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ABSIRACT

Sedlnents dredged fron charmels passing through lndustrleL areas are often
htgh Ln pollutants, partJ.cularly heavy metala. If these are belng dlsposed
of back into the marLne environment, i.t ls clearly of beneflt to be able to
predlct the novenent of dredged naterial onto whlch these pollutants are
adsorbed.

This report descrj.bes the processes of long term dlspers:lon, and revlews
sone fleld measurements of the dlspersj.on of duryed dredged naterlal. It
also degcribeg the developnent of a package of computer models nhlch alns to
create an Economic neans of predictlng long tern disperslon of dredged
spoi l .

Many factors affect the rate at which dredged naterlal dlsperses from its
disposal polnt, lncludlng type of naterlal, Lte coheslvlty and bulk denslty,
water depth, ttdal currents, bed roughness and slope. The maJor proeess J.n
noving the naterial once it iE on the bed appears to be the wave dlsturbance
caused by storms.

Radioactive tracer studies at Mud Island, Brisbane, AuEtralia, and the Tees
Inner Disposal Slte, tK, both support the idea that thE lnitial footprint of
mrd nay be represented by a normal dlstribution. the study at Mud Island
also shotted that material depostted on a slope could flow down the sLope
into deeper areaE.

Three conputer nodels were developed to predict long term dispersion, each
model appllcable for different circumstances. ltre nrodel for transport of
sandy naterial.' LIDISP, combines the hydrodynarnics from the existlng
TIDEFLOW-2D prograrn and the wave cllnate from the existing HINDWAVE and
OIITRAY programs. A probabilistlc combination of the tides and currents over
the period of interest (from a single tide up to several months or even
years) gives vectors of net sediment transport of the background materiaL.
These vectors can be used to calculate mass changes on the bed. In addj.tion
the model calculates the average nagnitude of the sediment transport vector,
which is a measure of the dispersiveneEs.

The model for muddy dredged material allowed mixlng of the mud with the
background material. This pilot model is an extensLon of LTDISP, usLng the
same sedi.ment transport vectors. Ihe mrd cannot move from cell to cel.l, but
it can be'eroded by the tidal currents. The movement of sand is affected by
the presence of the mud, and the erosion rate of the rnrd iE affected by the
presence of sand in the surface layer.

A third model was developed for flow of a vlscous mud layer down a slope.
The mud layer is assumed to have uniform density and viscosily. A no-slip
condition ls applied between the nud layer and the bed below. The difference
between mud transport rates over opposite sides of each ce1l are used to
determine a new nud distribution. The model does not include the effect of
waves on the structure of the mrd, and as such is most applicable to
nondispersive sites.

The model for net sand transport was used in a study at Sizewell, iK. Ttre
effect of the waves on the sand transport was lnvestigated, and the average



magnltude of the transport vectors lndlcated the degree of, dlspergion. If
waves were not taken lnto accormt, the greatest disperslon was ln the deeper
central channel. rf the nodel lncluded-tldes and wlvee, the greateet
dlsperslon traE on the ghallower banks. overall, the efiect oi naves was to
lncreaee the sedinent transport retes by about an order of nagnj.tude.

The Tees Inner Dlsposal sLte was chosen as a gl.te to tegt the pllot nodel
for mlxing of nuddy dredged rnaterlal. A TIDEFL0W nodel bed dala f,j.le ras
set up, to include the dlsposal gLte. Current meter velocltj.ee and vater
levels measured at a point ln the disposal area were used to generate
velocltles over the whole nodel area. LTDrsp wag used to predlct net
eedlnent transport vectors and bed nass changes. The net iedlment transport
rates were ln a south-easterly dlrectlon, at approxfunately 0.001kgrn-rs-1.
the sedinent transport vectors from LTDISP were-used in tire nodel-for nLxlng
of_mrddy dredged material. Continuous dumplng of mud was slmrlated by
al'Lowing a drlnp of mrd every tfunestep (each tirne step rras one week). The
amount drrnped each time step was calculated fron raalntenance dredging
figures from the Tees estuary. Other lnput parameters were calculiteE from
laboratory and field data. The sand nasl chlnges showed a build-up of sand
around the centre of the nrrd drrnp, and a net loss of mrd from the stdes of
the ntrd dump in the direction of the pri.ncipal currentE. ltre nud .waa
a-ccumulatlng slowll, at around 4kgm-z per week. The percentage of sand in
the nuddy patch was aroruld 20?/ (801 mud) at the centrl of the patch,
increasLng outwards to 100%. This agrees roughly with field mlasurements of
partlcle size in the Tees Inner Disposal Slte, which showed samples wlth 20- 80U of the material less than 90 rnlcrons, although the averagl percentage
is around 30%.
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1 . IIMRODUCTION

Each year sees an increase in the size and draught of

shipping vessels throughout the world. With this

comes the need for more dredging, as many ports

require a regular progr€unrne of dredging to maintain

navigable depths in the port and entrance channels.

Since dredging operations are oq>ensive, there is

increasing pressure to maximise dredging efficiency.

The disposal of dredged material is also of

environmental interest. Sediments dredged from

channels passing through industrial areas are often

high in pollutants, particularly heavy metals. If

these are being disposed of back into the marine

environment, it is clearly of benefit to be able to

predict the movement of dredged material onto which

these pollutants are adsorbed.

There are therefore two main factors governing the

suitability of a disposal site. Firstly, the movement

of material back into the dredged area must be slow

enough for the disposal method to be cost effective.

Secondly, the environmental effects must be

acceptable.

Researchers in the past, (see Ref L and Ref 2), have

established that, of the material falling from a

hopper dredger, at least 98% of it lands on the bed,

with only a very small percentage (<2%) renaining in

suspension. This study is concerned with the material

which lands on the bed, and how it moves in relation

to the background material. Other models have been

developed under this contract (see Ref 3 and Ref 4)

which predict the short term fate of the naterial

which is left in suspension.



2,

Ttris report describes the work which was carried out
on the nodelling of the long term dispersal of dredged

material. Section 2 di.scusses the physical processes

affecting dispersion. Sone field work which covered

aspects of long tern dispersion is reviewed in

Section 3. Section 4 describes the cornputer models
which were developed for predicting long term

dispersion, and sorne applications of the models are
described in Section 5.

DISCUSSION OF PHYSICAL

PROCESSES AFFECTING

DISPERSAL

Many factors affect the manner and rate at which

dredged material disperses from its disposal point.

One of these is the method of disposal (for instance,

side-cast dredging generally results in material

redepositing over a much larger area than dumping from

a hopper dredger). fn addition, the hydrodynamics at

the disposal site are an important factor in

determining whether the site wi-Il be a containment

si te or a dispersive si te.

The size, shape and orientation of the initial

footprint of dredged material from a disposal

operation depend on many things. These include the

type of material, its cohesivity, its bulk density at

the tirne of disposal, the vater depth, the current

speed and direction at the time of disposal, and the

roughness and slope of the bed on which the material

lands. These will also affect the subsequent movement

of the dredged material. Johanson and Boehmer (Ref 5)

suggest that, as a first approximation, the initial

footprint of materi-al on the bed can be described as a

normal distribution, vi-th a standard deviation which

depends on the above parameters. Thus, for a circular



distribution of tnass on the bed, the initial
distribution can be described by

n(r) = J:, #E exp (-zz/2oz) dz

where

(  1 )

M = total mass in distribution

m(r) = tnass of mud within radius r of centre of

distribution

o = standard deviation of the distribution (99.7% of a

normal distribution is within 3o of the mean)

Tttis distributi.on of the initial mass is supported by

the field work done previously by HR in 1978 in the

tidal reaches of the Brisbane River, Australia. In

this case, although the distribution is elongated in

the direction of the principal tidal currents, the

mass within any given radius from the centre

approximates to a normal distribution, with standard

deviat ion 470m (see Sect ion 3).

Both Boh1en (Ref 6) and WES (Ref 7) suggest that once

the material is on the bed, the major process i_n

moving the material is the disturbance caused by

storms. It is therefore important, especially for a

model which aims to make long term predictions, to

include the effect of waves, rrhich may be greatly

enhanced during storms.

If the tidal residual currents are large enough to

transport the background naterial covering the whole

bed, this sediment trarisport will be enhanced by

waves. In the case of rm-rd, the waves may cause

fluidisation of the nrud - a breakdown of the structure

of the mud vithout necessarily changing its density.

Once fluidised, the mud may flow down slopes under the

inf luence of gravi ty or a water surface s1ope.



Water flowing over the mud may cause erosion of a

settled mrd or entrainment of a fluid rrud. If nud is
eroded from an area of dredged material, it will be

diluted so much by the overlying water that it is

unlikely ever to appear back on the bed in significant

quantities in the area of interest.

3. REVIEW OF LONG TERM

DISPERSAT FIELD

MEAST'RST'IENTS

3. I Brisbane, Austral ia

In 1977, HR conducted a study involving a mathematical

model and field investigation of sediment transport

processes in the tidal reaches of the Brisbane River.

Part of this study was to look at the efficiency of

the spoil ground at Mud Island (Ref B).

This involved dumping several cargoes of dredged

spoil, Iabelled with radioactive tracer, at various

stages of the tide. The initial deposition pattern of

the tracer material (and hence also the deposited

spoil) was measured using a towed radiation detector.

Subsequent measurements were made over a period of

12 months. Vertical cores of the bed were taken to

determi-ne the thickness and burial of the layer.

Surface bed samples were taken along the shipping

channel to determine the amount of material entering

the channel. Disposal of maintenance dredge spoil at

this site was suspended for the duration of the study.

Analysis of dredging rdcords and bathymetry charts

enabled some conclusions to be draun about the fate of

rnaterial previously dumped at the site.

Dumping at

there seems

bathymetry

si te began in 1966. Prior to this,

have been litt1e change in the

the site, suggesting that there is

the

to

at



Iittle natural net erosion or accretion over the spoil

ground. Over the period 1971-1976, with continuous

dunping, there rras a loss in mean water depth (and

hence loss in spoil capacity) at the site of

approxfunately fun. Dredging figures for the period

indicate that if none of the material which was dunped

at the site had moved outside the spoil ground, this

would have resulted in a greater loss in mean water

depth than this. Ttris suggests that significant

arnounts of the deposited materlal must have moved

outside the disposal area.

Before the radioactive tracer study, a bathSzmetric

survey showed a channel about 12rn deep extending

through the disposal site, with a deep ho1e, about 18rn

deep, 1800m to the south of the centre of the site

(Fig 1). Another survey made towards the end of the

study in June 1979 shows similar contours ,within the

disposal area, but the deep hole has shallowed to

about 15.4m (Fig 2). It is thought that material

dumped on the edge of the disposal site could flow

down the relatively steep slope into the ho1e.

Figure 3 shows the distribution of the tracer-injected

sediment 2 days after disposal. This shows the

sediment aligned in a north-south direction (the

direction of the principal tidal currenLs), about

2800m long and 1000m wide, centred close to the niddle

of the disposal area. The distribution of mass

relative to its distance from the centre of the spoil

ground is shown in Figure 4, showing that most of the

material is stil l fairly close to the centre of the

spoil ground. This informaLion has been plotted as

cumulative mass against distance from the centre of

the spoil ground in Figure 5, showing that

approximately 75% of the material is within 500m of

the centre. Also on this graph is the curve which

represents a normal distribution with a standard



deviation of 470m, show'ing that a normal distribution

would be quite a good fit here.

Figure 6 shows the distribution of the sedirnent 371

days after disposal. Ttre sediment has spread out

further at the northern tip, and although the whole

distribution is still roughly the same length and

width, the concentration of sediment has spread

further away from the centre. Ttris can be seen on

Figure 7, which shows the proportions of sedirnent at

given dj.stances froro the centre. The proportions of

sediment are proportions of the total amount of

sedi.ment calculated after 2 days, so this figure may

be directly cornpared w"ith Figure 4 to see where the

sediment has gone. There is now much more sediment

further away from the centre of the disposal site.

Looking at the new distribution alongside the original

bathyrnetry indicates that the sediment has moved

towards the deeper areas, particularly into the deep

hole to the south and down the slope on the north side

of the disposal area.

In Figure 7 the total amount of sediment is only about

55% of that after 2 days, so the remaining 45% must

have spread outside the monitored area or have been

lost into suspension.

The standard deviation of the distribution in Figure 7

(after 371 days) is 974m, which is approxlmately 500m

greater than the distribution in Figure 4 (after

2 days). This i-s a measure of the spread of the

distribution, so on average a particle of sediment has

moved around. 500m in 369 days. This gives a mean

veloci ty of approximately 2 10- 5ms-1 over this period.

The bed slope in the area varies from I in 1000 on the

western side of the disposal ground up to 1 in 100 on

the sides of some of the deep holes. It is quite

likely that the sediment does not move all the time,



'  
3.2 Tees Bay, IJK

but that the effect of the rraves is to change the

structure at the surface of the mrd, thus encouraging

i.t to move, probably as a viscous layer.

During the study, no attempt was made to measure the

wave clirnate at the spoil gror:nd. It is thought that

severe weather conditions could generate orbital

velocities which would agitate the bed material. In

this particular case the material appears to move away

from the navigation channel into deeper water, so this

agitation was seen as benefici-al, though this night

not be the case elsewhere.

In September 1988, as part of this contract, HR

planned a radioactive tracer study at the Tees inner

disposal ground, which lies about Skrn northeast of the

mouth of the River Tees (fig 8). The object of the

study was to label cargoes of dredged spoil with a

radioactive tracer, and to monitor movement of the

tracer (and hence the spoil) both furmediately after

disposal and subsequently. Details of this study are

given in Appendix 1.

Some severe operational problems were encountered,

with the rough sea-bed causing damage and loss of

equipment. In addition, inclement weather prevented

some survey work. As a result, less information was

gathered than hoped, and this was restricted to one

survey 3 to 4 days after disposal of the

tracer-injected sedimerit.

The distribution of the deposits and the times of

disposal relative to high water are shown in Figure

This shovs that the position of the initial deposit

depends strongly on the current speed and directi_on

the time of deposit. The cumulative proportion of

9 .

at



tracer against distance from the disposal point is
plotted in Figure 10. Although the initial footprint

is nade up of three individual dunps, the overall

distribution can still be suitably represented by a

normal distribution. Figure 10 also shows a fitted

normal distribution, with mean 60m south east of the

disposal point and standard deviation 300n.

4, DESCRIPTION OF LONG

TERM DISPERSION MODELS

4.1 Existing software

modules

The models for predicting long term dispersion were

developed to use the output from many software

programs or routines currently being used at HR. Ttre

hydrodynanics for the models are generated by

Tideflow-2D. This is a depth integrated model, based

on well established tidal flow equati.ons for

conservation of mass and momentum. Details of

Tideflow-2D are given in Appendix 2.

Ihe wave conditions at the site are specified in the

form of a scatterplot of significant wave height

against zero-crossing period. Often there is very

Little reliable wave data for a site, and it is better

to predict a wave climate from wind data, which is

generally more reliable. Ttre HINDWAVE model has been

developed to do this, and is described in detail in

Appendix 3.

Once the wave climate for the area has been generated,

a set of wave conditions for a parti_cular point can be

generated from the program OUTMY. This model is a

back-tracking ray refraction mode1, which calculates

the wave conditions that would be refracted to a



particular nearshore point from an offshore boundary.

Details of OUTRAY are given in Appendix 4.

All output files from the long tern dispersion models

are in the standard Tideway format, which means they

can be read; analysed and graphed as vector and

contour plots using the existing graphics software for

Tideway files.

