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Abstract

The processes of near bed sediment dynamics invédeglback mechanisms, with the hydrodynamics,doedf
and sediment transport each mutually interacting Brodifying one another. To understand these intienss

requires co-located, simultaneous, high temporatigpresolution measurements of the three compgenathis

interacting sediment triad. To study the triad, wstics has been increasingly utilised over the pastdecades.
The development and application of acoustic systeapable of measuring near bed hydrodynamics, sdsge
sediments, bedload and bedforms is now contribusiggificantly to the measurement of sediment tpans
processes. Here we look at the application of tlaeseistic techniques to the study of sediment p@nsn large
scale wave flume facilities and present resultsediment dynamics over sandy rippled beds undeesvav

1. INTRODUCTION centimetric/millimetric spatial resolution and sub
second temporal resolution.
To predict sediment transport requires a detailed
understanding of the fundamental physical
processes that lead to the movement of sediments.
The processes can be thought of as dynamic
interactions with feedback between: (i) the seabed
morphology; (ii) the sediment field; and (iii) the
hydrodynamics. This process has been coined the
‘Sediment triad'.
The vision two to three decades ago was that
acoustics may provide simultaneous measurements
of all three components of the sediment triad.
Acoustics was considered to have the potential to
measure non-intrusively, with high temporal- T
spa_tial resolutipn, co_—Iocated profiles_ of susp@hdeFigurel Schematic of a Multi-frequency ABS for
sediment particle size, concentration, the thregeasuring vertical profiles of suspended partidie s
orthogonal components of flow and bedforms, atnd concentration.
intra-wave, intra-ripple and turbulent scales.
Here we look at the application of acoustics taUsing a combination of theoretical inversions
sediment transport processes (Huther et al 201YThorne et al 2011), formulations for the scattgrin
and illustrate its use through a study on sedimergroperties of natural irregularly shaped non-

F1 P2 F3 4 om above bed

diffusivity (Thorne et al 2009) cohesive sediments (Moate and Thorne 2012) and
exploiting the differential scattering charactecist
2. ACOUSTIC INSTRUMENTS with  size and frequency, quantitative

_ measurements of suspended sediment profiles can
2.1 Acoustic backscatter systems, ABS  pe obtained (O'Hara Murray et al 2012). Also
As illustrated in figure 1 Multi-frequency ABS are pecause the echo from the bed is included in the
used to measure near bed vertical profiles ofcoustic backscattered signal the suspended

suspended particle size and concentration, usualdediment profiles can be referenced to the bed
over the bottom 1-2 m above the bed withjgcation.
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To illustrate the type of measurements obtainethe bed providing a height profile, h(x,z). The
from an ABS, figure 2 shows measurements ofystem rotates through an angle and measures
suspended sediments under waves over a vortexother transect. The system rotates througfi 180
rippled sandy bed. The figure shows a highand builds up the topography shown in figure 3.
concentration even on the leeside of the ripplé-rom such measurements ripple height,
associated with the formation of a vortex,wavelength, orientation and migration rates can be
entraining and trapping sediments which wasbtained.

ejected over the ripple crest at flow reversal apd

into the water column. _ 2.3 Acoustic Doppler velocity profilers,
ADVP

Measurement of the hydrodynamics is central to
any sediment transport study. For near bed studies
the acoustic Doppler velocimeter, ADV, is often
the instrument of choice. This provides the three
orthogonal components of flow at one height
above the bed. In more recent years, profiling
systems, ADVP, based on the same coherent signal
processing of the backscattered signal have been
Figure 2. ABS image of suspended sedimendeveloped (Hurther and Lemmin 2008. Hay et al
entrainment over a vortex sand ripple under wawis, 2012). Figure 4 illustrates the arrangement.

the arrow showing the instantaneous directionaf/fl Receiver Reoelver

Height 035 m

2.2 Acoustic ripple profiles, ARP

As indicated above, bedforms impact on sediment
transport processes and therefore it is essential t
measure the features on the bed. Imaging from
high frequency acoustic sector scanners has been
around for a number of years (Hay and Wilson
1994). More recently two and three dimensional
ripple profilers, ARP, which provide transects of
the bed and actually measure the_ detailed bqggure 4 Schematic of an acoustic Doppler velocity
topography have become available in recent yeaksofiler, ADVP

(Traykovski 2007.

Figure 5. Vector v(u,w,z,t) flow structure durind& s
wave period over a rippled bed underwaves .

