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ABSTRACT

Thls report deserlbes a serLes of analytlcal nodels devel"oped to sLnulate
the thort teru dlsperslon of dredged spoiL dLeposed of in aa estuary or at
8€8r Spoll from dredging operatlong ls often dLsposed of by transportitrg
the DaterLal to a spoll ground to be dl.scharged from a hopper.
Alternatlvely the materlal can be dLscharged dlrectly over the slde of a
worklng dredger in an operatioo knowa as sldecasting. In the latter case
the effectLveness of the method depeads oa the exl.steace of suitable
cross-currents to carry the gedLnent asay from the dredge site before it,
returns to the bed.

The models predict the rfootprlntt of dredged material that may be erpected
to be found downdrl.ft of lts rel-ease polnt as a reault of sidecast
oPeratlona. They were tested against results from field dlspersioa
experiments carrl.ed out, durlng L973 and L976. Operatl.ng dredgers were used
for the experimeats whl.ch took place Ln the Rlver Plate, Argentlna, and the
Severn Estuary.

The results showed that in spite of the diverslty of tidal, condltlons and
aedlment types found on the fleld experiments, the models sere able to
simulate the pattern of deposition resultLng fron the experLmental
dl.scharges.

Port AuthorLtles lncur signiflcant, costa aa a reauLt of dredging operations,
and spolLs polluted by industrlal- waates lmpose an often unquantified
environnental cost. The concluslons therefore suggest that, further
lnvestigatlons ehould study the mechanlsms involved La spolL dispersal-
leadLng to the further developnent of sultable mathematlcal techoiques rshietl
cau econonically be used by Port Authorlties, conservatora, coasultants and
the dredglng industry.
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INTRODUCTION

Recent  years have seen.a substant ia l  increase in

the size and draught of vessels passing through

ports. Many ports require a regular progranme of

dredging to maintain navigable depths in the docks

and in the entrance channels. Such naintenance

dredgtng Ls costly and methods are continually

sought to reduce the input of effort Lnto such

malntenance.

Part of the solution is clearly to be found in the

appropr iate design of  por ts  and thei r  access

channels. Their design should minimize the

hydraulic conditions that favour settlement of

suspended mater ia l .  In  ex is t ing por ts ,  however,

and those where physical factors are contrary, the

maint.enance of deep water may be an unavoidably

heavy burden.

Hlstorically naintenance dredging has been carried

out using local experlence to determine when and

where to dump the dredged spoil. There is

increasingly greater pressure to maximize dredging

ef f ic iency.  In  addi t ion,  and perhaps more

importantly, dredging exercises in channels which

pass through industrial areas involve moving

sediments which may have significant accumulations

of  pol lu tants.  These then e i ther  become

concentrated on the spoi l  grounds,  or  thrown into

suspension in the nud clouds caused by dredging

works.  A recent  publ icat lonl  has suggested that

dunped dredged spoi ls  represenL a najor  input  of

trace mefals to the marine environment. It states

that, the mass loads could be subst,antially higher

than the total lnput to the seas around England and

Wales from the dunping of industrial wastes and

sewerage s ludges.

I t  ls  c lear ly  of  in terest  then,  f rom an

environmental point of view as well as from an



1 . 1 Dredging pract ice

engineering standpoint to gain greater insight into

the dispersal of material arising fron dredglng

operatlons. Mathernatical models are increasingly

recognlsed as useful tools in any research

programme, and ln the context of dispersal of

dredged spoi l ,  pol luted or otherwise, they att ,enpt

to answer the two quesclors regarding where the

material goes to and what happens to it on the way.

The answer to the first quest,ion is governed by the

hydrodynamic processes taking place in the area of

dispersal.  The answer to the lat ter quest ion is

governed by the physical processes of sediments

falling to the bed.

Thls report describes the formulation of sinple

numerlcal models thaE.simulate advect,ion and

dispersal of spoils. The work is by no means

exhausti.ve but provides a basis for more

sophist,icated model developrn€rt,r Two cases are

presented; the f i rst  is the determinat ion of the
rfoot pr intr  of  mater ial  that remains on the bed

after a number of hours have elapsed since release.

The second is a study of the concentration of the

turbidi ty plume result ing from a release.

The main cause of sediments accuuulating i.n docks,

harbours and navigable waterlrays is the natural

result  of  s i l t  laden waters enter ing areas of

relatively stil l water where the energy level in

the flow is insufficient to keep the sediroent in

suspension. The regular r ise and fal l  of  water

levels with the ti.de exacerbate the problem by
i,

repeatedly recharging such areas rdith sllt laden

water .  The sources of  the sediment  are var ied.  In

many UK estuaries lt is indigenous and highly

mobile. In other cases sediment can be eit,her

f luv ia l  or  mar lne in  or lg in,  or  a combinat ion of

the two. In docking areas general debris and lost



cargo nay also add to the naintenance dredging

load .

When dredged spoi l  ls  d isposed of  at  sea (as

opposed to being punped ashore) it is usually by

one of rno says. The hopper dunping nerhod is

perhaps the most  widely used.  The spoi l  is

physically transported some dist.ance from the

dredged s i tes in  hoppers,  to  be d ischarged above a

spoil ground, usually in deep water, through doors

at  the base of  the hoppers.

