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ABSTRACT

The abillty to predict the movement of coheslve sediment withln tidal
rtaters has a slgnlficant economlcal and ecologleal lmportance ln the
developnent of new englneering works and the malntenance of existing
lnstallatlons. The processes of transport, deposltlon, consolldatLon and
eroslon of coheslve sedlment are controlled by a complex array of physical
and chenlcal factors whlch are only partly understood. Any attempt to
predlct the movement of eoheslve sedlment must fl.rst lnvestlgate the nature
of the hydrodynanlcs of the sater and then relate the movement of water to
the movement of coheslve sedlment.

A serles of fleld deploynents of a novel bed frane, with lnstrr:nents for
neasurlng near bed processes, were undertaken on intertldal mud flats at
two sltes. The flrst lras at the llest Usk llghthouse at the mouth of the
Rlver Usk on the Severn Estuary and the second at Eastham docks on the
l{ersey Estuary. ContLnuous measurements were made of hydrodynamlcs and
sedlment ln the bottom ln of the water columr. These lncluded: hlgh
frequency measurements of flow Ln x, y and z dlrections at 0.1 and 0.5n
above the bed (uslng electromagnetlc current meters); hlgh freguency
measurement of pressure fluctuatlons at 0.8n above the bed; suspended
sollds concentratlon at 0.1m, 0.5n and 1.0n above the bed; measurement of
mean tldal flow (uslng propelLor meters); measurements of bed level near
the frame.

At the West Usk fleld study slte 20 tldes were monitored ln 5 deplo)rments
between November 1989 and October 1990. The bed level changes neasured on
the llay deploynent showed slgnlflcant change, 0.014n on the 24 l[ay am tlde
and 0.012n on the 25 tlay am tlde. The lncrease ln bed 1evel, occurred mostly
at the beglnnlng of the tlde slmultaneous slth a drop ln suspended sediment
concentratlon. Changes ln bed 1evel for the 4 October pm and 5 October pm
tldes were 0.001 and 0.002n respectlvely. The bed 1evel change lncreased
as well as decreased and the overall changes rere much less than those
measured ln the llay deploynent. The change ln bed Level on these tldes
followed a broadly slnllar pattern to suspended solids concentration.

The caleulatlon of shear stress, r" uslng spectral analysls gave
excessively hlgh results ln nany lnstances. Thls could be due to tlro
posslbllltles, fLexlng of the EMCII nountlngs or disruptlon of the flow
around the EllCMs eaused by the frame.

lleasurements of 3 sprlng tldes and 2 neap tldes at Easthan dock on the
llersey Estuary were carrled out. Changes ln bed Level- of 0.020n and 0.0L0n
were measured on spring and neap tldes respectively. Changes ln
concentratlon, bed level and shear stress tled ln very well wLth each
other. The concentratlon ln the upper lrater colunnr drops when the shear
stress dropped. An increase ln the concentratLon near the bed (0.1n)
occurred as the concentratlon dropped above. After a short tine (20 to 30
nln) a change ln bed level was detected lndlcatlng that deposLtlon had
taken place. The sedlment lost from suspension, approxlnatell 1.5kgn-2 _
(O.3kgn-J ln 5 metres water) on the spr ing t ldes and 0.68kgn-z (0.1-5kgm-r
ln 4.5m metres of water) on the neap tlde could account for the increases
ln bed leve1 neasured.
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TNTRODUCTION

The ability to predict the movement of cohesive

sediment within tidal lraters has a significant

economical and ecological importance in the

development of new engi-neering works and the

maintenance of existing installations. Schemes such

as the reclarnaclon of intertidal flats, the

construction of new berths, or the enlargement and

extension of dredged channels require a sound

engineering appraisal of the likely changes in the

patterns of sediment movement which wiLL result

after the scheme is built. Moreover, prediction of

the novement of cohesive sediment is crucial in the

understanding of the distribution of certain

pollutants, in particular hearry metals which are

adsorbed on to cLay and silt parcicles.

The processes of transport, deposition,

consolidation and erosion of cohesive sediment are

controlled by a complex atray of physical and

chenical factors whieh are only partly understood.

Any attempt to predict the movement of cohesive

sediment must first investigace the nature of the

hydrodlmanics of the water and then relate the

movement of water to the movemertt of cohesive

sediment. As yet, it is not possible to predict the

behaviour of a cohesive sediment from its physical

and chemical properties alone and the princlpal

thrust of research has been to determine in the'

laboratory, for a given set of flow conditions, the

behaviour of a cohesive sediment.

Laboratory tests for determining the erosional

properties of cohesive sediments have been

developed to a level where their application for

deternining critical shear stress and rate of

erosion, in unidirectional (tidal) flows, has become

routine. However the erosional properties found in



the laboratory have not yet been verif ied by field

observati.ons. This series of f ield work aims in

par t  to  ver i fy  these laboratory resul ts .

