,  p rov ided  they  a re  i n  s t i l l  wa te r .

I lowever,  dredged s lopes are a lmost  invar iably  found in

s ra te r  wh i ch  i s  no t  s t i l l .  The  e f f ec t  o f  cu r ren ts ,

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

be s igni f icant  and int roduces an extra degree of

comp lex i t y  i n to  t he  ana l ys i s .

The  e f f ec t  o f  waves  on  the  s tab i l i t y  o f  d redged  s lopes

i s  a  s i gn i f i can t  f acLo r  wh i ch  has  to  be  taken  i n to

accounc in the in i t ia l  design and est imat ion of  the

cosE of  maintenance of  a dredged channel .  The passage

o f  a  wave  w i l l  have  two  e f f ec t s r  f i r s t l y  t he  s l ope

w i l l  be  sub jec ted  to  f l uc tua t i ons  i n  hyd ros ta t i c

p ressu re  and  second l y  t he  s l ope  w i l l  be  sub jec t  t o  a

shea r  s t ress  gene raLed  by  t he  o rb i t a l  no t i on  o f  t he

\ ra te r .  The  re la t i ve  s i gn i f i cance  o f  t he  wave  e f f ec t s

i s  dependen t  on  the  dep th  o f  wa te r  ove r  t he  s l ope r  t he

prevai l ing wave c l imate and the physical  propert ies of

t he  bed  maEer ia l .

O the r  f ac to rs  t ha t  can  e f f ec t  t he  s tab i l  i t y  o f  a

d redged  s lope  a re  un id i rec t i ona l  cu r ren ts t

ea r thquakes ,  sed imen ta t i on  and  b iogeochemica l  e f f ec t s t

the s igni f icance of  each wi l l  be dependent  upon a

range of  envi ronmental  parameters.



This repor t  summarises,  in  an engineer ing form, the

know ledge  and  p rocedu res  fo r  ana l ys i s  w i ch  respec t  t o

the  s i l t a t i on  and  s tab i l i t y  o f  d redged  cohes i ve  s l opes

which have evolved f rom the research programme

recen t l y  unde r taken  a t  l l yd rau l i cs  Resea rch  ( see  Re fs

1,  2 and 3) .  A general  manual  on the behaviour  of

estuar ine muds has a lso been recent ly  produced (Ref

4 ) r  pa r t  wh i ch  has  been  i nco rpo ra ted  i n to  t h i s

repo r t . .
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2 . L

DEPOSITION

Set t l  ing  Ve l  oc i t ies

The basic parameter  used in determin ing rates of

depos i t i on  i n  e i t he r  s t i l l  o r  f l ow ing  wa te r  i s  t he

se tE l i ng  ve loc i t y  o f  t he  f l occu la ted  sed imen t .  Th i s

i s  usua l l y  rep resen ted  by  t he  med ian  se t t l i ng  ve loc i t y

WSO.  I t a l f  t he  sed imen t  by  we igh t  se t t l es  a t  a  g rea te r

ve loc i t y  t han  I , l 59 .  The  daca  co l l a ted  du r i ng  the

I  i terature survey on set t l  ing vel  oc i t ies are

summarised below. This is  fo l lowed by a proceidure for

de te rm in ing  o r  es t ima t i ng  t he  se t t l i ng  ve loc i t i es  o f

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

Knowl edge

l ' leasurement  of  the set t l ing veloc i ty  of  f l  occutated

sediment  must  be done in the f ie ld as removal  of  a

samp le  t o  t he  l abo raEory  changes  the  f l oc

structure.  The data shown in F igure 1 inply  that

laboratory measurements could be an order  of

magn i tude  l ower  t han  those  measu red  i n  t he  f i e l d .

Se t t l i ng  ve loc i t y  o f  cohes i ve  sed imen t  i s  ve ry

dependent  on the suspended sediment  concentrat ion.

Se t t l i ng  ve loc i t i es  i nc rease  w i t t r  t r i g t re r  suspended

concen t ra t i ons .

