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Fundamental to the problem of predicting non-cohesive sediment transport is the incomplete understanding of the
interactive feedback triad linking sediment resuspension with the hydrodynamics of natural waves and wave-
generated bedforms. To address aspects of this problem measurements of sediment entrainment by random waves
over rippled sand beds have been obtained using approximately co-located acoustic instruments in a large wave
flume. Measured velocity, normal and Reynolds stress profiles conform to theory and to numerical model
predictions. Wave-generated ripples classified as suborbital were present in most wave conditions examined.
Improved empirical expressions to predict the height and wavelength of the suborbital ripples are presented. A time
lag that increased with distance above the bed was observed within the suspended sediment concentration field. This
was attributed to enhanced turbulence production at the bed by wave-related vortex shedding by bedforms. The
magnitude of turbulence production by wave groups was related to the size and number of waves in a group and
resulted in larger observed total suspended load values than those associated with single waves of similar height.
Owing to the stochastic nature of the resuspension process, variability in suspended sediment concentration values
for waves of comparable size was (50%). A time delay was observed in the maximum suspended sediment
concentration after the passage of the largest wave in a group. The shape of wave period-average suspended sediment
concentration profiles, , were found to change from approximately exponential to Rouse-like during
passage of a wave group.
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ABSTRACT

Laboratory Investigation of Bedform Dynamics and Resuspension of
Sandy Sediments at Field Scale

J. J Williams† and P. S. Bell†

INTRODUCTION

Whilst advances in acoustic technologies over the past

decade have contributed significantly to progress in measuring

hydrodynamic and sediment processes in near-shore and in

continental shelf environments, there are still gaps in

knowledge that prevent full description of sediment

resuspension and transport. In order to investigate complex

sedimentological and hydrodynamic processes in detail it is still

necessary therefore to undertake experiments in controlled

laboratory conditions. Here we report selected results from a

focused study examining oscillatory suspended sediment

transport processes in a large wave flume. The experiments

reported here have addressed the following topics: 1) wave

hydrodynamics; 2) wave-generated bedforms; and 3) sediment

resuspension by waves and by wave groups.

Experiments were performed in the large-scale Delta flume

facility of Delft Hydraulics (230 m long, 5 m wide and 7 m deep)

in a still water depth, , of 4.0 m above initially flat beds of

medium and fine sand ( = 0.349 mm and 0.220 mm) with a

depth, width and length of 0.75 m, 5 m and 30 m, respectively.

All instruments described below were mounted in close

proximity onto a purpose-built frame and deployed in the flume

approximately mid-way along the sand bed (Figure 1).

Spacing between adjacent acoustic sensors was sufficient to

ensure no acoustic interference (Figure 2). At the test site, a

pressure sensor was used to measure the water depth, , (i.e.

waves at sampling frequency, = 8 Hz) and two Acoustic

Doppler Velocimeters, ADV, ( = 25 Hz), five wall-mounted

electromagnetic current meters, ECMs, and a coherent Doppler

velocity profiler, CDVP, ( = 16 Hz), were used to measure

wave-induced flows. In addition to the transmit transducer

used in uni-axial CDVP systems, the CDVP comprises two

additional receivers located at 90° to each other, such that the

backscattered sound from the whole vertical range can be

received at the transducer face. The CDVP measured therefore

wave-induced flows in a vertical profile up to a height of

approximately 0.6 m above the bed at vertical intervals of 0.046

m. Further details of the CDVP are given by .,

(2003) who also give recent example of results from field

deployment of the CDVP.

Vertical suspended sediment concentration profiles were

measured by pump sampling ( ., 1987) and

acoustically at intervals of 0.01 m over the range 0.01 m < <

1.0 m using a 1.0 MHz, 2.0 MHz and 4.0 MHz acoustic

backscatter system, ABS, ( = 4 Hz), (T

, 1997). An acoustic ripple profiler, ARP,

comprising of a 2 MHz transducer mounted onto a motor (

and , 1997), and high-resolution sector-scanning sonar,

SSS, consisting of a small, fan beam acoustic transducer

mounted on a stepper motor ( ., 1998) measured

bedforms.

