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Measurements of hydrodynamic conditions and vertical suspended sediment concentration profiles, C-profiles, have
been obtained above rippled sandy beds in a large wave flume. Measured values of wave height and period, water
depth and sediment properties are used in well-known formulae to predict sediment dynamics and bed shear stresses
due to waves. These data are then used in an existing convective model and a new model to predict C-profiles.
Measured C-profiles and C-profiles predicted by the new model are shown to agree well for a range of grain sizes and
wave conditions. Grain-scale bed roughness, defined using data from the model, is found to vary with the wave mobility
number. Values for the wave mixing coefficient derived using the new model are tested and are found to agree well
with published values and with theory.

ADDITIONAL INDEX WORDS: Deltaflume, pump-sampling, hydraulic roughness, diffusion, vortex, diffusivity, wave
mixing, acoustic bed imaging.

INTRODUCTION

In most marine situations sandy sediments are generally
moved as bedload by tidal currents during part of the tidal
cycle. During storms this situation can change dramatically
when, under the action of large waves, bed sediments are
resuspended in appreciable quantities and are transported in
suspension by even the weakest of tidal currents. Given the
pivotal role played by waves in the mobilisation and resus
pension of bed sediments, the present paper tests a new ex
pression to predict the vertical profile of suspended sediment
concentration due to waves.

Two basic mechanisms are responsible for entrainment and
vertical mixing of sediments by wave-induced flows: a) the
formation of a vortex in the lee of each ripple when the flow
reverses at each half-wave cycle results in convection of sed
iment away from the bed (this vortex is unwound rapidly and
sediment diffuses outwards and/or settles back to the bed);
and b) turbulence generated through interactions between
grains comprising the bed and the wave-induced flow and
between vortices and the surrounding fluid results in the ver
tical diffusion of the sediment.

In order to examine at approximately field-scale vertical
time-averaged suspended sediment concentration profiles, C-
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profiles, under waves, measurements of wave-induced flows
and suspended sediments have been obtained in a large wave
flume. Whilst this work has been undertaken primarily to
evaluate the performance of the large multi-sensor instru
ment STABLE (WILLIAMS et al., 1998a), work in the present
paper focuses attention upon C-profiles and bedforms mea
sured during the experiments.

Following a description of the instrumentation and the ex
periments, methods used to calculate various hydrodynamic
and sedimentological parameters used in models to predict
C-profiles are described. Predicted values of these parame
ters are compared with measured values. Measured C-pro
files are then compared with C-profiles predicted by two mod
els: the first uses an existing expression based upon a con
vective approach (NIELSEN, 1992); and the second uses a new
diffusion-based expression developed by WILLIAMS et al.
(1997b, 1998a). Parameterisation and performance of the
models is considered.

EQUIPMENT AND METHODS

The Delft Hydraulics Laboratory Deltaflume is a large
wave flume approximately 230 m long, 5 m wide and 7 m
deep. The facility has a capacity to generate regular and ir
regular waves with a height up to 2 m, Figure la, thereby
permitting the study of wave phenomenon at virtually field
scale. In the sections below the following co-ordinate system
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Figure 1. (a) Deltaflume (b) grain size distribution (medium sand Dso = 0.329 mm; fine sand Dso = 0.162 mm) (c) STABLE - Sediment Transport And
Boundary Layer Equipment.

is used to define the location of instruments: x = distance
across the Deltaflume; y = distance along the Deltaflume
from the wave generator; and z = the vertical distance above
the sediment bed, Figure 1a(i).

Measurements were obtained above beds of sand compris
ing: (a) medium sand (DlO = 0.187 mm, D16 = 0.211 mm, D35

= 0.273 mm, D50 = 0.329 mm, D84 = 0.605 mm, Dgo = 0.761
mm), test series A, Figure 1b; and (b) fine sand (DlO = 0.093
mm, D16 = 0.101 mm, D35 = 0.135 mm, D50 = 0.162 mm, D84

= 0.244 mm, Dgo = 0.291 mm), test series f, Figure lb. The
sandy beds, approximately 30 m long, 5 m wide and 0.5 m
deep, Figure Latii), were placed at y = 105 m, and were com
pacted by a mechanical vibrator. To reduce erosion, a slope
of approximately 30° was left at each end of the sediment
beds and drainage was laid beneath the beds to prevent dis
turbance to the sediments during filling of the Deltaflume.
Prior to taking any measurements, waves were passed over
the test bed for approximately 5 hours in order to force re-
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Sediments

Table 1. Approximate wave conditions for tests on the medium (A) and
fine (f) sand beds (wave period = 5 seconds in all cases).

