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A NOTE ON SYMBOLS

Where possible use of the same symbol for different
meanings has been avoided. However, in some cases

it has been desirable to preserve original notation
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1. INTRODUCTION

This report describes measurements of sediment transport rates and the
sediment circulation pattern in Swansea Bay (see Figure 1)

The specific objective of this study has been to identify and quantify
those processes which are capable of transporting sand towards and away from
the foreshore on the E side of the Bay, particularly the area to the S of
Port Talbot (see Figures 2 and 3). However, the findings of this report may
have broader implications in terms of sediment transport processes in the sea.

Observed and predicted transport rates have been used to determine the
relative magnitudes of suspended and bed load transport, principally under
tidal currents, and in the selection of a suitable sediment transport formula
for the prediction of sediment transport paths in the area. The role of
surface wave activity in modifying the sediment transport processes is also
briefly considered.

Previous studies of sediment transport processes in Swansea, Bay (eg
Davies, 1974, 1975: Ferentinos and Collins, 1978: Collins et al, 1979) have
concentrated largely on a fundamental description of the origins, transport
and deposition of both non—cohesive and the cohesive sediments in the area.
Sediment transport paths have been inferred from grain size distributions
and the asymmetry of large amplitude bedformss current measurements have also
been used to describe the various hydrodynamic regimes,

In this report we examine the previous and largely sedimentological
interpretations of the area and show that in general these are consistent
with the observed fluid dynamical processes and predictions from sediment

transport theory. However, there are some important differences.

2 DYNAMICS OF SEDIMENT TRANSPORT
2.1 PFundamental processes
Sediment may be moved on or above the sea bed in two modess
(a) Dbed load in which grains roll or saltate along the sea bed, perhaps
at heights of up to a few grain diameterss
(b) suspended load in which grains are transported within the body of the
fluid at some distance (many grain diameters) from the boundary.
Under tidal currents the motile agencies for these modes consist
respectively ofs
(c) the action of an applied stress at the sea bed by the action of the

tidal current flowing above its



(d) the production of turbulent kinetic energy by shear in the bottom
boundary layer.
In some cases (c¢) and (d) will be modified by the effects of wave

activity.

2.2 Non-linear effects.

The principal difficulty involved in measuring and predicting sediment
transport is its extreme non-linearity. From a dynamic point of view bed
load transport ( ?sé) is related to the friction velocity Aw 11
the excess shear stress (’15 - 15@@ ) at high transport rates and *o

AUy times the excess shear stress squared ( T - Tc,g)zat low trancypc
rates. Suspended sediment transport (’ﬁhu-) is dynamically related *-
the friction velocity oy to a power greater than unity, timec
excess shear stress. Here 1: is the shear stress exerted on the sen
bed and :tgﬂ is a critical value of & related to the threshold
of movement of material as bed load or in suspension.

Thus to summarise:

3
Ay (t— 'Gg) ®x Ay at high transport rit..
X
Zcb { = s
cwu (T - ?"e) & “a at low transport rot-.

and -2

N N
T-7T o A
Zes X U 4 «) *

where M= /  at least.

Further difficulties arise in computing bed load transport on rivi..- :
beds due to the uncertainty in partitioning the bed shear stress into th=t
part which overcomes form drag and that part which is due solely to siiin
friction (see, eg Smith 1977; Smith and McLean, 1977).

Whereas it is possible to calculate bed load transport from a knowledse
of the sediment and flow characteristics alone, calculation of suspeiwicu
load transport also regquires a knowledge of the concentration at a =v. -
height above the sea bed. This information, which requires special
measuring techniques, is frequently not available, and successful suspended
load prediction, particularly on the continental shelf, is one of the major
difficulties presently confronting sedimentologists, geologists and

oceanographers.



3e DISTRIBUTION OF SEDIMENTS

The range and diversity of sediments in Swansea Bay is considerable:
this in itself makes the prediction of sediment transport rates difficult,
Figure 2 shows the range of sediment types observed on the E side of the Bay
and illustrates a five fold variation in grain size from the fine silty
material of about 50/MﬁA grain size, in the area off Port Talbot, to the coarse
250/Mﬁw grain size material in the vicinity of Sker Point. This distribution
reflects closely the variation in tidal current amplitude in the area and
the residual water movements (see Heathershaw and Hammond, 1979).

Grain size analyses of sediment samples from the foreshore on the E side
of the Bay (see Appendix A) indicate a median grain size ( Hgp ) of about
17}/An4 « This material is similar in size to the sediments lying in the
vicinity of the Kenfig Patches, Hugo Bank and Scarweather Sands. Here, box
core and grab samples have indicated a median grain size of about 16L;AAA
(see Figure 4 and Appendix A).

Further details of the geophysical interpretations and sediment
characteristics of the area are given in Blackley (1978).