In a series of tests in random waves conforming to the

JONSWAP spectrum ( = 3), the significant wave height, ,

was increased systematically to a point where sheetflow

conditions might be expected and thereafter decreased to

around the starting value. In all the tests the peak wave period,

, was kept constant at 6 s and waves passed above the test beds

of sand for one hour before taking measurements. Previous test

in the Delta flume reported by . (2003a) show

that changes in bedform geometry was undetectable after this
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Data Analysis

Hydrodynamics

Pressure sensor records were corrected for depth-attenuation
to obtain time-series of water depth, . The ABS instruments
were calibrated using pump-samples. ARP profiles were
smoothed using a digital filter and spatially-averaged values of
the height, , and wavelength, of the wave-generated ripples
were obtained for each ARP profile using zero down-crossing

analysis software . Data from the SSS were slant range
corrected to obtain circular plan images of the bed
morphology. Manufacturers’ Being reliant upon a measured
shift in frequency, the CDVP required no special calibration.
Orthogonal flow components measured by the ADVs and the
CDVPwere corrected using an axes rotation algorithm to obtain
zero-mean flow component time-series and , comprising
wave-induced fluid motion and turbulence. The wave-only and
turbulent fluid motions were then separated using a moving
average method (W , 2002) to obtain time-series
comprising wave motion ( , and ) and turbulence ( ,

and ).

Values for the wave orbital diameter, , were calculated

using = /sinh( ), is the wavenumber, 2 , is the

wavelength of the surface gravity wave defined as 2/ , and the
wavenumber, = , where is a dispersion parameter defined

as (1+0.2 ) for = 1, and [1+ 0.2 exp(2-2 )] for >

1, (S , 1997), where / , = acceleration due to
gravity and = 2 . The orbital amplitude is defined as

/2. Values for the peak semi-orbital velocity close to the bed,

is defined as where is the peak wave period.

Estimates of the wave-induced skin friction bed shear velocity,

, were obtained using = 0.5 where the wave friction

factor, , is defined in terms of the relative (grain) roughness, ,

by (1974) as = 0.3 for 1.57 and = 0.00251

exp(5.21 ) for > 1.57, and = where the Nikuradse

equivalent sand grain roughness is given by = 2.5 . In the

analyses below, the wave 'mobility number', , defined as =

/[( ) ] is used to characterise wave and sediment

dynamics, ( , 1980) where is the sediment density

(2650 Kg/m ) and is the fluid density (1000 kg/m ).

In the present paper we focus attention upon results obtained
from experiment M07 on the medium sand bed. This illustrates
the principal features of the much larger data set that is currently
the subject of further investigation.

Comparison between time-series measured by CDVP and
ADV and spectra for , and (ADV, ECM and CDVP) at

0.25 m are shown in Figures 3 and 4, respectively. Close
visual agreement between time series measured by the ADV
and CDVP is evident and with the exception of the ECM which
shows the characteristic insensitivity to high-frequency
motions attributable to the sampling volume, spectra and co-
spectra from the acoustic instruments show close agreement
across a broad range of frequencies. Thus the CDVP is shown
to have a capacity to measure the wave-induced flow field with
accuracy comparable to an ADV. Since this instrument has the
added advantage of providing a vertical profile of flow
conditions, attention will now focus on data from this
instrument.

Figures 5 shows: and ; , and ; and , and

time-series measured by the CDVP at 11 heights above the bed
in the range 2 cm < < 70 cm. Here, for clarity, the time-series
have been offset. Ahigh degree of vertical coherence is evident.

Figure 6 shows intra-wave profiles of and ; , and ;

and , measured by the CDVP. These were obtained by

splitting each wave into 14 parts and obtaining a mean value for
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RESULTS

Laboratory Investigation of Bedforms and Resuspension

Figure 1. Instrument frame on the sand bed in the Delta flume.