CALCULATION OF SEDIMENT AND HYDRAULIC
PARAMETERS

SOULSBY (1997), where the dimensionless grain size for
grains in suspension, D*s, is given by

(4)

(2)for r, 2:: 25,

l(PS )]11:3g--l
P

D = D*s v 2 SOS

Regular Waves Irregular Waves

Wave Height Medium Sand Fine Sand Medium Sand Fine Sand

0.50 T < T t f03a 7 < 7 t f04a
0.75 AOBa f1la A09a f07a
1.00 A05b fOBa AlOa f10a
1.25 AlIa A12a f12a

Dsos = Dso

and

v
ws = 0[(10.362 + 1.049D~s)1I2 - 10.36] (3)

sos

The median diameter of grains in suspension, Dsos, was
calculated using

Dsos = Dso[l + 0011(as - l)(Ts - 25)] for 0 < T, < 25 (1)

Here v and P are the kinematic viscosity, (::::::::1.11 X 10- 6 at
16° C), and the density, (::::::::999.0 kg/m" at 16° C), of water,
respectively, and Ps is the measured density of the sediment,
(2653 kg/m"),

VAN RIJN (1984), where the grain sorting parameter, as =

0.5 [(DsiDso) + (D SJD 16)] is based upon measured sediment
properties, Figure 1b, and the sediment transport parameter,
'I', = (Tw G - 'Tt)lTt. Methods used to calculate the peak skin
friction component of bed shear stress, TwG' and the threshold
bed shear stress for sediment entrainment, 'Tt, are described
below.

The settling velocity of grains in suspension was calculated
using the optimised formula

During the experiments it was possible to measure most of
the important sediment and hydrodynamic parameters used
in published formulae to predict C-profiles. However, in most
field situations, calculation of C-profiles must usually rely
upon a very limited number of data (e.g., wave height, wave
period and the median grain size of the bed material) and
usually recourse must be made, to empirical methods to pre
dict other required parameters. Thus, before examining C
profiles in detail, here we calculate using well-known for
mulae, a number of important sediment and hydrodynamic
parameters. These calculated values will be compared sub
sequently with measured values. In general, the choice of for
mulae used here follows guidance given by SOULSBY (1997).

maining air out of the bed and to generate bedforms. Figure
1a(iii) shows 1.0 m regular waves in the Deltaflume during
this initialisation.

Measurements of the water surface elevation were ob
tained at y = 117.9 m and y = 120.9 m using resistive wave
probes. Data from these instruments were sampled at 25 Hz
and were analysed subsequently using Delft Hydraulics soft
ware to calculate various wave parameters used in the sec
tions below. Hydrodynamic and sediment measurements
were obtained using a suite of sensors and sampling devices
on the STABLE frame (HUMPHERY and MOORES, 1994; WIL
LIAMS et al., 1997a), Figure 1c. Data used in the present
study were obtained from STABLE using the following in
struments: Valeport Series 800 electromagnetic current me
ters, ECM's (diameter = 10 em, resolution = ±0.1 cm/s);
pump-sampling equipment; an acoustic bed profiler, ABP;
and a sector scanning sonar, SSS. ECM's were used to mea
sure wave-induced flow at a sampling rate of 8.0 Hz at z ::::::::
30 em, 60 em, and 91 cm.

Pump-sampling equipment used to obtain in situ samples
of suspended sediment consisted of 10 brass intake nozzles
(internal diameter 3 mm) orientated at 90° to the wave or
bital motion (BOSMAN et al., 1987; Figure Lc). Each nozzle in
the array was connected to a plastic pipe through which a
mixture of water and sediment was drawn to the surface by
means of a peristaltic pump. The resulting water/sand mix
ture from each sampling position in the array was collected
simultaneously in 10 litre buckets. Subsequent analysis of
samples in the laboratory gave dry weight sediment concen
tration values and the suspended sediment grain size at each
sampling height. During any given experiment, further sam
ples of suspended sediment were obtained at 10 heights
above the sand bed from the side-wall of the Deltaflume at y
= 121.5 m using the same pump-sampling equipment.