Figure 3. lllustration of a 3D-ARP covering a 4 m Transducer Tz transmits a short pulse of sound and
transect. transducers Tz, Rx and Ry, receive the
) ) ) backscattered sound from sediment in suspension.
Figure 3 illustrates the mode of_operatlon_ of a 3DUsing coherent processing on the backscattered
ARP. A narrow sound beam bisects a line alongjgnal, high temporal-spatial profiles of the three
the bed and generates a two dimension transect g thogonal components of velocity can be
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calculated. Figure 5 illustrates the type ofdiffusivity for rough and rippled bed is given by
measurements that can be collect. An ADVP was

mounted above a rippled bed and profiles of the:, =0.016k.U, 2
horizontal, u, and vertical, w, flow were collected

The vectors and colours show the detailed flowyhere U is the near-bed velocity amplitude and
over a wave period at one location above a ripplef=25,(n./A,) is the equivalent bed roughness. i)

bed. The formulation of Van Rijn (1993) is expressed as
3. ACOUSTIC PROCESS STUDY e, =0 k.U, £Gs 3(a)
3.1  Sediment diffusivity = T 2 0.5h 3(b)

Predictions for the form of the suspended sediment
concentration profile are varied, differing . _—. +(e., —5.,) Z-Gs {s <z<0.5h 3(c)
according to the flow regime, the seabed sediment® = % 7t 0.5h-¢,

type and the bedforms. Most of the formulations to

date have been underpinned by the classiciere . ande,, are, respectively, constant values
concept of gradient diffusion (eg van der Werflet a tha'sediment diffusivity near the bed and ie th

2006) In the simplest case the time averageflyher half of the water column, with the latter
vertical turbulent diffusive flux of sediment,,qs value being the largel is the thickness of the

considered to be balanced by the settling of thGe,. hed mixing layer and h is the water depth. In
suspended sediment under gravity, such that: this present study the expression = k

(=2,«(n/N\)) has been adopted for ease of
q, =w,C where qv:_gs‘LC (1) comparison  with Nielsen’s  formulation.
0z Coefficient o, = 0.004D, where D is the
) ] ] dimensionless grain sizeH is the wave height, T
Here C is the time-averaged sedimenjs the wave period and the coefficiemi=0.035.
concentration at height z above the begdjssthe i) The form often used for the sediment
sediment settling velocity, and is the sediment diffusivity is a simple linear increase & with
diffusivity. height above the bed. This is commonly expressed
Despite the wide use of gradient diffusion, severahs
studies (eg O'Hara Murray et al 2011) have
indicated that this is not always the dominantg_=gT,z (4)
process generating the suspended sedimen
concentration profile, particularly for sediment

entrainment by waves over steeply rippled bed ean magnitude of the friction velocity. , over

W'Fh N/ 20.12, wherey, is the rlp_p_le height and the wave cycle is used to be representative of the
A is the ripple wavelength. The mixing close to thet

bed is then dominated by a coherent procesé”bment mixing during the wave cycle as a whole.
involving boundary layer separation on the lee-side 052
of the ripple crest during each wave half-cyclerneay, = 0763f,,/2)*°U, , f =0 23{ ksJ (5)
maximum flow velocity. The resulting lee-wake v

vortex remains attached to the bed entraining

sediment into the flow as it grows in size andyhere f, is the friction factor formulated by
strength. At flow reversal the sediment-ladenggyspy (1997).

vortex is ejected into the water column, carrying

sediment to several ripple heights above the bed, 5 Acoustic and auxiliary measurements

This process is coherent and repeatable and thyg,g oy,qy was conducted in the Deltaflume of the
fundgmen_tally_dlfferent from that associated W'thNetherIands. The large size of this flume, 240 m in
gradient diffusion. length, 5 m in width and 7 m deep, allow

hydrodynamic and sediment transport to be studied
at full scale. The experiments were conducted
peneath weakly-asymmetrical, regular, surface

herek=0.4 is Von Karman’s constant. Here the

[o]

3.2 Sediment diffusivity models
Three diffusivity models are investigated. i)
Nielsen’s (1992) wave-averaged sedimen
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waves with heights, H, and periods, T, in theThe measured ABS concentration profiles and w
respective ranges H=0.6-1.1 m and T=4-6 s ovetetermined from thesg particle size profile from
medium sand and H=0.5-1.1 m and T=4-5 s ovealhe pumped sample data, were used to calculate the
fine sand. The medium sand hag=830um and sediment diffusivitiess with

the fine sand hadsgt160um; both the sands were

reasonably well sorted. _—wC ©6)
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Figure 6 Schematic of the instrumented tripod used
the measurements. Shown is the triple frequencm'ediu
acoustic backscatter system, ABS, the acoustideripp