Figure 3. Comparison between CDVP (upper panel) and an
ADV (lower panel) time-series at 0.25 m, test M07.u z ˜

Figure 2. Streamwise and spanwise location of instruments.
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Table 1.
.
Summary of Delta flume tests. Note test M07

conditions

Fine

Sand

Tp (s) Hs (m) Medium Sand Tp (s) Hs (m)

F01 6 0.20 M02 6 0.31

F02 6 0.33 M03 6 0.40

F03 6 0.44 M04 6 0.49

F04 6 0.56 M05 6 0.58

F05 6 0.75 M06 6 0.76

F06 6 0.93 M07 6 0.93

F07 6 1.10 M08 6 1.12

F08 6 1.28 M09 6 1.29

F09 6 1.18 M10 6 1.42

F10 6 1.11 M11 6 1.55

F11 6 1.02 M12 6 1.40

F12 6 0.93 M13 6 1.29

F13 6 0.76 M14 6 1.11

F14 6 0.58 M15 6 0.93

F15 6 0.42 M16 6 0.76

F16 6 0.31 M17 6 0.58
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all waves in a given run (typically approx. 300 waves). Time-
averaged vertical profiles of normal and Reynolds stresses are
shown in Figure 7. In all cases, measured parameters are found
to conform approximately with theoretical expectations and to a
simple 1DV numerical wave boundary layer model (e.g.

., 1994). In particular, estimates of the bed shear
stress and bed roughness obtained from these data agree broadly
with empirical expressions (e.g. , 1997; ,
1992). It is considered that the acoustic instruments on the
frame are able to resolve the wave-induced flow field with
consistency and in great detail.

In common with a previous study the present data show that
the deployment frames and associated instruments has no
detectable affect the local hydrodynamic and sedimentological
processes. Differences in hydrodynamic conditions measured
beneath the frame and at locations at the side wall of the flume
were also not detected in the present study.

During a sequence of experiments summarised in Table 1,

was increased to a maximum value of 1.5 m and then
decreased. The changes in ripple dimensions in response to
each change in wave height was measured by the ARP and SSS
instruments. A detailed analysis of these data is reported by

., 2003b. Briefly, Figure 8a shows that for the
medium sand bed ripple height, , and wavelength, , increased
in response to increasing wave height. In contrast and values
for the fine sand bed at first increase with up to around =

0.75 m (Figure 8b). Thereafter, and values decrease as
bedforms are washed out by the strong wave-induced flows.
At the highest wave conditions, bedforms are virtually absent as
the sheet flow regime is approached. It was noted also that
whilst ripples of the dimensions illustrated in Figure 8b
disappeared when > 1.25 m, long wavelength ( 1 m),

low height ( 1-2 cm) mega-ripples developed which do not
conform to conventional predictions (not illustrated).

Analyses of theARP data by . (2003b) shown
in Figure 9 show the present ripples to fall within the suborbital
range defined by and (1994). Consequently,
predicted values for and given by empirical formulae from,
for example (1981), and (1982) and

(1989) do not perform well for these bedforms
( ., 2003b). Here the relationship between ripple
height, , and wavelength, , expressed in terms of is shown in
Figure 10. The least squares fit to the data gives the following
predictive formulae for and

Equations 2 and 3 provide a useful means for estimating the
dimensions of suborbital ripples observed during the series of
tests reported here. Further, they also predict and values for
suborbital ripples observed in field conditions reported by

(1957) and ., (1999). Whilst the data sets
examined thus far are not extensive and caution is still required
when using these equations to predict ripple dimensions for
field situations, they perform better than other empirical
formulae for predicting wave-generated ripples

The suspended sediment concentration field measured by the
2.0 MHz ABS over a time of 100 seconds and height range of 0
m < < 0.8 m is shown in Figure 11. The figure shows the short
duration, high concentration intermittent resuspension of the
bed sediments by individual waves well documented by, for
example, and (2002) and the lower
frequency modulations in average concentration associated
with groups of waves ( and , 2002).