The ABP (BELL and THORNE, 1997), measured the height,
h., and wavelength, 'Ar , of bedforms along a 3 m transect ex
tending in front of and behind its location on the STABLE
frame, Figure 1c. Completion of a single transect measure
ment took approximately 30 seconds and measurements were
repeated immediately following the completion of the previ
ous scan. With the wave generator turned off, acoustic images
of the bed showing clearly wave-induced bedforms in a cir
cular area of diameter r- 5.0 m were also obtained using a
sector scanning sonar, SSS, device which was lowered into
the Deltaflume (BELL et al., 1998).

In order to minimise erosion of the bed, experimental con
ditions were chosen to run in sequence from low to high
waves. Surveys showed that the depth of sediment either side
of the STABLE deployment site remained approximately con
stant throughout the tests. The presence of equilibrium bed
forms was assumed when the ABP failed to detect significant
changes in h, and 'Ar • Normally this took approximately 60
minutes from the start of each new wave run. A summary of
wave conditions pertaining during the experiments on the
medium and fine sand beds considered here is given in Table
1. Irregular waves used in the experiments conformed to the
JONSWAP spectrum.
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for regular waves (NIELSEN, 1992). Here the sediment mo
bility number for waves, 'I'w = U~/(s - 1)gD5o, and the mea
sured specific gravity of sediment grains, s = 2.653. For ir
regular wave conditions, h, and 'Ar values were calculated us
ing

The threshold peak wave shear stress for bed sediment, 'It,

was calculated using

'It = Seg(ps - p)D50 (5)

where the critical Shields parameter (SOULSBY, 1997). In this
case the dimensionless grain size, D*, was calculated using
D50S = D50 (Eq. 4). h r ~- = 21,1,-1.85 lor ,I, > 10A 't'w 't'w

(12)

'A rA = 2.2 - 0.345tV~S4 (11)

(18)

(17)

(13)

(14)

Uw £ Uw (15)L = 0.075-h r or - < 18
ws ws

L = 1.4h r
£ Uw (16)or - 2: 18

ws

C(z) = c(a)(z + La)-ex (19)
a + La

WILLIAMS et ale (1997b; 1998a). In Eq. 19, C(a) is the time
averaged suspended sediment concentration value at height
a. In the present wave-only conditions, the term parameter
ising average bed shear velocity in combined wave-current
conditions is omitted so that the Rouse-type coefficient a par
ameterising diffusive processes is defined here as w/~K U*wG.

Co = 0.0052s

(NIELSEN, 1992). Values for 2 were calculated using

_ p(fwR)U;
t: = -----------

2(ps - p)gD5o(1 - 1Thr/'A r )2

where fWRis a rough bed wave friction factor calculated using
Eq. 8. Here, the ripple-scale roughness, ksR' defined approx
imately as 8h;/'Ar (NIELSEN, 1992), was used to calculate r
(Eq. 8).

For combined wave-current conditions in the field and in
the laboratory has been shown that measured C-profiles can
be simulated accurately using a diffusion-base expression in
the form

C-profiles

For a rippled bed in wave-only conditions, C-profiles can
be described using the exponential convective model

NIELSEN (1992). C(z) is the time-averaged suspended sedi
ment concentration value at height z and Co is the so-called
'reference concentration' of suspended sediment at the bed (z
= 0) defined as

(NIELSEN, 1992) where the vertical length-scale, L, parame
terising the vortex ejection process in oscillatory flow over
ri pples is defined as

»; ( 693 - O.37[ln tVw]8 )
A = exp 1000 + 0.75[ln tVw]7

(NIELSEN, 1992) where A is calculated using the significant
wave height. Equation 12 and Eq. 13 were derived from field
measurements. Further consideration is given below to mea
sured and predicted vortex ripples and other bedforms mea
sured during the experiment.

(8)

(7)

fWG = 0.237r-O.52

(SOULSBY, 1997). Here the relative roughness, r = AlksG' the
semi-orbital excursion A = n, T/21T, and the Nikuradse
equivalent sand grain roughness ksG = ~Dx, where ~ is a
constant and D, refers to x percentile grain diameter. Whilst
it is normally assumed that ksG= 2.5D50,values for ~Dx given
in the literature vary considerably from 1.25Ds5 to 5.1D84,
SLEATH (1984, p. 39). This range of ksGvalues may be attri
buted to factors such as the micromorphology of the bed, the
flow regime adjacent to sediment grains and the motion of
sediment grains on the bed at or close to threshold conditions.
Estimates of fWG are subject therefore to a certain degree of
uncertainty, which is considered further in the following sec
tions. Peak bed shear velocity values for grain-scale rough
ness, U*wG, were calculated using