4.2 Model for transport

of sandy background

material

The model LTDISP has been developed to prediet the

transport of sandy material over the site of interest

over a period of several months or even years. It

uses the sane grid of cells and the same model

bathymetry as the TIDEFLOW model. It uses results

from the TIDEFIOI{-2D, HINDWAVE and OUTMY programs,

and combines them in a probabilistic way to calculate

a probability distribution of bottom orbital

ve loc i t ies .

These results are used to compute an Eulerian residual

sediment transport vector at every point in the model.

It is an Eulerian residual because it is based on the

time varying velocity at a fixed point, as opposed to

the tagrangian residual which is based on the velocity

of a particle moving with the water body. The change

in bed mass at each point in the model is calculated

from the vectors for a given time period.

For the purposes of calculating the net transport

vector, the program treats each cell of the model

totally independently. The following description

applies to each point in turn.



From the TIDEFLOW results the program extracts lunar

hourly velocities for springs and neaps at that

particular point. Ttrese velocities are combined w'ith

the tidal heights (input as a file) to produce a

probability distribution of velocities at each hour of

the tide.

The HsTz scatter diagran of vave conditions is

combined with the mean water depth at the particular

point to calculate a probability distribution of

bottom orbital velocities.

For each hour of the tide, the probability

distributions of tidal currents and wave induced

bottom orbital velocities are combined. Ttre sediment

transport is calculated for each set of conditions

according to a modified van Rijn formula, wi-th a wave

enhancement term.

The van Rijn sedirnent transport formula (Ref 9) is for

currents only and has the form

9t = 9b * 9" A U (U - U"r)*- t  (U > Ucr) Q)

9 t=o

where

(u < ucr)

qt = total sediment transport

qb = bed load

qs = suspended load

Aro = constants

U = current speed

U^_ = critical U for sediment, transportcr

Eqn 2 has been adapted by Mr R L Soulsby at HR to a

wave-plus-current formula by using a similar line of

argument to Grass (Ref 10),  to become

i0



9t+ = A U t (Uz + BV2)0. ,  -  U" . l t - l (u>

(u<

u"r) (3)

u"r)9t *=o

where

B = constant

V = r .m.s. nave orbi tal  veloci ty

The constant, A, and the critical velocity, U"r,

depend on the sediment particle size and therefore

give different sediment transport rates for different

sediments.

The sedirnent transport calculated from this.formrla is

weighted according to the probability of the set of

conditions in the combined .rrave-current probability

distribution, and the direction of the transport

vector is given by the direction of the hourly

velocity vector.

The hourly sediment transport vectors are suruned to

give the net sediment transport vector (Eulerian

residual), whose u- and v-components are stored in

output files, and the nagnitudes of the hourly

sedirnent transport vectors are averaged to give an

average rnagnitude, which is stored in a third output

f i l e .

In the second stage of ITDISP, the net sediment

transport vectors are used to caleulate the change in

bed mass in each ce1l. .  The ini t ia l  mass on the bed is

zero everywhere, but the program assumes that there is

an infinite depth of the sedinent, so at subsequent

times the mass may be posi-tive or negative.

Since the change in bed mass is calculated from the

difference in mass of sediment ent,ering over one side

of the celI and leaving over the opposite side, it is

11



very sensitive to small changes in the vectors. To
reduce this sensitivity, the mass changes in each cell

are smoothed by taking a weighted average from the

mass changes in the surrounding cells. The snoothed

result is given by:

Mchange(i) = (SMTHI * Avr*1)

+ (SUTH9 * Avr*3)

+ (SMTH25 * Avr*5) (4)

where

Mchange(i) =

sMTHl, SltTItg,

A t l o l ,  A v 3 * 3 ,

mass change in cell i

SlffII25 = weighting coefficients for

g r i d s  o f  I  c e l l ,  9  c e l l s  ( 3 * 3 ) ,  2 5  c e l l s

(5*5) respect ively

At5o5 = average value of mass change in

gr id of cel ls 1*1 ( ie the cel l  i tsel f)

3*3 ,  5*5 ,  cen t red  on  the  ce11 i .

This nodel can be used to show general patterns of

erosion and accretion over a sandy area, and is useful

in cases where some change is made to the original

bathymetry, to show how the sedi-rnent transport

patterns may change. It is also a useful tool for

determining the dispersiveness of a site. Details of

the inputs required and file formats are given in

Appendix 5.

4.3 Model for mixing of

muddy dredged material

fn general, dredged material is dumped at sites where

the bed is either a similar muddy material or a sandy

one, but not usually where the bed is fixed, such as

on rock. For this reason, it was considered inportant

to model the ni-xing process which occurs j,f there is

any movement of the background material.

L2



LTD3 is a modeL which simulates this mixi-ng. It is an

extension of the background transport program LTDISP.

The progrem uses the u- and v-conponents of sand

transport vectors, as calculated in LTDISp, and the

average magnitude of the transport vector 1. For each

cell, at a chosen time interval, the progran rbcords

the mass of sand, the mass of mud and the proportion

of sand in a surface layer of chosen depth. The

proportion of sand (or rrud) in this surface layer

affects the sand transport rates and the mud erosion

rates. These three quantities are recorded in tideway

format files. Ttrese files can be plotted out as

contour diagrams at any ti-me later, using the standard

Tideway programs for contouring. Details of file

formats are given in Appendix 6.

Sand transport vectors for each ceII are reconstructed

from the net transport vectors and the average

rnagnitude to give two vectors, positive and negative

in the direction of the net vector. lhe average

magnitude of these vectors should be equal to that

calculated in Phase I and the difference of the

vectors should be equal to the net vector. Thus, for

a point where the net transport vector is cli, and the

average magnitude i" F, the reconstructed vectors

would be

(F  +  0 .5 )c r i

and

- (p  -  0 .5 )c i

The vectors are resolveid into u and v-components, and

used independently i-n the calculations. For a tidal

flow where the ebb and flood are in opposite

directions, with very little flow in any other

direct ion, this reconstruct ion of the vectors is

sa t is fac to ry .

(s)
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The sand transport into and out of any ce1I may be

affected by the material in the surrounding cells, up

to four cells away in any direction. The choice of

four cells nas more than enough to be reasonably sure

that any sand (even fine sand) picked up at one cel1

would have been deposited, or exchanged with other bed

material, closer than four cells away. Usually, one

or two cells (assuming mininr:m ceI1 size of 50m) would

be sufficient. ltris was calculated from the amount of

time a particle of sand at the surface would take to

settle to the bottom (an upper bound on the time taken

for a particle in suspension to exchange with thg bed

naterial). the actual way in which material from one

celI contributes to the sand transport in neighbouring

cells depends on many things, but an estimate may be

made by assuming a sand concentration profile in the

water column and calculating how this sand would

deposit in a uniform current over the next few ceIls.

Weighting coefficients may then be assigned (which

shoutrd add up to 1.0) for how each cel1 contributes to

the sand transport through the next four cells in each

direction. The contributions may often only come from

one or two ce11s in each direction. These weighting

coefficients are the same over the whole model.

Mud may be dumped during any time step (a tj-me step of

approximately one week is reasonable if the rnodel is

to be used for long-tern predictions). Continual

dunping can be simulated by having a dump during each

t ime step. The size ( total  mass and spread),  posi t ion

of the centre and time of each dump is specifi.ed in

the file of input data. Each dump covers a circular

area, and corresponds to a gaussian distribution, with

a specified standard deviation. A correction is made

to ensure that the discretisation of the distribution

does not result i-n a larger total dump than

spec i f ied .

t 4



At the end of each time step the mass of sand lost or

gained from eaeh cel1 is calculated fron the

difference in sand transport over opposite sides of

the cell. Ttre sand transport over any line (cell

side) is a weighted sun of the contributions frora the

four preceding cells. Ttre contribution from each cell

depends on the proportion of sand in that cell, and is

weighted according to the weighting coefficients

described earl ier.  I 'hus for a ceLl ( i ,  j )  ,  wi th i

increasing in a west to east di.rection, the sand

transport rate out of that cell over the eastern side

vould be:

s ( i ' j ) o u r  
E  

=  ( P s ( i ' j ) * c o N T l  +  P s ( i - 1 , j ) * c o N T 2

+ Ps( i -2 , j ) *cOM3 +  Ps( i -3 , j ) *CONT4)
*  R ( i , j ) o u t  

E  
( 6 )

where

s( i , j )out 
E 

= sand transport  rate out of  ce1l i ,  j  on

eastern side

Ps(i , j )  = proport ion of sand in surface layer of ce1I

i ,  j

CONTI, (CONT2, CONT3, CONT4) = weighting coefficients

for how the cell next to the sand transport

l ine (and 2 cel ls,  3 cel ls,  4 cel ls away)

affect the sand transport

R(i , j )out 
E 

= sand transport  rate out of  cel l  i ,  j  on

eastern si-de, calculated from reconstructed

vector, assuming 100% sand.

Once the sand mass changes in each celI have been

calculated, the resultd are smoothed according to a

weighted average of the surrounding cells, as in

LTDISP (see Sect ion  4 .2 ) .

The mass of mud is also calculated at the end of each

time step. This depends on the mass lost into

suspension and the amount dumped. In LTD3, the rmrd is
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4 . 4 Model for f low of

viscous mud layer

dor.m a slope

not allowed to move from one cell to another once it

has landed on the bed. It may be eroded by the waves

and currents, but this nrud is lost into suspension and

not seen on the bed again. The rate of this loss into

suspension is the same over the whole model for cells

containing entirely mud, and should be based on field

or laboratory determination of mrd properties. Since

each cell may also contain some sand, the rate is

linearly reduced with decreasing proportion of rmrd in

the surface layer, ie

%( t , j )  
=RA tPm( i , j ) ( 7 )

where

%(i, j )  
= the mass eroded from ce}I  ( i ,  j )  dur ing one

t ime steP (kgm-z)

R = constant rat,e of erosion (kgfn-, per tide)

At = length of time step (tides)

Pn(i , j )  = proport ion of mud in surface layer of cel l

( i , j )  -  1 -  P s ( i , j )

Both the changes in mud mass and sand mass are used to

calculate the proportion of sand in the surface layer.

OnIy the proportions of mud and sand in this layer are

recorded. Although total mass of sand and mud is

recorded, no record of the mixing is retained once the

material is below the top layer. The subroutine which

calculates this mixing is given in Appendix 6.

Field studies, such as the HR Brisbane study, indicate

that a footprint of dredged material on the bed nay

spread out over a period of time. It is unlikely that

this spreading is due to erosion and deposition, as

once material has been eroded i-t is diluted too much

16



in the overlying suspension. The rate of spreading

can be very slow, much too slow to be described by the

movernent of fluid nud. A third model has been

developed to predict the movement of a fairly dense

nud ()200kgm-t), moving down a slope as a viscous

Layer. lhe model is based on theory developed by

Mr R L Soulsby at HR.

In this model, the density and the viscosity of the

layer are assumed to be constant (this is not

unreasonable if the layer is quite thin). The actual

values of the density and viscosity affect the rate of

flow, so values used in the model should be based on

rheological measurements. Examining the forces on an

element of mud in a layer of thickness h, yields the

force balance

( C U - O ) g s i n O + d t / d z = O

where

p, = bulk density of the rnrd

p = bulk density of the overlying water

g = acceleration due to gravity

O = slope of bed on which mud layer is lying

t(z) = stress prof i le in mud layer.

If there is zero stress at the top of the mud (z=h)

then the stress profile is

(8 )

r (z )  -  (pB -  p )  g  s ino  (h  -  z )

For viscous f low, with 'constant viscosity

t(z) = pdU/dz

where

p = dlmamic viscosity of the nud (Nsn- 2 )

U(z) = veloci ty prof i le in the bed

(e)

L7

(  10 )



Gonbining eguations 9 and 10 and integrating gives a

velocity profile. If a boundary condition of no slip

at the rmrd-sand boundary (z=0) is applied, then the

velocity profile is

U(z)  = (p,  -  p)  g  s in0 (hz -  O.5zz)  /  V (  11 )

The transport rate of mud down the slope,

(kgn- rs - l ) ,  i s  then g iven by

-h
Q = Jg  er  u (z )  dz

ie

Q = P B ( P n - p ) g s i n o h s / 3 v

(12)

(  13 )

At the start of the progr€rm, a circular pancake of mud

of uniform thickness is spread on the bed. the

movement of mud from each cell is determined from

eguation 13, by calculating the difference in rates of

transport over opposite sides of each cel1. Ttris

gives a rnud mass lost or gained during the tirne step.

These nasses are smoothed using the same method as

LTDISP (Section 4.2). The thickness of mud in each

ceIl is stored in a Tideway format file at a chosen

interval. Details of file formats are given in

Appendix 7.

This nodel could be used to predict what might happen

at a non-dispersive sj-te, with little or no movement

of the background material, particularly if waves were

not thought to be an important factor at that

part icular s i te.
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4.5 Lfunitations of the

models

Ttre long term dispersion models LTDISP and LTD3 are

models of potential transport: they assr:nre that if the

combined waves and currents are strong enough to cause

sand transport, the materiaL will be picked up

instantaneously, and that there is always material

there to be picked up. Because of this the nodels are

most suitable ior generally sandy areas of seabed.

ltre programs do not model the longshore currents which

rcill be produced in the surf zone by the traves.

ltrerefore the predicted sedirnent transport for any

point above approximately -5m CD is not like1y to be

accurate.

The program LTDISP calculates the Eulerian residual

net sediment transport vectors. ltrese will generally

be different from the true Lagrangian residuals in a

model where the velocity field varies spatially. The

difference between these has been investigated for

some idealised cases of flow conditions, and these are

described in Appendix 8. For certain conditions it is

shown that the two would not produce significantly

different bed mass changes.

The model for flow of a viscous mud layer is

restricted at present to mud layers of uniform density

and constant dlmamic viscosity. At present the

program does not include wave effects on the structure

of the rnaterial
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5 . APPTICATION OF MODELS

5. 1 Sizewell,  I IK

In parallel with the development of the long term

dispersion model, HR conducted a study for Kier

Construction Linited at Sizewell, on the Bast Anglian

coast of Britain (Ref 11). Part of this study

involved looking at the background movement of sandy

material up and down the cgast over a surtmer season of

about six months, and the dispersiveness of a site

which was being considered for temporary storage of

dredged material.

The newly developed model, LTDISP, was used alongside

some existing sedi:nent transport models to look at

sediment transport in this area. The results from

LTDISP were compared with SAIIDFLOI{, a model which

carries the sediment dynami-cally in suspension, and

allows for the finite tfune and distance required to

pick up the sediment. SAIIDFIOW only runs for the set

of tidal conditions as calculated by TIDEFLOW-2D, and

does not include wave effects. The advantage of

LTDISP is therefore its ability to make predictions

over a period of time for combined currents and

waves.

A previous study (Ref 12) involved setting up a

TIDEFLOW model of the area, and the more recent study

of sediment transport was based on the hydrodynamics

which were produced in the earlier study.

Figure 11 shovs the area around Sizewell, with the

area covered by the model, which was the same for

LTDISP as in the earlier study. A 50m gridded model

had been set up, aligned parallel to the National

Grid, 4.5kn long by 2krn wide. The model was bounded

on its west side by the coast. The open boundaries on

20



the east and north had prescribed velocities, while

the south edge of the nodel had a prescribed

elevation.