Analysis and interpretation
m sand caseJsing equation (6)and (73
was calculated from the ABS concentration
electromagnetic current meters, ECMs. profiles. The results for the 39 sediment diffussivi

. . . rofiles, from the 13 experiments were
Flglaretﬁ shc?lvvst ﬂlﬁ instrumented trt'pOdTﬁlatfom.ﬁormalization and averaged to obtain the profile
used 1o collec € measurements. € Maldhown by the large solid circles with error bars in
acoustic instruments relevant to the study were aﬁ‘gure 7a. The data show approximately constant
ABS ‘and a 2D-ARP. Auxiliary measurements . jjised  sediment diffusivity in the region

using pumped sampling and electromagneti ~ .
current meters, ECMs, were collected. %ﬁ? Y(v iilclfr:alégés’;a\lti ng‘zﬁcts greater than #.3,
ofvs .

High-resolution vertical profiles of the suspendedesing equation (2), Nielsen's empirical prediction

Z%dslm-ﬁhnésAvéeSrepgs%sgéefzgsg?cEsgﬂgfrsr%%?g S%r the constant normalized sediment diffusivity
each second, at each of the three frequencies,:c'.\i"’lS ca;lculatgo:]. This |s|shov;/rg) %%éheTﬁ.OttEd (Ijlne_ In
MHz, 2 MHz and 4 MHz. Each profile consisted '9uré 7a and has a value of 0.016. This prediction

of 128 range bins, with a spatial resolution of10.0 iS Somewhat less than the presently measured
m, thereby covering a range of 1.28 m. Physicayalue of 0.029. Considering the Van Rijn
samples of the suspension were obtained b rmulation for the constant sediment diffusivity
pumping through nozzles located at ten height&yer, the value predicted by equations (3a) is
above the bed between 0.053 and 1.55 m. Th@028, which is close to the measured value
samples were used to calibrate and assess thbtained here. Using equation (3a-3c) the
veracity of the acoustic backscatter measuremenigedicted linear portion of the normalized sediment
and provide profiles of w To establish whether diffusivity does not result in a single curve fbet
ripples were present on the bed, and to monitosresent normalization.  Therefore, rather than
their evolution and migration, a 2D-ARP, wasshowing the calculations for each case, the bounds
used. The ARP operated at 2.0 MHz, and provideg¢tom the calculations are given by the two dashed
sub-centimetric measurements of_ the'bed locatiofines. Given the limited data upon which equations
over a 3m transect along the direction of wavqsa_3c) were based, the predictions are considered
propagation. Three ECMs chated at 0.3, 0.6 angh e in reasonable agreement with the present
0.91 m above the bed provided measurements Ata

¥I2>?/v?/gggi-{|u2:(38 gr;d vertical components of thel’o complete the comparison of predictions with
y : observations, equation (4) has been evaluated
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using equation (5), and the result has then beeralculated using&25n,(n/A;) in equation (5) and

normalised to yield with B=1, the predictions for the sediment

diffusivity (‘*x’) substantially overestimate the
£ _0763(\/KZ ®) observed values in the linear region. However, if
kU, B?k: is calculated using a flat bed approximation

ke=2.5d, based on the grain size, then equation
(8), again withp=1, yields the line in figure 7a
represented by the ‘+' symbols. Evidently this
latter outcome compares favourably with the data
in the linear region

Finally, in order to capture the behaviour of the
diffusivity in this case involving the medium sand,
simple expressions have been fitted to the present
data set to yield empirical expressions for the
variation of sediment diffusivity with height above
the bed. These expressions are as follows:

85 :é;luoks iﬂ.3i§ (ga)
e.=&,Uz-t Uk, 213k (9b)