U*wG = (0.5fwGU~)o.5 (9)

The ABP on STABLE provided in situ measurements of bed
morphology from which estimates of the average ripple
height, h., and wavelength, 'An were determined. However, in
order to test here widely used formulae to predict the dimen
sions of wave-induced bed ripples, predictions of h, and 'Ar

were also calculated using

h rA = 0.275 - 0.022tV~5 for tVw < 156 and (10)

Hydrodynamics

For monochromatic waves, the peak orbital velocity ampli
tude at the bed, Uw s was calculated from linear theory using

A 1TH
U; = T sinh(kh)

where H is the measured wave height, T is the measured
wave period, the wave number, k = 21T/'A, 'A is the wavelength
and h is the measured time-averaged water depth. For the
irregular waves, u, was approximated from measured values
of the significant wave height Hs' and the measured zero
crossing wave period, Tz ' using the method given by SOULSBY
(1987). Values for n, given by Eq. 7 and by the method of
SOULSBY (1987) when compared with peak wave orbital ve
locities measured by the ECM pair positioned at z ~ 30 em
differed by less than 3% in all cases examined here.

Irrespective of bed morphology, the mobilisation, entrain
ment and resuspension of sand grains under moderate wave
conditions is governed by the skin friction component of the
total bed shear stress. For the rough turbulent wave bound
ary layer flows pertaining here, the skin friction factor for
grain-scale roughness, fwG, can be approximated using
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Measured and Predicted Bedforms

RESULTS AND DISCUSSION

(b) fine sand bed (ripple troughs shaded black)

(a) medium sand bed (ripple troughs shown shaded black)

Figure 2. Sector scanning sonar images of ripples on (a) the medium
sand bed and (b) th e fine sand bed , showing th e side-walls of th e Delta
flume and th e location of STABLE. Visual differences betwe en ripple s
beneath STABLE and at distances awa y from th e rig ar e not discernible.

much smaller in both amplitude and wavelength than the
ripples on the medium sand bed, they to also appear to be
long crested and two-dimensional.

In the following discussion of bed profiles measured using
the ABP, 'instantaneous' bed profiles refer to profiles mea
sured during a test every 30 seconds, and 'time-average' bed
profiles refer to the mean bed elevation during the 20 minute
measurement period at each ABP measurement cell along the
bed transect. Figure 3a shows time-averaged bed profiles for
all the tests considered here. Estimates for h, and Ar used

(20)

(21)C(a) = 0.015D 5oT15
z(a)D~·3

C(a) = 0.331(8 s - 0.045) 1.75
1 + 0.72(8 s - 0.045) 1.75

for steady flow conditions. Here the skin friction Shield pa
rameter, 8s , is defined as Twdp(s - 1)gD5o. In the second case,
C(a) values at zta) = h, were calculated using the VAN RIJN
(1984) expression

Here in accord with convention it is assumed that the ration
of sediment diffusivity to eddy viscosity 'Y = 1.0 and the von
Karman constant, K = 0.4. In common with Eq. 14, L is de
fined by bedform morphology and is used here to parameter
ise the vortex ejection mechanism (Eqs, 15 and 16).

C(a) values in Eq. 19 were estimated using two existing
expressions. In the first case, Cta) values at z = 2D50 were
calculated using the ZYSERMAN and FREDs~E (1994) expres
sion

In this case, the dimensionless grain size, D* was calculated
using D50S = D50 (Eq. 4). In the VAN RIJN formulation, the
transport stage parameter, T*, is defined as (TwG - 'Tt)/'Tt,
where TWG is the peak wave induced bed shear stress for
grain-scale roughness (i.e., pU:wG).

Ripple height, h., is an important parameter in determin
ing vortex entrainment of sediment by waves, and acts to
define a mixing length in convective expressions for the pre
diction of C-profiles. Thus, attention is first turned to bed
morphology measured by the ABP during the experiments.
Tests on the medium sand bed produced ripples with wave
lengths = 0.3 m and heights = 0.06 m. Tests on the fine sand
bed in wave conditions where H or Hs < 0.75 m gave ripples
with wavelengths = 0.2 m and heights = 0.03 m. Typically,
during a 20-minute test, slightly asymmetric wave-induced
flows and a weak near-bed return flow = 0.01 mls in the
Deltaflume caused these ripples migrated a distance of ap
proximately 0.05 m toward the wave generator. In addition
to the vortex ripples measured during lower wave conditions,
the fine sand bed showed a tendency to develop much larger,
'dune-like' bedforms (h, = 0.15 m, Ar = 2.0 m) under larger
wave conditions.