The bathynetry at the site consists of a fairly

uniform slope from the coast on the rsestern side of

the model down to at channel at about -10m OD, and

then rising back up to about -6n OD on Sizewell bank

on the eastern side of the nodel. In the southern

quarter of the nodel there are some ridges rurmlng

from NE to Sl[. Ihe bathymetry is shown in Figure 12.

The marked wave points are the points for which the

nodels HINDWAVE and OIIIMY predicted waves

conditions.

The model floods from the north, with the maximum

flood velocity reaching about 0.8ms-1 on a spring

tide. The spring tide currents for three marked

points are shown in Figure 13. Ttrere is 1ittle

deviation of the flow at these three points from the

north-south direction. Figure 14 shows the

corresponding neap tide currents. In general, a

higher peak velocity is reached on the flood than on

the ebb.

The wave cli.mate for the model was generated from

nearby wind data. The HINDWAVE rnodel was used to

generate the offshore wave c1imate. The data

produced, like the input data, is in the form of a

time series, so the model does take into account the

storm duration.

The OUTMY model rras then

towards the shore, taking

refraction and shoaling.

diagram for wave point 3,

study, is shown in Figure

used to bring the waves

into account the effects of

The resulting scatter

which was used for this

1 5 .

2L



For conparison with SAI,IDFLOW, LTDISP lras run w.ith a

single spring tide and no \raves, and then to assess

the effect of waves, LTDISP was run with a full range

of tides and waves.

The LTDISP net sediment transport vectors for a mean

spring tide with no waves are shown in Figure 1.6. Ttre

dominance of the flood tide is shorrn by the net

sediment vectors with all points indicating a net

southerly sedi-ment transport. Ttre largest vectors

indicate a peak net sediment transport of

approximately 0.lkgn-rs-r which occurs in the central

deeper region of the model. Net sediment transport

decreases in the shallower waters towards the coast

and the Sizewell Bank.

The LTDISP average tide net sediment transport vectors

for a six month period of tides and waves are shown j.n

Figure 17. fn spite of lower tidal velociti-es over

the sand banks on the eastern side of the model, the

effect of the waves there is to increase the net

sedinent transport to a value similar to that in the

deeper water in the centre of the modeI. The maxirmrnr

vectors occur on the banks in the southern area of the

rnodel and reach 0.5kgm- 1s- 1 .

The degree of dispersion of the model area can be

represented in terms of thd average size of the LTDISP

sediment transport vectors as shown in Figure 18

(single spring tide) and Figure 19 (tides and rsaves).

These do not indicate areas of erosion or deposition

as that depends on the'difference between adjacent

points of the net sediment transport. Rather, they

indicate the average rate of sediment transport at

each point,  or a measure of the dispersiveness. A

single point cou1d, for example, have a large average

rate of sediment transport yet have a zero net
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sedfurent transport due to the reversing directLonal

aspects of tldal sedirnent transport.

Ttre effect of the rraves on the shallower banks is very

evident from a comparison of Figures 18 and 19. For a

spring tide; (Fig 18) the deeper central channel of

the model had the greatest average sediment transport

(ie greatest dispersiveness), of approxirnately

0 . lkgn-1s-1  to  0 .15kgm-1s-1 .  l { i th  waves  and t ides

(Fig 19) the reverse was the case, with the greatest

dispersiveness on the shallower bank on the eastern

side, although the rnagnitude of the average sediment

transport had increased by an order of magnitude over

the whole model. In the central channel, the average

magnitude of the sediment transport vector for tides

and waves was up to 0.5kgm-1s-1, with 1.0 -

1.5kgm-1s-1 on the shallower banks. This shows the

important effect of waves in the sedirnent transport,

particularly in shallower areas.

The bed mass changes calculated by LTDISP during a

single spring tide with no t/aves for the existing

bath5rmetry based on the van Rijn sedi.ment transport

formula are shown in Figure 20. Ttris may be directly

comparable with Figure 21 which depicts the bed mass

changes from SANDFLOW. The general trend, that the

major bed mass changes are in the southern part of the

model,  is also predicted by the LTDISP rnodel ( f ig 20).

However, other small areas of net depositi_on are shown

throughout the whole of the northern four-fifths of

the model, although their magnitudes are less than

5kgm-  z .

The LTDISP bed mass changes for an average tide based

on six nonths of tides and waves for the existing

bath5rmetry are given in Figure 22. The relative

differences between this and Figure 20 i_ndicates the

effect of waves on the sediment transDort.
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5.2 Tees Bay, IIK

Ttre Tees Inner Disposal site was chosen as a sl-te for

the pilot model for mi:<ing of nuddy dredged naterial.

A TIDEFTOW model bed data file was set up, covering an

area 4km by 4km, including the disposal site. Ttre

bath5rnetry of the area is shown in Figure 23. The bed

slopes down away fron the coast, fairly uniformly,

ftom -27m CD in the west corner to about -39m CD in

the east. Ttre grid of the model is aligned with the

principal direction of flood and ebb velocities (1250

from N), and the north-east and south-west sides of

the model are designated as no-flow boundaries. Thj-s

is a reasonable approximation as the flow is

predoninantly bi-directional. The model floods frorn

the north-west.

At this particular site, high and low water are out of

phase with periods of minimum velocity. Ttris is shown

in Figure 24, which shows current meter velocities and

water levels measured at a point in the disposal area

in 1987. This data was used to generate velocities

over the whole model area, by assuming the same

discharge through each line of cells north-east to

south-rrest, and calculating the discharge, Q, through

each individual cell as a function of the flow depth,

d ,  a t  tha t  ce l l ,  ie

Q  c r  d l ' s (  14 )

LTDISP was then used to predict sediment transport

patterns. The net sediment transport, vectors are

shown in Figure 25, showing net sediment transport

rates in a south-easterly direction, at approximately

0 .001kgm-1s-1 .  The resu l t ing  pa t te rn  o f  bed mass

changes i.s shown in Figure 26. This indicates patches

of net sediment erosion and accretion after 4 weeks:
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the net mass changes are very small, reaching a

naxfuuum change of about l.Okgm-t after 4 weeks.

The sediment transport vectors from LTDISP were then

used in the rnodel for nixing of rnuddy dredged

naterial. Continuous dumping of mud was sirnulated by

allowing a dump of rnud every tfunestep (each time'step
'was one week). The amount dr:mped each time step was

calculated from maintenance dredging figures from the

Tees estuary. These indicate that an average quantity

of 1.8 nillion cubie metres (in situ) of material is

dredged from the estuary each year and disposed of at

the Tees Inner Disposal Site. Assr:ming an in situ

density of 400kgm-r, this gives a total of 15 nillion

kg per week.

The erosion rate of mud was calculated according to

the equation

&n/dt = m"(r-r")

dm,/dt = 0

for

for

. ) r c

t ( r c

(15 )

where

dm/dt = rate of loss of mud per unit  area (kgn-zs- l)

m^ erosion constant (kgN-rs-1)
e

t = appl ied bed shear stress (Nm-z)

t"  = cr i t ical  shear stress for erosion (Nm-2).

The erosion constant was deternined in laboratory

tes ts  (Ref  13)  to  be  around 0 .0009kgN-1s-1 .  The

current meter velocities were used to calculate bed

shear sLresses. The veilocities \rere scaled for neap

tides according to the ratio of the mean spring and

neap tidal ranges, and for intermediate tides the

velocities lrere calculated by linear interpolation

between springs and neaps. Taking the critical

threshold for erosion to be 0. lNn-z an average excess

shear stress was calculated over the whole
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spring-neap-spring cycle. lhis was approximately

0.025Nm-r. An average value of the erosion rate was

therefore around lkgm-z per tide (12.33 hours). Ttris

is for 100% nud; for a mixture of rnud and sand the

erosion rate in the mixing model is reduced linearly

according to the percentage of sand.

These values were used as input in the nixing nodel.

Figure 27 shows the pattern of bed mass changes for

the background material after 4 weeks. ltris can be

compared with Figure 26, which shows the bed changes

without the addition of the rnrd. Around the centre

point of the dump there is now an aceumulation of

sand, and to the sides of the dr:mp in the direction of

the principal currents there is a net loss of sand.

This is because although sand is being transported on

to the patch of rmrd, the mud is then reducing the sand

transport out of this area in both the ebb and flood

direct ions.

The distribution and build-up of mud over the four

weeks is shown in Figure 28. Ttris shows a circular

distributi.on of nud, building up gradually in the

centre. After the first dwnp, the rnass at the centre

of the durnp increases at around 4kgm-t per week.

After four weeks, at the centre of the dump the mass

of nnrd per unit area is less than 30kgn-2, equivalent

to around 10crn.

The proportion of mud in the surface layer of the bed

is shown in Figure 29. This distribution is after

four weeks, but in fact, for the input conditions used

in this case, once these proportions are reached, they

do not change. This shows a smal1 area of about. B0%

mud at the centre of the dump, decreasing outwards,

reaching zero at the edges of the muddy patch. The

remaining proport ion in each case is sand.
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6 . CONCLUSIONS A}ID

RECOM}IENDATIONS

6.1 Conclusions

These proportions of sand and rutrd are not too
different from those measured in the field. Field

surveys of the disposal site in 1987, 19BB and 1989

collected bed sarnples which were analysed for particle

size (Ref 14). These show the percentage of material
less than 90 microns to be in the range 20 - 80% in
the disposal area, although the average percentage is
around 30%. Unlike the nixing rnodel, there appear to
be no distinct peaks, but in the model all the durnping

is centred on one point whereas in the actual disposal

area the durnping will not be restricted to one point.

Ttrese preliminary results indicate how the rnodel rnay
be used. It should be stressed that the nodel has not
been calibrated and that further field measurements of
the long term dispersion of dredged material are

recorunended to do this.

1 . Many factors affect the rate at which dredged

material disperses from its disposal point,

including type of naterial, its cohesivity and

bulk density, water depth, tidal currents, bed

roughness and s1ope. The major process in moving

the material once it is on the bed appears to be

the wave disturbance caused by storms.

Field work at Mud'Is land, Brisbane, looking at

long term dispersion of dredged naterial supports

the idea that the initi.al footprint of mud may be

represented by a normal distribution (Fig 5).

The study showed that naterial deposited on a

slope could flow dovn the slope into deeper

areas. The initial dis.tribution in a radioactive

2 .
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tracer study at the Tees inner disposal site

(Appendix 1) could also be represented by a

normal distribution (Fig 10). Subsequent

measurements of the distribution in the Tees

study were unfortunately thwarted by bad weather

and damage to equipment, so only the initial

measurements were able to be used.

3. A package of cornputer models was developed to

predict long term dispersion, each model

applicable for different circumstances. The

model for transport of sandy baekground material

combines the hydrodynamics from the existing

TIDEFLOW-2D program and the wave climate frorn the

existing HINDWAVE and OUTMY programs. A

probabilistic combination of the tides and

currents over the period of interest (from a

single tide up to several months or even years)

gives vectors of net sediment transport of the

background material. These vectors can be used

to calculate mass changes on the bed. In

addition the model calculates the average

magnitude of the sediment transport vector, which

is a measure of the dispersiveness.

4. The model for muddy dredged material allows

mixing of the mud with the background material.

It is an extension of LTDISP, using the same

sedinent transport vectors. The mud cannot move

from cell to ce11, but it can be eroded by the

tidal currents. The movement of sand is affected

by the presence of the mud, and the erosion rate

of the mud is affected by the presence of sand in

the surface layer.

5. A third nodel has been developed for flow of a

viscous mud layer down a slope. The mud layer is

assumed to have uniform density and viscosity. A
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6 .

no-s1ip condition is applied between the nud

layer and the bed below. ltre difference betrreen

mud transport rates over opposite sides of each

cell are used to determine a new mud

distribution. the model does not include the

effect of waves on the structure of the mud, and

as such is most applicable to non-dispersive

s i tes .

The model for sand net transport was used in a

study at Sizewell, IJK. The effect of the waves

on the sand transport was investigated, and the

average magnitude of the transport vectors

indi.cated the degree of dispersion. If waves

were not taken into account, the greatest

dispersion (as indicated by the average magnitude

of the hourly transport vectors) was in the

deeper parts of the model, in the central channel

(Fig f8). For tides and waves, the greatest

dispersion was on the shallower banks (fig 19).

Overall, the effect of waves was to increase the

sediment transport rates by about an order of

magnitude.

The Tees Inner Disposal site was used to test the

nixing nuddy dredged material. LTDISP was first

used to predict net sediment transport vectors

and bed mass changes. The net sediment transport

rates were in a southeasterly direction, at

approximately 0.00lkgm-rs-r (Fig 25).  Cont inuous

dunping of mud was si:nulated by allowing a dump

of mud every timestep. The sand mass changes

shoved a build-up of sand around the centre of

the mud dump, and a net loss of mud from the

sides of the mud dump in the direction of the

principal currents Gig 27). The mud was

accumul-ating slowly, at around 4kgm-2 per week

(Fig 2B). The percentage of mud in the nuddy

7 .
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6.2 Recorrnendations

patch \ras around 80U (202 sand) at the centre of

the patch, decreasing outwards to zero (Fig 29).

This agrees roughly with field measurements of

particle size in the Tees Inner Disposal Site,

with sarnples in which 20 - 807t, of the material

was less than 90 microns, although the mean

percentage \ras around 30%.

It is recorrnended that the model for flow of a viscous

mud layer down a slope should be extended to include a

density profile in the layer, and non-uniform

viscosity. The effect of waves on the structure of

the layer should ideally also be included.

The mixing algorittrn in the nodel for mixing muddy

dredged material does not keep track of the relative

proportions of mud and sand below the active surface

layer. This algorithn should ideally be refined, and

then movement of the mud down slopes also allowed. In

order to understand better how sand affects the

movement of mud down a slope, further laboratory tests

are recommended.

At present, there is little field data against which

to calibrate the long term dispersion models, as the

field study at the Tees Inner Disposal Site

unfortunately only resulted in information about the

short-term distribution of dredged material. Further

work measuring the long tern dispersal of dredged

material in the field is recommended to calibrate and

veri fy these models.

30



7. REFERENCES

1. Gordon R B, rrDispersion of dredge spoil dunped in

near-shore waters,rr Estuari.ne and Coastal Marine

Science, Vol 2,  pp 349-358 .  Lg74.

2. Delo E A, Burt T N, 'fDispersal of dredged

material: Tees field study Septerrber 1987'r.

Hydraulics Research, tilallingford, England.

Report SR 112, June 1987.

3 .

4 .

5 .

Delo E A, Ockenden M C, Burt T N, I'Dispersal

of dredged material: Mathematical raodel of

pIume." Hydraulics Research, Wallingford,

England. Report SR 133, June 1987.

Diserens A P, Delo E A, I 'Dispersal of  dredged

material: Applicatj-on of short term model for

cohesive sedimentsr'. Hydraulics Research,

Wal l ingford, England. Report  SR 210, May 1989.

Johanson E E, Boehmer W R, ItExamination of

predictive models for dredged material di-spersion

in open water.r' First International S5nnposium on

Dredging Technology, Kent, England. September

L975.

Bohlen W F, "A comparison between dredge induced

sediment resuspension and that produced by

natural  storm events.rr  Proc. l8th Coastal

Engineering Conference, 1980.

US Army Engineer Waterways Experimental Station,

"Field study of the effects of storms on the

stability and fate of dredged material in

subaqueous disposal areas." WES, Vicksburg,

Mi.ss.,  USA. Technical  Report  D-77-22.

3 1

6 .

7 .