The other  nethod i .s  s idecast ing or  ?agi tat ion

dredgingr ,  a process in  which the mater ia l  is

dredged and dlscharged overboard in a single

operation. The spoil nay be pumped either directly

overboard, or through a floating pipeline to a

remote discharge point with the intention that the

prevail ing currents carry the sedinents array. The

ef fect lveness of  spoi l  removal  wi th s idecasr ing is

dependent on the rate at which the sediuent falls

to the bed and the existence of favourable

currents. Sldecasting has been found t,o be

part icu lar ly  ef fect ive in  shoaled s i l ty  mater ia l ,

givlng high unit voluue savings over that of

suct ion hopper dredging2.

.  Which ever  method is  used,  as soon as the mater ia l

is  re leased into water  i t  becomes d i lu ted in  the

receiving waters and the concentratlon of the

re lease decreases wi th inereasing d is tancq f rom the

source.  The d is t r ibut ion is  af fected by the

mechanisms of  advect ion,  d i f fus ion and set t l ing.

The d i lu t ion process ls  dominated by d i f fus ion

caused by turbulent  eddies.  The ef fect  of  these is

orders of magnitude larger than molecular

d i f f us ton .



L .2 Revlew of

studles

previous

These conplex physical processes, i.n spite of the

obvlous Lmportance of the problen have oot been

extensively  lnvest igated in  the past .  This  is

probably because of the dlff iculty of obtaining

sound data upon whieh to base such investigations.

0f the earliest attempts to define the mechanism

taking place in che fall ing plune, one is recorded

by Koh and Chang3 and another by Edge and

Dysart4. Krishnappens summarized the work of

the above authors. I{e suggest,ed that since both

methods assumed the spoil to behave in a manner

similar to a denser l iquid, they suffered a co'nmon

weakness; that they may only be justif ied tf the

part ic les consEi tut ing the spol l  are very f ioe.

Krishnappen used laboratory experiments to study

the behaviour of part,icle movements to produce a

nethod for predicting the movement of dredged spoil

in  whlch there were d iscrete sol id  par t ic les.  The

experlments involved the use of a waEer tank

containing a honogenous stationary body of water.

Di f ferent  vo lumes of  so l id  par t i .c les were re leased

lnto the water  as s lugs,  wl thout  any in i t ia l

momencum.

Fig 1 shows scheuat,ically what happens when

material is botcom dunped. On opening the hopper

doors the mater ia l  accelerates as a resul t  o f  i . ts

excess density, from zero to some maximum value.

Whi le the p lume descends t ,he leading edgeientra ins

water ,  grords in  s ize and i ts  rate of  descent

reduces.  0n leaving the hopper some of  the

mater ia l ' leaves the main body of  sediment  to form

an r ln ject ion c loudr .  As the p luue h l ts  the bed an
r lmpact  c loudt  is  formed made up par t ly  of  dredged

material and partly of resuspended bed sedinent.

The length of fall deternines whether rhe

descending plume slows to a polnt where a terminal

veloc i ty  equal  ro the fa l l  ve loc l ty  of  rhe

indiv idual  par t ic les ls  reached.  I t  a lso

influences the quant,ity of rnaterial that breaks
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anay from the plune to become part of a cloud with

higher than background concent,ratlon of solids

(sonet lnes termed the rturbldi ty eloudr).

Both the Krishnappen and the Koh-Chang models

concentrated their attentions on the falling

sedinent plume generated by botton dunp nethods of

dlsposal. Their models are compared by Johanson

and Boehmer6. Neither make provisions for the

generation of a turbidity cloud by naterlal

separating from the plume as it descends or when it,

impacts on the bottom. Johanson and Boehmer

supported this omission by quoting earlier work by

GordonT'B which est imated from observed data

that the turbidity cloud in the vicinity of the

falllng plume from a static boctom dump cont,ained

less than L% of the dumped oaterial. Other studies

have been carr ied ootr9'10'11 al l  concentrate on

the dispersal of spoil in the area inmediately

local to the dunp posit ion.

I t  is c lear that there is st i l l  much to learn

regarding the fal1 and spread of material from

hopper durnp and uuch more to learn about the

mechanism that generates the turbidity cloud

especial ly as sidecast methods aim to generate

turbidi ty cloud to naximise dispersion.

THE }TATEEMATICAI

MODELS

General

descr ipt ion of

physical  processes 
:

The nain facEors influencing the spread and

deposit lon of suspended sol ids nay be said to be

the current veloci ty,  di f fusion due to turbulent



Current veloci ty

SettLing veloci ty

D i f fus lon

fluctuations and the sett,ling veloclty of the

sediment.

The uoveuent of partleles originating frou a

sur face source is  d ls t inct  f rom the mot ion of

par t lc les or ig inat ing f rom the bed.  In the la t ter

case mot,lon is caused by water f lowlng over the bed

and sediment, nay be carried at a reduced velocity

as in  the case of  a contact  load,  or  in tern iEtent ly

as the case of a saltation load. Frora a surface

source however, the horizontal velocity of a

part,icle is determined by the bulk movement of the

water into whieh it falls. This notion is known as

advect . ion.

The t ra jectory of  par t ic les compr ises the

horizontal component of velocity inparted by

advection and a vertLcal component of velocity; the

length of t ime particles remain in suspension is a

function of the rate of descent and the depth of

rdater. The vertical component of velocity is

partly dependent on the characteristics of the

flow, such as turbulence, and partly on on the

propert ies of  the sediment .  l tse l f .  The lat ter  can

be fur ther  d iv lded into propert ies of  the par t ic les

such as sLze, shape and density, and those of the

sediment as a whole such as its tendency to

f locculate.  The set t l ing veloc i ty  ref lects these

p rope r t i es .  t

In a curren! an init ially dense cloud of suspended

naterial is advected away from the source at the

same rate as the current .  Longi tudinal  d i f fus ion

caused by the d i f ference of  ve loc i t ies in  the

surface and bed waters is orders of magnitude

smaller than the effect. of advection. Lateral
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diffusion determines the rate of spread of the

cloud, and occurs by reason of the natural

turbulence generated within the moving eurrent.