In addition to unidirectional flows che action of

Ivaves has a significant effect on cohesive sediment

processes. Wave effects on the surface of urudflats

are very difficult to replleate in the laboratory

since the edge effects and end effects of any flune

tend to overwhelm the surface processes being

-l"l'"1; .:::":il::::i :il ::';:':.$:.T:;:'
Eleld. The aim of rhis work is ro determine by

Eield observations the critical conditions and rate

;:":':::':,::'.::::il::""::'::":.::::'" ::;:::'""'
concentrations.

Since erosion and deposition, the governing

processes for sediment transport, occur at the bed

surface a field frame has been developed (Ref l) and

tested (Ref 2) which can measure parameters in the

botton l_m of the water column. To determine the

eombined wave and tide shear stress at the bed it is

necessary to take high frequency measurements of

rrater movements. High frequency measurements of

pressure fluctuations are also taken, fron which

surface elevations can be calculated. Other

measurements taken are bed level and suspended

sediment concentration.

FIELD }IEASURE}TENTS

2.L Field study locat ions

The field frame was deployed on intertidal mudflats

on two different sites, lhe first rcas at the mouth

of the Rlver Usk on the Severn Estuary (Fig 1), the

second at Eastham Dock on the River Mersey (fig 2).



The River Usk field study site was located near the

i{est Usk Lighthouse. The rnud flats at this site are

characterised by an ephemeral layer of soft mud on

top of a non rnobile uruddy peat layer. The site had

a tidal range of approxinately 10n during spring

tides. The frame was deployed on the mud flats at a

height of approx 3n below the mean spring tide high

water level enabling the equipment to be operated

for about three hours over high water. This site

was selected for the initial field trials (Ref 1)

because of its convenient aecess and because it had

a clearly identifiable layer of soft rnud which

varied in thickness. The mud flats were gently

sloping with an expanse of many square kilometres

exposed at low tide.

The field study site at Easthan Dock on the River

Mersey was situated on the side of the l.fanchester

ship canal approach channel on mud banks \rith an

appreciable slope. The site has a tidaL range of

about 9n and the position of the frame was 5m below

the mean high water mark. The nud flats were firm

and had many small rocks on the surface. It

appeared that this mud is permanent and would only

be eroded in severe storms. The equipment was

operated from a van situated on the adjaeent dock.

2.2 Instrumentation and

operation

The bed fraure was designed to enable simultaneous

measurements of tide and wave induced flow (Ref 1).

It is triangular in shape with an open structure to

offer as l i t t le resistance to f low as possible. I ts

three legs protrude into the bed to prevent

novement (Plate 1).



The following i.nstruments were mounted on the frarne:
- 3 Braystoke current meters
- 4 electromagnetic current meters (EMCM)
- 3 Partech turbidity sensors
- 1 pressure sensor

- 3 ultrasonic probes

The Braystoke current mecers rrere mounted at 0.1m,

0.5n and 1.0m above the bed and in such a way that

they could swivel freely through 350 degrees to

align themselves wich the eurrent. These were used

to measure tidal flows and to give a field

calibration of the EMCMs.

The EMCMs measured 2 eomponents of velocities.

Ihese nere mounted at 0.1n and 0.5n above the bed

and set to measure in the x,y and x,z planes at each

height. The output from these was logged at 5Hz to

enable high frequency wave and turbulence

fluctuations to be analysed.

The Partech turbidicy sensors were mounted at 0.1_m,

0.5n and 1.0n above the bed in positions that would

not interfere with flow around the EMCMs.

Ihe pressure sensor nas mounted at 0.8n above the

bed. Ihe outpuc was logged ax 5Hz and enabled water

depth and, if neeessary, lrave conditions to be

found.

The ultrasonic probes \trere mounted at approxinately

0.1-rn above the bed, either attached to a spur on

each leg of the bedframe or about 3 metres away fron

the nain bedfrane. These enabled the bed Level

change during Lhe tide to be monitored.

The output from each of the instruments was logged

onto a computer over the monitoring period.



2.3  Data  Ana lys is

The pressure sensor, Braystoke current meters and

ultrasonie probes were pre-calibrated so no extra

calibration was necessary for these instruments.

The calibrations of the EMCMs tend to drift slightly

so a check is nade by comparing a ten minute average

of the modulus of the x and y velocities wich the

Braystoke current meters.

The Partech turbidity sensors were calibrated before

and after depl-oynent using formazin suspensi.ons.

The formazin to sllt eonversion factor was found

using rrater samples.

The nean values of water levels, concentration and

shear stress over ten minute intervals for each

monitoring period were found.