Var ia t ion  in

fo r  sed iment

F igure  2  a re

of magnitude

s e t t l i n g  v e l o c i t i e s  i s  c o n s i d e r a b l e

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

f ron  e igh t  es tua r i es  and  show an  o rde r

d i f f e rence  fo r  t he  ex t reme  ranges .

Ind i v i dua l  f l ocs  o f  a  suspens ion  have  se t t l i ng

ve loc i t i es  wh i ch  d i f f e r  cons ide rab l y .  The  gene ra l

equa t i on  f o r  Thames  da ta  i s  g i vea  i n  F igu re  3 .



-  I l i ndered se t t l ing  o f  f locs  in  h igh  concent ra t ion

suspens ions  resu l ts  in  a  reduc t ion  o f  che  se t t l ing

ve loc iEy .  Th is  i s  shown fo r  the  Severn  Es t .uary  in

F igure  4 .

-  Sa l in i ty  may have a  secondary  bu t  incons is ten t

e f fec t  on  the  se t t l ing  ve loc i ty  o f  cohes ive

sed iment .  Th is  i s  i l l us t ra ted  by  the  Thames f ie ld

data  in  F igure  5 .

Procedure

-  measure  se t t l ing  ve loc i ty  in  the  f ie ld  fo r  a  range

of suspended sediment concentrat ions to determine

W59 aga ins t  concent ra t ion  and l ^ l r r /W 50 ra t io  aga ins t

concent ra t ion .

or

-  i f  es tuary  i s  on  F igure  2  use  regress ion  I  ine  to

f ind  W 59 aga ins t  concent ra t ion .

or

-  es t imate  w 5O by

W 5 0  =  0 . 0 0 1 C

where

( 0 .05  c  a .0 )  ( 1 )

W 5 0  =  m e d i a n  s e t t l i o g  v e l o c i t y  o f  f l o c s  ( r s -  r )

f ,  = suspended sediment concentracion (kgm- 1

-  f o r  a n  e s t i m a t e  o f  W n / W 5 0  u s e  F i g u r e  3 .



2 . 2 Rate  o f  depos i t i on

i n  s t i l l  w a t e r

Knowl edge

the  ra te  o f  s i l  t a t i on  o r  t he  ra te  o f  depos i t i on  as

i t  is  of ten terrned,  of  cohesive sediment  to the bed

i s  g i ven  by

dm
E 

= -c 'wso
( 2 )

where

dm
ff  

= nass f lux per  uni t  area ( tgn-  4-  |

f ,  =  suspended sediment  concentrat ion (kgm- )

W 5 0  =  m e d i a n  s e t t l i n g  v e l o c i t y  o f  f l o c s  ( n s -  1 )

the average rate of  deposi t ion over  a per iod of

t ime  can  on l y  be  ca l cu la ted  i f  t he  dep th  o f  t he

wa te r  and  the  dep th  va r i a t i on  o f  i n i t i a l

concentrat ion of  suspended sediment  are known or

assumed.  For  the purpose of  prov id ing some data a

se r i es  o f  s imp le  ca l cu la t i ons  we re  made  fo r  wa te r

depths of  5m and 20m. I t  was assumed that  the

in i t i a l  su r face  concen t ra t i on  o f  suspended  sed imen t

lcas one hal  f  o f  the depth mean concentrat ion and

tha t  t he  nea r  bed  concen t ra t i on  was  i n iC ia l l y  tw i ce

the  dep th  mean  concen t ra t i on .  The  med ian  se t t l i ng

ve loc i t y ,  t r { 5g r  r . r as  g i ven  by  equaL ion  1 .

Procedure

-  i ns tan taneous  ra te  o f  depos i t i on  can  be  ca l cu la ted

f rom equa t i on  2  i f  t he  pa r t i . cu la r  va r i a t i on  o f  WUO

with C and the near bed concentrat ion of  suspended

sediment  are knowa.