Within an estuary, where the scale of turbulent

eddi.es are restricted laterally, the cloud moving

with the current may forn a Long thin rlbbon,

spreadlng sideways only very slowly. In open rilater

however, turbulence occurs over a nuch wider range

of scales and the rate of nixing will be dependent

on the relative sizes of the cLoud and the

turbulent eddles.

General  descr ipt ion

of the models

The models described in this report attempt to

simulate the dispersion of spoi l  over a wide area"

They do not make provision for the meehanisms that

give rise t,o very local dispersal, The models are

based upon the equation for the conservation of

matter s inpl i f ied to represent the mean

concentration of suspended solids through the depth

and deposition on the bed as a function of distance

from the source.

The models are steady state analytical rnodels in

which a release of material is considered to be

elther steady and continuous or lnstant,aneous. It

is assumed that the velocity of flow is constant

and along a line defined as the x axis. The

distributlon of sediments is therefore s)mmetrical

about the centrel ine of the plume. Depth is

uniform throughout and eoeff ic ients to dedcribe

longitudinaL and lateral  di f fusion are prescr ibed.

The zone of lnterest is subdivided into a number of

relatively small cells of dimensions lx and 8; the

uodels then determine either the concentration or

the deposi t ion at  each node of  the gr id.



2.3 The di f ferent ial

equat ion

The basic di f ferent ial  equat ion is:

a A A A A ni * (dc)  + :6  (due)  * ;  (dvc)  -  
#  {an*  # )  

-

A A ^

f fCaor6)*w"(c-c.)=o (1)

where:

c = depth averaged concentration (kg/rn 3)

d = water depth (n)

Xry = co-ordinate directions para1le1 and normal

to the flow (n)

urv = f low veloci ty in the x and y direct lons

respect iveLy, (n/s)

D_-rD__ = Dif fusion coeff ic ients in the x and y
x y

direct ions respect ively (n2/s)

"" 
= part ic le fa1l  velociry (n/s)

." = depth averaged background concentratlon

(kg ln3)  (c  
"  " . )

!  =  t ine(s )

2 .3 .L  S inp l i f i ca r i on

of equation

. For sinplicity it has been assumed that, the

veloc iEy,  depth and turbulent  d i f fus ion remain

constant  for  the length of  the p lune.  I t  is  a lso
'assumed that  f low is  uni -d i rect . ional  wi th, f low

paral le l  to  the x d i rect ion.  Concentrat lon (c)  is

defined as the excess over the background, and it

is assumrbd that the material is fully mixed

throughout  the depth f rom the point  of  re lease.

Taking account of these assumptions the basic

equat,ion reduces to:

Ac O(uc) dzc A% w
-+ -  -D  - -D  -+ j ( " - c )=0 (2 )
3c  AK  *k2  YW2 d '  e -



This part ial  di f ferent ial  equat ion ls the

continuity equation for the spread of nat.erial from

a source. The terms represent the rate of change

of concentrat, ion with t iue, the rate of decrease of

concenLration per unit volune by advection,

longitudinal di f fusLon, lateral  dl f fusion, and loss

of mater ial  f rom suspenslon due to deposit ion.,

respect ively.

By nodification of t,he methods of Carslaw and

Jaeger 12, Equation 2 can be solved for a number of

di f ferent cases as described be1ow.

2 . 3 . 2  S o l u t i o n  f o r  a

point release

The equation nay be solved for the situation shown

in FLg 2 where a slug of naterial is

instantaneously released into a body of waLer

flowing at velocity u. Then the concentration at

t ime t  f rom release is:

(

c(x,y , t )=Q ,u*p l -1 f " - " t ) - ' * t1
4 md (D*Dr)z ( a. L D* orl

wr )
s l- -a-- 

l 
(3)

I
'  

where:

a = mass of substance released (kg)

D_-rD__ = di f fusion coeff ic ients in the x and y
x - y

di.rect ions respect ively (n2/s)

boundary condit lons are:

c r ^ - ,  =  b a c k g r o u n d  f o r  t  =  0
(  - r t )

S *o  as  t  +  -
GI

t

Equat ion 3 g ives a gaussian eoncentrat ion prof i le

wiLh the centre moving downstream at velocity u



q
c ( x r y )  =  -  L e

2 rd (DxDy) 2

(Flg 3),  and with a decay term to represent

mater ial  fal l lng out of suspension to the bed.

I f  the release is cont inuous, at a const,ant rate q;

over the increment of tine dt, a quantity of qdt

unlts of mater ial  w111 be released. As t  tends

towards infinity a steady regime is established and

the concentrat ion at posi t ion (xry) ls found, by

integrat ion of the Equat ion 3 with t ime, to be:

t+J
where:

*'=#.t

and K ls the nodified Hankel- function of zexo
o

order  (Appendix) .