Plan view images of vortex ripples on the medium and the
fine sand bed obtained using the SSS instrument are shown
in Figure 2. In Figure 2~, the image was obtained in front of
STABLE following test A12a, and shows clearly imprints left
by the feet following removal of the rig from the Deltaflume.
In Figure 2b, the image was obtained from a position behind
STABLE following test f08a when the rig was still in the
flume. In this case, STABLE feet are shown to be elevated
above the general level of the bed and an acoustic shadow
from the rear leg of STABLE is evident. Figure 2a shows that
ripples are long-crested and approximately 2-dimensional
and that visually, ripples appear to be similar in front of and
beneath STABLE. Whilst ripples shown in Figure 2b are
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Figure 4. Comparison between relative ripple height, h/A, and relative
wavelength, A./A, values measured by the ABP and values predicted by
various empirical formulae (NIELSEN, 1992).
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Figure 3. (a) Time-averaged bed profiles measured using the ABP along
a 3.0 m transect for tests on the medium and fine sand beds; (b) instan
taneous bed profiles measured using the ABP on a bed of fine sand during
large waves showing 'dunes' and small 'vortex' ripples.

below were obtained using the time-averaged bed morphology
data.

Whilst vortex ripples and the dune-like bedforms present
on the fine sand bed in high wave conditions could be readily
identified in the majority of tests, it was not possible to detect
small ripple in average bed profiles for tests roBa, flOa, fl1a
and fl2a (Figure 3a). However, examination of the instanta
neous bed profiles measured during these tests revealed
small ripples with AT ~ 0.1 m and h, ~ 0.02 m to be present
of along the crest region of the larger bedforms. Measurement
showed that these small ripples migrated at a much quicker
rate than those present in the lower wave conditions (~ 0.1
m) and consequently they were not detected in the time-av
eraged profiles. Figure 3b shows the small vortex ripples pre
sent with the larger dune-like bedforms on three individual
instantaneous bed profiles measured during test fl2a. It is
the dimensions of these smaller ripples that will be used be
low to calculate the mixing term L used in Eq. 14 and Eq. 19
for tests roBa, flOa, fl1a and fl2a.

o~-~-----~~-To-~-~------iO----~o

m

approximate location of ARP on STABLE

Calculated and Measured Sediment and Hydrodynamic
Parameters

The relationship between measured h/A, 'A/A and 'I'w for
the medium and the fine sand beds is shown in Figure 4. This
figure also shows values for h/A and 'A/A predicted for reg
ular waves in the laboratory (Eq. 10 & Eq. 11, respectively)
and for irregular waves in the field (Eq. 12 & Eq. 13, respec
tively) (NIELSEN, 1992). Over the range 10 < 'I'w < 150, Fig
ure 4 shows generally good agreement between h/A and 'A/
A values measured by the ABP and h/A, and 'A/A values
predicted by Eq. 10 and Eq. 11 for regular wave conditions.
The three exceptions to this are during tests flOa, fl1a and
fl2a, when smaller than expected ripples (h, ~ 0.02 m; 'Ar ~

0.1 m) were present with the dune-like bedforms not predict
ed by theory (Figure 3). Images of the bed obtained using the
SSS showed these large bedforms to be present both in the
vicinity of the STABLE frame and at locations up to 5m away
from the frame. It is considered therefore, that these large
bedforms are not simply the result of complex interactions
between wave-induced flow and STABLE. These large bed
forms were absent during all tests over the medium sand bed.
Values for h/A and 'A/A predicted by Eq. 12 and Eq. 13 for
random wave conditions differ markedly from the measured
values. Similar findings are reported by RIBBERINK and AL
SALEM (1994). It is considered that in the present cases, in
sufficient time elapsed during the random wave runs for the
bed morphology to evolve to an equilibrium form.