2 . 3  R a t e  o f  d e p o s i t i o n

in  f low ing  water

i ns tanEaneous  ra te  o f  depos i t i on  f r om F igu re  6  f o r

low values of  suspended sediment  concentrat ions and

from Figure 7 for  h igh concentrat ions i f  W Uo
against  C is  unknown.

average ra te  o f  depos i t ion  over  a  t ine  per iod  can

be calculated using a t ime step model with the

depth of water,  in i t ia l  concentrat ion of suspended

sediment var iat ion with depth and I , l5g or W. against

C as the governing parameters.

average ra te  o f  depos i t ion  f rom F igures  8  and 9  i f

in i t ia l  suspended sed iment  coocent ra t ion  pro f i l  e

and l , I  UO against C are unknonn.

Labora to ry  t es t s  i n  s t ra igh t  and  c i r cu la r  f l umes  have

sho ldn  tha t  depos i t i on  i n  f l ow ing  wa te r  i s  con t ro l l ed

by the shear s t ress exer ted by the moving r rater  on the

bed  o f  t he  f l ume .

Recent  developments have been made in the model l ing of

t he  depos i t i on  f r om f l ow ing  wa te r  o f  a  d i s t r i bu ted

sed imen t .  A  d i s t r i bu ted  sed imen t  i s  a  t e rm  wh ich  i s

used  to  desc r i be  a  sed imen t  wh i ch  i s  no t  eas i l y

cha rac te r i sed  by  a  s i ng le  se t t l i ng  ve loc i t y  and

c r i t i ca l  bed  shea r  s t ress  f o r  depos i t i on .  Such  a

sed imen t  may  be  be t te r  rep resen ted  by  cons ide r i ng  t he

sed imen t  t o  be  d i v i ded  i n t . o  a  number  o f  c l asses ,  each

o f  wh i ch  has  a  d i s t i nc t  concen t ra t i on ,  se t t l  i ng

ve loc i t y  and  c r i t i ca l  bed  shea r  s t ress .  On  the  o the r

hand,  a uni form sediment  is  one which nay be



reasonab l y  cha rac te r i sed  by  a  s i ng le  se t t l i ng  ve loc i t y

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

Al  ehough some of  the ear l  ier  exper imenta l  work was

conduc ted  us ing  fa i r l y  un i f o rm  sed imen ts  i t  i s  now

being recognised that  estuar ine sediments may rnore

t yp i - ca l1y  behave  as  a  d i s t r i bu ted  sed imen t .  I l oweve r ,

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

a  d i s t r i bu ted  sed imen t  mode l  i s  a t  p resen t  d i f f i cu l t .

Knowl edge

- for  a g iven f l  owing uni form or  d is t r ibuted

suspens ion  the re  ex i s t s  a  bed  shea r  s t ress  be low

wh ich  a l l  o f  t he  sed imen t  w i l l  even tua l l y  depos i t .

The  nagn i t ude  o f  t h i s  c r i t i ca l  bed  shea r  s t ress ,

Tcd ,  i s  be tween  0 .06  and  0 .10Nm-  2 .

-  the rate of  deposi t ion of  a uni form sedimenE at  a

bed shear s t ress 
$:  

where 0 a 
t r  

a  
" "d 

may be

es t i na ted  by

dm
ar=-pcwso (3)

where

p  =  p robab i l  i t y

C -  suspended sediment  concentrat ion ( tg m- 3)

W 5 0  =  m e d i a n  s e t r l i n g  v e l o c i t y  o f  f l o c s  ( m s -  I )

The probabi l  i ty  p takes the val  ue between 0 and 1,

g i ven  by

p =  (1  -  
5 / t "u ) ( 4 )



c-
t

- F

c
o

where

p =  probab i l  i t y

5 
= bed shear stress ( t tm- 2)

T"d  =  c r i t i ca l  bed shear  s t ress  fo r  to ta l

deposit ion (Nn- 2)

fo r  a  g iven f low ing  d is t r ibu ted  suspens ion  there

ex is ts  a  h igh  bed shear  s t ress ,  T* ,  above wh ich

none of the sedirnent wi l l  deposit  (  t  is

approx imare ly  0 .5  to  1  N r -2 ) .