If q- is considered to be the quantity of material- D

fall ing onto a unit area of bed in a unit period of

time, then

q .  = W c' b  s
where c is derived by solving Equation 4

I t  raay be seen therefore that  nul t ip ly ing ' the r ight

hand side of Equation 3 and integrating with time,

the tota l  deposi t  on the bed (QO) ar is ing f rom

ei ther  an inst .antaneous or  s teady re lease of

mater ia l  o f  mass Q where Q = qdt  is :

w
^ s
r d

10



Qo (x,l) = 
h,

'f,,,

t  "  I  ler(v * ul |-ert |  /er$ - o, l ]

[." l/p*(* + a) - h" f -ert | /p* (* - a) - *":J,

o2+  4, " F'J. [l
*or) 

-t  o( ' D
x T

2 . 3 . 3  S o l u t i o n  f o r  a

spread release

It  nay be considered more real ist ic Eo eonsider

that the nater lal  is released over an area (f ig 4)

where

- a ( x { a r - b < y { b

The concentration at t irne t after an instantaneous

release is  deteru ined by in tegrat lon of  Equat ion 3

-8r
c(xryr.> = ft ; i

where:

uq = 
Z,i-

x

1
, n = - ' x  4 D t

x

1Py=T

Sini lar ly  the tota l  deposi t  on the bed ar is i -ng f rom

a releas.e of mass Q, whether instant,aneous or

steady then becomesl

l 1



Qo ( x , l ) F#lx
QW x r=a-s r

rr"r crp} |.  x  y '  
x r l _ a

[u2  
-  4@J

L__T-J

,i
'."ll

y t'l

2 . 3 . 4  Q u a s i

s ta te

steady

nodel

d x r  d y t ( 7 )

where:

R t 2  = ( y  '  y ' ) z
Dv

In the case of a spread release the mater ial  is

considered to disperse tnstantaneously unifornly

through the entire volume of a reeeiving sub cell

of dinensions 2a and 2b in the x and y directions

respect lvely.  The cont inui ty equat ion is then

solved for a sini lar s ized sub-cel l  centred over

each node of the prescr ibed gr id.  The integral

shovn i.n equation 7 i.s carried out using a

trapezoidal summation aeross a grid within the sub

c e l l .

In  the solut ions descr ibed above there is  a

re lat ive ly  unsophist icat ,ed re lat ionship between the

raEe of spread of the plune caused by lateral

d l f fus ion and the value for  the la tera l  d i f fus ion

coef f ic ienr .  This  a l lows for  the face that  the

di f fus ion processes in  the open ocean can be on a

grossly  d i f ferent  scale to the processes in  a t ida l

estuary.  Much has been wr i t ten in  l i terature about

d i f fus ion of  substances in  the open ocean and

although there is considerable disagreement on how

to formulate a sui table law,  there is  general

agreement t,hat the magnitude of the eddy diffusion

coef f ic ient  increases s igni f icant ly  wi th s ize of

the area being consi .dered.  Brooks13 d iscussed the

L2
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!

a =

evidence that diffusion from oceaa sources should

be represented by the equat ion:

L l a
D = a . Lv

where:

the width of the plurne (n)

an enplr lca l  constant  (  0 .0005 ln SI  uni ts)

A further nodel has been developed that

incorporates this so cal led t4/3 Lavt for Drr.  The

model calculates the plume concentrations and

deposition rates downst,ream of a continuous spread

source. I f  the di f fusion in the longitudinal

direct ion is neglected Chen concentrat ion is

calculated as fol lows:-

c ( x r y )

( 8 )

where :

[t]r**L"l*,]
*errl#,'l]

c =
o

in i t ia l  suspended sol lds concentrat ion

(kelr  3)

c t

bo = in i t ia l  p lume width (n)

This nodel  1s quasi  rs teady-stater  but  has been

formulated to take some account of changes in the

strength and d i rect ion of  currents wi th d is tance

from the source.  Thls is  done by prescr ib ing the

xry ordinat,es of the plune centrelj.ne at intervals

=H['.T|',-']
=0"['.#]"'

l 3



2.4 Model senslt iv i ty

2 . 4 . L  S e n s i t i v i t y  t o

d i f f us ion

coe f f i c l en t s

equivalent to equal increment,s of time. In this

case.the trajeetory and rate of advance of the

plume rnay be determined by use of float tracking in

the f ie ld,  or of  f low models of the area in vhlch

the plume moves. This model also allows the

suspended sediment at the dredger to be specif ied

ln several  narrow part ic le size bands, for each of

which a unique sett l ing veloci ty can be prescr ibed'

Each size Ls treated separately in the nodel.

The quasi-steady state model has not yet been

appl ied in the context of  dispersal of  dredged

spoil for lack of adequate data. No further

reference is therefore made to lt in the paragraphs

-that fol low.

There are two ways in which the most important

resul ts  f rom the models may be presented.  F i rs t ly

the rate at which the plume grows as it moves alday

from the release point,, and secondly the rate at

which the deposi t ion increases (or  concentrat lon

decreases) along the l-ongitudinal axis of the

plume. A ser ies of  tests ldere carr ied out  to  test

the sensitivlty of the models to changes of the

di f fus ion coef f ic ients,  and set t l ing veloc i ty ,  and

to determine the d l f ference associated wi th us ing a

point or a spread release. Comparisons were made

of  the nater ia l  deposi t , ing on the bed f rom tests

using identical conditions but varying one

parametefr  i

F igs 5 to 9 show faro i l ies of  curves that  i l lust rate

the ef fects of  vary ing the d i f fus ion coef f ic lents

D-- and D-- for both a point and a spread release of
x y

mater ia l .  Wi th the except ion of  F ig 7,  the f igures

represent  the tota l  deposi t  across the width of  the

r.+



a ) Longitudinal

d i f f us ion

Lateral

di f fusion

plume downstream of the release zone as cumulative

percent,ages in the longitudlnal direction.