In the following sections we present ourselves initially with
a situation frequently encountered when attempting to pre
dict sediment transport for scientific and engineering appli
cations in the field: namely measurements of only a few basic
sedimentological and hydrodynamic parameters. Thus, with
the exception of data for grain size and density, wave height
and period and water depth, all the terms required to predict
C-profiles using Eq. 14 and Eq. 19 were calculated using the

I

3.0
I

2.0
m

I

1.0

15.0 em

I

0.0

(b)
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C-profiles measured using the pump-sampling equipment
on STABLE are shown in Figure 5 for: (a) regular waves
above the medium and fine sand beds [(i) tests A05b, A08a,
Al Ia, and (ii) f03a, f08a, f11a, respectively]; and (b) for ir
regular waves above the medium and fine sand beds [(i) tests
A09a, A10a, A12a, and (ii) f04a, f07a, f12a, respectively]. Fig
ure 5 shows also C-profiles measured during the same test
conditions from the side wall of the Deltaflume. For the C
profiles considered here, time-averaged suspended sediment
concentration, C, values measured at the sampling position
closest to the bed span a range from approximately 0.01 gil
to 10.0 gil. Whilst Figure 5 shows that the majority of C
profiles exhibit a slightly convex curvature, there are some
examples (e.g., f04a) where 'S'-shaped profiles are evident and
others where profiles are approximately linear (e.g., A10a).

Figure 6 shows comparisons between measured C-profiles
and C-profiles calculated using Eq. 14 and Eq. 19. Values of
the parameters C(a), L, u., ».. U*wG, 'IT used in Eq. 14 and
Eq. 19 were calculated using the methods described above
and are given in Table 2.

In using Eqs. 14 and 19, selection of appropriate parame-

Measured C-profiles

equations described above. A rigorous test of the models is
then to compare predicted C-profiles with C-profiles mea
sured during the experiments. Fine tuning of parameters re
quired to achieve closer agreement between measured and
predicted C-profiles may then aid further our understanding
of the processes resulting in suspended sediments under
waves. A summary of the principal sediment and hydrody
namic parameters necessary to predict C-profiles for the pre
sent series of tests is given in Table 2. Table 2 also includes
the following measured and calculated wave and sediment
parameters: H; n, T; Tp; Tz; h r and Ar •

Table 3 shows Dsos values predicted by Eq. 1 and Dsos val
ues measured by sieve analysis of the pump-samples ob
tained from STABLE at the stated heights above the bed. In
nearly all cases measured Dsos values are ~ 100/0 less than
Dsos values predicted by the VAN RIJN (1984) formula. How
ever, since the range of heights over which Eq. 1 is valid is
not defined, the significance of this difference cannot be
quantified. In common with findings reported by WHITE
HOUSE (1995) for tidal flows, measured Dsos values over the
range 5.3 cm < z < 40 em equate approximately with D16

D3S values for the sediments comprising the bed (Figure Lc).

Table 3 shows that measured Dsos values decrease with dis
tance above the bed to values approximately equal to D lO for
the bed sediment at z = 40 cm. A reduction in the diameter
of grains in suspension of approximately 0.07 mm was typi
cally measured over the range 5.3 em < z < 40.0 em. Differ
ences between Dsos values measured from the side-wall of the
Deltaflume and those given in Table 3 were small and
showed no systematic trend. Given that differences between
measured and predicted Dsos values are small and the lack
of data from position at z < 5.3 em, it was decided to proceed
with the Dsos values predicted by Eq. 1. This is consistent
with the present requirement to use calculated parameters
as far as possible.
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Table 3. Median suspended sediment grain size, D5 0 SJ for medium and fine sand predicted using Eq. 1 and measured using pump-samples from STABLE.

o.; (rn l Dr;os(mm) Dr;os(mm) Dsos (rnm) ti.; (mm) Dsos (rnrn)

Test (VAN RIJN, 1984) (z = 5.3 em) (z = 7.3 em) (z = 10.2 em) (z = 25.5 em) (z = 40.0 em)

A05b 0.27
A08a 0.27 0.26 0.23 0.22 0.19 0.18
A09a 0.27 0.27 0.24 0.23 0.21
A10a 0.27 0.23 0.22 0.19
A11a 0.27 0.24 0.22 0.21 0.18 0.15
A12a 0.27
f03a 0.14 0.13 0.11 0.10 0.09 0.09
f04a 0.14 0.12 0.11 0.10
f07a 0.14 0.12 0.11 0.10 0.10 0.09
f08a 0.14 0.12 0.11 0.09 0.09
flOa 0.14 0.13 0.11 0.09 0.09
fl1a 0.14
fl2a 0.14 0.14 0.13 0.11 0.10

explain the wide range of definitions for ksGreported in the
literature (e.g., SLEATH, 1984). It should be noted also that ~
values are derived here using an empirical fit to laboratory
data, and thus it is possible that changes in ~ simply reflect
a shortcoming ofEq. 19. Further work to investigate this will
be the subject of a future publication by the authors.