the amount of a distr ibuted sediment which deposits

when the bed shear stress is reduced from r to a

shear stress higher than 
""d 

i r  a proport ion of the

ini t ia l  total  amount of sediment and is independent

o f  concent ra t ion .

the proport ion of the suspended sediment which

remains  in  suspens ion  a f te r  a  few hours  a t  a

constant bed shear stress 
f , r  

nay be est i"oated by

( c"u (tr <r*) (s )

where

Ce = f inal  suspended sediuent

C^ = ini t ia l  suspended sedimento
rO = bed shear stress (Nur- 2)

r "U= c r i t i ca l  bed shear  s t ress

ie CrlCo = 0 (Nn- 2)

t ,  =  c r i t i ca l  bed shear  s t ress

deposit ion ( tqm- 2)

& = index (approximatel  y equal

concentrat ion ( tgn- 3)

concentrat ion (kgm- I

fo r  to ta t  depos i t ion

for  no

t o  0 . 5 )



Procedure - Uniforn sediment

- instantaneous rate

cal cul ated knowing

or

o f  depos i t i on

W 5 9  a g a i n s t  C

be

assuminq  a  , ." c o

can

and

ins tan taneous  ra te  o f  depos i t i on  f r om F igu re  10  i f

WUO aga ins t  C  i s  unkoown .

average rate of  deposi t ion dur ing the t ime per iod

at  s lack water  when r ,  {  
" "d,  

see Figure l -1,  raay be

ca l cu la ted  by  a  t ime  s tep  app roach  i f  t he  dep th ,

suspended sediment  concentrat ion prof i le  wi th depth

and W UO against  C are known and 
""d 

i "  assumed.

average rate of  deposi t ion dur ing the t ime when 
L

(  t "d may be found f rom Figures 12 and 13 i f  I^J 50

against  C is  unknown. This assumes that  the near

bed concentrat ion of  suspended sediment  is  a lways

twice the depth averaged suspended sediment

concen t ra t i on .

Procedure -  Dist r ibuted sediment

for  an est imate of  the amount  of  sediment  1 ef t  in

suspens ion  a t .  a  cons tan t  shea r  s t ress  i n  t he  l ong

run  ( i e  app rox imace l y  6h )  use  equa t i on  5 .

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

sed imen t  examine  the  sens i c i v i t y  o f  a  un i f o rm

sed imen t  ca l cu ta t i on  w i t h  an  i nc reased  va lue  o f  Tcd

be tweea  0 .1  and  0 .3  No -  2 .

1 0



3 .

3 .1

STABILITY

S l  opes  i n

wa te r

s t i l l

Cu- =
o l
v

There are a number of  c lass ical  so i l  nechanics

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

sa fe t y  o f  a  f i n i t e  s l ope .  l ' { any  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

div id ing the s1 ip  zone into a number of  s l  ices and

ca l cu la t i ng  t he  d i s tu rb ing  and  res to r i ng  f o r ces  on

each  s l i ce .  I n  app l i ca t i oa  t o  d redged  s lopes  the

shear s t rength of  the mud is  most  l ike ly  to i r lcrease

w i th  dep th  ( i e  e f f ec t i ve  s t ress )  be low  the  o r i g i na l

su r face ,  such  tha t

cons tant ( 6 )

where

Cu = undrained shear s t rength (kNn- 2)

q_ t  =  e f f ec t i ve  sL ress  ( tU rn -  )v

I t  i s  r easonab le  i n  t h i s  i ns tance  to  use  a  so lu t i on

given by Booker and Davis (Ref  5)  based on an exact

p las t i c i t y  ne thod .  The  so lu t i on  i s  shown  i n  F igu re  14

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

between the s l  ope angl  e c  and t t re rat io  
* - .  

A l  so

shown  on  F igu re  1  i s  t he  i n f i n i t e  s l ope  so lu t i on  o f

l " l o rgens te rn  (Re f  6 )  as  g i ven  by  t he  equa t i on .

