
 

Proceedings of The Institute of Accustics

ACOUSTIC TECHNIQUES FOR UNDERWATER SEDIMENT TRANSPORT STUDIES

P. D. Thorne

Institute or oceanographic Sciences

Bidston Observatory. Birkenhead. Mersayside. LA3 7RA

ABSTRACT

The application of acoustic_techniques in marine sediment transport research

is an area of expanding interest, as the movement of sediments is of concern

to sedimentologists, hydraulic engineers, oceanographers. and many other

disciplines. Acoustic techniques are being applied to measure water velocity

profiles using acoustic doppler devices. Acoustic backscattering and

attenuation measurements have been used to monitor suspended sediments. The

movement of sandbanks is being measured using acoustic bedform monitors, and

the detection of the surficial movement of bed-load sand transport by acoustic

impedance changes near the bed surface has been applied. The present paper

describes the development of a nonintrusive, rapidly responding, continuously

recording acoustic system to obtain field measurements of:-
(i) the initiation or sediment bed-load transport,
(ii) the mass of moving material,
(iii) the size distribution of the mobile particles.
The technique utilises the acoustic self generated noise (SGN) arising from

the interparticle collisions of mobile sedimentary material. A laboratory and

marine study of this sediment noise with a theoretical description of its

probable origin is investigated.

INTRODUCTION

In recent years the _use of acoustics to measure current flow and sediment
transport rates has become an area of increasing activity [1—h]. The work
described here is concerned with measuring gravel transport by monitoring the
acoustic noise generated by the interparticle collisions of moving sediment

The classical technique for monitoring the bedload transport of coarse
sedimentary materials has been to deploy a box or tray sampler onto the bed
and simply collect mobile material. The limitations and difficulties of this
technique have been previously discussed [5,6], and include flow interference.
lack of temporal resolution, variable efficiency, disruption of the bed, and
other problems specific to particular samplers. To obviate some of these
difficulties alternative approaches have been investigated to monitor bedload
transport. The possibility of using sidescan sonar to track transponding
pebbles has been explored [7], radioactive labelling of gravel particles has
been utilised [8], and electromagnetic detection of ferrite loaded pebbles has
been applied [9]. An approach which has commanded more attention has been the
application of passive acoustic devices to detect gravel movement by measuring
the acoustic self generated noise. SON, arising from the interparticle
collisions as bedload transport takes place. The use of a hydrophone to
monitor sediment transport is attractive because high temporal resolution
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measurements can be obtained without significantly disturbing the flow ,

structure or the state of the seabed, conditions difficult to achieve using

conventional techniques. The application of this method is investigated in

the present paper.

A number of exploratory field experiments have been conducted by previous

investigators '[10-16]. However, due to a number of reasons only limited
success was achieved. Theslow progress has been due in part to insufficient

knowledge of the spectral structure, signal level, and physical factors which

govern the SSH. Furthermore, no theoretical description of the origins of the

acoustic noise had been attempted and this lack of understanding has impeded

developments. The deficiency of information has led to ineffectual acoustic
systems being designed, which have usually been tested without adequate

independent assessment of bedload transport, and therelbre the validity of

this approach had not been examined in the field with any degreeof

exactitude. Some limited laboratory studies have beenconducted [14,17,181 to
provide information on the SEN, and these have indicated that mass transport
may be linearly related to acoustic intensity, and the SGN spectrum should be

a function of particle size, however, nosuccessful marine application of

these studies has been published.

The work described here, firstly, reports a series of laboratory experiments
on SGN under conditionswhere experimental parameters could be varied, and the
influence on the acoustic signal investigated. Secondly, an attempt has been

made to explain the observations within the theoretical framework of solid

body radiation ‘[19]. Finally, the results of a field deployment where this

technique has been utilised to monitor bedload gravel transport is reported.

LABORATORY MEASUREMENTS

A selection of measurements on the SGN arising from the interparticle
collisions of agitated marine sediments, ranging in type from medium sand, to
coarse gravel, are presented. Attention is focussed upon the spectral content
of the SSH, and the relationship between the quantity of material present and
the total rms signal level.