Fron the tidal mean velocities at the three heights

the shear stress at the bed could be calcuLated (see

Appendlx A) asstrming a logarlthnie vertical veloclty

prof i l -e.

From the pressure fluctuations the water surfaee

elevation was calculated. Fron this, using wave

theory and a bed roughness coefficient, the wave

induced contribution to bed shear stress was

calculated (Appendix A).

From the high frequency velocity fluetuations the

combined wave and tidal fLow induced shear stress

at the bed was found using a spectral analysi.s

technique (Appendix A). The two components ltere

separated by splitting the spectra.

The Relmolds stress

product of che high

was found from the cross

frequency fluctuations. The

5



Revnolds stress was used to estimate the combined

t"t" .rra tide induced bed shear stress using a

constant  of  proport ional i ty  (Appendix A) .

RSSIILTS OF I{EST USK

DEPLOIT{ENTS

3.1 Details of deploSrments

A series of deploynents of the bed frame at l{est Usk

was undertaken between August 19B9 and November 1990

(see surnmary Table 1). On the first two

deploynents, August l-989, and November 1989, high

frequency velocity measurements were only taken in

the x,y plane. Internittent technical problems with

some of the equipment were exPerieRced' resultlng in

some incomplete data sets.

At the West Usk lighthouse field site the bed frane

was depl-oyed approximatel-y 3n below the spring tide

nean high water Level. The orientation of the

frame was sec such that the principal tidal flow

would be in the x direction of the EMCMs. The wave

incidence was at appr:oximatel-y 90 degrees to the x

axis. Cables connecting the sensors with the

control units lrere run across the mud flats. The

control units and data logging equipment were set up

in a van stationed on the sea wall with power

supplied from a portable generator. Each tide was

monicored for between 3 and 4 hours, from

approximately 4 hours after low water.

At chis site 20 Eldes were monitored in 5

deploSrments between November 1-989 and October l-990.

Comprehensive data was obtained for 16 tides with

some useful data fron the other 4. Measurement of

bed level throughout the tide was successful on l-L

occasions with an actual change in bed level

monitored on 9 t ides.



3.2  Examples  o f

recorded data

3 .2 .L  Shor t  te rm var ia t ion

The data eollected for each tide was processed in

che forn of ten minute bursts. The measured data

collected using each instrument can be expressed

graphically as measured value against time. The

long tern variation can be expressed in the form of

ten mi.nute average over the duration of the

measurement period. For the parameters l-ogged at

high frequency, the short term varLation, over a

tine period of around 1 minute can also be shown.

A plot of the short term variation of bottom

velocities can show whether the flow fluctuations

are tide dominated or rrave dominated. Figure 3

shows two 40 second bursts of the current speed

recorded, u (horizontal in the dlrectlon of the

tidal flow), v (horizontal perpendicular to the

tidal flow) and w (vertically). The upper figure

shows the traee 70 urinutes before high water when

the water depth was about 2n and tidal flow about

lms-l. The fluctuacions are wave dominated with a

period of about 2 seconds. lhe lower figure shows

the trace at 30 minutes after high water when the

water depth was 3m and the tidal flow was

approximately 3ns-1. The wave influence in this

data set is mueh less and che changes, particuiarly

ln u, are due to turbulent fluctuations in tidal

flow.

Figure 4 shows the pressure over the same time

perlods as the flow shown in Figure 3. The upper

trace shows a smooth fluccuation in pressure caused

by waves once again with a period of around 2

seconds. The lower trace has a much less smooth

appearance due to less influence of waves on the



pressure variation and greater influence in

turbulent f luctuations in tidal f low.

Figure 5 shows the short term variation of bed

level and suspended sedimenc concentrations; as

expected there ls little fluctuatlon of the reading

over this tine period. The fluctuation monitored

is nost likely due to the measurement method rather

than novement of the bed. The variation of

concentrat ion over a ten minute period, at  0.1, 0.5

and 1.0n above the bed, is shown on the lower

figure. The values display sone high frequency

fluctuations around a short term mean due to

turbulence. Ttre turbulent fluctuations are

interesting but of little analytical- use in this

instance as the Partech detector heads interfere too

nuch with the flow around then.

Figure 5 shows a conparison of the pressure

fluctuations and the velocity fluetuations in the

direction of wave propagatlon. The measurements at

7Onlns before high water lrere a good match because

the velocity fluetuations were due to waves. The

measurements at 3Onins after high water were

turbulence doninated and therefore did not match so

we1 l .

The spectra of the flow fluctuations (in the

direccion of wave propagation) and Pressure

fluctuations are compared in Figure 7 (7O minut'es

before high water) and 8 (30 minutes after high

water). The upper figure in each case shows the

spectrum of the flow fluctuations. Shown on the

figure is the fitted line used to split the

eontribution from waves (above the line) and

contribution fron tidal flow (beneach the line).