- _ C u  2' 7 ;  f f i2a ( 7 )

where

F  =  f a c t o r  o f  s a f e t y  a g a i n s c  s l i d i n g

1 1



Cu = undrained shear s t rength (kNn- 1

1!  = buoyant  uni t  weight  of  so i l  (kNm- e

z = depth be1 ow sur face of  sediment  (m)

c = sl ope angl e

I t  i s  mos t  1 i ke l y  t ha t  muds  i n  es tua r i ne  o r  nea r

coasta l  regions wi l l  be underconsol idated.  This means

tha t  t he  mud  i s  s t i l l  conso l i da t i ng  unde r  i r s  se l f

weight  and squeezing out  water  t rapped in the pores of

the mud.  The pressure of  the water  in  these pores

wi l l  therefore be h igher  than the ambient  hydrostat ic

p ressu re .  As  a  resu l t  o f  t h i s  excess  po re  p ressu re

the  e f f ec t i ve  s t ress  w i t h in  t he  so i l  na t r i x  w i l L  be

less  t han  the  to ta l  s t ress  and  i s  g i ven  by :

o l  =  6  -  u
v v

where

q_ t  =  e f f ec t i ve  s t ress  ( tNn -  2 )
v

q_ = tota l  s t ress ( tNn- 2)
v

u = pore pressure (kNu- 2)

Knowl edge

( 8 )

-  f o r  any  g i ven  va lue  o f  che  ra t i o  $ -  t n "  c r i t i ca l
Y z

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

s lope  than  fo r  t he  d redged  ( f i n i t e )  s l ope .

-  the solut ion is  independent  of  the actual  height  of

the dredged s lope and depends only on the rat .e of

i nc rease  o f  t he  s t reng th  o f  che  mud  w i th  e f f ec t i ve

s t r e s s .

-  t he  ra t i o  o f  und ra ined  shea r  s t reng th  t o  e f f ec t i ve
Cu

s t r e s s  
f l  

t . "  b e e n  f o u n d  i n  p r a c t i c e  t o  b e
v

t2



reasonab l y  cons tan t ,  and  the re fo re ,  a  reduc t i on  i n

e f f ec t i ve  s t ress  due  to  an  excess  po re  p ressu re

w i l l  acco rd ing l y  l ower  t he  und ra ined  shea r  s t reng th

of  the underconsol  idated soi l  -

Procedure

-  obta in the value of  the rat io  of  the undrained

shea r  s t reng th  t o  e f f ec t i ve  s t ress  by  measu remen t

o r  es t ima t i on .  Fo r  no rma l l y  conso l i da ted  c lays  i t

is  reasonable to assume that  the value of  Cu/  o I  is

l i ke l y  t o  be  i n  rhe  range  o f  0 .15  ro  0 .40 .  "  A

typical  va lue would be around 0.25.  I lowever,  the

e f fec t s  o f  unde rconso l i da t i on  t end  to  reduce  the

ra te  o f  i nc rease  i n  e f f ec t i ve  s t ress  w i t h  dep th  and

al  so to reduce the gain in  shear s t rength wi th

dep th .  Acco rd ing l y ,  t he  va lue  o f  t he  ra t i o  Cu l  l z

w i l l  be  l ower  i n  unde rconso l i da ted  so i l s  and  i n

no rma l l y  conso l i da ted  so i l .  I n  t he  absence  o f  any

s i t e  spec i f i c  da ta  t hen  i t  wou ld  be  adv i sab le  co

choose a number of  d i f ferent  Cu/  . f  z  va lues in  the

range  0 .03 -0 .15  depend ing  on  the  an t i c i pa ted  deg ree

o f  excess  po re  p ressu re .

-  es t ima te  t he  c r i t i ca l  ang le  o f  s l ope  f rom F igu re

L4 .  Fo r  examp le ,  suppose  a  mud  w i th  an  e f f ec t i ve

we igh t ,  y '  o f  2 .5kNn-  3  h rd  a  ra t i o  Cu /  o r r '  o f  0 .15 .