The instrumentation employed is shown in figure 1. Sediments were agitated in
a vertical wooden drum 1m in diameter and 0.5m deep, this rotated about a
horizontal axis, and was totally submerged underwater in a tank 3m x 2m x 2m.
The front of the drum was open, thereby allowing hydrophones to be placed at
any position inside the drum while material was being agitated. The output
from the hydrophones was fed into a low noise amplifier. through a 1-600kHz
bandpass filter, and in parallel into a rms signal level detector and a
spectrum analyser. These results were digitised, fed into a mini-ccnputer,
and acoustic pressure levels computed. These SGN observations were taken
under conditions where the agitated sediments radiated into the limited volume
of the tank, and thererbre measurements were conducted in a reverberant
environment. This results in a highly complex field containing nodal and
antinodal regions, these produce pressure fluctuations at the hydrophone

52 Proc.l.0.A. VoIB Par13 (1956) 
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location which are superimposed on the acoustic spectral signature or‘ the
source. To achieve free-field estimates of the source characteristics both
spatial [20,21] and frequency '[22] averaging were employed. to obtain a
reliable description of the effective free-field SEN spectrum. The freer'ield
rms pressure level PFFir‘)ms, at range R is approximately given by [23].

PFFH‘)ms = /[(A/1611R’)<p(f)'>] m

where <P(f)’) is the mean square pressure averaged in time, both spatially and
with Frequency, and A is the chamber absorption coefficient. Further
instrumentation details, and discussions on measurements in a reverberant
environment have been presented in a preliminary study using artificial
sediments '[Zh] .

Initially a series of measurements on the effective free-field spectral
characteristics of the SGN were conducted on agitated sediment samples, having
an equivalent sphere diameter ranging from 0.3-25mm. The results for 5003 of
material. with a rotation speed of 0.3m“, and at a range of 30cm from the
source (for consistency with rer‘ 2k and the field data) are shown in figure 2.
The measurements show the SGN to be composed or bandlimit noise, with a
steadily increasing frequency range over which significant contributions to
the spectrum occur as particle diameter is reduced. The effect or" varying the
mass of agitated material, interparticle collision speed, and analyser
bandwidth on the SGN spectrum was examined, the variations in these parameters
on the spectral form was marginal. The amplitude frequency distribution of
the spectrum is almost solely determined by particle size. A characteristic
frequency was chosen to represent the frequency band over which the acoustic
energy was spread by taking the frequency range over which significant
spectral pressure levels, SPL, occurred, (for P(f)>0.1P(f) where PU‘) is themaximum SPL in the spectrum) and computing the centroidmi‘requency I” of the
spectrum. The results are given by the solid dots in figure 3, where S steady
decrease of t‘ with increasing particle diameter is observed. Comparison with
other studies is also shown. A linear regression (shown by the solid line) on
the logarithm of the present gravel data gave,

 

rc = 209/130'88 (2)  

  
      

 

 

where f has units of Hertz and D of metres. The mean ms SPL,P , was alsocomputed for the spectra of figure 2 and gave 0 '

 

      
P0 = 25.6 x D'D'l‘5 (3)

     
    

   

P has unit of mPaHz-l. Therefore as a preliminary guide to instrumentdgvelopment, equations (2) and (3) give direction to the frequency responseand sensitivity required of an acoustic system to monitor mobile material of
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diameter D. i

The relationship between the total rms pressure level and the quantity or

agitated material was also examined, and the results for 2.h, 4.7. 9.7 and

16.8mm diameter sediments are shown in rigure A. The gradients or the curves 1

51,3 ,3 ,gA for the particle sizes 2.4, 4.7, 9.7 and 16.8mm respectively are

given b

g = 0.56 2 0.16 g = 0.71 t 0.21

1 2 (A)
53 = 0.52 z 0.16 gt. = 0.5 2 0.15

An analysis of the variance of the gradients show that at the 90% confidence

limits there is no significant difference in gradient. For similar random

independent noise sources the total rms pressure, PT, is given by'[25]

N
PT = /{§P;} = ./N Pi .- - (5)

i=1

where N is the number of sources and P are the individual source nns pressure

levels. Now it cannot be stated with certainty that N a M, where M was the

mass or material present, because the method of agitation does not guarantee a

linear increase in sources with further addition of material, however. if it

is supposed N l M then P should be approximately dependent on /M, as is

observed in figure 4. The departure of the gradient from the ideal case of

0.5 is probably due to both sampling errors and the agitation technique. The

results obtained here are tonsistant with previous observations [14,17] which

also gave I aCM, where l is the intensity and C a constant. again for

instrument design purposes, a guide to the expected total rms pressure level

in the marine environment would be or the order of 10*-1o’ mPa when material

was mobile.