The ficted line with gradi-ent 5/3 was used to check

that the turbul-ent energy decreases with frequency

in a normal way (see Appendix A).



The niddle figure shows che comparison of the wave

induced poruion of che flow spectrum (above thg

fitted line in the top figure) and the spectrum of

the pressure variations. For both periods there is

a close sinilarity between the wave induced part of

the flow spectrum and pressure spectrum. This

lndicates that the spectral splitting technique (see

Appendix A) is working satisfactorily. The surface

elevation spectrurn (the bottorn figure) show that the

peak frequency has changed from 0.35s (Fig 7) to

0.25s (Fig 8) in the l-00rnins between the data sets.

The total energy of the spectrum has decreased

indlcating that the wave height has also decreased.

3 .2 .2  Var ia t ion  over  t ides

The results of ten minute averaged data can be

plotted against time for each instrument used. The

results of successive tides from each deplo1rnent can

be plotted together. In order to compare the tides

the tine ls zeroed to each high water.

Figure 9 shows the variatlon of water depths over

four tides during the May deployment and one tide

during the October deplo5rnent. The maximum water

depths vary betneen 3.5m and 3.0n above the bed.

The tide curve is smooth and almost synmetrical in

shape and there was l-ittle variatlon among the

tides measured.

Variation in measured horizontal current speed on 3

tides in the May and October deployments are shown

in Figures 10 and 11. The current speed generally

had a maximum around the tine of high rtater with a

slight dip decected around high rsater on 25 l'[ay A],[

and 4 October Al.[. The tide on the 5 October AM had

a period of low flow around high water. The tidal

flow in the area of the survey is infl-uenced



significantly by eddy effects caused by a smal1

headland seaward of the monitoring position; as a

result the tidal flow is always in the same

direction. Some of the flow measuremencs gave

reasonable fit 1og profiles, particularly the 4

October PM and 5 Oetober Al'I tides.

The eoncentration of suspended solids over the May

and October tides is shown in Figures l-2 and 13.

The concentration is higher at 0.1m above the bed

than at 1.0n above the bed during all- tides. The

May deplo)rment had lower concentrations in

suspension than the October deployment. The

concentratlon is highest near the bed (0.lm above

the bed) at the beginning of the measurement period.

This decreased over the next 3Omins on most tides.

However on the 4 October PM and 5 October AM tides

the decrease in coneentration came 30 rnin before

high water and 3Onins after high water

respectively.

The bed level- over the tides is shown in Figure 1-4.

The bed level increased on two tides in the May

deploymenx (24 arn and 25 an). These changes were

approximately L6nn and 12mn respectivel-y. The

change occurred nainl-y at the beginning of the

monitoring period. The bed level fron 2 tides in

the October deploynent decreased as well- as

increased. The biggest increase was before high

\rater on 4 October PM and after hlgh water on 5'

October PM. The maximun change was less than 3nm

and could have been due to linitations in the

measurement technique, for example changes ln the

water eolumn affecting the instrr:rnent cal-ibration or

movement of the frame.

The wave characteristics changed over each tide;

typical examples are shown in Figure l-5. The zero

crossing period (Tr) increased with increasing rtrater

10



depth from around 1.5s in

3m of water.  This effect

physies.

water  depth  xo  2 .5s  in

expected from wave

1m

is

The tlde induced shear stresses for the May and

October deploynents are shown in Figure L6. These

were calculated by deternining the bed roughness

where logarithni.e velocity profiles were measured

(Appendix A). Using this bed roughness the bed

shear stress was calculated directly fron the

velocity readings.

3.3 Comparison of shear

stress fron different

calculation methods

3.3.1 Shear stress indueed by t idal  f low

The shear stress induced by tidal flow was

calculated using two different methods (Appendix A).

The first was from the logarithnic profile for the

mean velocity neasurenents (ro). The second nethod

used spectral analysis of the high frequency

turbulence fluctuations (""p). The turbulent energy

ls proportional to shear stress.

The results of both calculations for the 24 April-

and 8 August are shown on Figure 17. For the 24

April tide the two methods agree we1l. On the 8

August tide the r"o values were however consistdntly

higher than the ro values. The two methods both

gave reasonable values for most tides, however a

number of r"o values were excessively high. These

high r"o values are most likel-y the result of

measurement error caused by flexing of the equipment

mountings or disturbance of flow around the current

meters by the frame.

1 1



3.3.2 l , Iave induced shear stress

The wave induced shear stress was calculated from

the spectral analysis of the high frequency velocity

fluctuacions (r.r) and from the pressure variations

(tH) (see Appendix A). Unreasonably high values of

re* were obtained in a large proportion of the

measurements. This is most likely due to

measurement errors caused by either flexing of the

instrument mountings or disturbance of the flow

around the current meters.