Fo r  t he  no rma l l y  conso l i da ted  s i t ua t i on  q ,  =  t r ,

and  hence ,  Cu l  ! ' z  =  0 .15 .  F rom F igu re  1  t h i s

co r responds  to  a  c r i t i ca l  f i n i t e  s l  ope  ang l  e  o f

22 " .  l l oweve r ,  i f  t he  mud  was  unde rconso l i da ted  and

had  an  excess  po re  p ressu re  o f  say  0 .5n  head  o f

r.rater ( p'=lOkNm- 1 at a depth of 5m then Cu/ "f z --

0 . 1 5 ( 5 x 2 . 5 - 0 . 5 x 1 0 )  l ( Z . S x S )  = 0 . 0 9  a n d  r h e  c r i r i c a l

s l ope  ang le  i s  reduced  to  a round  10o .

13



3.2 Sl opes under

wave ac t ion

Knowl edge

-  Henke l  ( ne f  Z )  d i scussed  the  ro le  o f  waves  i n
caus ing  submar ine  l ands l i des .  He  cons ide red  an
i n f i n i t e  s l o p e  a n d  c a r c u r a t e d  t h e  s t a t i c  e f f e c t  o f
an  i dea l i sed  wave  above  the  sea  bed .  The  so lu t i on
was  p resen ted  g raph i ca l l y  i n  d imens ion less

parameters and is  shown in F igure 15.

-  the resul ts  of  exper imenta l  work (net  3)  have
ind i ca ted  tha t  t he  s tab i l i t y  o f  a  cohes i ve  s l ope

sub jec t  t o  wave  ac t i on  i s  a  f un t i on  o f  Ehe  s t reng th

o f  t he  bed ,  t he  s l ope  ang le ,  t he  app l i ed  peak  bed

shear s t ress and the t ime for  which the wave act ion
i s  occu r i ng .

Procedure

-  Eo  assess  the  l i ke l y  e f f ec t  o f  waves  on  a  d redged
sl  ope i t  woul  d be necessary to determine the

var iat ion in  densi ty  wi t t r  depth through the s lope

and  to  ob ta in  a  samp le  o f  t he  mud  fo r  l abo ra to ry

tesEing.  This requi rement  would be over  and abov€

the  use fu l  geo techn i ca l  pa raoe te rs  such  as

undrained shear s t rength and pore pressure which

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

s t a b i l i r y  o f  t h e  s l o p e .

-  i n  add i t i on  t o  t he  mud  p rope r t i es  i t  wou ld  a l so  be

necessa ry  t o  have  a  know ledge  o f  t he  l i ke l y

s ign i f i can t  wave  he igh ts  and  pe r i ods  i n  t he  reg ion

where  the  d redged  s lope  i s  s i t ed .  These  coup led

wi th water  depths woul  d enabl  e the maximum bed

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

b a s i s .

L4



4 EROSION

4 . L  T h r e s h o l d  o f  e r o s i o n

by  cur renEs

Knowl edge

- a consol  idat ing bed of  cohesive sediment  has an

inc reas ing  dens i r y  w i t h  dep th .

-  laboratory s tudies have shown that  the res is tance

of  a bed of  cohesive sediment  to eros ion is  a

funct ion of  the densi ty  of  the exposed sur face.

-  Ehe f l  owing water  exer ts  a sh ea r  s t ress ,  
f , r  

on  t he

bed and the erosion res is tance may be represented

by the shear s t rength,  r " " r  which is  just

i n s u f f i c i e n t  t o  c a u s e  e r o s i o n  ( s e e  F i g  1 5 ) .

Procedure

-  conduc t  l abo ra to ry  t es t s  i n  an  e ros ion  f l ume  and

set t l ing column using sanples of  cohesive sediment

f rom the study area to determine sur face shear

s t reng th ,  dens i t y  aga ins t  dep th ,  and  c " "  aga ins t

dens  i  t y .

o r

-  assume a  dens i t y  p ro f i l e  f o r  t he  bed  and  use  the

re la t i onsh ip  shown  i n  F igu re  17  to  f i nd  r  aga insc

dens  i  t y .