In the present study th refore, we have been concerned primarily with
the movement of material having a median ( cigb ) grain size of about 17QAAAA .
The manner in which this size of material moves through the population of
grain sizes found in the area is by no means clear; in particular the way
in which a non=cohesive sand size material moves across cohesive material
of the type found off Port Talbot is not known and this is clearly one of the

ma jor difficulties in predicting the movement of coarse grained material.

4. BED LOAD TRANSPORT

4.1 Techniques

In order to predict sediment transport rates and directions, near
bottom current measurements were made at a number of locations in Swansea
Bay (see Figure 3). These observations were made using conventional
recording current meter techniques and full details of this work are
given in Heathershaw and Hammond (1979).

The bulk of these measurements were made at a height of 2 m above the
seabed and thus estimates of the near bottom velocity field ( ZZEOO ) have
been used, with an appropriate sediment transport formula, to predict sediment

transport rates and directions over the area as a whole.



The choice of a suitable formula has been determined by comparing bed
load transport estimates from two radioactive tracer experiments, at positionsT1 an’
T2 in Figure 3, with predicted transport rates using current measurements
from Stations A and C. Further details of the tracer experiment and
comparisons of sediment transport formulae are given in Heathershaw and
Carr (1977) and in Appendices B and C of this report.

Examples of tracer dispersion patterns are given in Figure 5, and it
should be noted that these reflect strongly the phase of the tide following
the release of the tracer (ie ebb at T1 and flood at T2) and cannot be used
to infer directions of net sediment movement until the tracer has come into
equilibrium with the sea bed. Heathershaw and Carr (1977) have found that
this may take as long as 10 - 20 days.

The various sediment transport formulae examined here, utilise estimates
of the_ﬁfiction velocity s , or the friction velocity and the depth mean
flow U . To obtain these estimates from our measurements of “zgab it
is necessary to assume some form for the vertical velocity distribution in
the bottom boundary layer. It is usual to assume that this is logarithmic

and of the form

Ulz)= a@x 2n 2
X Zo

where 178 is the mean flow at a height ] above the sea bed, 2o

, (1)

is the roughness length and P is von Karman's constant, usually taken
as 0.4 for suspension-free flows. However, it should be noted that
logarithmic velocity profiles may not be applicable at all times throughout
the tidal cycle (eg Sternberg, 1968, 1972) and we will show later that the
form of the profile may be influenced by vertical stratification effects
of the type reported by Smith and McLean (1977) and Taylor and Dyer (1977).
The use of a logarithmic velocity distribution (equation 1) in
predicting sediment transport rates on the continental shelf presents a
major difficulty since in the majority of cases &4 is not known. In
this study we have found that reported o values fall roughly into
four categories according to the sediment types most frequently encountered
on the continental shelf. These are summarised in Table 1 and it should be
noted that these values are quite independent of any changes which may
occur over the tidal cycle.

Various of the sediment transport formulae (eg Bagnold, 1963, Yalin,



1963) require specification of a critical or threshold velocity ZZEQ .
In this study values of «U,e have been calculated using ¢ logarithmic
velocity profile (equation 1) and a critical friction velocity, L‘*aﬂ R
obtained from Yalin's (1972) modified Shields! (1936) curve (see Appendix

D for details).

Thus at each location where sediment transport predictions were made,
values of ¢ and szewere specified, the appropriate adjustments being made
in the few cases where current measurements were not made at a height of
2m above the sea-bed. Full details of these calculations are also given
in Appendix D.

Comparisons of measured and predicted bed load transport rates can
only be made in terms of net or tidally averaged quantities since those
are all that can be determined from the radioactive tracer experiments

described in Appendix B.

ly.2 Choice of sediment transport formula

Five sediment transport formulae (see Table 2) were chosen for
evaluation in this study. Full details of the formulae and the comparisons
between them are given in Appendix C.

These comparisons indicate a two order of magnitude variation in the
predicted net bed load transports given by the five formulae. Figure 6
summarises the comparisons of predicted and observed net or tidally averaged
transport rates at Stations A and C, using the 5 different formulae, and
from the tracer experiments at T1 and T2.