Values for the sediment diffusivity, Ew, were calculated for
C-profiles measured from STABLE and from the Deltaflume
using the expression

derived from the familiar time-averaged and horizontally
spatially averaged sediment continuity equation. Similarly,
Ewvalues were also calculated for C-profiles predicted by Eq.
19. In all cases, Ewvalues were found to increase linearly with
z and exhibited relatively little scatter adding further to con
fidence in the accuracy of the present Cmeasurements. Using
least-squares linear regression analysis of Ewon z, values for
the total diffusive bed shear velocity, U*total, were obtained
from the gradient. In all cases, the correlation was found to
be statistically significant at the 99% confidence level. Values
for a constant wave mixing coefficient, Ew' parameterising the
vortex-ejection mechanism over ripples were obtained from
the intercept with the abscissa (cf WILLIAMS et al., 1998a).

Values for U*total obtained from the measured and predict
ed C-profiles are plotted against U*wG values from Eq. 9 in
Figure 8. Values for U*total from the predicted C-profiles (Eq,
19) lie on the unity line approximately mid-way between the
measured U*total values which themselves exhibit relatively
little scatter. These data provide further evidence that dif
fusive processes are correctly parameterised in Eq. 19.

A wave-mixing coefficient can be extracted from the em
pirical length scales given by NIELSEN (1992) for suspended
sediment concentrations in oscillatory-only flow over ripples
composed of fine sand grains from Ew= Lw.. For Aw/ws < 18,
Ew = 0.075 Awhr and for Aw/ws 2: 18, Ew = Ldh, (NIELSEN,
1992). Here w is the angular wave velocity = 21T1T. Figure 9
shows good agreement between Ew values predicted by the
model and Ew values derived from the measured C-profiles.
In addition, Figure 9 also shows the Ewvalues predicted using
the Nielsen empirical formulae agree closely with measured

terisation for ksG(Eq. 8) was at first problematic. For exam
ple, use of 5.1D84 (MAHMOOD, 1971) in the expression to cal
culate r gave markedly different results to values obtained
using 1.25D3s (ACKERS and WHITE, 1973) to parameterise
grain roughness. This in turn influenced significantly the val
ue of -0*wG and hence affected values of Cta) obtained using
Eqs. 20 and 21. The approach adopted here was to assume
D, = Dso and to optimise the fit between predicted and mea
sured C values at z = 5.3 em by varying ~. Following this
procedure gave good agreement between measured C-profiles
and C-profiles predicted by Eq. 19, Figure 6. Here we choose
to calculate the reference concentration using Eq. 20. In con
trast, C-profiles predicted by Eq. 14 (using Eqs. 15 or 16 to
calculate the empirical coefficient L) follow approximately the
same shape as those predicted by Eq. 19 over the range
2.5Dso < z < 3 em but deviate significantly from measured
C-profiles at z > 5 em. These results contrast with the good
agreement found between C-profiles measured in the field by
LEE and HANES (1996) and the convective model of NIELSEN
(1992), Eq. 14.

Since the grain roughness parameter ksGmust be related
to the size and arrangement of grains on the bed, it might be
anticipated that ~ is related to the sediment mobility number
'I' w if, for example, Dso is selected as being a characteristic
length scale describing grains comprising the bed. The rela
tionship between ~ and 'I' w for D, = Dso suggested by the
model (Figure 7) demonstrates that the grain roughness de
creases with 'I' wover the range 10 < 'I'w < 100. For 'I' w >
100, a single data value from the present tests suggests that
~ values may begin again to increase. For D, = Dso, the re
lationship between ~ and 'I'wcan be described using

In(~) = 8.5 - 3.8 In('I'w) + 0.4 In('I'w)2 (22)

Whilst it is well known that ksG values are much larger in
sheet flow conditions (i.e., 'I' w > 150), e.g., WILSON (1989),
systematic changes in the hydraulic roughness of beds sub
ject to sporadic or periodic mobility have not been reported.
Thus, with knowledge of the mobility number, Figure 7 in
dicates a method by which ksG can now be defined over a
range of hydrodynamic conditions. Further, as many combi
nations of grain size parameters and multipliers can give the
same ksGvalue, the relationship shown in Figure 7 may also

-wC
E = __s_

w ac/az (23)
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Figure 5. C-profiles measured in regular and irregular wave conditions
above rippled beds of medium and fine sand using pump-sampling from
STABLE and from the Deltafiume.