8 . Hydraulics Research, rfPort of Brisbane Siltation

Study - Eleventh report: The efficiency of the

l{ud Island Spoil Ground - a study using

radioactive tracersrr. Hydraulics Research,

Wallingford, England. Report EX 977, March

1 9 8 1 .

van Ri jn,  L.C. Isediment Transport ,  Part  I I I :

Bed forms and alluvial roughness.tt Journal of

Hydraul ic Engineering, VoI.  110, No. 12,

p p 1 7 3 3 - 1 7 5 4 .  1 9 8 5 .

Grass, A.J. "Sediment transport by waves and

currents.r' SERC London Centre for Marine

Technology, Report No. FL29, 26pp. 1981.

Hydraulics Research, "Sizewell rBr Power Station:

Temporary disposal of dredged material't.

Hydraulics Research, Wallingford, England.

Report  EX 2011, December 1989.

Hydraulics Research, rrsizewell Power Station:

Midfield cooling water plume model." Hydraulics

Research, Wallingford, Eng1and. Report EX 1BB2

June 1989.

Ockenden M C, DeIo E A, r fDispersal of  dredged

nateri-al: River Tees mud properties'r. Hydraulics

Research, Wal l ingford, England. Report  SR 205,

March 1989.

Dj-serens A P, Delo E A, "Dredged mater ial  and

heavy metals in tidal lraters: Site monitoring and

analysis".  Hydraul i -cs Research, Wal l ingford,

Eng land.  Repor t  SR 235,  Mareh 1990.

9 .

10 .

11 .

L2 .

13 .

1 4 .

32



F I G U R E S .





(n
(l,

(U
( , E
o)
L C

o,
t r . 4

a
(lJ

O

o o

U L r )
a

c\
\\
\ \

\
c\t I

I\ ,
\_/

C C
o o
( J ( J
A O
( 1 , ( l J

o J ( u
( J ( J
c c

C C
LLJ UI =

( n a
o , c |

oo

C C
o o
U L )
o o
OJ A,

o ( ]
co co

G , C ,

D O

! p
: :

( n m
0 J O

oo

I
I
I

I

c

6

)
:

O

-o)
@

O

-BY
. '  oo)

c\
\c\\--

Bothymetry  o f  the Mud ls lcnd d isposc l  s i te ,
Br isbcne River .  1976, /77

Fig 1



o
o
o

U1
4)

6
E
.t
a
g.

6
(t
o

A)

U '

i
\

I

c c
o o
L ' U

@ u

Q @
U U
L L

o o

c c
tal l-rJ

I
I
I
I

c
o

j

a

t
\

; G
o c t
3 L r

oo

:o
c
)
o

( F t

' o

o_
CN

O 6
u n 1
- D o

u c o

u ^ ,

v . o

0 r ;

> L J

oo

,7';=r-t.)'=-=
l )  l , -  "k:L
i  i  . . . . /  l i l  \\t"')7/'q,ii 

"'t'i-' i ,'='--(:{N$
t---LXt, 

'i-=
\ C-1,1f€-\lr:AAlx--
. \ 

r.\.'\\r\ \\x

\ \. \',\D;-
- \  t t b f=

\ o

Bothymetry  o f  the Mud ls lcnd d isposcr l  s i te ,
Br isbcne River .  June 1979

Fig 2



a
0)

At

E

o
o
o

(l,

o
O O
j i t r ,

c c
o o
u c t
o O
9 q ,

-o

oJ o,

c c
o o

LrJ UJ

I

\

i i
q r O

= trJ

oo
c
o

J

]J
)

i pr c

1 =
: o
t Lr c )

I
I

i =
l o
\ o
\ (Jr)

n

C
a
U

r n !
a  C 0 r O r
c  o  > J
l u u O U
o  q /  o ro  o
u  o n  o - o

C g
O O
9 U
O 6
Ct q)
- o n

U c o

:: (^
; , :
OO

!

Mud ls lond:  D is i r ibu t ion cr f  t racer - in iec tec i
sed iment ,  2  doys c f ter  d isposo l

O O O O O O
O O O o t r ) . -
O L N N -

0)

Fig 3



O
o
N

a
o
c'r

o
o
N

o

tr)

C

O
v c
| . ' J

o
- 

Ctl

=
d
o

o
(|)

o r o

E
o

o
N

@

i5

o
tr)

ts)

o

\ t N c o ( o { N o

O O O O O O

s s o L u  l o l o l  1 o  u o r l ; o d o - r 6

Dis t r ibu t ion o f  sed ime n t
d is tonce l rom cent re  o f
2  dcys a f ter  d isposa l

moss re la t ive  to
d isposc l  s i te ,

rO
N
^

.\r
N
;

N
N

^
c.l

o
r-o

o

Fig 4



@

q

c
.9
l

_o
' L

.9
o !

T U

c
: o L
( I ) O
L r
l -
v l T
9 O
o +

.f

c

'rc
- c

( \ :

v r o ]

c =
o o
u' o-
J o

I 6

- o
L

E
6 q )

o
tr
o

TnE
O
N
.q

l l

c

=
.;
o
T

u

o
c
o
a

(o
O . Y

o

:
O

O O O O O O O O O O O
O o t @ N r o l ] . ) $ . . ) N

=T---T

a ) u o l s , p  s r q l  u t q l t ^  s s o t r ,  l o l o l  ] o  %

Cumulc t ive  moss oEains t  d is tcnce f rorn
cent re  o f  d isposc l  s i te

F ig  5



(l,

0,

E

o
o

(l,

O
o c t

; r n

I
I
I

c c
o o
U ( J
o c ,
@ a )

3 0

o t L
( J :

c L
6 O

rd t!

a a n
C r O

3 til

oo \

\
\

c
o

]J
a

I
l
I
\
\

!
c
)
o

6 V
C @ c ' )

C  o > J
I L U O U
O 0r  { / .o  O
u O ( n O _ O

c -
u v
d 9

-a

o :
CD

@ o )

n

9n

O, ";

= ;
OO

O O O O O O

33Ro" ' -

Or

!
c
)
o

. ;

a

Mud ls lcnd:  D is t r ibu t ion o f  t racer - in iec ted
sed iment ,  37 1  dcys c f ter  d isposa l

F ig  6



o
o
c!

o
o
ql

o
F-

o
r1?

E
o
v c
f/) f- o

O)

=
o

o
(l)

o r ( t ,

E
o

r - ;

o

O
t/')

o
O
r/)

O

r o { ( \ ( \ 6 ( O S N @ r o { c ! O
N N N ; ^ o o o o . u u
O O O O O O O O O O O

' l s l p  s l q l  + o  s s o L U  l o l o t  j o  u o r l r o d o r d

Dis t r ibu t ion o f
c i is tonce f rom
37 1 dcys a f ter

sed iment
cent re  o f

d isposa l

rncss re lo t ive  to
d isposo l  s i te ,

F ig  7



:i:::.li:

;..i::i-.i::l

ff i luii i :: ' i ' : ' l '91?)'5lm:;:;:;.;: j;:;:;:;:;:; '
:':':':':':':.:':':.:.i:il=-7--4,4.r'.'::.'.'.'.'.':':-:':':':'.':':':':'.':':':.:. I | | I | | :':':':':'.'.':':':':'
. ' . '- ' . ' . ' . ' . '- ' . ' . '- ' . '- '---. '- '  ' / //< - - - - - -. -- - -

:::::<aT-...::.

Fig  B Locct ion rnap o f  Tees Inner  D isposc l  S i te



a
t 3
t 9
* r
: a
e <\ €

-  - b  i
i , r  i  n  E , .' |  j i a

? l  n  !  :
I . d g o

H i '  r  I  2

ifl' fs "E[-_1ffi!e l  -  
I  i  -

* l  i -j  - J  <  i  €  3  E  g  g  g  g

@ @ @
c O @ @

d d q ;
C{ r4 t/)

l r ) | r )
c { - : N

N C !

+ + l

= ; 3

N r )

t
o l

!
1

I

I
I  |  , '

t t
I III----' . l,'/

: . 1

t ' \
, ' l \

t [ :  . t - - i ' - - - l '

I

, l
j t

I

J
I

i
I
I

I

/ \

I
I

Tees:  D is t r ibu t ion o f  t rqc  er - in iec ted
sed iment ,  3  to  4  days a f  te r  d isposa I

F- ig  9



c

c

u

E
ul

o
.!

C

o

0)
U
c
o
UI

O

o
o
c!

o
o
@

O

O

I

@

I

u  o  l l r o d o r  d(x)

O

E
o
c)

C r.)
o

t l
C r
o f i c
= ' - r d . 9
i N U T E
L - o t r >
( , r - o ;

; o t o
F N

D I l l  i
o o o
: c c !j o c
' j - o o o

H 3  E ;

I
I
I

v'l
c)
)

-c

o
c

@

o
q)

c
f

a

I

I

Fig  1O In i t io l
M A S S

dis f r ibu t ion o f  t rocer ;
cqc ins t  d is tcnce f rorn

cumulo t ive
d isposo l  po in t



Southtrotd

Dunvich

Sizevet l
Bank

6
o

Atdeburgh

Ihorpe Ness

fhorpeness

4 k m

275000N

270000N

265000N

2 6 0 0 0 0 N

6/.50008

Locct ion
sediment

650000E 655000€

map of  Sizewel l  f low and
trcnsport  models

Fig  11

255000N



."""

.-t-7 
\

/ t  /  x u

/ - ' - --=\
/z' \

/ )

l) i/2
\ L- L--(-/ -

A

265000mN

2&O00mN

263000 m N

2@.000 mN

- : t  :- i ;

q?

I
i-r

I
I

l n  , q n
t v

t \

\

Fig 12 Sizewel l odel  bothym etry

26100OmN



vave  po  I  n z

a I \

\

\

\

1 . 0

o

E

-o
o
o
o

a

n q

3 o

H o u n s  r - e  l a t  I  v e  t  o  H U  s  l a c  k

0 . 0

a

-o
0)
0)

a

-- Node t speed

.  l l ode  |  0 l  nec t  l on

Fig 15 Spr ing t ide currents

H o u n s  n e l a t  l v e  t o  l l U  s L a c k



r .0

0 . 5

o

<n

0 . 0

uave  po  I r 2

n
I

llode t Speed

.  l l o d e L  D l n e c t t o n

a

s
-o
0)
0)

a

3

H o u n s  
" e  

l a t  i  v e

6 9

r o  H U  s t a c k

:
\ ,  l lr .  i  __

i l  I

\1,
l-. '

Fig 14 Necp t ide currents



o

C
o

o

o
-o€
c

t

o

e
o
L

+ N -
@-o

o \
u ) f , - o- o \
L J \
o o o
( J c ^ o
o o
L O

o F -
o - u
> L
o o o
) O n !

(D
f . ) L \
ro l.). o o
| r ) > \
nr o c\l

T.
l " . ,

t _

i=
i
t -
T-

J

r\,

ci

a
(t
@

c
o_
o
o
a

o

o c'.

". ' .  s h
' V r O. o  . \ , 9

' .  
r l N' .  

@ r' N r

\tr''$ul

-i
I
{F ______1___-,___=1__ -_i_+

O

.o

O

O

c\

|O
. O O
n - @

o , ) r - . o o r \ :
C\J .O -\t .O CO Ln CV

o \ . \
o - r | . - r l . . ) J c \ J

O  O \ o .  J  O  t / " r  J  O
cv -r \ o.\. -r @

1to
C\J N

o-o
c
o
c)

I
N

t-

( s e J l e H )  s H

I

Fig  15 l -JsTz scot ter  p lo t  fo r  wove po in t  3

____l



. r r l t r l l
t . t t a l t t
r r . l t r t l

. . , . r l l

. r r . l l l

r . i r l l l

. . 1 t t t

. r t l t ,

I  r r r  t  |  |
T

. . . t l l

. r l l r

t . r t l l

f

LTDISP net  sed iment  t ro
o spr ing t ide ,  f lo  wcves
(vc  n  Ri in  )

r l l l

+ r r r
r l t l

! - " ' " " + r
. , ' r l l

. , r r l l

. ,  r  r  l l

.  ,  I  t . l  \
' r 1 l l r

tr?
L]

.'\fl f-__-lu t  t t  I

f1e t r-e s

-  0 .  1  kg /n / s

Fig  1  6

t lt a
t lt t
I t
t l
t l

i l
il
l{
l l

r#
t l

a r

l l

l l

l r

I t
l l

+r
l l

l l

I t r . . . '
l l r . . . .
I r r r " '
1 4 . . " '
l l a t " '
l l r r . . '
l l r r " '
l l l . " '
l l r r " ! '
1 1 . . " '
l r r . . . .
l l l . . t '

I t l . . "

l l l . " '

t l r . ' a '

t r r . " !

T

t l l r r " + '

nspor t  vectors  for
and Eqn 2



r - \ t  i- t !
L5

q"

t_l
[r

l r r r r r r r t t t t l l

l t . r r . . t t l t l t t

t t r r r r r r r t t t t .

l l

I t t l l

t t l l l

. + , . . , . + , , , r . r l r r r + l

r r l l l l r l r r t t t l t t l

r l r l l t r r r t t r r r l t t l r r

r r i t t t r l l t t t r r l

l l l [ r l l r r l

1 \  \ \  i  I  I  |  '  I  r  I  r  |  |  |  I  '  I

\  |  |  \  I  I  i  r t r  r r r r  r  \  \  (  . r ,

\ l  \ l  I  I  r  r  r  |  |  |  |  |  |  |  I  i .

l l l  I  l r  |  |  |  |  |  |  t l t r r , .

l l  |  |  t  |  |  |  |  I  l  q  i  i  1 r  r , .

i  I  I  |  '  |  |  1 l  I  I  I  t l t  r , . ,

l l i r | | | | I I t I t l l | " .

r r l l t l l l l r r  
"

l"
l uj -

i"'"
t-'
I  

f iode

I r;;
L

250

e s

5  kg , /m /s

L  n o t  v a I t d
p o t n c s  a b o v e
iiD

r l - I

\ i

r t t t t
' l l t t l t l l r , , , , l
' r t t \ \ \ \ t . , . , . 1

LTDISP net  cverage t ide  sed iment
t rcnspor t  vec tors  for  t ides and wcves and
Eqn 5  ( *od i f ied  von Ri in )

F ig  17



+
+
+
+
+
n
+
+
+l

t

l,

A

q?

ff
tl- t  I

f le t  r -es

.  0 . 0 - 0 .  O 5 k g / n / s

+  0 . 0 5  -  0 . 1

0 . r  -  0 . 1 5

0 . r 5  -  0 . 2

o  >  0 . 2 k g / n / s

LTDISP cverage mogni tude o f  hour ly
sed iment  t rcnspor t  vec tors  for  c  spr ing

Fig

2 (vc n Ri in  )

1B

t ide  ond fqn



I
d')
I

i i ,

lrl
I

0 . 0  -  0 . 5 k c , m z d r
i l ,
l ! i l
r l ; i
i i r ,

i i , ;
i i r
i l l

ii,r
r i i :
r l r t

l i o d e  I  n o r  v a ' ,  t d
f o l  p o I n t s  a b o v e
- 5 m  0 N

I

LTDISP cverage magni tude o f  hour ly
sed i rnent  t rqnspor t  vectors
waves o  nd Eq n  3  ( *od i f  ied

.L

i : t
i .  I
I r

i .
I r

t .

i ,

r i  +
_ . 1

I
i r r

i , ,
t ;
i r r
[ t r

t;
l r
l l l

iii
.ii

i l l
i ' ;
i r j
i l r
i ; t

l l l
i l t
;r I

I I
I r
i i t

l l
i : l
, l l
l l

q-;
r -

L  r r  t r  I

F
lc

n q l n

l n t q

l q l n

>  2 . A k c i n i s

Fig
for  t ides and

vo n  Ri in  )