Best estimates of the net bed load transport appear to be given by
Bagnold's (1963) formula, in a modified form due to Gadd et al (1978),
which gives estimates to within a factor of 0.5 - 2 of the measured rates

(see Table 3 and Figure 6). Bagnold's original formula expressed the bed

load transport rate Zxé in terms of the stream power o) and an
efficiency factor /( , that is
%cé = & ke
&-¢ (2)

where C; is the sediment density, C° is the density of sea water
and &2 is the stream power given by the product of the bed stress T

and the friction velocity Uyxy . The application of this formula



requires specification of the efficiency factor A which has been shown
(eg Sternberg, 1972) to be a function not only of grain size but also of
bed form amplitude. This dependence has been removed by Gadd et al (1978),
who, using the flume data of Guy et al (1966), have expressed (2) in terms

of the current at 100cm above the sea bed, ZCct , and a threshold
velocity ZQ& . (Note that Bagnold's original formula - equation 2 -

predicts sediment transport at all flow speeds). Thus

%rb:!@[mn'u“)z: (3)
where ﬁz is a coefficient, having the dimensions of gm cm~hs_2,

which was obtained from flume data. For this study equation (3) has been
written in terms of the measured currents at a height of 2CJcm above the
sea bed ( ZZ;G‘ ) by assuming a logarithmic velocity profile and by
taking an appropriate roughness length £¢ (see Table 1). The value

of the coefficient ,@ varies according to grain size and Cadd et al (1975)
give values of ﬁ for dS’b grain sizes of 180/,«»\ and LSO/M . In
this investigation we have been particularly concerned with the prediction
of sediment transport rates and directions for the size of material found
on the foreshore and sand banks of the E side of the Bay. This material
(see Tables A.1 and A.2) has a median grain size (elg ) of about 170 pamr
which corresponds fairly closely to the mean tracer particle sizes which
were of the order 160 - 170 ermn Z 20 g . We have thus taken a value of
/g of 7.55 x 10_5 gm cmus_g, which correponds in Gadd et al's calibration
of equation (3) to a grain size of ﬂﬂ%«n», and is therefore considered

a reasonable value.

Bagnold's formula is one of the simplest expressions currently in use
by oceanographers and engineers and is based on the physics of the stream
power concept. Indeed, its success in this particular application may
owe much to this simplicity.

To obtain net transport rates from the predictions based upon current
meter records, successive 10 minute samples of current speed and direction
were converted to sediment transport rates and directions and then vector
averaged over a large number of tidal cycles, the exact number being
determined by the length of the current meter record. Smoothed progressive
vector diagrams of sediment transport rates and directions are shown in

Appendix E, Figures E1.1 to E11.1. The net transport rates used in the



comparisons of sediment transport formulae and in the eventual prediction
of sediment transport paths, as described in this report, are thus the
resultants of the appropriate progressive vector diagrams, examples of
which are shown in Appendix E. The sediment transport progressive vector
diagrams may be compared with those for the water movements given by
Heathershaw and Hammond (1979). It is clear from these comparisons that
residual sediment and water movements can be in significantly different
directions.

The more sophisticated techniques, eg Ackers and White's (1973) formula
(see Appendix C), tend to yield lower estimates (see Figure 6). However,
it is worth noting that in the absence of a tracer estimate and in terms
of their median performance we might equally well have chosen Engelund
and Hansen's (1967) or Einstein's (1950) formulae.

5. SUSPENDED LOAD TRANSPORT
5.1 Suspended sediment transport formulae

It is not possible to predict directly, suspended sediment transport
rates from a knowledge of the near bottom velocity field and the sediment
characteristics alone. The solution of the steady state diffusion
equations (see Yalin, 1972) gives the mass concentration at a height &
above the sea bed, CQC?) , in terms of a reference concentration C?(é}
measured at a height & . The resultant profile, known as the Rouse

concentration profile, is

W
Cla) . fhor. 2 i
Cla) - A ® (1)

where A is the total flow depth and W the settling velocity. However,

various attempts have been made to relate C(EKS to a near bed concentration

which might in turn be related to the bed load. In particular Smith (1977)

and Smith and McLean (1977) have suggested that the reference concentration
C:[b~) may be expressed in terms of the bed load concentration at =z

height equal to the roughness length. Thus Cﬂﬂﬂ) may be written as

cea) = cColy, s/(1+4,5) (5)

where § is the normalised excess shear stress given by



C=(T-Tr)/ Tr

andat is an empirically determined constant of order 10_3, provided & is
taken as approximately ecual toi%. CYZ), noticnally, at least, is the
maximum permissible concentration at the bed and for S -» N ie, large
excess shear stresses, CJG*J d CZB\ . For low excess shear stresses Smith

(1977) has shown that

C (=) =]j7 C& s (6)

for Ao . For material having a mean grain size of approximately 180 amn .
Smith and McLean (1977) have found do = 2-L x ‘IO-3 and 4, =1.2L x 10_3.
However, Dyer (19%)) measuring on a rippled sand bed having a mean grain size
of ZSO/MAA’haS found a value of J? significantly different from that
reported by Smith and McLean (1977) and about an order of magnitude lower.

The methods outlined above may provide a means of predicting suspended
sediment transport rates from a knowledge of the velocity fieid and sediment
characteristics alone. However, as we have seen considerable uncertainty

still surrounds the values of the empirical coefficients d; and cr; .