Figs 5 and 6 show that the total quantity of

deposit  across a sect lon normal to the plume

centreline Ls insensitive to the range of values of

D__ between 0.003 rn2/s and 30.0 n2/s. The lateralx
distr ibut ion of sediments ls vir tual ly unaffected

by changes to the longitudinal diffuslon

coef f i c ien t .

In  contrast ,  changes to the la tera l  d i f fus ion

coef f lc i .ent  s lgni f icant ly  nodi fy  the rate of

spreading of the plume dorirnstream of the release

zone.  FLg 7 shows the sensi t iv i ty  of  the

dist r ibut ion of  sediments deposi ted across a

section normal to the centreline of the plume to

changes in the la tera l  d i f fus ion coef f ic ient .  The

pat tern ls  s in i lar  for  both a point  and a spread

re lease .

The longi tudinal  d is t r ibut ion is  a lso af fected by

latera l  d i f fus ion .  The ef fect  becomes s igni f icant

for  coef f ic ients outs ide of  the range 0.1 to

10 .0  n2 / t  f o t  a  sp read  re lease  and  1 .0  t o

10.0 ro2/"  fo t  a point  re lease.  This is  i l lust rated

in Figs B and 9 where it can be seen that fhe lower

values for  the la tera l  d i f fus ion eoef f ic ient  g ive

r ise to an overest imate of  the tota l  quant i t .y  on

the bed from a point release, and an underestimate

from a spread re lease.  Analys is  of  the

computat ional  method indlcates that  the resul t

beeomes increasingly  less accurate for  va lues of  D
v

less than approximately 0.I  m2/s.

b )
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2 . 4 . 2  S e n s i t i v i t y

to  g r td  s ize

Further to the inaccuracy referred to above, the

relationship between the prescribed values for

la tera l  d i f fus lon coef f ic ient  and gr id width

significantly lnfluence the accuracy of the

resul ts  as descr ibed below

For the case of  a point  re lease the var iat ion of

the result according to the choice of grid width

and latera l  d i f fus ion coef f ic lent  is  shown in

Fig 10.  A prescr ibed value of  1.0 n2/s for  the

coef f ic ient  gave the most  conslstent  resul ts  over  a

wide range of grid widths, lower values require

that  a sma1l  gr id  width is  used.

For  the case of  a spread re lease,  the sol -ut ion

shows more tolerance to the relationship between

di f fus ion coef f ic ient  and gr id width.  F ig 11 shows

t ,hat  for  coef f ic ient  va lues less than 0.1 m2/s,  a

snall grld width is required.

Sin i lar  sensi t iv l ty  tests were carr ied out  in  which

the re lat ionship between the la tera l  d ispers ion

coef f ic ient  and gr id length was studied.  I t  was

found that variations in the grid length do not

s igni f icant ly  in f luenee the resul t .

I t  is  therefore ev ident ,  that  gr id  d imensions are

not  s igni f icant ly  nodi fy  the resul ts  prov id ing che

di f fus ion coef f lc ienLs remain wi th in the Sanges

suggested.  I t  is  a lso c lear  that  the in f luence of

the la tera l  d i f fus ion coef f ic ient  on the pat tern of

deposi t ion dol rnst ream of  the source is

s igni f icant ly  greater  than that  of  the longi tudinal

d i f f us ion  coe f f i c i en t .
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2.4 .3  Sens i t i v i t y  to

part ic le sett , l ing

veloci tY

APPLICATION TO

PREVIOUS SITE

STUDIES

3.1  R lver  P la te

The results of this f inal  sensit iv i ty test are

shown in Fig 12. The figure shows, as would be

expected, that the rate of deposit ion of mater ial

downstream of the source is inereased as the

prescr ibed sett l ing veloci ty is increased' The

results for a point release are not shown, but

behave in a similar waY.

The port of Buenos Aires lies on the south west

bank of the River Plate approximateLy 180

kilomet.res from the ocean. The port ls made

accessible from the South Atlantic through nany

ki lometres of dredged navigable channel (Fig 13) '

During L973, IIR particapted in an extensive study

which was carried out to review the existing

dredging practices. IIR were asked to comment on

the hy{alraulic aspeets of loading and dlsposing of

dredged spoi l l4.  A radio-act ive tracer was

used to 1abel dredged spoi l  before disposal and i ts

dispersal was subsequent ly traced with radiat ion

detection equipment to shord the short ter,m

movements of the spoi l .  The dredged mater ial

consisted nainly of c losely graded non-f locculated

part ic lds with a median part ic le diaureter of 0 '015

to 0.035 nn (Table),  and a fal l  veloci ty of about

0 . 0 6 0  m / s .

Four disposal testsl5 were carr ied out and two

were selected for model appl icat ion'  Dredging Test

D4 was used to determine rePresentat lve values for

the lateral and longltudinal diffusion
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3.1 .1  Dredg lng  Tes t  D4

coeff ic lents to be used in the models. Dredging

Test Dl was then used to verify the coefflci.ents

found from Dredging Test D4. A square gr id of s ize

100 n was used for the calculation, and the

nater ial  was considered to be released from a

spread source.