19



. A
\)

rA\
,^_--] (+ +).\
t ^\gJ
('.->
\ J 4

o

o
/l>
t-f)\ o\_:-_7

\t/

€\\,
(_9

> 5

+  1  2 . 3 3 h n
e s  i . r  k

LTDISP chcnges
spr ing t ide ,  f lo
l r  ^ . .  \

\ van  K t tn ,

( .  + .  . \\1..---Ja

9

in  bed rncss c f ter  one
woves and fcn  2

f " )

l le t  r -es

<  >  5  e n o s t o n

-  2 _ 5

<  I  c h a n q e  I

I
l - z  d e P o s i r t o r t

HU
c h "

Fig 20



ri ir

t ,

-  - r i  |  '  
t

l le t ;'e s

<  > 5  e n o s  I  o n

-  2 - 5

.  |  - z

<  I  change

.  i - 2  d e p o s l c t o n

>  > 5

H V  +  1 2 . 3 3
changes  t n  kc , / n2

f 
-\.

ii
* 

,/)''
1- 

.rt-l
/,/'7 ./

.// / .,
,a/^- /  /

(i17

SAN DFLOW
spr ing l ide,
(vcn Ri in)

c ha nges i  n  bed
no woves o  nd

rnqss o f ter  one
Eqn 2

Fig  21



LTDISP net  overage
moss for  t ides cnd
( t 'od i f ied  von Ri in )

v>/,

t ide  chonges in  bed
waves c  nd Eq n  3

O

fB)
) . (v

A

V

(\
l '  )
\_i,/

l-\

{o:\ t
\2

o

f)

250
l le t  ne s

<  >  5 0  e n o s l o n

-  1  0_50

.  5 - 1 0

<5 change

.  5 - 1 0  d e p o s l r l

+  1 0 - 5 0 '

>  > 5 0 '

C h a n g e s  r n  k g l m )

l ' l ode  t  no t  va  I  t d
f o c  p o t n t s  a b o v e
-5m 0D

+ +
+ +
:t- +

Fig 22



r 000
l le t  nes

O e p t h s  I n  m e t n e s
r e L a t t v e  t o  C 0

12.  c

,-*

,"t"*

X

n
Yn--

.a

l

l

J

j

,*"""ts

\ i
\ i ' l

un

?
o€

Disposo l  S i ie

] n n e n  D l s p o s a l

9^

uo^
u4^

c'

Jrr- - u ) i
::)

\
r i
i)
:

Fig 23 Bothymetry at  the Tees Inner



(c r  - ;  ta^s t  ep l l

m c !

r.o

c)

( O g g , z t . n t 6 a p )  u o r l r a ) l 6  , /  ( .  l r u )  p a a d g

o o
q
@

o

.f

O

ci

O
q
(O

rr
q

oi

a
m

o
C

;:-

Oc{
d

q
O O

Fie  ld
leve l

meosL i rements  o f
a t  the  Tees  lnner

c nd water
S i te

ve loc  i ty
Disposc l

- o O
o ( J
o
o - t r
t/t _>

o c o
r O
_ = o

o - p o
o . : !
u ' r f ;

Fig  24



r 000
l let nes

0 . 0 0 1  k g l m / s

x

X

Fig 25 Tees:
f rom

net  sed imeni  t rqnspor t  vectors
LTDISP



0  1000
flet res

X

+

I

<  - 2 . 0  k g / n 2

- 2 . 0  -  - r  . 0

- t  . 0  -  - 0 . 5

- 0 . 5  -  0 . 5

0 . 5  -  1 . 0

r . 0  -  2 . 0

>  2 .0k9 /n2

I
t )

I

V

- - - - - 1

x

\ 2

<)

/\
/ r \
I r  )
t .  /

h
L! .---'( '- I

i r6  I
/I
\-/

I

t '

I

I

I

I

t
I
I

l x
I

I

/'/
,"- /. 

,,/x /

\ , /
-  J  l : l z\ ../\  _ /
)  1 6 i // -

r/,/ /7
/  /  , / ' t, / / /

/ rt,t / ' /
( /  * /
)sY /  )
<r/ u,

 
\2

____l
Fig  26 Tees:  sond mcss chcnges c f ter  four  weeks



l let res

<  -2 .0  kg /nZ

- 2 .0  -  - r . 0

n q n q- w .  J  -  v .  )

n q r nv .  J  -  |  .  u

1 . 0  -  2 . 0

B >  2 .0k9 /n2

\7

Fig  27 Tees:
v / i th

I

)

r 000

_ix

l _

T

J_

-11-

sond rncss chonges o f ter  f  our  weeks,
cont inuous rnud durnp i r rg

A

U / ' l

/-- /
/ x '  

' , /

f  
' /

t /

/ t y
v

n
, / .  /

4  / - /

,Att-w

a,

1)

I
I

l-
!

+
+
+
i-
I
I
I

I

.L
+
+
+
+
r
Y
I

I

(
+
JJ

I

)
I

LJ

$ B
f f i s

M M B E
m m f f i H
M E E M
m  m  r f  f i r / -
cn cD oj E7 l"_J
m - - . " 4 -
rF\ffi dttt t-J

! [ c f J n
DNt rD



f le t  res

< 5kg/n2

.  5  -  l 0

.  r 0  -  15

-  t 5  -  20

+ 2 0 - 2 5

x 2 5 - 3 0

* > 30kg/m2

-
i  r c u r  u e e k s  :

- - - - - - . - l
i

Fig  28 Tees:  mud mass d is t r ibu t ion dur inq the f i rs t
4  weeks

I
I

I

f v o  u e e k s



r 000

>  0 . 9

0 . 9  -  0 . 7

0 . 2  -  0 . 5

0 . 5  -  0 . 3

0 . 3  -  0 . r

<  0 . 1

Nl.

I

Tees:  propor t ion
lcyer

i

Fig  ?-9 of  rnud in  the sur fcce





APPENDICES





APPENDIX 1





M
fttcnarcs
UAilingford

THE DEPOSI?]ON OF DPGDGED SPOIL AT THE
TEES INNER DISPOSAL SITE

A study using a radioactive tracer

January 1989

Registered Office: Hydraulics Research Limited,
Wallingford, Oxfordshire OX10 8BA.
Telephone: 0491 35381. Telex: 848552





CONTENTS

1 INTRODUCTION

2 CHOICE OF MDIOISOTOPE AT{D TRACER UATERIAL

3 FIELD EQUIPI{EM

(a) Towed radiation detector
(b) Position fixing

4 BED BACKGROT'ND SURVEY

5 DETECTOR CALIBMTION

6 INJECTION A}ID INITIAL DEPOSITION OF TRACER

7 INITIAL TMCER SIIRVEY A}ID FSSUTTS

B SIIRVEY MEASUREMENTS AFTER ONE WEEK

9 CONCLUSTONS

TABLE

I Tracer Deposition Times

FIGURES

I Spoil ground location
2 Sl-ze distribution of Scandium glass tracer
3 Tracer distribution 3/4 days after deposition
4 Initial distribution of tracer in flood and ebb tide di-rections
5 Initial longitudinal distribution of tracer

PLATE

1 The underwater radiation detector assembly on the stern of "Sir
Ing l i s I

Page

1

2

3

3
5

5

6

7

8

10

11

Claude





FIELD EQUIPMENT

scandium. The glass was ground and sieved in the

laboratory to produce a tracer material in the siLt

and fine sand size ranges. A size analysis of the

tracer naterial is shown in Fig. 2, this size

distribution was fairly representative of the dredged

material taken from the middle reaches of the Tees

navigation channel. Ttre behaviour of sedj-rnent in this

size range is largely determined by the size of the

flocculated groups of particles which are formed,

rather than by the individual particle sizes. Mixing

the tracer material in a large volume of the natural

material ensures that the tracer particles become part

of the natural flocculation process and therefore

behave as the natural material.

Irradiation of the tracer \ras carried out in the

Amersham International reactor at Harwe11. The
j.rradiation was designed to provide a total of

592 c Bq (16 Curies)* of the radioisotope Sc46 on

31 May 1988.

*Note. The Becquerel (gq) is the SI unit of

radioaetivity. The Becguerel has superseded the

previously used unit  of  radioact iv i ty the Curie (CI).

1  C i  =  3 . 7  x  1 0 r o  B q

(a) Towed radiation detector

The HR survey vessel 'rSir Claude Inglisrr 'was used for

al l  the bed tracking operat ions.

Two scintillation detectors vere contained in a ln

long by l5cm diameter stainless steel tubular housing

(Plate 1).  The detector assembly vas towed by a l00m

long electro-mechanical cable which contained the



power and signal leads to the detectors. Because of

the relatively deep water at the Tees disposal site,

additional weight was reguired to ensure that the

detector housing remained on the sea-bed at the normal

towing speed of I to 2 m/s. Ttris additional weight

was provided by three 25cm dianeter stainless steel

wheels, each weighing 50 Kg. The total weight of the

towed detector assembly was approximately 200 Kg.

The radiation detector assembly was towed from the

stern of the rrSir Claude Ingli.srf and incorporated a

safety release system. The release system was so

designed that if the detector assembly became snagged

on a sea-bed obstruction a "weak-link" on the towing

vessel would break and allow the towing cable to run

freely over the stern of the vessel. A watertight

junction box at the upper end of the towing cable had

a marker buoy permanently attached and this was used

in detector recovery operations.

I\so radiation detectors were incorporated in the

underwater housing, one a high-sensitivi-ty device for

measurements outside the injection tthot spotrr, and the

other a low-sensitivity uni.t which enabled

measurements to be made in the immediate injection

area without overloading the recording

instrumentation. The outputs from the two radiation

detectors were fed into a dual-channel digital

counter./timer unit on board the survey vessel. The

outputs from the two counter units were recorded on a

digi tal  pr inter uni t .  Also displayed on the pr inter

ro11 was a manual fix number which was updated at

regular i-ntervals and related to simultaneous

measurements of the vessel 's posi t ion.



(b) Position Fixing

The tracking vessel's position was determined using a

Motorola Miniranger III range-range position fixing

system. Use was made of the THPA permanent Motorola

chain which gave good coverage in the survey area.

BED BACKGROI'ND STIRVEY

Prior to the introduction of the radioactive tracer

material it rras necessary to carry out a cornprehensive

background survey of the sea-bed in the experimental

area. The tracer injection and initial survey were

originally planned for June 1988. The background

measurements were due to be completed in May 1988.

The initial background measurements lrere carried out

on 23 and 24 May 1988. During the course of these

measurements numerous snags were encountered on the

sea-bed and the safety release system operated on many

occasions. The subsequent recovery operations

inevitably prolonged the background survey. fn

addition, the detector system suffered considerable

damage. Water leakage into the detector housing

curtailed measurements on 23 Ylay. A spare detector

system was utilised on 24 Ylay. The cable on this

spare system was damaged before cornpletion of the

background survey. Because of these initial problens

it was necessary to return to Wallingford to carry out

repairs to the detector systems.

Further background measurements were made on 6 and 7

June 1988. Again progress was sloi.r because of

numerous snags and further damage was suffered by the

tvo detector systems. Adequate background coverage

was completed on 7 June. By this time both detector

systems vere badly damaged and inoperative. Because

of the extent of the equipment damage it was



necessary to postpone the injection of the tracer

material until August 1988 in order that repairs could

be made.

Background measurements obtained were generally

between 50 and 100 counts per second and remained

fairly uniform over l-arge areas of the sea-bed. It

was found that most of the detector snagging occurred

around the nearshore limit of the spoil ground where

it was assumed that there was a rock outcrop. It was

decided therefore to inject the radioactive tracer at

or near the offshore li:nit of the spoil ground in the

hope that subsequent movement of the tracer would

obviate the need to track in the rocky area.

DETECTOR CALIBMTION

In order to quantify the field tracer measurements it

lvas necessary to calibrate the field detectors using a

standardised radioactive source. A calibration source

was made by nixing a standardised quantity of scandium

glass tracer material with a fine sand. fhis

tracer,/sand mixture was spread in a lcm thick layer

using a plywood mould. The calibrati-on source was

Lhen overlain by a 3nrn thick perspex sheet which was

screwed to the plywood base forming a sealed source of

a rea  1 .6m by  0 .7 in .

The initial source activity was approximately 1.85 M

Bq (50 Ci)* per pz. The detector was placed on the

surfaee of the cal ibrat ion source under 50cm of

water

The detector response Lo an "infj-nite" layer of lcm

thickness was found to be 4,700 pulses per second from

a source of 1 MBq/m2 or 174 pulses per second per

y  C i / m z .



INJECTION AIID INITIAT

DEPOSITION OF TRACER

A11 tracef injections were carried out from the THPA

suction dredger rtHoertnesserr. To eliminate tidal bias

on the initial tracer dispersion, three separate

tracer injections 'rrere perforrned. The three seeded

spoil cargoes were deposited at the spoil ground at

various tidal states during the spring tide peri.od

12-13 August 1988. The three deposits were made at

mid-tide in ebb and flood directions and at 1ow water

slack. The locations of the three deposits are shown

in Fig.3. The actual times of deposit are given in

Table L.

The hopper material for each tracer injection was

taken from the middle reaches of the Tees navigation

channel during routi-ne dredging operations.

The tracer seedi.ng operations were carried out with

the vessel at the deposi-t site: this procedure

eliminated the risk of tracer naterial leaking frorn

the hopper during passage to the deposit site. fhe

tracer material was irradiated in 20 standard

aluminium 'Ar cans. Each rA' can contained 40g of the

scandir.m glass tracer. The irradiation produced a

to ta l  o f  592 GBq (16  C i )  on  3 l  May 1988.  As

previously mentioned the tracer injection was delayed

until L2/I3 August 1988. The tracer had by that time

decayed to  320 GBq (8 .6  C i ) .  Each 'A '  can  there fore

contained 16 GBq of scandium 46 tracer.

To seed each of the three hopper loads of spoil the

fol lowing procedure was adopted: 4m long p.v.c.

tubes, each sealed at the lower end with a rubber

bung, were lowered into the hopper so that the lower

end was at, about mid-depth in the spoil. The upper

end of each p.v.c.  tube was attached to the guard rai l



around the hopper. Seven simiLar tubes were

distributed around the hopper. Individual- 'A' cans

were dropped into the p.v.c. tubes and rested on the

rubber bung at the bottom of the tube. The combined

effect of distance and absorption by the surrounding

spoil reduced the dose leve1 at deck leve1 to just

above the normal background. About one hour before

the required injection time 500mI of a 757t,

hydrochloric acid solution was poured into each p.v.c.

tube in order to dissolve the aluminium 'A' can. The

scandium glass released into the base of the tube was

unaffected by the acid. In order to dispense the

scandium glass tracer from each p.v.c. tube a water

pump was connected at the top end. The pressure

generated in the tube forced the bung from the lower

end and water was flushed through the tube to eject

the tracer into the spoil and to flush the residue

from the tube. As soon as aII tracer was seeded into

the spoil the dredger opened the bottorn doors of the

hopper to discharge the cargo. The individual

deposit ion si tes are shown in Fig. 3.

Weather conditions throughout the two day injection

period were good with light winds and a calm sea.

INITIAL TMCER

SURVEY A}'ID RESUT?S

Irrnediately after the tracer injection, the wind

strength increased and a moderate swell built up which

prevented tracking operations on the following two

days, 14 and 15 August;  Sea condit ions had moderated

by 16 August and the initial bed survey was carried

out on that day. Although tracking operations were

sloved down by a number of snags, the i_nitial survey

was completed in the one day.