Comparison of the results from the two methods are

shown in Figure l-8 for 25 I{ay 1990 am and 5 October

L990 arn tides where reasonable re, were obtained.

The values of shear stress decreased as the water

depth increased aE the scart of the monitoring

period and then increased as the water depth

decreased towards che end of the monitoring period.

The results of the two methods of calculating the

wave lnduced shear stress agreed well.

3.3.3 Combined wave and t ide shear stress

The combined wave and tide shear stress was

calcul-ated by two different nethods. The first was

by spectral analysis of the high frequency velocity

fluctuations (r"1) and the seeond is from the

Reynolds stress calculated from the cross product of

the daca sets (r"). Both values are calcul-ated'from

the high frequency velocity measurements and both

gave spurlously high results. Ihe error of both

calculated values probably originates in errors in

measurement resulting fron flexing of the instrument

mountings or interference in flow around the EMCMs

caused by the frame.

A comparison of the two methods for the 5 October

am tide where relatively reasonable results were

t 2



3.4  D iscuss ion

results

o f

obtained using both nechods is shown in Figure 19.

These also agree well and indicate that the shear

stress when the water is shallow is far higher than

at high tide when the water is deeper. This

indicates that the effect of waves dominates the

bed  shea r  s t ress .

Throughout the study a large ntrmber of instruments

were deployed. A large amount of data fron tides

from four seasons was gathered. On some tides

problens were encountered with the drifting

calibrations of the currenc meters and curbidity

meters, the data for sone of the tides is therefore

incomplete.

A sunnary of the results glving sone naximum and

minimtm values of paraneters is given in Table 2.

The Novernber, April and August deploynents gave

broadly sinilar results to the May and October

deploynents which have been described in detail.

Some examples are given in the following

discussion.

The cide curves had the saae pattern from tide to

tide, with the maximum depth at the measurement site

being approximately 3 metres. The tidal current

reached similar maxima for all the measured tidbs of

around 0.3ms'1 at 0.5m above the bed (Figs l -0,  L1

and 17). The pattern of tidal flow in the study

area was influence by an eddy eaused by flow around

a headland seaward of the study site. The current

was always in a seaward direction. The tiure of

highest flow speed was usually in the hour before

high water but varied from cide to tide. This was

particularly noticeable during the August deploynent

(Fig 20). A drop in the current speed at high water

13



vras recorded on some tides. The most pronounced

drop in currenu speed ltas on the 5 Ocuober (Fig fl)

vrhen the speed dropped from 0.25ms-1 to 0.1-ms-1'

The measured tidal current speed is relatively low

for the Severn Estuary where tidal flow can commonly

reach speeds of 5ns-1.

The wave eharacteristics varied with water depth; as

expected, as the water depth increased the wave

period increased, particularly in the April

deploynent (Fig 21).  I , Iave periods of 1.5s to 3'0s

rtrere measured.

On the 25 l{ay the bed leve1 ltas seen to increase by

0.012n. This change occurred at the sane time as

the concentration in suspension decreased (FLg 22) '

Ihe bed level inereased and eoncentrations increased

during the period 100-50nin before high water when

the tide induced shear stress was low, however the

bed level change did not aPpear to eoineide very

well with tow shear stress period. The bed level

changes on the 4 and 5 October (Fig 23) seemed to

vary in a similar manner to the suspended sediment

concentrations at 0.5n and 1.0n above the bed' The

magnitude of the bed leve1 change measured is very

small and could be due to instrtunent error caused by

slight movement of the bed fraure or effects of

changes in the water coltrmn on instrunent

cal lbrat ion.

The analysis of the shear stresses, in particular

the calculation of r", gave excessively high results

in many instances. Ttrls could be due to tlto

possibilities, flexing of the EMCI'I mountings

aceentuating the velocity fLuctuation, or disruption

of the flow around the EMCMs caused by the frame'

The spectra from which these hlgh results

originated, however, looked reasonable on

inspection. Before future use of the equipment it
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r{ould be useful to trace and elirninate the cause of

these high results.

In instances where the spectral splitting teehnique

gave reasonable values ic was evident that the wave

lnduced shear stress r", (Fig 18) was greater than

the t ide induced shear scress (Figs L6 and 17),

particularly for 5 Oetober when the significant wave

height was stil l only 0.35n. This was eonfirned by

the wave induced shear stfess, r* calculated frour

the wave parameters using wave theory. IC can be

reasonably assr:med therefore that the factor

governing erosion in most instances is the wave

induced shear stress, particul-arly since wave

heighcs far greater than that measured on the 25 May

are conmon. Once the sediment is in suspension it

will be transported principally by tidaL flow.

l'laves will cause dispersion and nixing of the

sediment and prevent it settling in shallow exposed

areas .