The vertical structure of resuspension events is illustrated by
the time-series in Figure 12a which shows suspended sediment
concentration, , measured in the range 2 cm < < 40 cm. Here,
each series has been offset to show the important features of

O'CONNOR

SOULSBY NIELSEN

WILLIAMS

WILLIAMS

WIBERG HARRIS

NIELSEN GRANT MADSEN

VAN RIJN

WILLIAMS

INMAN HULM

VILLARD OSBORNE

VINCENT HANES

et al

H

circa

et al

H H

H circa

circa

et al

et al

et al

.

z

C z
C

Bedforms

Suspended Sediments

s

s s

s

ç ë

ç ë

ç ë

ç ë ø

ç ë

ç ë

Figure 4. Power spectra and co-spectra obtained from ADV,
ECM and CDVPfor , and flow components, test M07u v w .

Figure 6. Intra-wave profiles of and ; , and ; and

, from the CDVP at 11 heights above then bed, test M07.

u, v w u v w

u v
t t t

w w

Figure 5. Time-series of: and ; , and ; and , and

form the CDVPat 11 heights above then bed, test M07.

u, v w u v w u v

w
t t t w w

w

Figure 7. Time-averaged profiles of the normal stresses and
and Reynolds stresses and from the CDCP, test M07.

uu
ww uw vw

� �098.6)ln(121.2)ln(315.0exp 2 ���� ��
�

oA

� �0349.0)ln(00342.0)(ln028.0exp 2 ���� ��
	

oA

(01)

(02)

Journal of Coastal Research Special Issue 39, 2006,

812

2
1
0

-1
-2
-3
-4
-5
-6
2
1
0

-1
-2
-3
-4
-5
-6
2
1
0

-1
-2
-3
-4
-5
-6

0 100 200 400300 500 0 100 200 400300 500 0 100 200 400300 500

Time

m
/s

waves & turbulence

v
er

tc
al

sp
an

w
is

e
st

re
am

w
is

e

turbulence-only waves-only

-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2 -0.05 0 0.05

-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2 -0.05 0 0.05

m/s

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -0.1 -0.05 0 0.05 0.1

z
(m

)
z

(m
)

z
(m

)

v
er

ti
ca

l
sp

an
w

is
e

st
re

am
w

is
e

waves & turbulence waves-only turbulence-only0.8

0.6

0.4

0.2

0

0.8

0.6

0.4

0.2

0

0.8

0.6

0.4

0.2

0

0 0.005 0.01 0.015 0.02 0.025 0.03

10
0

10
-1

10
-2

CDVP
ADV-1
ADV-2

CDVP
ADV-1
ADV-2

CDVP
ADV-1
ADV-2

CDVP
ADV-1
ADV-2

10
0

10
-1

10
-2

10
0

10
-1

10
-2

10
0

10
-1

10
-2

0 0.05 0.15 0.25 0.35 0.450.1 0.2 0.3 0.4 0.5

-0.05 -0.04 -0.03 -0.02 0-0.01 0.01 0.02 0.040.03 0.05

-0.05 -0.04 -0.03 -0.02 0-0.01 0.01 0.02 0.040.03 0.05

m /s
2 2

z
(m

)

uu

ww

uw

vw



the data. Picking out the portion shaded grey in Figure 12a
Figure 12b shows that resuspension events exhibit a lag (15 s)
between the lower and upper regions of the flow. This lag is
attributable to the advection and diffusion of wave-generated
turbulence from the wave boundary layer into the overlying
flow field (V and , 2002).

Time-averaged suspended sediment concentration profiles
for each ABS frequency, -profiles, are shown in Figure 13
together with values from pump-samples. These later data
are time-averaged values for a period of approximately 10
minutes during the middle of a run. Close agreement between
the -profile and the pump sample values is evident. Following
work reported by (2002), it is found here that the
shape of the near-bed -profile is best characterized by pure
diffusion and a height invariant eddy viscosity up to
approximately 2 ripple heights above the bed. Above this
region, the shape of the -profile conforms to (1992)
convective-diffusive description or a pure convective solution
alone. Further discussion of this is given by .,
(2002).

It was noted also that for waves of comparable size ( 5%)
there was wide variability in near-bed concentration values (
50%). Similar findings are reported by V and
(2002) who attribute variability to the inherently stochastic
nature of the sediment resuspension process.