1 5



4.2  Rate  o f  e ros ion

by  cur ren ts

Knowl edge

-  when  the  bed  shea r  s t ress ,  
t r ,  

exceeds  the  c r i t i ca l
shea r  sc reng th ,  , . " ,  t he  ra te  o f  e ros ion  i s  bes t
desc r i bed  as  a  f unc t i on  o f  t he  d i f f e rence r  

f , _  
Tce ,

te rmed  the  excess  shea r  s t ress .

-  var iat ion in  exper imenta l  data is  considerable both
for  a par t icu lar  cohesive sediment  and between
d i f f e ren t  cohes i ve  sed imen ts .

-  the erosion constant  appears Eo be dependent  to
some degree on the rate of  increase of  bed shear
s t ress  w i t h  i t s  va lue  dec reas ing  w i th  dec reas ing

ra te  o f  i nc rease  o f  bed  shea r  s t ress .

-  t he  i n t roduc t i on  i n to  t he  bed  o f  a  sma l l  quan t i t y

of  f ine sand (  -LS"A by dry weight)  can reduce the
e ros ion  conscan t  bv  ha l f .

Procedure

-  l ns tan taneous  ra te  o f  e ros ion  as  a  f unc t i on  o f
excess shear s t ress 

I  
-  , " "  * "y  be determined by

labo ra to ry  t es t i ng  a  samp le  o f  cohes i ve  sed imen t  i n
a mud f l  une.

o r

-  i ns tan taneous  ra te  o f  e ros ion  rnay  be  es t ima ted  f ron

the  da ra  i n  F igu re  18  w i th  E=0 .002  kgN-s -  I ,  i e

dm
; ;  =  E  ( T ,  -  T  )
u L  D  C e

1 6
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4.3  Eros ion  by  waves

where

dm
dt 

= mass f l  ux per unit  area (tgm- A- i )

E = erosion constant (kgN- l"-  l )

1 
= bed shear stress ( t tn- 2)

t"" = shear strength of nud (lln- 2)

Knowl edge

- considerat ion of  the physical  processes of  waves
as an eroding mechanisru of  mud is  compl  icated by
the complexi ty  of  che mud bed response.  Changes in
the character is t ics of  sur face waves due to mud
mot ion,  \ rave energy d iss ipaeed in the mud and the
e ros ion  o f  t he  mud  a re  a l l  i n te r l i nked .  l l ence ,  t he
es t i na t i on  o f  shea r  s t ress  a t  t he  bed  su r face  fo r
the  pu rpose  o f  co r re la t i on  w i t h  t he  ra te  o f  e ros ion
shou ld  no t  necessa r i l y  be  based  on  the  assumpt ion
o f  a  r i g i d  bed .

f lu id isa t ion  o f  the  upper  tayer  o f  a  mud bed w i l l
occur  fo r  cer ta in  mud charac ter is t i cs  as  a  resu l t
o f  wave induced orb i ra l  ve loc i t ies .

the erosion rate of mud froin the surface of a mud
bed (dens i ty  1280kgn-3)  was found to  be  s i rn i la r  ro
the  propor t iona l  excess  shear  s t ress  re la t ionsh ip
fo r  cur ren t  e ros ion  g iven in  equat ion  9 .

-  conduc t  l abo ra to ry  l es t s  us ing  the  spec i f i c  mud  to
de te rm ine  che  c r i t i ca l  wave  shea r  s t ress  f o r  f l u i d
mud  gene ra t i on  and  en t ra inmen t  i n to  suspens ion

L 7



of  low densi ty  beds,  ie  { -200kgn- 3 and che

e ros iona l  cha rac te r i s t i cs  o f  h i ghe r  dens i t y  beds .

or

- for an order of rnagnicude est imate of erosion rate

use equat ion 9 in which 
tr  

i "  replaced by rhe peak

bed shear  s t ress  due to  the  waves .

t 8
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