A plot showing the initial tracer distribution is

shown in Fig. 3. Iso-activity contours have been

drawn on this figure to show the areal spread of the

tracer (and hence the discharged spoil).

Planimetric determination of the contoured areas

showed the tracer spread over an area of approximately

1.7 x 105m2. the major axis of the deposit ,  which was

aligned with the current direction, was approximately

2.5km long and tbe maximum width of the deposit was

about lkm.

The areas bounded by the individual contours r'Iere

measured and a computation carried out to determine

the quantity of tracer within each contoured area.

Assr:ming that the tracer was spread as a thin surface

Ia3rer, the total quantity of tracer detected was

305 GBq (8.2 Ci) .  This quant i ty represented about 95%

of  the  in i t ia l  320 GBq (8 .6  C i ) .

Further analysis was carried out on the tracer results

to deternine the longitudinal distribution of the

tracer d.eposit. The quantities of tracer within

lOOm-wide bands, drawn normal to the dominant current

direction, vrere determined. The results are shown as

a histogram in Fig.4 where the distribution indicates

the flood direction and ebb direction movements from

the approximaLe location of the lnitial deposits.

The longitudinal distribution is shor+n also as a

cumulat ive recovery plot in Fig.5, with zero Laken as

the north-western extent of the tracer deposit and the

cumulative tracer recovery plotted in 100m intervals

as far as the l imits of detect ion to the south-east.

The initial tracer deposit shows no evidence of any

t idal  direct i -on bias.



During the course of this initial survey najor damage

was suffered by one of the towed detection systems.

The rear tubular watertight housing, containing two

radiation detectors, vras torn from the probe and lost
- leaving only the nosecone assembly and towing cable.

The survey was completed using the spare detection

system.

SI'RVEY MEASI'REI,TENTS

AFTER ONE WEEK

There was insufficient time to obtain spares and carry

out the major repairs on the damaged equipment before

the next planned bed survey, one week after tracer

injeetion. Measurements were attempted therefore

using the spare detection system.

Bad weather delayed the start of this survey until 22

August i.e. some 10 days after injection.

Very little survey data was obtained before the

detector again became snagged. On this occasion, the

main towing cable became detached fron the towing

clamp/release system. This resulted in the detector

and towing cable being released to the sea-bed with no

surface marker buoy! Fortunat,ely the position of the

lost equipment was known preei-se1y. Recovery

operat ions, using divers, were successful .  The divers

reported, however, that the sea-bed in the area, which

was near the northern boundary of the disposal ground,

was littered with large boulders up to 2m in diameter!

Upon recovery, the detector system was found to be

inoperative and no further measurements were

poss ib le .

t 0



9 CONCLUSIONS

Ihe unorpectedly rough sea-bed conditions in the

general area of the Tees disposal ground led to severe

operational problems throughout the field measurement

period. As a consequence, the amount of field data

collected was far less than had been hoped for.

Clearly, the roughness of the sea-bed terrain

precludes the use of the Tees disposal ground for

further experiments of this nature.

The results obtained were limited to the period

irunediately after the initial spoil deposition. The

analysis of these results does give useful information

relat ing to the ini t ia l  deposit ion process.

11
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TABLE 1 - TRACER DEPOSITION TIUES

DATE TIME OF HIGH WATER

(GMT)

TIUE OF TRACER DEPOSITION

(GMT)

12 August

13 August

13 August

1988

1988

19BB

1555

0359

L627

L7 L5

1056

1414
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APPENDIX 2

TIDEFLOW.2D I,IODEL DETAILS

The HR TIDEFLOIil-2D model is two-dimensional: the

computed velocities being depth-averaged.

The model util ises finite difference techniques to

solve the following equations which represent the

physical concept of eonservation of mass and Newtonrs

Laws of Motion:

Conservation of mass:

*. *J"41 + forva) = o

Conservation of momentum:

3 u .  0 u  0 u  A f  ' '

#* "fr*  "6= 
- sfr+ ov -  fuq/d + DV-u + r" /ed

0 v  3 v .  0 v  a f  , 2
#* "-a** "6= 

- 9fr.-  Clu - fvq/d + DV1T + r"U/Od

where:

C is the water surfaee elevation relative to mean

sea leve1

h is the bed level relative to the same datum (m)

d is the total water depth [ + h (m)

u,V are the depth averaged velocity components (m/s)

referred to Cartesian co-ordinates x and y

t is t ime (sec)

g is the acceleration due to gravity (m/sz)

f is the friction factor

O is  the  Cor io l i s  parameter  ( t -1 )

D is the horizontal  eddy viscosity coeff ic ient

(mz,/s )



q

v2

Tsx

is  the water speed (uz + v")% (^/s,

is 32 /3x2 + Az /3y2 (m- 2 )

and t___ are the x and y components of surfacesy
windstress

Ttre equations incorporate the assumptions that the

flow is incompressible and well mixed, that vertical

accelerations are negligible (hydrostatic pressure

assumption), and that a quadratic friction 1aw is

val id.

The friction factor f is defined using the rough

channel law,

-u
( B f )  "  =  2 l o e r o  ( 1 4 . 8 d l k s )

fhe roughness length, ks, is related to the size of

tbe protuberances on the bed, either directly in the

form of part ic le sizes (especial ly in the case of

shingle and stones etc) or indirectly in the form of

r ipple lengths ( in the case of f inL part ic les, r ipple

Iengths are about 1000 times medj-an grain size (see

for example Yal inl)) .

The formula for the eddy viscosity coefficient, D is

not well determined: Fischer2 discusses various

formulae. Fortunately the solutions to the equations

are not in general critically dependent on D and an

ini t ia l  est imate based on Fisher 's discussion can be

taken as:

D =  0  (uod)

where uo is a tytrlical shear velocity.

The s ize of  D does have an ef fect  on the s ize of  t ida l

eddies and so, by comparing model eddy sizes with



observations, the value of D used could be roughly

confirmed as being reasonable.

Qutput from a model run consists of tide levels and

the two components of the current for each model cell.

These are stored in the computer at frequent intervals

during the tide and subsequently processed to yield

computer plots of model flow patterns and particle

tracks and curves of tide leve1 and curent speed and

directions during the tide.

Itte stored results are also available if required for

use as input to other elements of the TIDEWAY system

to study sediment transport and the dispersion of

cooling water ancl pollution.

r Yalin, M.S. Mechanics of sediment ttansport

Pergamon Press, Oxford 1972.

2 Fischer,  M.B. Mixing and dispersion in estuaries.

Ann Rev Fluid Mech 8 pp 107-133. 1976.





APPENDIX 3

THE HINDWAVE WAVE HINDCASTING MODET

The HINDWAVE model

The HINDWAVE model (Ref 1) has been developed at HR,

for prediction of wave climate at coastal locations,

based on wind records for the area. It has been used

successfully on many projects at various sites around

the Bri t ish coast.

Ihe computations are split into two main parts. The

first stage consists of production of a menu (or list)

of about one thousand possible wave conditions, from a

similar number of specific wind conditions. Fetch or

open water rays are measured at 10o intervals around

the wave prediction point for use as input to the

first element of HIMWAVE, ie the JONSEY wave

generation sub-mode1 described in Section 2 of this

Appendix. The second part consists of analysis of

wind records. For each hour in the sequence, the

wind,/wave condition most closely comesponding to

actual wind activity at that time is chosen from the

menu. The analysis works with measured wind data

collected at hourly intervals over a period of several

years. The wave eonditj.ons at any time are estimated

with regard to wind speeds during the preceding day or

s o .

It is first necessary to define a few standard terms

used in wave prediction and analysis. Significant

wave height (H^) is a parameter in common use among- s

coastal engineers as a means of expressing wave

severity. It equates to the average height of the

highest one third of the waves in a sequence. Wave

period is usual ly indicated by ei ther mean

zero-c ross ing  per iod  (Tr ) ,  o r  peak  per iod  (To)  a t



which the wave energy spectrum is densest. Direction

can be oq>ressed as either wind direction (9), or the

mean lf,ave direction (Or) averaged over all frequency

and direction components.

The JONSEY program is used to assign a parti.cular H",

T- and O_- to each member of a particular set of windp w
conditions. The set cornprises all possible

conbinations of sufficient values of speed, direction

and duration to cover the range of values expected at

that location. Ttre predicted heights, periods and

directions are stored for use as a look-up table. The

technique described here is to break down the measured

wind data into discrete categories, and then to select

the corresponding H", Tp and O* from the table.

The first stage in the procedure is to select which

wind conditions could occur and to divide them into

discrete bands in terms of wind speed, direction and

duration. The corresponding predicted H", Tp and O*

values are calculated and retained.

If the wind speed remains steady over a long period, a

twenty-four hour or even longer generati-on time is

1ike1y to be appropriate for exposed sites. However,

if the wind speed or direction is rapidly varying, a

shorter duration will be used as input to the wave

prediction equations. The method of selecting the

duration, wind speed and wind direction for each hour,

is explained be1ow.

Hourly wind speeds and'directions are obt.ai-ned from

the Meteorological  Off ice in the form of a computer

data file. For each hour in turn, the method

determines, for the chosen group of durat ions, the

dominant set of wind conditions at the prediction

locat ion, v i th reference to the H" tab1e. This is

achieved by vector ial ly averaging the wind veloci- t ies



over the various chosen durations leading up to that

time in order to obtain an average speed and direction

for each. Ttre largest value is then selected from the

corresponding set of H" Ievels. This figure is

retained together with the appropriate peak period and

wave direction, in order to build up a probability

distribution for each month.

A further option is automatic extrapolation to extreme

wave heights, for di f ferent direct ion sectors,.based

on the overall predicted distribution of H". Ihis is

done by fitting a three-parameter Weibull distribution

to the data in each direction sector in turn, after

which the results are tabulated for various return

periods.

The JONSWAP/SEYMOUR wave prediction model

It is observed that wind-generated 'waves show sorne

directional spreading about their mean direction of

transmits energy to the water in directions on either

side of its own direction, which may fluctuate during

the period of wave generation.

To incorporate this effect in the mode}, components of

the total wave directional spectrum are calculated for

various directions either side of the mean, and then a

weighted average is taken using a standard spreading

function. The significant wave height, period and

direction are then calculated at the target point, by

numerical integration of the spectrum.

The component directions (i = 1 to n) are spaced at

regular intervals (AO) in the range +90o from the mean

(Oo). For each one (Oi),  the mean JONSWAP equat ion

(Ref 2),  represent ing a growing wind sea, is used to

def ine the spectrum (E; ) ,  given as a funct ion of

f requency  ( f ) :



E i  ( f )  =  a g .  ( 2 t ) - 4  f - 5  o c p  { - 1 . 2 5  ( f / f n ) - 4 J  f r l  ( 1 )

where:

c t  =  0 . 0 3 2  ( t * I J / E ) 2 ' e

f  =  3 . 3

-  ( f  -  f  ) ,
r l  = e x p  t 7  1 ,  

L o ,  l
m

o = 0 . 0 7 f o r f a f *

0 . 0 9 f o r f r f ,

f_ = the peak frequency (Hz)

= L8+g0.7  r -0 .3  u -0 .4

U = the windspeed (ms-l)

F = the fetch (m) (fetch-limited conditi.ons)

= 0.008515t  1 '298eo'298u0' 'o '  ( * t^ t ion- l imi ted)

g = the accelerat ion due to gravi ty (ms-z)

t = the duration (s)

The surmnation of the component spectra is then

performed using the Seynour equation (Ref 3), which

includes the cosine-sguared directional spreading

funct ion for a direct ional wave spectrum (E(f ,O)).  I t

is applied in the range t90o from the principle wind

direct ion. I f  the fetches are measured at say 10o

intervals (AO), then the effecti-ve wave spectrum (E)

for a part icular direct ion (Oo) is calculated as the

weighted average for seventeen component spectra

( E . ,  ( o =  ) ,  o ,  =  - B 0 o  ,  - 7 0 " ,  . . . ,  8 0 o  f o r  i  =  1 ,  1 7 ) ,  a s
t 1 l -

indicated in equat ion (2).



L7
E =  (2 \a / i l  I  E-  cosz(o- -  oo)

l_= r
(2 )

Although it is not part of the original theory,

experience at HR indicates that cosine-sixth is

sometimes a better spreading function to use. Ttris is

particularly true when the wave i. ration area is

unusually narrow or the peak peri,,.- is unusually 1ong.

In order to use this modification, the cosine term in

equation (2) is raised to the porrer six rather than

two, and the coeff ic ient 2/ tr  is increased to 3.2/n.

The significant wave height (Hs) is the average height

of the largest one lhird of the waves. The mean

zero-upcrossing period (Tr) is the period measure most

frequently used in engineering, this being the average

time between successive upcrossings of the mean level

by the water surface. ltre mean wave directi-on (O*) is

taken as the average of the spectral components over

all frequencies and directions. They are all

approximated by numerj.cal integration of equation

Q ) .

H "  =  4 m o 1 ' 2

T ,  =  ( m o / m z ) t . 2

( 3 )

(4 )

(s)o*=oo

where

+  J " fE ( f  , o )  (o  -  oo )d fde

J. fE( f ,o)dfdo

m = fe( r )  fndfn

In order to use this method, fetch lengths must be

known over a range of at least 1B0o around a point.

It is convenienl to use discrete frequencies in

equat ions (1) and (2) which should also be specif ied.



For each application of the method, a duration and a

fetch are given, although only one or other of these

will produce the lirniting condition used in equation

(1).  A complete direct ional spectrum is calculated,

from which is obtained the one-dimensional spectrum as

well as H", T" and 9rn.

The directional spread of the predicted wave spectn:rn

will generally be frequency dependent. The

cosine-squared function is applied to component

spectra, which are generated over different feteh

lengths, and which will consequently have different

total energies and different peak frequencies. This

has the followi.ng realistic effect upon the calculated

directional spread of energy. If the wind direction

corresponds to one of the long fetch directions, then

the spreading of energy at the peak will be lower than

average, whilst more spreading will be observed at the

highest frequencies. If the wind is blowing along one

of the shorter fetches, then the spread will tend to

be more even across different frequencies, and in an

extreme case, may produce greater than average

spreading at lower frequencies.
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APPENDIX 4

TI{E OUTRAY BACK-TRACKING REFRACTION MODET

Waves on the surface of the sea are constantly

changing under the influence of a variety of external

and internal forces which act simultaneously and

independently. If the \ilater is deep compared to the

wavelength, the most important forces are usually the

stresses resulting from wind action and internal

viscosity. On the other hand, when the water becomes

shallower, the effects of the seabed become

increasingly irnportant. For example, as the waves

travel towards the shore they lose energy by viscous

dissipation at the bed and by partial reflection, and

as the water depth beneath them decreases, the waves

also change direction, always tending to align their

crests more nearly paralle1 to the contours.

Ttris last mentioned process is known as refraction,

and is similar to the refraction of light through

media of different densities. The analogy can be

extended further since some parts of a seabed will

cause focussing of waves, vhilst others will cause

scatter ing, just as opt ical  lenses do.

It is clear, therefore, that an accurate method of

predicting wave refraction is a useful design aid when

carrying out engineering studies in or beside the sea.

The usual application of such a method is in

predict ing wave condit ions at a si te in shal low waLer,

ei ther direct ly or in comparison with another si te.

Similarly it may be used to examine changes at a site

that would result from al-tering the seabed, for

example, by dredging a channel.