Preliminary investigations have also examined the role of
wave groups in the resuspension process. Figure 14 shows: a) a
wave record and the associated wave group envelope function;
b) a sequence of -profiles measured for each successive
forward and reverse wave stroke within the group; and c) a time
series of total suspended sediment for the time period
commensurate with the wave record in a). The well-
documented wave-pumping effect is evident in Figure 14b. In
common with observations reported by . (2000)
high concentrations of suspended sediment are observed
towards the end of a wave group as the wave height dropped
rapidly. Present data indicate that this is associated with
changes occurring to the bedforms during the passage of a wave
group promoting more effective sediment entrainment, and
more efficient diffusion by enhanced turbulence production at
the bed. It seems likely also that settling of suspended grains
may also be hindered by enhanced turbulence production
( ,1992). The present CDVP data show clearly
enhanced turbulence associated with wave groups extending
over the range 0.02 m < < 0.25 cm.

The affect of wave groups is further illustrated in Figure 15
which shows a wave group comprising 9 waves and its
associated envelope and the corresponding response of the
sediments with respect to the total suspended sediment in the

range 1 cm < < 80 cm (middle panel) and vertical wave period-
averaged suspended sediment concentration profiles (lower
panel). Here, the time-averaged concentration profiles
associated with each individual wave in the group is labeled to
illustrate the sequence of profile responses to the group.

Figure 15 shows the time delay in the peak suspended
sediment concentration and significant variability in the shape
and magnitude of the C-profiles. At the start of the group C-
profiles are approximately exponential in accord with Nielsen
(1992). Sediment entrained from the bed is mixed higher into
the water column by turbulence as each successive wave in the
group passes resulting in C-profile shapes that conform closely
to a Rouse profile. Soon after the wave height decreases,
turbulence reduces and the sediment settles to the bed and once
again C-profiles acquire approximately exponential
characteristics.

The data set acquired during focused experiments in the
Delta flume reported here has provided new insight into the
complex feedback triad linking wave-induced fluid motion,
bedforms and suspended sediments. In common with a
previous study the data indicates strongly that there is no
influence of large scale deployment frames on measurements
obtained by sensors mounted on the frames. The CDVP has
provided high-quality, detailed measurements of the wave-
induced flows and associated turbulence. Vertical profiles of
normal and Reynolds stresses measured by the CDVP conform
approximately to theory and to predictions from 1DV numerical
models. The analysis of the wave-generated bedforms has
revealed the presence of suborbital ripples during the majority
of the tests. Anew expression to predict and values has been
derived from the data. During the passage of individual waves
and wave groups the observed time lag within the suspended
sediment concentration field is considered to result from
enhanced turbulence production at the bed by wave-related
vortex shedding by bedforms. Further, the magnitude of
turbulence production by wave groups was related to the size
and number of waves in a group and resulted in larger observed
total suspended load values than that associated with single
waves of similar height. A time delay was observed in the
maximum suspended sediment concentrations after the passage
of the largest wave in a group. Results showing a wide
variability in near-bed sediment concentration values that for
waves of comparable size indicates the inherently
unpredictable nature of sediment resuspension by waves.
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Figure 8. Ripple wavelength and height as a function of for

the medium and fine sand beds, all Delta flume tests.

Hs

Figure 10 Ripple height, , and wavelength, , as a function of
the wave mobility number, , for the present suborbital ripples.

. ç ë
ø

Figure 9 Classification of Delta flume bedforms using the
Rouse parameter (b), after and , 1994), all test

.
WEIBERG HARRIS

Figure 11. Suspended sediment concentration field measured by
the 2.0 MHz ABS, test M07 showing individual resuspension
events by waves.
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Figure 12. Time-series plots of measured suspended sediment
concentration by the 2.0 MHz ABS during run M07 over the
range 2cm < < 40 cm. Note the time lag in peak concentration
values between adjacentABS cells shown in b).

z

Figure 14. Measured suspended sediment concentration field
and associated hydrodynamics during passage of two wave
groups during run M07.

Figure 13. Measured vertical time-averaged suspended
sediment concentration profiles for run M07.

Figure 15. Wave group effects on: total suspended sediment in
the range 1 cm < < 80 cm (middle panel); and vertical wave
period-averaged suspended sediment concentration profiles
(lower panel).
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