This experiment took plaee on 29 November 1973, and

simulated a sidecast dlscharge. The radio-act ive

traeer was injected into the spoi l  discharge for

three minutes during which a slurry containing

approxiuately 171 tonnes of solids was discharged

from a height of about 4 u above the nater surface"

Whlle this naterial was discharged the dredger

travelled about 196 n. For the perlod of the

di.scharge and the subsequent particLe tracklng,

I tater velocl t ies var ied between 0.2 and 0.4 u/s and

ltater depths between 4.4 and 4.7 m. The f low

direction remained virtually constant over the

period, crossing the dredged channel at an angle of

approximately 45". On the day following the

injectlon, a bed t.racer survey was carried out to

determine the distr ibut ion of mater ial  on the bed.

The. models \rere used to give the deposition on the

bed downstream of the release zond. It, was found

that values of 1.0 n2/s and 3.O m2/s for lateral

and longitudinal di f fusion coeff ic ients

respect ively gave the best f i t  between nodel

results and observat ions

Proving in the f i rst  instance was carr ied out by

comparing the solut ion for the distr ibut ion of

sedinent on the bed downstream of release with

t ,hose observed in the f ie ld.  The f igures shown

compare the distribution in the longitudinal and

lateral  direct ions as described below. For the

River Plate the pattern of t idal  var iat ion gave

rlse to prolonged f lood t ide phases on the dates of

the tests descr lbed in Ehis report .  I t  was

therefore posslble to draw comparisons beLween
1 8



model results and observations over a distance of

7 kn, equivalent to approximately 6b hours transit

t ime.

A comparlson between the observed and nodel rates

of deposit ion as a percentage of the total  release

is nade in Fig 14. The f igure shows the close

agreeaent between observations and the model

results over thls distance. The nodel predicted

that beErreen 0.5 and 6.5 kn from release, a total

of 2l"l of the material would be deposited, compared

with an observed quantity amounting to 2L.5%.

Similarly Fig 15 shows a comparison for the lateral

distribution of sediments accross the plume at

several  sect ions downstream of release. Fig 16

is a contoured chart comparing the observed spatial

distr ibut lon wlth the distr ibut ion calculated by

the mode1.

It can be deduced frou Fig 11 that the solution for

a point release would give slightly higher

deposit ion rates for ident ical  prescr ibed

condit lons. There ls,  however,  such wide scope for

interpreting the data that no conclusion can

. be drawn regarding the relative merits of

eonsidering the release as from a point source or a

. spread source.

3 .L .2  Dredg lng  Tes t ,  D l

The rnodel was then applied to the Plate dredging

Test Dl using t ,he same valves for the coeff ic ients

of di f fusion and sett l ing veloci ty already

establ ished for the model s imulat lon of Test D4.

This dredging test  took p lace on 23 November L973,

and siuulat,ed a side discharge over the hopper

over f low weir .  The radioact ive t racer  was Lnjected

lnto the spoi l  d iseharge in Ewo doses.  The f i rs t

in ject ion lasted for  4 minutes 15 seconds durLng

1 9



which time the dredger travelled 220 m. The second

injectlon lasted for 4 minutes 46 seconds during

rchich tine the dredger travelled 370 n. A total of

approximately 513 tonnes of solids was discharged

from a height of about 2 m above the water surface.

Water  ve loc i t les  o f  0 .2  to  Q.25 m/s  and depths

between 3.8 and 4.0 m perslst ,ed for most of the

lnject ion and water tracking periods. The f low

crossed the dredged channel at an angle of

approximately 45".

The followlng day the bed tracer survey was carried

out to determlne the distributi.on of naterial on

the  bed (F ig  17) .

The comparison betveen the observations and the

nodel rates of deposlt lon as a percentage of the

total release ls shown in Fig 18. The figure shows

that the initial rate of deposition was observed t,o

be relatlvely 1ow, rising to a peak at kn 4; it

then followed a downward trend as far as kn 7. The

model results overest lmated the ini t ia l  deposit lon

but the figure shows that there is general

agreement between km 3 and kn 7. The nodel

predict ,ed that bec\reen 0.5 and 6.5 ku'  f rom release,

a total of 281l of the sediment would be deposit,ed

compared with the observed quanf,ity of

approximateLy 2A%.

The most 1ike1y explanati.on for the difference

between nodel resul- ts and observat ions is, that

for t ,his t ,est the method of release by the hopper

overf low weir resulted in a greater ini t ia l

dispersion of the slurry on impact with the naler

surface than was the case with the sidecast

discharge of Test D4. I f  this was true i t  would

give rise to a larger percent,age of materlal being

dispersed into the inject ion cloud than would

remain as a body with Ehe falling sediment p1ume.

One night therefore expect the material to be
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Concentrati.on

carried in suspenston a greater distance before

being deposited on the bed.

The photographl-c plare clearly shows the two types

of discharge for dredging Tesrs Dl and D4. The

welr overf low discharge was ejected horizontal ly

from the vessel and fell through a distance of

approxinately 2 n. As lt fell the slurry began to

break up before striking the water surface. The

lateral  plpe dlscharge used in Test D4 was also

ejected horizontal ly f rorn the vessel.

The spoil fell approximately 4 m, striklng the

\rater surface after having attained a vertleal

veloclty of about 9 m/e. The jet appears to remain

more or less intact and is seen to hit the water

surface as a cont,lnuous stream.