In this Appendix, the Hydraulics Research method for

calculat ing $ave refract ion is descr ibed.



Since the mathenatical theory of wave propagation over

an irregular bathymetry is far from complete, it is

necessary to make sfunplifying assunptions and use

approxi:nate methods. I\vo such assumptions are made:

(1) that the waves are linear, and (2) that a wave in

water of local depth, d, will behave sirnilarly to a

wave in lrater of constant depth, d. With these

restrictions it can be shown that waves progressing

over a parallel contoured seabed, change their

direct ion according to Sne1l 's Law, i .e:

C/sins = constant

where s is the angle between the wave crests and the

contours and where C is the wave phase speed, a

function of the wave frequency, f, and the 1ocal water

depth. Since the frequency of a wave remains

constant, the wave direction changes only with

changing depth.

The method described, like nany others, relies on the

concept of wave 'raysr, which are lines everlruhere

perpendicular to the wave crests.

In order to use Snellrs Law for waves proceeding over

an irregular seabed, the following method is used. A

latt ice of t r iangular cel ls is la id over a chart  of

the area of interest and depth values are read off at

each intersect ion. In each ceI l  the seabed is then

assumed to be planar,  and l inear interpolat ion is used

to define the depth at any point within the triangle.

Although there is no need for the ce1ls to be of any

particular shape it is usually more convenient to

ehoose r ight angled tr iangles vhich, taken in pairs,

give a rectangular element.

With this representation of the seabed the depth is

continuous across any grid line although the slope is



usually discontinuous. It is also possible to apply

SneIIrs Law in each cel1 and to follow a rrave ray

across i.t from some given entry point and direction.

As the ray leaves one ce115 its position and direction

become the entry conditions for its journey across the

next.

The time taken to calculate the rayrs path across a

celI can be reduced by making a further simplifying

approxirnation. Provided the size of each cell is

small and the slope of the seabed not too steep, the

wave phase speed, C, at any point inside the cell can

be closely approximated by linear interpolation of the

exact phase speeds at the cel1 vertices. The ray

path, under such an assumption, is part of the arc of

a circle, and the path and its direction are

continuous across each grid line although the

curvature of the path is usually discontinuous.

Because of the simplicity of the method, there are

marked advantages in cost over methods which need, for

exanple, iterative improvernents at each step or more

cornplicated representations of the seabed topography.

Rounding errors can also be expected to be smaller in

the described method.

The value of a wave refraction simulation, of course,

lies not in the rapidity and accuracy of calculating

ray paths but in the interpretation of the information

they contain. Any nethod based on Linear theory and

using the concept of wave rays cannot be expected to

reproduce non-linear wave effects. In areas where the

bottom topography causes strong focussing of wave

rays, a situation known as a caustic, the use of

linear wave theory is woefully inadequate and errors

from i ts use wi l l  inevi tably accrue. However,  the

method of calculating wave conditions adopted here

degs 1'o.ir1ce the importance of such phenomena as

caus t ic . ,  and g ives  rea l i s t i c  resu l ts .



First it is assumed that in the study area a wave

energy distribution S(O, f, r) exists, where O is the

wave direction, f the wave freguency and r a position

vector. In a t1ryica1 open sea situation in deep water

the wave energy will depend only weakly on r. On the

outer boundary of the area being considered, it is

thus assumed that a homogeneous sea state exists and

is described by So(O, f), the wave energy being

considered to depend sole1y on direction and

freguency. (Ihe subscript o is used to denote

quantities at the offshore boundary).

The purpose of the wave refraction method is to

provide information on the wave conditions, or energy

distribution at some point P close to the shore Sn(O

,f) ,  for a var iety of of fshore condit ions, ie,

d i f fe ren t  va lues  o f  So(O, f ) .

Suppose a ray path exists which starts from the outer

boundary of the area with direction Oo and frequency

f. and reaches the point P with direction On and

freguency frr. The functions So and Sn can then be

linked by using a result of tonguet-Higgins (Appendix

Ref 1), who showed that, when expressed as a function

of two perpendicular wave numbers, kl, and k' the

direct ional spectrum So(kl ,k2) remains constant along

a ray. So using the hypothetical ray menti_oned above

it can be shown that

sp(op, fn)  = p( f r r )So(oo,  f r , )

where:

p ( f n )  =  ( C  C r ) o / ( C  C g ) p

(  1 )

because S f )d f  dg  =  S(k1 ,k2)dk1dk2

( 2 )



a n d d k l & 2 = k d k d O = df do
cc

where C the phase speed

a n d C  =
g the group velocity of waves.

Thus we have C Cg S(e, f) is a constant along a wave

rdy, from which equation I follows. Provided that

enough rays can be found linki.ng the outer boundary

with the point P, equation 1 can be used repeatedly to

bui ld up a picture of Sp(O, f)  for any funct ion So(e,

f). A11 that would then be necessary are ttte depths

at the outer boundary and the point, which would allow

evaluat ion of C, C, and thus U(f) .

To find such rays would be rather daunting if it were

necessary to start at the outer boundary.

Fortunately, however, the paths of the rays, like

those in light, are completely reversible and this

makes the task very simple.

Fi-rst1y a variety of wave frequencies are chosen. For

a typical study these would lie in the range 0.05H2 -

0.30H2, and about ten would be selected. Then, for

each frequency a rfan' of rays is sent out from the

point of  interest.  Each ray is inj . t ia l ly separated

from its neighbour by a sma1l angular increment, AOp;

for reasons of economy the smallest separation chosen

is set at  AO_ = 0.250,.but experience has shown that

larger 
".p"r-"tions 

can be used for the higher

frequencies without affecting the resul-ts.

Each ray is ' fo l lowed' ,  using the method described

above, unt i l  i t  runs ashore or reaches the outer

boundary. The results from this stage of the

f

k

df

dk



operation take the form of a list of those rays which

connect the point to the boundary, with for each ray

its frequency, frr, its direction on leaving the point,

On, and its direction at the outer boundary, Oo.

Tlpically this l-ist would contain information about

several thousand rays.

For convenience this list is converted to three

matr ices rrhich are cal led r transfer funct ionsr,

because they contain all the information necessary to

evaluate the transfer of energy from the outer

boundary to the point. Although it would be

interest ing to evaluate Sp(O, f) ,  the energy

distribution at the point, completely, in most cases

all that is required is an idea of the mean'direction

and directional spread of the waves together with the

distributi.on of energy over frequency which wilI allow

the derivation of a significant wave height and a

significant wave period.

To obtain the energy for each frequency component, fj,

in S-(0, f) the angular dependence is integrated out.
P

Equation I thus gives

S - ( f = )  =  . l  S _ ( O _ ,  f . ) d O -  =  p ( f . , )  . f  S ^ ( O ^ ,  f , ) d O _p  J  p - p . J  p  J  o ' o ' - J ' - - p
( 3 )

The second integral is now replaced by a surnrnation

over all those rays followed for this frequency, and

so

tn ( t j )  =  p ( f j )  I  so (oo ;  f - )Aon ( 4 )

where A0 is thep
inshore point.

fo l lows.  I t  i s

is constant over

=  1 ,  2 r . . . . . ,  m ,

angular separation used at the

This summation is now simplified as

assumed tha t  the  func t ion  tn ( to ,  t j ) ,

angular secLors ( l  -  1)AOo to LAO., !

w i th  a rea  A l ( t j )  in  each sec tor .



Equation 4 becomes:

m
tn( t j )  =  F(r j ) (Aop/ouo,  

I= ,  
A l ( r j )  .  * l

where Nn is the number of rays with offshore direction

between (!-1)AOo and lAOo.

With the energy thus evaluated for all frequencies

c o n s i d e r e d ,  i e  t j ,  j  =  I , 2 , . . . . . n ,  t h e  c o n p l e t e

energy spectrum Sp(f) has been approximated. Then,

the significant wave height is defined as
u

4(f Sp(f )df) 'n artd the zero-crossing period as

(Js-( f )  .d f l " rs-  ( f )  .  f1  .d , i l%.
Y P

To obtain a mean direction and angular spread for

Sp(O, f) further investigation is necessary. We

defi-ne a mean vector V at the point by

v(f j )  = J Sn(on, f r )exn( iop)dop/"r  tn( tn,  f j )dop
/ / q \

The mean direction O is then given by

o ( f j )  =  p h ( V ( f  . ) ) ,  t h e  p h a s e  o f  V .

and the  var iance,  o r  spread,  oz( f . ,  ) ,  bV

o, ( f r )  =  I  - v( f . )1,
J l

Following the same approximations as before,

equat ion 5 is wri t ten

A
m o

V( f { )  =  I  
'  

} r ( f r )  J  exp  ( i o^ )  do^  /
J  l = 1  A O  J  Y  Y

n



mA^
I  'u(r-)Jao-
l = 1 A o  J  Y

o

which leads to

v(r j )  = 
I=r 

Ar(ur + ivo) ' I=,  Al  r r

AO
where U! + ivt  = F(f j )  j  I  . r .p ( iop)

o

where this sunnation is over all the rays with

offshore angle in the range (1 - i) AOo to l^Oo.

The transfer functions are thus

T l I

AO
U g  =  p ( f  ; )  

P  I  c o s  o -  ( 6 )
Aoo Y

v"
x

sin O

where the surrnation is over all the rays with offshore

bearings in the range (!  -  f )AOo to lAOo.

We then have

m
s ( f  )= I  AT
p  j  ! = i  l !

the mean direction

, m m
o( f  )= ran- f  u  Anvn /  I  A  u )

j  l = 1  
r '  r  

l = l  I  {

( 7 )

( 8 )



and the variance

o, ( f r )  =  I  -  r (  I  A1  V t ) .  +  ( I  A t  U t ) rJ / (L  A t  T t )2
(e)

As can be seen from equation 6, the functions T, U and

V can be calculated simply, using information about

the ray paths. It is only for substitution into

equations 7, B and 9 that it is necessary to calculate

the offshore spectrum So at each frequency f- and

angular sector ( l -1)Oo to AOo to give AO.

Thus for one set of wave rays, and consequently one

set of transfer functions, rrave conditions at the

inshore point can be calculated for a large variety of

funct ions S^(0, f ) .  The only restr ict ions on theo -
offshore spectra that can be used are that they vary

suffj.ciently slow1y with Oo that they can be assumed

constant over angular sectors of width AOo and that

the frequencies f, enable an accurate representation

of the energy distribution over frequency. In

pract ice, of  course, the offshore spectra are chosen

first and the quanti-ties AOo and f-are then chosen to

sat isfy these restr ict ions.
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APPENDIX 5

UODEL FOR TM}ISPORT OF SA}TDY BACKGROI'ND MATERIAL,

TTDISP: INPttT DETAILS At{D FILE FORI{ATS

The model TTDISP consists of two stages: the first

stage i-s to use the results fron TIDEFTOW-2D velocity

files, combined with a wave climate for each point to

compute an Eulerian residual sediment transport vector

for each point. The second stage is to use these

vectors to calculate the change in bed mass at each

point over a speeified time period.

A11 file names used here are for il lustration purposes

only and may be changed by the user. A11 variables

are in standard SI units unless stated.

Stage 1

The input files (names to be specified by the user)

required for stage 1 are:

usprr_ng

vspring

uneap

vneap

md

tide. in

hs tz .  in

l t s t .  i n

u-component of velocities for an

average spring tide, from TIDEFLOW

v-component of velocities for an

average spring tide, from TIDEFLOW

u-component of veloci-ties for an

average neap tide, from TIDEFLOW

v-component of velocities for an

average neap tide, from TIDEFLOW

nodel bed data f i le (contains

bathynetry) fron TIDEFLOW

1ow lrater and high water tide levels at

the si te for the whole period

HsTz scatter diagram information (wave

condit ions )

information about sediment transport

formula and to control  screen output



Stage I produces the following output files (names to

be specif ied by the user):

vecu

vecv

vecl

u-component of net sediment transport

vectors

v-component of net sediment transport

vectors

average magnitude of sediment transport

vec tor .

File formats for stage 1

The velocities files and the sediment transport

vectors files are in standard Tideway results file

format,  ie direct access. The header of the f i le

consists of two records of information. This is

followed by one record for each storage interval,

which contains the velocities at each active ceII at

that time. The header of eaeh file may be viewed with

program rrinsight". The vectors file contains two

records of header information, followed by only one

record of vector components for each active ce1l. It

is better to generate the velocity files from a

TIDEFLOW discharges file via an intermediate

conversion program than to use instantaneous

velocities (an option when running TIDEFLOW) because

this gives smoother time averaged results.

The model bed data file is in Tideway forrnat. This is

a serial fi1e, as documented in the Tideway manual.

The f i .1e t t ide. in '  contains a str ing of low and high

r+at,er val-ues f or the period of interest, which should

either be measured or copied from the Admiralty Tide

Tables. The f i le has the fol lowing format,  :



MIIDES - no of tides

LW HW LW HW LW HW LW

LW HW LW HW LW HW LW

LW HW LW HW LW HW tW

.a"

to be read in

HW LW HW LW HW tW HW LW }iW

HW LW HW LW HW LW HW LW HW

HW LW ilW LW HW LW HW LW HW

The lines of lovr and high water values have the

FORTRAN format:  16(F4. 1, lX)

The file 'hstz.in' contains information about the wave

climate, with a scatter diagrarn of signifi.cant wave

height (Hs) against zero crossing period (Tz).  This

scatter diagram is applied as the wave climate at each

poi-nt of the model. The file has the following format

(a11 the data is read in free format,  ie *) :

HSINT, TZINT - Hs Interval,  Tz Interval

NEVENT, NHSROWS, NTZCOL - No of recorded events,

IHSTZ -

No o f  rows (Hs) ,

No of columns (Tz)

Array of integers representing the scatter

diagram, with the first element being the

lowest Hs and Tz category. Negative integers

represent actual occurrences and positive

integers represent parts per thousand. Put

calms in the lowest Hs and Tz category.

The f i le '1tst . in '  contains general  information about

the sediment transport formula and screen output.

This contains the following (all read in free format
* \  .

GRSA, GRSB, GRSN, UCRIT - Grass constant.s a, b and n

for movement of theand cr i t ical  veloci- ty

background mater ial



lfi{Ws, MLWS, UHWN, UL}IN - Tidal ranges fron Tide

tables (mean high water springs, etc)

ISWCHI, ISWCH2, ISWCH3, ISWCH4 - Printing switches

BOVINT, NTTC, TINT - interval size for bottom orbital

velocity distribution, no of intervals and

size of intervals for tidal curent

distribution.

The printing switches are integers which are generally

set to 0 for normal running of the program. If they

are set to a value greater than zero, screen output

wi l l  be as fol lows:

SWITCH NO OUTPUT

Probability distribution of tidal

currents

Hs-Tz scatter diagram and probability

distribution of bottom orbital

veloci t ies

Tables of sediment transoorl rates for

each direct ion

Long term sediment transport rate

vectors

A11 output is to channel 6 (and can therefore be

redirected in IJNIX and DOS from the screen to a

f i l e ) .

Stage 2

In stage 2, the net sedinent transport vectors are

used to calculate the change in bed mass in each celI .

The input f i les required are:

vecu u-component of net sediment. transport

vec tors  ( f rom s tage 1)

vecv v-component of net sediment t.ransport

vec tors  ( f rom s tage 1)



md

input. in

The output file produced

file of mass of sediment

specif ied by the user.