where &;=0.029, &,=0.028, &=0.007 and the
expression is given by the solid line in figure 7a.
Further studies are required to assess the general
applicability of equation (9)
To investigate the processes underlying the form
of the sediment diffusivity profile, both the
bedforms and the variation of suspended sediment
concentration with the phase of the wave and
height above the bed were examined. To illustrate
the type of bedforms present on the medium sand,
a typical measurement from the ARP is shown in
figure 7b. The plot shows the development of a
transect, over a 17 min period, for the case of T=5
s and H=0.81 m. The ripples were well developed
with dimensions ofA,=0.34 m,n,=0.047 m, and
slope of n/ A=0.14. This was typical for the
medium sand, with ®>=0.05£0.01 m,
<A>=0.36+0.07 m, #/A>=0.14+0.01 and
<ks>=0.17+0.03 m, where < > represents an
average over all experiments. The value fgrsk
Figure 7. Comparison of the mean measured norndalisequ'Fe I_arge indicating that the bed is having a
sediment diffusivity ¢) over the medium sand bed, Major impact on the near-bed flow. To assess the
with the calculations from equations (2)], (3) (), Mechanisms of sediment entrainment directly over
(8) (x,+, see text) and (9). b) A transect of the bed the medium sand, intra-wave processes were
over time for an experimental run with H=0.81 m andinvestigated. The results are shown in figure 7c;
T= 5s and c) variation in concentration with thegh here the intra-wave height variation of the ripple-
of the wave and height above the bed for the mediuraveraged suspended sediment concentration, has
sand. been constructed over the 17 min recording period.
It can be seen clearly that there are two main
If equation (8) is evaluated using a mean value fogntrainment events and that these occur close to
fw, from all the medium sand experiments,flow reversal 4/2, 3t/2). Further analysis of this

=
£
2
o
2
K]
o
¥
o

z(m)

Phase angle (radian)

-0.2 0125 045 0.775 11 1.425 1.75
Log 10 [Concentration] (kgm'a)



Marine and River Dune Dynamics — MARID IV — 15 &Alfril 2013 - Bruges, Belgium

data (Davies and Thorne 2005, Thorne et al 2009) is possible to compare Van Rijn’'s linearly
supported the concept that the observations showncreasing sediment diffusivity region with the
in figure 7c can be interpreted as arising fromvflo present data. If, in equation (3¢),andes; are set
separation on the lee slope of the ripple, with thé0 zero, then using linear wave theory in the
consequent generation of growing lee slopdletermination o€, we have

vortices. The processes are not random, but are

repeatable and coherent. Importantly, the layer ir&zz‘limsmh(khﬁ (10)
which these effects occur may be seen tkU, = Ky

correspond to several ripple heights in thickness.

The intra-wave ol_Jservatl_ons N flgure_ 7(.: may b‘%/\/here k is the wave number of the surface waves.
related to the sediment diffusivity profile in i@\ jqing this expression and taking the mean value of
7a in the following way. Due to the formation of ¢ the fine sand experiments, the dashee! lin
vortices on the ripple lee slopes, suspendeg, figure 8a is obtained. The resulting, predicted,
sediments were contained within a relatively fixednormalised sediment diffusivity is comparable
mixing region, of height comparable with thewith the observed values, though it somewnhat
ripple heighty,, for most of the wave cycle. Near gverestimates them. Reducing from 0.035 to
flow reversal the vortices were lifted up into the0.022 brings Van Rijn’s expression into line with
water column, retaining their structure to a heighthe observations. Given the limited data set upon
of the order of k It is the associated coherence ofwhich equation (3b-3c) is based, this adjustment
sediment entrainment and structure that leads tdoes not seem unreasonable. Secondly, equation
the constant value for the sediment diffusivity(4) expressed in the form of equation (8) was
within about z/k<1.3 (&)-4n, for the medium compar_ed with t_he data. It is interesting to note
sand). At heights greater than k3, the that, if equation (8) is evaluated using
coherent structure of the vortices breaks down‘§s=25nr(nr,/7‘r) in equation (5), witfp=1, as shown
with mixing of momentum increasingly becoming PY the >’ symbols in figure 8a the predictions
dominated by random turbulent processefdan significanty overestimate the observed
(Ranasoma and Sleath, 1992). Here, therefor ,a_lgeSS‘ Howevgr,ﬂ:f ':_he ﬂafc. bed é';\pprommatl?nd
gradient diffusion dominates and mixing increase%s_ 50 is used, the line in figure 8a represente

. : " by the ‘+’ symbol is obtained, which can be seen to
due to an increase in the mixing length scqle W'”&ompare favourably with the data, with only a

! i : Ve Sminor overestimation occurring. Given both these
in sediment diffusivity above the vortex layer. fine sand results and also those for the medium
) ) ) sand, it does appear to be the case that the use of

Fine sandUsing equation (6) and (7}s was  k=25,(n,/A,), for a rippled bed, overestimates the
calculated for the fine sand bed, using the ABJgughness length substantially if equation (4) is
concentration profiles together with the pumped,sed to calculate,

sample particle size profiles. The normalised Finally if, as in the medium sand case, an
averaged results for the 21 sediment diffusivif[yempirica| fit is made to the data, forcirg=0 at

profiles, from the 7 experiments are shown inz=Q, then the following expression results:
figure 8a. The results show no indication of a

constant diffusivity near-bed layer, but instead @ _ U 7 11
exhibit a sediment diffusivity that increases 8 =X1o (1)
linearly with height above the bed. This shows no

indication of a near-bed constant sedimenwhere y;=0.017. This is comparable, though a
diffusivity, associated in the medium sandsomewhat smaller gradient than that for the
measurements with vortex formation andlinearly increasing region of the sediment
entrainment of sediments. Instead, the resultgiffusivity in the medium sand case.