The nodeLs rf,ere then used to find the solut,ion for

the concentration downstrean of the source of

mater ial  for the case of Test Dl.  The rate at

which naterial is removed fron suspension (ie falls

to the bed) is governed by the decay function

-wr
s

9 b = "

Fig '19 shows how th is  funct ion operates for  var lous

set t l ing veloc i t ies g iven that  the depth is  3.90 n

as for  Test  Dl .  In  the f ie ld,  concentrat ions were

not measured directly but were deduced from

comparisons of the radio-active tracer remaining in

suspension downstream of  the re lease zone.  The

f ie ld resul ts  showed that  between sectLons at

distances' of 500 m and 1500 rn dowastrean of the

re lease zone,  27% and 26% respect ive ly  of  the

ln jected mater ia l  remained in suspension.  This

decrease in suspended oaterial lnplles that the

difference is deposlted on Ehe bed between the two

sec t i ons .
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The decrease of 17" of suspended rnaterial over this

distance ls smaller than the value of 5% that would

be expected. using the exponential decay function

wlth a sett t lng veloci ty of 0.06 ro/s.  Fig IB

shorss that this zone lies in the initlal dip in the

observed raEe of deposit ion, whereafter the rate

rapidly increases to reach values similar to those

predicted by the nodel. The decay function may

therefore be eonsi.dered to give an acceptable

estimate of the rate of change of concentrati.on

downstreau of the sedinent release.

The models, however, are unable to predict the

absolute values for concentration. This is because

they assume that within the source area all the

mater ial  goes into suspension, rrhereas ln pract ice,

a large proport lon fal ls direct ly Eo the bed as

part of the gravity current.

3.2 Severn Estuary

The Severn Estuary is a well ruixed saline estuary

wlth a large tidal range, normally between 5.5 m

and 11.1 m fron neap to spr ing t ides respect i .vely"

Tracer experiments were carried out during

1976 to invest igate spoi l  dispersion in the

estuary 15. The material used was dredged from the

- r"int.ined entrance channel to Cardiff Docks using
'  a trai ler suct ion hopper dredger.  I t  nas .

discharged close to the establ ished spoi l

ground by pumping the hopper load out over the

overf low weirs.  The spoi l  was discharged,whi le the

dredger was sal l ing across the f lord direet ion of

the ebblng t ide. This method of release most

nearly cbrresponded to the disposal tests already

descrlbed for the River Plate.

The experiment began on 3 February L976, 2 hours 20

minutes af ter  h igh water .  The radioact ive t racer

was inJected in to the spoi l  d ischarge for  2.5

minutes during which time a slurry containing
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aPproxinately

from a helght

surface.

tonnes of sol lds was discharged

approximately 1 m from.che nater

In contrast to the mater ial  dredged from the

River P1ate, mater ial  f rom Cardif f  docks consisted

of a widely graded mlxture of silt and sand with a

medlan part ic le diameter of 0.020 mn (Tab1e).  The

field test was made at approximately the tine of

peak ebb veloci ty of about 1.0 n/s.  The release

was made at the r inject ion bouy'  (Fig 20) into

10.3 n of water. The bed survey was made four days

later and the dlstrlbution of radio-act,ive tracer

is shown in figure 20. It is evident that some

redist,ribution of sediments has taken place during

the tine between the release of the tracer and the

bed survey to cause the spolL to spread in both the

f lood and ebb direct i .ons.

For the purpose of the mathematical model it was

considered that the range of particle grading was

too broad to be sat isfactor i ly represented by the

median dianeter of 0.020 nn. I t  was therefore

assumed that in view of the htgh flows the silt

f ract ion ( less than 0.060 nn) would be readl ly

dispersed to pass out, of the test area and become

part of the natural background sediment, load. The

remaining fraction of sand and coarser material

fel l  between 0.060 and 0.350 mm and const i tuted

or.Ly 247" of the dredger load. The nedian si.ze of

Ehis remaJ.ning fract.ion was approximately,

0.105 mm, and was assumed to have a part ic le fal l

veloci ty of 7 w,/sL7 .
:

The nodel rdas run wlth the same coefficients for

dispersion as were deduced from the River Plate

Eests. The comparison between observat ions and

uodel results is shown in Fig 21. I t  is obvious

fron f lgure 2l  that in the f ie ld test some of the

material had been resuspended and redeposlted by

40

of
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3 .3 Discussion

reversing tidal currencs so that after the four

days,between injeet ion the bed survey a signi f icant

quantity of naterial was found upstream of the

lnjection point. The numerical model, however, is

not equipped to simulate what happens to sediments

once they have settled on the bed. Wlth this taken

into account Fig 21 shows thaE there IJas coarse

agreement between the nodel and observations which

improves moving away from the near vicinity of the

release point. The nodel calculates that 3 km

downstream of release (com,nensurate with

approximately 50 ninutes transit tfune) L9% of

material had been deposited on the bed and the rate

of depositlon had become almost negligible.

Observations indicated Ehat at the same position

a total of 16.5% of material was found on the bed'

also with the deposlt ion rate becoming negl igible.

The results described above show the effectiveness

of the rnodel in predicting the gross quantity and

spread of  spoi l  r { i th  very l in i ted data.  I t  is  not

known how the depths of water varied with distance

from the source of  re lease,  s in i lar ly  i t  is  not

known how veloclty varied rvith distance, and there

is lnsufficient accurate Lnformation regarding the

variation of these parameters with tlme. A11 of

these factors would have influenced the rates of

par t ic le  set t l i .ng,  and subsequent  redis t r ibut ion by

t idal  currents in  the t ime between re lease and bed

tracking.

In addition to the unknowns described above, the

actual physical behaviour of the material once ic

leaves the vessel ls only described ln the models

in the sinplest of terms, and the uodels nake no

dist lnct lon between d i f ferent  methods of  d ischarge.