4 RJSULTS OF I,TERSEY DEPI,OYIIENTS

4.I  Detai ls of  deploSments

At the Easthan Docks field site the bed frame was

deployed approximately 5n below nean high water.

The orientacion of the frame was set once again such

that the principal tidal flow would be in the x

direction of the EMCMs. The wave incidence for'both

deployments was at about 45 degrees to the x-axis.

The control units and data logging equipment were

set up in a van stationed on the dock. Each tide

was monitored for between 7 and 8 hours, from

approximateLy 2 hours after low water. A surnmary of

the deplo)rments is given in Table 1.

Two deplo)rments were undertaken, one involving

monitoring of 3 spring tides, the other 2 neap tides
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(see Table 1). The weather was calm for both

deployments and the wave heights were very small

( 0 . 0 1 n  ( R e f  5 ) .

4.3 Tidal  Var iat ion

The water depths over che spring and neap tides are

shown in Figure 24. The tidal range of the spring

and neap tides measured were 5.9n and 4.8n

respectively. The tide curve was apProxinately

s)rnmetrical around high water.

The variation of bed level-, suspended solids

eoneentration and tide induced shear stress for each

tide are shown in Figures 25 to 29. The

concentrations in suspension decreased during

periods of low shear stress lndicating settling

through the water column. This was supported by

measurements of lncreasing concentration at 0.lm

when the concentration at 1.0n and 0.5n decreased

just after hlgh water on 20 November and Just before

high water on the 25 Novenber.

The shear stress on the spring tides (FLg 25 xo 27)

decreased to a minintrm just after high water. There

was then a short period of inereased stress before

then it decreased again to another minimun.

Subsequently it Lncreased again during ebb flow'

The shear stress on the Neap tides (Fig 28 and 29)

foll-owed a sLightly different pattern. The shear

stress decreased to a ninimum at about 30nin before

high water. A snalL peak of shear stress was

observed at t hour after high water after which it

decreased to another ninimum before increasing

during full ebb flow.

The bed level was observed to increase during

periods of low shear stress (below 0.1-t'tn-2) . There

rtas a tine delay between reduction in shear stress
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4.4  D iscuss ion

and increase in bed level. This is probably due to

the tine taken for the sediment to fa1l through the

water colrlmn.

The deposition of sedirnent at thls study site during

the monitored tides was dependent upon the tide

induced shear stress, because there rrere no \daves

(in contrast with the l,Iest Usk site). The changes

in concentration, bed level and shear stress tied in

very well with each other. The concentration in the

upper water coltmn dropped when the shear stress

dropped. An increase in the concentration near the

bed (0.1-n) occurred as the concentration dropped in

the upper column (0.5n and 1.0m sensors).  After a

short tine (20 to 30 nin) a change in bed level- was

detected showing that deposition had taken plaee. A

sunmary giving some maximr.m and mlnimum values of

velocities, concentrations and shear stresses is

given in Table 2.

The largest changes in bed level occurred on spring

tides when there rras the largest amount of material

i.n suspension. This is accentuated because the

settling velocity increased with concentration.

It can be assumed that the drop ln suspended solids

concentration just before and during deposition is a

result of sediment depositing on the bed. Fron

inspection of the data the decrease in the

concentration of suspended sediment on the spring

tides is approxinately 0.lt*-r and on the neap

tides ls 0.15kgn-3. The sediment Lost from

suspenslon ls approxinately 1.St*'z (0.3kgn-3 in 5

metres water) on the spring tides and 0.58t*'z

(0.15kgrn-3 in 4.5m metres of water) on the neap

t ide. This wi l l  account for a 0.030n and 0.013n

increase in bed level on the spring and neap tides
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coNcl.usroNs

respect ive ly  assur ing a densi ty  of  deposi t ion of

50kgrn-3. This compared reasonably well with uhe

0.020rn and 0.O10rn measured and indicates that the

concentration changes measured would produce the bed

level changes measured if the sediment deposited

directly from suspension at the same position.

Two sets of field deployments of a specially

designed bed frane, with instruments for

measuring near bed processes, I{tere undertaken

on intertidal mud flats at two sites. The

first was at the nouth of the River Usk on the

Severn Estuary and the second at Eastham docks

on the Mersey Estuary. Continuous measurements

were made of the hydrodynarnics and sediment in

the botton 1ra of the water column. These

included:

- High frequency measurements of flow in x,

y and z direet ions at 0.1 and 0.5m above

the bed.

- High frequency measurement of pressure

fluctuations at 0.Bm above the bed.

- Suspended solids concentration at 0.Im,

0.5n and 1.0m above the bed.

- Measurement of mean tidal flow.

- Measuremencs of bed level near the frame.