show, in the near-bed region, that the normalisedo explain the form of the sediment diffusivity
sediment diffusivity increases linearly with heightover the fine sand and its difference from the
above the bed. Because there is no obviougedium sand, we have again looked at the
constant near-bed sediment diffusivity, no usefubedforms. Figure 8b shows a typical example of
comparison can be made with the formulations othe ripple formation for waves with T=5 s and
Nielsen (Eg. (2)) or Van Rijn (Eqg. (3a)). However, H=0.79 m; these inputs are very comparable with

10
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the case shown in figure 7b for the medium sandsignificant flow separation or vortex formation is
However, for the fine sand the ripples can be seeaxpected to occur (e.g. Sleath 1984).

to be less well developed and less coherent in Therefore, although the ripples enhanced the
form, with, in the case shown,=0.019 mA=0.27 bed roughness somewhat, they acted on the flow
m andn,/ A4,=0.07. dynamically like a plane bed. The equivalent
roughness of the bed, if based upgr2kn(n/A),

was just over a quarter that of that in the medium
sand case, indicating that the impact of the bed on
the flow is restricted to a region much closertte t
bed than for the medium sand.

To assess the impact of ripples of low slope on
sediment entrainment, the variation of the
suspended sediment with the phase of the wave
and the height above the bed for the fine sand was
examined. An example of the results is shown in
figure 8c for H=0.82 m and T=5s. The structure of
the intra-wave suspended sediments is seen to be
quite different from that shown in figure 7c; there
are no significant suspension events near flow
reversal lifting sediment well up into the water
column. High concentrations are confined to a
relatively thin layer within a few centimetres bkt

bed and the variation in the suspended load seems
to be only weakly dependent on the phase of the
wave, with only marginal increases in suspended
concentration levels at maximum flow speed. The
results in figure 8c indicate that the bed is
A behaving dynamically more like a plane bed, rather
than a bed that is inducing vortex formation and
entrainment. Therefore, the lack of a constant
sediment diffusivity region in the fine sand case i
not surprising, since the conditions for vortex
entrainment were not present and it is the
formation of vortices which are considered to be
the underlying process leading to the constant
sediment diffusivity region. For the fine sand case
it is considered that the dynamics are comparable
with the classical flat bed situation and that

z/ks

Ripple height (m)
o

Lo

z (m)

0 T2 ase angle Gadian 3ni2 2n turb_ulent processes domi_nate the near-bed
sediment entrainment. In this case the turbulent

= IR R oo S o= B = R T TE eddies are considered to grow with height above

Log, , [Concentration] (kgm ™) the bed (Davies and Villaret, 1997), leading to the

Figure 8 a) Comparison of the mean measuredinear increase in sediment diffusivity measured in
normalised sediment diffusivitye] over the fine bed, this study over the bottom quarter of the water
with the predictions from equations (10) (- -), (8  column.

see text ) and (11)=¢). b) A transect of the bed over

time for an experimental run with H=0.79 m T=5s and4, CQONCLUSIONS

¢) variation in concentration with the phase of Wee  Acoustics is now being used to measure, bedforms,
and height above the fine bed. suspended sediment, bedload, and hydrodynamics.
i ) ) The aim of the present paper was to describe and
These dimensions were typical of all thejystrate the use of acoustics in boundary layer
experiments,  with  §>=0.02720.02 M, gegiment transport process studies. An example of

<A>=0.37#0.25 m, {/A>= 0.07+0.01 and he gpplication of acoustic measurements has been
<ks>=0.05+0.03 m. For this range of slopes little

11
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presented on sediment diffusivity profiles andMoate BD and Thorne PD. 2012. Interpreting acoustic
comparisons made with three standard models and backscatter from suspended sediments of different
suggested new formulations have been presents. and mixed mineralogical composition. Continental

The work has shown how acoustics can be used to Shelf Research, 46, 67-82.

provide insight into understanding fundamentalNielsen P. 1992. Coastal Bottom Boundary Layers and

mechanisms of sediment processes Sediment Transport. Advanced series on ocean
engineering, volume 4. World Scientific, Singapore,
324 pp.
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