As an extreme compari.son a sldecast discharge

fall ing 4 u before entering the wat,er column

24



reaches a vert ical  veloci ty exceeding 9 n/s.  In

contrast,  the discharge from a hopper enters the

waLer column with a relatively snall vert,ieal

veloci ty.  The conbined effect of  al l  these

variables is focused on the prescr ibed value for

particle fall velocity and the sirsilarity betlteen

the hindcast deposiLion rates shown ln Figs 14, 18

and 21, and those observed ls strongly dependent on

a suitable cholce of part lele fal l  veloci ty.  This

choice may not necessarily reflect the true

fal l  velocl ty of the mater ial  concerned. The fal l

veloci ty of 0.06 mm/s used in the simulat ion for

the River Plate dredging tests is comuensurate with

a part , ic le size of 0.080 rm which is rather closer

to the value for D1g (Table) rhan r,hat for

D5g whlch rnight have been considered more

appropriate. Sint lar ly the part ic le fal l  veloci ty

of 7 ron/s used ln the Severn Estuary dredging test

is only representat ive of the sediment fract ion

after having excluded part ic les of smal ler s ize

than 0 .060 m.

The method is clearly not suitable for the near

source region. This is f i rst ly because here the

sedLment plume tends to fall by gravity in a dense

cloud before either spreading to a point where

part ic les begin to behave independent ly,  or hi t t ing

the bed to ei ther st ick or spread as a mobi le near

bed layer. Secondly analysis of the behaviour of

the mathemaEical soluti.on shows that lt becomes

unreal ist ic very near to the source.

The nethgd is not suitable far away fron t,he source

because it is unlikely that either the hydraulic

conditions or the bathynetry remain uniform over an

extended t ime or distance.

Taken as a whole lt is considered that the model-s

were able to s imulate the deposi t ion of  sediments

that took place dorrnstream of the release zorle.
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CONgLUSIONS

A}ID

RECOMMENDATIONS

The nodels r,rere not, honever, suitable for

simulating the suspended solids downstream of

release without further development in this area.

A series of rnathematical models has been produced

to simulate the short tern dl.spersal of dredged

s p o i l .

The models uere applied to three situations where

spoil was diseharged i.nto a current by continuous

sidecasting through either a discharge pipe or

ac_ross the hopper overflow weir,

The results of the model studies indicate that they

were able to hindcast the spat i .al  distr ibut ion of

sediments on the bed following release frou a

surface source.

The scope of the rnodels is linited in that they are

unable to adequately sinulate suspended solids

coneentratlons downstrean of the source. Neither

are they able to simulate the distribution on che

bed in the near source region. The modelrs abi l i ty

to sinulate the distribution on the bed in the far

f ie ld region is restr lcted by rhe degree of

unifornity of the hydraulic condit,ions and

bathynetry.

'1. L q 4 a
Ear l i e r  wo rksJ '4 ' 5 ' 6 ' 8  h r . r .  d i scussed  the

meehanisms of  hopper drop d lscharges;  the

nechanisris i.nvolved in dispersal from sidecast

discharges are a combination of these and other

processes EhaE give r ise to the format i .on and

dispersal  of  the so cal led t in ject lon c loudr .

Ear l ier  s t , rd ies l4 '15 h" ' , r "  shown that  und.er
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favourable conditlons sidecast disposal methods can

significantly inprove the efficieney of dredging

operations over that of hopper dunp nethods. This

is effected by eliminating the time involved tn

haul ing spoi l  to a disposal s i te,  .even though the

dlsposal ef fLciency, le the proport ion of sediments

effectively removed from the dredging area, may be

redueed. This study l -ndicates that the disposal

efficiency of sidecasting may itself be improved by

adopting methods which result in a higher

proport ion of spoi l  belng dispersed into the

injection cloud to be carried away by the current.

Further diseussion of such methods is outside the

scope of this report  but,  has been ident i f ied as an

important area of research which has been

neglected.

It is recommended that a future research prograume

should study in detai l  the physlcal  processes that

take place at the points of release of material

f rom both hopper dump and sidecast disposal.  The

evidence suggests that the two methods of disposal

should be considered separately until the process

involved are better understood.

It is recommended that the nathematical models be

developed to simulate more correctly the complex

events taking place when dredged spoil is disposed

of in ocean or estuarine waters. Such models

should make use of the most recent research such as

that described above and Lake full account of the

works referenced in this report .

;
It ls reconrmended that studies are also carried out

into the longer term dispersal of  spoi l .  This

would involve studying the stability of the

mater ial  at  spoi l  grounds as a result  of

consol idat ion, and the possible redistr ibut ion

under wave and tidal action.
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APPENDIX The nodified l lankel function

The nodl f led } lankel  funct ions are def ined as:

a  r r { - l  / ' l \
K ,  ( z >  = ;  i - ' '  H r " , ,  ( i z )

where H 
(1)  

is  Ehe Hankel  funct ion of  the f i rs t  k ind.
m

K_ ls  a soluEion of  the nodi f ied Bessels equat ion:m

d 1 r  1  d w  , 1  ^ 2
- \ r + - ) w = 0

d , z Z  z  d . z  2 2

More per t inant ly :

-  r @  r  2 . 2 \  a F
t  J-.*n [-  1- ^-q] V 

= Ko (z);  R (22) > o.
For large values of z

\ -
K (z)=fn l= ' " - " l r -J+ e +o A- l - l

o LzzJ L gz L28z 2 'r3'J
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a.  Side d ischarge over  hopper  over f low wei r

b.  S ide-cast ing through shore d lscharge p lpe

Slde d ischarge of  dredged spot tPLATE