File formats for stage 2

model bed data file

file of input data about file names,

smoothing coefficients etc.

l_s

on

a standard tideway format

the bed at time intervals

The vector fi-les and output file of masses are

standard tideway direct access files. The rnodel bed

data is a serial fi le. The formats of both these file

types are described in the Tideway manual. The

program prompts for a file of input data which

contains the vector and model bed data filenames. The

format of the inout data file is:

u-component of sand transport file (format A32)

v-component of sand Lransport file (A32)

model bed data f i le (A32)

length of t idal  cycle (hours) ( format FB.O)

number of t ides to be run (F8.0)

t ime s tep  ( in  t ides)  (F8 .0)

pr int ing interval  for wri t ing f i - le ( t ides) (F8.0)

gr id  (ce11)  s i -ze ,  x -d i rec t ion  ( f8 .0 )

gr id  (ce11)  s ize ,  y -d i rec t i -on  (F8 .0)

srnoothi-ng coeff ic ient for 1*1 gr id ( f8.0)

smoothing coeff i -c ient for 3*3 gr id (F8.0)

smooLhing coeff ic ient for 5*5 gr id (F8.0)





APPENDIX 6

MODEL FOR UIXING OF MUDDY DREDGED MATERIAL: INPUT

DETAILS AT\ID FILE FORMATS

LTD3 is a model which sjmulates mixing of a muddy

dredged material with the background material. It is

an extension of the background transport program

LTDISP. The program uses the sand transport vectors,

as calculated in LTDISP. At each cel l ,  at  each

timestep, the model predicts the mass of sand, the

mass of mud and the proportion of sand in a surface

layer of chosen depth. The proportion of sand (or

mud) in this surface layer affects the sand transport

rates and the mud erosion rates.

A11 f i le n€unes used,here are for i l lustrat ion purposes

only and may be changed by the user. A11 variables

are in standard Sf units unless stated.

The input files required are:

vecu u-component of net sediment transport

vectors ( from LTDISP)

vecv v-component of net sediment transport

vectors ( from LTDISP)

vecl average magnitude of hourly sediment

transport vectors (frorn LTDISP)

md model bed data f i le

input. in f i le of input data about f i le names,

smoothing coeff ic ients etc.

The output f i les produced are:

msand total  mass of sand in each celI

mmud total mass of mud in each cell

psand proport ion of sand in surface layer of

each ce l l



File forrnats for LTD3

The input files vecu, vecv, vecl are standard Tideway

direct aceess files. The bed data file is a Tideway

format seri-al fi le. The output files msand, mrnud,

psand are also standard Tideway direct access files.

The file of input data has the following fornat (free

(n) means free format, expects n numbers):

format A32

432

432

432

FB .  O

F8 .0

f ree (2)

f ree (2)

f ree (3)

f r e e  ( 1 )

f r e e  ( 5 )

f ree  (4 )

f r a o  f  1 ' \

f r e e  ( 1 )

f r e e  ( 2 )

432

t\J z

432

u-component of sand transport file

v-component of sand transport file

average magnitude of vector file

model bed data file

length of tidal cycle (hours)

number of tides to be run

t ime step ( in t ides),  pr int ing

interval for writing file (tides)

gr id (ce11) size x-direct ion, y-dirn

smoothing coeffj-cient for 1*1 grid,

smoothing coefficient for 3*3 grid,

smoothing coefficient for 5*5 grid

NDUMPS, number of nud dumps (the next

line must appear NDIIMPS times)

total mass in dump, time step during

which this dump is dropped, coordinates

of dump centre IC, JC, standard

deviation of dump

weighting coeffici-ents for

contributions to sand transport from

ce l ls  1 ,  2 ,  3  and 4  ce l1s  away

erosion rate for mud (kgm-t per t ide)

depth of act ive surface layer

dry density of sand, dry dens. of nud

filename for output. of sand masses

filename for output of mud masses

f i lename for output of sand proporLion

i-n acti-ve surface 1aver.



Subroutine for calculation of proportion of sand in LTD3

*

SUBROUTINE SAVAILABLE
* Calculates an availability of sand at some time after the start,
* based on relative proportions of mud and sand in top layer of
* DCRIT
* Tttis is a fairly crude calculation of the amounts of mud and sand
* available, particularly when sand is eroded. Once mud has fallen
* below the depth DCRIT, it is not reached again
s

* Variables:
*  AVAIL( I ,J )  =  p ropor t ion  o f  sand in  ce1 l  ( i , j )
* DSAI\ID = depth of sand deposited or eroded during time step
x DMUD = depth of mud deposited during time step (if mud is
* eroded the proportion of sand is i-ncreased before
* entering this subroutine)
* DCRIT = depth of active surface layer (constant)
* KCETL = KARMY value for celI i,j (to compress 2-D atray
* lnto 1-D, see Tideway manual for more details)
* MCH(KCELL) = sand mass change in cel1 KCELL during time step
* MUDPLUS(KCELL) = mud mass added to cell KCELL during time step
* DENSSAT\ID = dry density of sand
* DENSMUD = dry density of mud
$

*

INCLUDE rgenblocks.h'

INCLUDE I ltdphase3 . h'
INCLUDE rinputphase3.h'

*
REAL DSAND, DMUD, DTOTAL

* Calculate avai labi l i ty of  sand at every ce11 of gr id
DO 200,  J=1,  N(NGRID)

DO 100,  I=1 ,  M(NGRID)
IJCELL =  (J_1)*M(NGRID)+I
KCELT = KARRAY(IJCELL)
rF  (KCELL.EQ.1)  THEN

A V A I L ( I , J ) = 0 . 0
ELSE

DSAND=MCH ( KCELL ) /DENS SAND
DMUD =MUDPLUS (KCELL) /DENSMUD
DTOTAL=DSAND+DMUD

* I f  sand is  depos i ted . .
IF  (DSAND.GE.O.O)  THEN

* t f  dtotal=O.0, no change to avai labi l i ty
IF  (DTOTAL.NE.O.O)  THEN

* I f  total  deposit ion is more than DCRIT
IF (DTOTAL.GE.DCRIT) THEN

* Avai labi l i ty is in proport ion to sand/mud deposited
AVAIL (I , J) =DSAND/DTOTAL

ELSE



* Availability includes some of previous top layer
AVAIL ( I, J) = ( DSAND+ ( DCRIT-DTOTAL) *AVAIL ( I, J ) ) /DCRIT

ENDIF

ENDIF

ELSE
* (Sand is eroded)
* If dtotal is greater than zero, net deposition: Availability is *
dependent on amount of mud deposited and what was previously in top *
layer

IF (DTOTAI.GE.O.O) THEN

. olfililiii];-i;l';,Y:]li;$*,o.0,DcRrr-DrorAL) 
) /DcRrr)

ELSE
* (net erosion, but does not consider mud below previous top layer)

*  
A V A I L ( I , J ) = 1 . 0  -  M I N ( 1 . 0 ,

(DMUD+ ( 1. o-AVAIL(I, J) ) *DCRIT) /DCRIT)

ENDIFNDIF
ENDIF
SNDMUD (KCELL) =AVAIL ( I, J)

1OO CONTINUE
2OO CONTINUE

$

RETURN
END

*
* * * * * * * ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  * * * * * *  *  * * * * * * * * * *  * r * * *  *  *  * * * * * * * * * *



APPENDIX 7

MODEL FOR FIOW OF

INPUT DETAILS AIID

VISCOUS MUD TAYTR DOT{N A SLOPE:

FIIE FORMATS

A11 file names used here are for il lustration purposes

only and may be changed by the user. A11 variables

are in standard Sf units unless stated.

The input files required are:

The bed data f i le is a Tideway format ser ial  f i le.

The output file is a standard Tideway direct access

file. The file of input data has the following format

(free (n) means free format, expects to read n

numbers) :

md

input. in

The output file produced

fmud

Fi le formats

format AB0

A80

4 1 6

432

F B .  O

F 8 . 0

f r e e  ( 2 )

f r e e  ( 2 )

t f 6 6  r  {  I
\ J  )

rnodel bed data file

file of input data about file names,

smoothing coefficients etc.

total depth of mud i-n each ce1l

t i t le  o f  p ro jec t

job number and,/or other text info.

Locat ion of study

model bed data f i le

length of t ide (hours)

number of tides to be run

t ime s tep  ( in  t i -des) ,  p r in t ing

in te rva l  fo r  wr i t ing  f i le  ( t ides)

gr id  (ce11)  s ize  x -d i rec t ion ,  y -d i rn

smooth ing  coef f i c ien t  fo r  1*1  gr id ,

smooth ing  coef f i c ien t  fo r  3*3  gr id ,

smooth ing  coef f i c ien t  fo r  5*5  gr id



free (4) coordinates of dump centre IC, JC,

thickness of mud dumped (m), radius of

dump (m)

free (2) bulk density of water (kgm-3),  bulk

density of mud (kgm-r)

free (1) Dynamic viscosity of rnud layer (Nsm-2)

432 filename for output of mud depths.



APPENDIX 8

EUIERIAII AI\ID LAGRAI\IGIAN SEDIMENT TRAI\ISPORTS

1 . When calculating the transport of a water-borne

substance, the mean transport velocity is given

by the Lagrangian residual velocity Ut. Ttris is

gi.ven by the distance travelled by a water

particle during some reference tirne, divided by

the reference time. In the tidal context, the

reference time is usually taken to be one tidal

cyc1e. In the general case in which the velocity

field varies spatially over the area of interest,

the Lagrangian residual will be different from

the Eulerian residual velocity UU (the time-mean

of the velocity at a fixed point), because the

particle is constantly wandering into a new part

of the area. Calculations of Lagrangian

residuals are usually nade in the context of

substances which move with the water body, such

as chemical contaminants, radioactive solutes, or

fish eggs, but the same principles should apply

to transport of sediment.

Although in areas with a complicated spatial

distribution of velocity it is usual to obtain

Lagrangian residuals by numerical particle

tracking in a full computer model of the flow

distribution, some important conclusions can be

reached by considering a simple idealised flow

field ana1yt ica11y.

Consider a one-dimensional rectilinear tidal flow

field ( f ig.  1) in which the Euler ian residual

velocity UU is constant everywhere, but the

amplitude 0 of the tidal velocity (assumed

sinusoidal with frequency w) increases linearly

2 .



with x, so that the instantaneous

U(x,t) can be written

U(x , t )=UE*0s in (w t+g )

wi t t r  0  = f  .  0 ,

flow velocity

(  r)

( 2 )

Ttre length-scale L is the distance over which the

linearly varying amplitude 0 reduces to zero, and

0t is the value of tl at the point of interest. A

particle is released at time t = 0, when the

phase in the tidal cycle is 0.

Defining non-dimensional units E = x/L, T = !trt,

b  =  Ur / (Lw; ,  and a  =  t t /  (Lw) ,  equat ions  (1 )  and

(2) can be written as a differential equati-on for

the part ic lers subsequent posi t ion:

f f= u + a I  s in ( r  + 0)

Solving this equation subject to the initial

condition E = I at r = 0 gives the position of

the part ic le after one t idal  eycle as

2u
t ( t=2n )  =  l+bocp ( -acos0 )J  exp (acos ( r ' +g ;14 t '  ( 4 )

n

After re-dimensionalising, this shows that the

ratio of the tagrangian to the Eulerian residual

velnci ty is given by

( 3 )

ur
l l "  = .*p(-acos0)
tE

2r
r

J e x p  ( a c o s  ( r ' + g ;  ; 6 r  ' r q )



Ttre integral can be approxirnated to

a ( 1, to give the final ocpression

order a3, for

uL -acoso

%= " {r + 4o I ( 6 )

The problem was also tackled by means of a simple

one-dimensional particle-tracking computer

program for the flow field gi.ven by equation (1).

The particle-tracking gave results which were

identical with the full analytical expression

equat ion (5).  l t rey were also within 1.5% of the

approximate expression eguation (6) for a < 1.

Equation 6 is shown in Figure 2. The greatest

difference between U, and U, occurs for A = n,

when U, is 3.4 times larger than U* for a = 1.

The phase A = t corresponds to release of a

particle at slack water just before the tide

flows in ttre opposite direction to that in which

0 increases. At phase 0 = O, U, is reduced to

on ly  0 .45  UE fo r  a  =  1 .  A t  phases  f r / ,  
andtn / r ,

corresponding to peak ebb and flood tides, U, is

approximately 25% larger than Uo, for a = 1.

In view of the dependence of Lhe Lagrangian

residual on the part ic lets trajectory, i t  seems

possible that asynrnetries in the tidaL velocity

cycle might markedly affect Ur.  To test this,  a

second harmonic of anplitude e0 and freguency 2w

was added to the original sinusoi-d of amplitude 0

in the part ic le-tracking program. This wi l l

distort the periodic velocity, vhi.le maintaining

a zero mean (apart from Ur). Although the

resulting values of U, now depend on the

amplitude and phase of the second harmonic, it

was found that they never exceeded the envelope

3 .

4 .



of values which would be given by a single

sinusoid of freguency w and amplitude (1 + e)0.

5. The following conclusions can be deduced directly

from equat ion (6):

i) It is not possible to generate a non-zero

Lagrangian residual unless the Eulerian residual

is also non-zero.

j.i) U, is always in the same direction as UU, and

proportional to Ug by a factor which depends only

on the tidal part of the velocity, and not on the

size or direct ion of Uo.

iii) The proporti-onality factor depends primarily on

a = (Jt/Lw. The local value of rratr can be

calculated in a tidal model for a tide of period
)n Ail

T by a = s: :u. Since rrart is the ratio of the- r d ) (

tidal semi-excursion to the distance over which

the tidal anplitude falls to zero, i.t will

generally be no greater than one.

iv) U, rnay be larger or smaller than Uu, depending on

the phase in the tidal cycle when the particle is

re leased.

v) Asynmetry of the tidal time variation produces a

Lagrangian residual which does not exceed that of

a sinusoidal vari-ation whose amplitude is equal

to the peak of the asymmetr ic veloci t ies.

Practical implications for sediment transport are

as  fo l lows:

Making an analogy between velocity and transport

rate, the Lagrangian transport  rate Q, of

6 .

i \



sediment will be in the same direction and of the

same order of magnitude as the Eulerian transport

rate Qr.

ii) An estimate of the ratio Q'/QS can be nade by

ca lcu la t ing  a  = f * f ro r " .  t ida l  numer ica l

model, and applying equation (6). Bounds on the

ratio are given by taking A = O and t.

iii) The movement of a patch of rnarked sand could in

principle be calculated by applying the transport

equivalent of  (6),  with part ic les being released

eontinuously, with the rate of release related to

the instantaneous velocity (eg proporti.onal to

Uz (x,t) ) . The net movement is then calculated as

the weighted mean of (6) over 0 < A ( 2n.

However, this would require an assumption that a

sand grain, once released, continues to move with

the water. In practice, it would move in short

hops, making exchanges with the bed material.

This process should rea1ly be included. However,

to a first approximation it can be seen that a

heavy weighting occurs at the times of maximum

flood and ebb tidal velocity, ie at A = 8 
/, and

? r' " /2.  
The weighted average of equat ion (6) wi l l

thus be of order

l.t= ," *uE

Making the above assumptions, the movement of the

centroid of the sand patch wi l l  take place at the

Lagrangian transport rate Q' but this will be no

more than about 25% Iarger than Qr.

iv) For the Sizewel l  case, the veloci ty f ie ld changes

only s1ow1y in the North-South direct ion, so "a"

( 7 )a 2

4



will be snaII, and the differences between

Eulerian and Lagrangian rates can be neglected

compared with the uncertainties in calculating

Q s .
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