5.2 Near-bottom suspended sediment and velocity profile measurements

Full details of the suspended sediment and velocity profile measurements
are given in Appendix F of this report.

Suspended sediment measurements in Swansea Bay at locations PS2, PSL and
PS5 (see Figure 3) using the pumped sampling equipment shown in Figure 7 and
described in detail in Appendix F, have revealed a complex pattern of
behaviour.

Grain size analyses show that at PS2 (see Figure 8) the median grain
gizes of the material in suspension and on the sea bed are broadly similar
( dg Y 704 ). However, at PS5 (see Figure 9) while the material in
suspension is similar in size to that at PS2 there is considerably more
variation in the sea-bed samples which are up to a factor of 2 times coarser.
It is also interesting to note that at both sites there is little systematic
variation of mean grain size with height.

Concentration measurements were made at heights of 10, 15, 25, LO, 80
and 180cm above the seabed to give one profile approximately every half hour

throughout the tidal cycle. Concentration profile measurements were considered



important at this stage to determine the validity of equation (l).

Near-bottom velocity profile measurements were also made at locations P52,
PSlL and PS5 (see Figure 3) with the equipment described in Appendix F.
Logarithmic velocity profiles (equation 1) were fitted to velocity measurements
in the bottom boundary layer, averaged over a period of 10 minutes, using a
least squares regression technique to give the friction velocity e and
roughness length & . The velocity measurements were made at heights of
15, LO, 100 and 180cm above the seabed. Only L5% of ‘the velocity profiles
could be fitted at the 95% confidence level and nearly all profiles showed a
tendency to be concave downwards, even at the 99% confidence level, indicating
possible stratification effects (see later discussion).

Examples of concentration and velocity profiles are shown in Figures 10,
11 and 12, while Figures 13 and 14 show the variation of Moy , iﬁaﬂ
and the concentrations at different heights above the sea bed, through the
tidal cycle at PS2 and PSl;. The variations of 2 with & at PS2 and Psh
are shown in Figures 15 and 16 and indicate an order of magnitude variation
in ®#g over the tidal cycle with, on Springs, flood values being higher
than ebb values. At PS2, on Springs, the situation appears to be similar.
However, with the exception of the ebb values which lie in the range .1 to
.5cm the observed roughness lengths are in general higher than would be
expected given the flow conditions and sediment characteristics for the area.
This behaviour may be due in part to the presence of ripples on the sea bed
and the way in which their amplitudes vary over the tidal cycle. Alternatively
it may be due to high suspended sediment concentrations, particularly near
the bed, where the presence of a moving layer of grains may modify the
velocity profile and provide an effective bed roughness which is related to
the thickness of a moving, or saltating layer, and which in turn is related
to the excess shear siress. Under these circumstances 2, is given (see

Smith, 1977) by

z°= J‘(?'Tm‘ -+ EN,
(c;-e)g (7)

where #¥a is the flat bed roughness related to the grain size & y by
ZN_:-ai,k?o (Yalin, 1972). However, analysis of our data does not reveal
any obvious correlations of the form shown in equation (7), although Figures
15 and 16 do suggest that 2e may be proportional to a..4 s which is
a similar result to that of Dyer (1980). It seems more likely that the

10



complex pattern of behaviour observed in the measured &y values is a
consequence of the stabilising effect of suspensions in the boundary layer.
This will lead to modified forms of the equilibrium velocity and concentration
profiles in a constant stress layer. The effect of a density gradient may be
expressed in terms of the Monin-Obukhov length Z (see Taylor and Dyer,
1977, for discussion) defined by

L = o Ax ?

|
*xg e’ (8)

where C" and W' are the fluctuating parts of the density and vertical

velocity fields, é: is the mean density and é;ﬁ:7' represents a

density or buoyancy flux.

The velocity profile (1) may now be written as

U= cx(n 2220 4 A2)
X

Bo L (9)
(the n Ei}g‘ form is used for computational ease at this stage)
o
where ./\- is an empirically determined constant which from atmospheric

boundary layer experiments (Businger et al, 1971) has been found to be
Lo + .5

Taylor and Dyer (1977), using the results of Barenblatt (1953, 1955)
have shown that (9) may be expressed in terms of the suspended sediment

concentrations and settling velocity as

(r-2)%
_ . Z AL -
= 5 [.\‘+ 8’0'\{/+(7—_e)(e /)}],(10)
where J.: _@,\[[-2-4-?13)/?‘0] . (11)

A and B are given by

.A_WX Co %o
A = £ b%@ and &= )%' s (12)

where, C, is now the 'surface concentration' of sediment, which is analogous
in some respects to c(e) in equation (5), and Or is now given by
d": /f, - 6)/(" where C‘. is the sediment particle density. The concentration

profile corresponding to (10) is of the form

11







































































































































































































































































































