At the !ilest Usk field study site 20 tides were

monitored in 5 deploJnnents between November

L989 and October l-990. Comprehensive data was

obtained for 16 tides wich some useful data

from the other 4. Measurement of wave

conditions using the pressure sensor was

suecessful on 8 tides and measurement of bed

level throughout the tide was successful on 11

occasions wich an actual change in bed leve1

monitored on 9 t ides.

t_.

2 .

18



4 .

Measurements of 3 spring tides and 2 neap tides

at Easthaur dock on the Mersey Estuary were

carried out. Complete sets of information on

bed level were obtained for two of the spring

tides and one of the neap tides. The wave

height at the site was below 0.01m throughout

the monitoring period so analysis of the high

frequency fluctuations to determine wave

induced shear stress was not carried out.

The bed level ehanges measured on the May

deployment at the West Usk site showed

significant change; 0.01-5n on the 24 liay am

tide and 0.012rn on the 25 l"lay an tide. The

increase in bed level occurred mostly at the

beginning of the tide, simultaneous with a drop

in suspended sediment concentration. Changes

in bed level for the 4 October pm and 5 October

pm t ides were -0.001 and -0.002rn respect ively.

The bed level change inereased as well as

decreased and che overall changes were nuch

less than those neasured in the May deplo)naent.

The changes may have been due to movement of

the frame or changes in the water column

affecting the instrument calibration. The

change in bed level on these tides followed a

broadly sinilar pattern to suspended solids

concentration.

The shear stress lnduced by tidal flow was

calculated from the logarithmic profile of the

mean veloci.ty measurements (ro) and using

spectral analysis of the high frequency

turbulence fluctuations (""p). The wave

induced shear stress was calculated from the

spectral analysis of Che high frequency

velocity fluctuations (r"r) and from the

pressure variations (r*). The cornbined wave

5 .

19



and tide shear stress was calculated using a

spectral analysis of the high frequency

velocity fluctuations (r"s) and the seeond from

the Relmolds stress calculated frorn the cross

producu of the data sets (r") .  The calculat ion

of shear stress from the high frequency

fluctuati-ons (2"0, tevt, r"a and r.) gave

excessively high results in nany instances.

This could be due Eo two possibi l i l ies, f lexing

of the EMCI'I mountings or disruption of the flow

around the EMCMs caused by the frame. The

spectra from which these high results

originated, however, looked reasonable on

inspection.

6. In the Eastham docks deploynent changes in bed

leve1 of 0.02n and 0.01n lrere measured on

spring and neap tides respectively. Changes in

concentration, bed leve1 and shear stress tied

in very well with each other. The

coneentration in the upper water column dropped

when the shear stress dropped. An increase in

the concentration near the bed (at 0.1n)

occurred as the eoncentration dropped above.

After a short tine (20 to 30 nin) a change in

bed level was detected indicating that

deposition had taken place. The sedinent lost

fron suspension, approximately L.5kgm-2

(0.3kgur-3 in 5 metres water) on the spring

t ides and 0.68kgn-2 (0.15kgn'5 in 4.5m metrbs

of water) on the neap tide could account for

around 0.030n and 0.01-3n increases in bed 1evel

assuming a deposition density of around

50kgn-3.

7 RECO}II{ENDATIONS

The bed frame syscem has been deployed with

considerable success. Improwements to the system

20
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Fig 1 West Usk field study site



Fig 2 Eastham Dock Field Study Site
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APPENDIX A

Data analysis

1 . Analysi-s of water pressure data

Analysis of the wacer pressure data to give

significant wave height (H"), zero crossi-ng period

(Tr) and mean nater depth i.nvolved several stages.

First, each ten minute record was filtered to remove

the change ln baseline uater pressure caused by

tidal leveL change. The average of each successive

block of 256 values was caLculated and a sinple

linear fit applied to the variation of mean ltater

leve1 from block 1 to block 2, from bloek 2 to

block 3 etc. Each value was then set to the

difference between the original value and the 'mean'

depth at that instant. Error checking was limited

to an automatie alert if che differenee between

successive pressure values exceeded a given value.

The pressure fluctuations could not be used directly

to calculate wave heights because of differences in

pressure attenuation between low and high

frequencies. A standard correetion factor

dependent upon the rtrater depth and frequeney had to

be applied the data.

At the high frequency end of the spectrum there

tended to be a small proportion of spurious energy.

Because of this correction factor, this tail parc of

the spectrum assumed much greater proportion when

converted to a surface elevation spectrum.

Accordingly, an upper frequency cut off etas set at

0.75H2 to exclude this energy from the spectrum.