Figure 6. Measured (Deltaflume and STABLE) and predicted (NIELSEN,
1992; WILLIAMS et al., 1997b) C-profiles for regular and irregular waves
above the rippled medium and the fine sand beds.

values. Figure 9 thus demonstrates that values of L used in
Eq. 19 parameterise well convective processes leading to the
resuspension of sand.

SUMMARY AND CONCLUSIONS

Experiments to study sediment resuspension at approxi
mately field-scale have been undertaken in the Deltaflume.
Field and laboratory instruments have been used to measure
sediment properties, hydrodynamic conditions and C-profiles.
Valuable data from the present experiments are presented
pertaining to bedforms and suspended sediment concentra
tion profiles. Published methods have been used to calculate
all the terms used to predict C-profiles using a convective

model and new model using a diffusion-based formulation. It
was found that at all elevations, Dsos values measured by
sieving were > 10% smaller than predicted Dsos values. Set
tling velocity values may be slightly overestimated therefore,
if predicted Dsos values are used. Whilst at z = 5.3 em, Dsos
values r- D3S for sediment comprising the bed, at elevations
> 7.3 em, Dsos values equated more closely with D16 • In the
expression ksG = r3Dx for grain-scale bed roughness it has
been shown that for the present experimental conditions, r3
is a non-linear function of the wave mobility number, 'I' w

when D, = Dso. It has been observed that over the range 10
< 'I' w < 100, r3 decreases, whilst for 'I' w > 130, r3 increases.
It is considered that whilst these results go some way in rec-
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onciling the wide variation in terms used to define k sG , they
may also point to some deficiencies in various approaches for
the scaling of grain-related bed roughness. A new model has
been used to predict accurately measured C-profiles in a wide
range of wave conditions for both medium and fine sands.
The expression is relatively simple to apply and through use
of well-known sediment and hydrodynamic equations, re
quires only a few simple input parameters. In agreement
with theory a statistically significant positive linear correla
tion was found between Ew values and z. Good agreement be
tween Ew values predicted by the model and Ew values from
the measured C-profiles demonstrates that values of L used
here parameterise well bedform morphology and associated
scales of the convective processes leading to the resuspension
of sand.
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APPENDIX 1 NOMENClATURE

A semi-orbital wave excursion
C time-averaged suspended sediment concentration
Cra) time-averaged 'reference' suspended sediment con

centration at height z = a
C(O) time-averaged 'reference' suspended sediment con

centration at height z = 0
C(z) time-averaged 'reference' suspended sediment con-

centration at height z
D* dimensionless grain size
D*s dimensionless grain size for particles in suspension
D lO 10% of grains finer than stated value
D16 16% of grains finer than stated value
D3S 35% of grains finer than stated value
Dso 50% of grains finer than stated value
Dsos median diameter of grains in suspension
DS4 84% of grains finer than stated value

n,
Dx

H
Hs

L
T
Tp

Ts

Tz

T*
Uw

U*wG

U*wR

U*total =

fWG

fwR
g
h
hr

k
k sG

r
s
Ws

x
y
z
ex

~
Cw

Sw
'A
'AT
K

V

8c

8s

p

Ps
(Js

TT

Tw

TWG

1-1-
w

'l'w

90% of grains finer than stated value
x% of grains finer than stated value
wave height (monochromatic waves)
significant wave height
vertical length scale (NIELSEN, 1992)
wave period (monochromatic waves)
peak wave period
sediment transport parameter
zero-crossing wave period
transport stage parameter
peak wave orbital velocity
peak wave-only bed shear velocity for grain-scale
roughness
peak wave-only bed shear velocity for ripple-scale
roughness
total diffusive bed shear stress
wave friction factor for grain-scale roughness
wave friction factor for ripple-scale roughness
acceleration due to gravity
water depth
ripple height
wavenumber
Nikuradse equivalent sand grain roughness
relative roughness (AlKJ
specific gravity of sediment
settling velocity for sediment grains
distance across the Deltaflume
distance along the Deltaflume
height above the sediment bed
Rouse-type parameter
multiplier
sediment diffusivity
wave mixing coefficient
wavelength of water waves
ripple wavelength
von Karman's constant (0.4)
kinematic viscosity of water
cri tical Shields parameter
skin-friction wave-only Shields parameter
density of water
measured sediment density
grain sorting parameter
threshold bed shear stress
peak wave-only bed shear stress
peak wave-only bed shear stress for grain-scale
roughness
rough bed Shields parameter
angular wave velocity
sediment mobility number for waves
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