The significant wave height (Hs) and mean wave

period (T.) could chen be calculated for each ten

minute record using the following equations:



Hs

Tz

4 mo0'5

(moln2) o'5

(A1)

(^2)

where

^€
n,.' :J-' n(r) fndf

f r

E(f)- wave spectrum

fu and f1 : upper and lower frequency linits

Analysis of EMCM velocity data

Each velocity record consisted of a tide induced

component and a wave induced component. The mean

tide induced component was considered to vary

slowly. Henee, the running average over a 2-3

minute period will give the mean tidal velocity.

This tidal velocity can be subtracted from the

original velocity record to give the oscillating

wave and turbulent components of the velocity.

Ihe mean tidal velocity over each ten minute period

was calculated for the x and y horizontal

directions. From these the magnitude and direction

of the tidal flow at 0. l-m and 0. 5n above the bed was

computed. From the tidal mean velocities at the

three heights the shear stress at the bed could be

calculated. A plot of velocity against 1og height

above the bed for a particular instant in tine gives

a near straighL 1ine. Using the following equations

the bed shear stress can be calculated:

u * - k d u / d ( L n z )

, b :  P  u * 2

where

(A3)

(A4)

u* : frictional shear velocity (rns-t;

u :  hor izontal  veloci ty (rns-1)



z : height above bed (n)

k :  von Karman's constant (0.4)

16 : shear stress at the bed (Nm-z)

p : lrater densicy (t g*-3)

The height above the bed at whieh the current

velocity is zero is constant for a given bed

roughness, this is known as the apparent bed

roughness. From the apparent bed roughness, U1 and

16 can be ealculated where there is only one

velocity neasurement available at a known height.

This apparent bed roughness was al-so used in

calculation of the wave induced shear stress.

The direction of the waves was calculated from

inspection of a probability distribution analysis of

the directions of the tide reduced velocity data.

The x and y components of this velocity data were

first resolved to give speed and direction.

A spectral analysis of the x and y horizontal

velocities of the tide reduced EMCM data was then

carried out. The frequeneies analysed corresponded

to those used for the pressure sensor analysis and

the spectral distribution of energy was broadly

sinilar. The spectral analysis was expressed as a

plot of 1og energy versus 1og frequency. This can

be interpreted as comprising turbulence from the

tidal current with wave lnduced fLuctuations showing

as peaks superimposed on top. Each spectrum can be

splic to separate the turbulent from the wave

energy (Ref 4).

The RMS orbital velocity corresponds to the square

root of the sum of the areas of the spectrum, on a

linear plot, attributed to the rraves of che x and y

components. This can be used to confirn the RMS

velocity found from water pressure analysis using

wave theory. The direction of propagation of the

waves can also be found from the ratio of che areas



of the x and y components.

The kinetic energy density corresponds to half the

sum of square roocs of the areas of the spectrun

attributed to the turbulence of the x, y and z

eomponents. This was also calculated for 0.lm and

0.5rn above the bed.

Calculation of erosion and deposition rates

The total mass in suspension at any particular

sanpling time was found by surnrnlng the concentration

profiles. The change in mass in suspension from one

instant in time to the next will correspond to the

mass eroded from or deposited on the bed assr.rming

uniforn conditions over a large area.

The rate of erosion or deposition at a point can

also be ealculated fron the ultrasonic bed level

measurements on the corrplex near bed frame. The

mass of erosion is proportional to the bed level

change times the density of the bed. The density

can be measured using a ganma ray probe or by taking

samples for laboratory analysis.

Calculation of bed shear stress vector

The friction velocity and apparent bed roughness

were calculated frorn the best fit logarithnic line

through the lower water column velociEy

measurements. The shear stress calculated uslng

equation A4, however, will only represent the real

bed shear stress in records which have

insignificant wave activity. The direction of this

stress was the same as that of the measured flow

direct ion.

To find the peak bed shear scress due to waves the

maximum bottom orbital velociry must first be found.

The maximum bottom orbital velocity was calculated



from the significant wave height, mean wave period

and the water depch using first order l inear vrave

theory. The peak bed shear stress can then be found

by assuring a friction factor (Ref 3) or using the

friction factor found from the tidal flows as above.

The direction of this stress rras orientated in the

direction of wave propagation.

The wave and tide indueed shear stress parameters

can be combined to give an overall shear stress.

The high frequency velocity measurements enable the

bed shear stress to be calculated from the Relmolds

stress and from total kinetic energy (Ref 4). The

Relmolds stress was calculated from the spectrum of

the high frequency velocity data. This in turn can

be used to calculate the bed shear stress. The

streamwise and transverse components were calculated

and conbined to give the modulus and direction of

the stress.

The shear stress at the bed has been found by other

researehers to be directly proportional to the

turbulent kinetic energy (Ref 4). This has been

found to be true of a wide variety of flows

ineluding wave plus current flows and enables the

shear stress to be estimated.