  To summarise this section the SSH spectra are broad in nature, with a steadily

increasing frequency range, over which significant SPL occured as particle

diameter reduced. The spectral form is relatively insensitive to variables

other than particle size, with the spectra observed having a centroid

frequency which is inversly dependent on particle diameter. The total

acoustic intensity level yields an approximate linear relationship with the

mass or agitated material. Furthermore the data presented can be used as a

guide for the design of a marine system for monitoring gravel mobility at sea.

THEORY

The origin of the acoustic energy arising from the interparticle collision of

impacting bodies, is a function of both the mechanics of the impact itself.

and the source or the radiation. Pnovisionally it was considered possible

that the natural modes of vibrations were being excited within the colliding

particles, and that this was the mechanism for generating the observed

acoustic field. However, results presented by Love [26], show the modal
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vibrations or spheres, with the equivalent diameter or" the colliding

particles. as having a radiation frequency an order of magnitude above the

measured centroid Frequencies. Furthemore it has been shown [27} that the

energy transferred to these natural vibrations is only a fraction or the
initial kinetic energy ol‘ the particles. An explanation for the observations
has been adopted which utilises the theory or' rigid body radiation [19]. In
this case an impulse is transmitted into the water. by the surface of the
gravel particles. as they undergo a rapid velocity change owing to collision.
The sound radiated from an accelerated or decelerated sphere has been
previously studied [28.29] where it is shown that both a compression and
raret‘raction wave is generated, by an impulsively accelerated sphere. The
problem or' the sound radiated by two colliding spheres has been investigated
by a number or authors [30.33]. In these studies each sphere was treated as
an independent dipole source. and the field radiated by the two sources summed
to describe the total sound field. The pressure radiated by eachsphere was
obtained by the convolution of kirchhor':"s [3A] impulse solution with the
acceleration time history ox‘ the sphere during impact. II' the assumption is
made that the spheres are undergoing an elastic collision then classical
Hertzian impact theory can be applied and a description for the acceleration
throughout impact obtained [35]. Using the previous work. [32.33] and
following the developments or Richard etal [36,38] an approximate i'arr‘ield
solution, For the time history of the acoustic pulse generated by asingle
sphere undergoing an Hertzian impact acceleration can be shown to be given by,

' e
Pilaf-.9) = Ham: H26'-1)Coswt o 2631mm

.-[(1 - 26')Cosn61 - (25'+1)sznner]'é"'5"} «

for Til

= $5519; [[(l-Z§’)Cos«5lr-l)

- uranium-1)Je'"““"

~’[(i-26')Cosn51 - (acunsznume‘fln

for I)! r . (5)

where 1 = tit and Ii = ctol‘na. t is the retarded time, to is the impact
duration time or the collision and is given by

to = summon-‘1')/z]°"(a/u°'2) m
E is Young's modulus. a Poisson's ratio, no the density or the spheres. U the
impact velocity, a the sphere radius. r the range from the sphere. fl is the
impact grazing angle and ‘oc the acoustic impedence oi‘ the fluid. For two
impacting spheres the acoustic impulsive waveform from each sphere is

Proc.l.O.A. VolB Per!!! (1936) 55  
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identical but opposite in phase, and these are summed at the field point with

due regard given to the relati e time de‘ " assoviated with the different path   

 

lengths to the field point. The total f .1d, PT, is then given by

PT : 9mm») - P(|".T-Yd,F)- l8) . ‘

where it is recognised that Plr.1 -1 ,0) = 0 for T( E, and Y is the time

difference. Using equations (6-8) the pressure waveformwas computed for the
present experimental arrangement and a Fourier transform of the time series

waveform taken. The magnitude of the normalised pressure spectrum is compared

with the observation taken in the drum and is shown in figure 2. The

theoretical spectrum was matched in amplitude to the observed SPL at f . It
can be observed that the spectrum derived from equations l6-8) broadly Eovers
the same frequency range as observed experimentally. and is centred on a

similar frequency band. The oscillation noted in the theoretical spectrum are

not observed in the experimental data because both spatial and frequency

averaging were employed in collecting the data, due to working in a
reverberant environment as discussed. and the pressure at a particular field

point, was generated by a number of impacting sources generated randomly in

time and space, and not simply arising from two colliding spheres. The

computed peak frequency frequency, fp, in the spectrum is given approximately

by .

[p ~ 1/1.1ta [9)

for the present case using equation (7) yields

r = 1 /' 1p 29 D _ ( 0)

where f has units of Hertz and-D of metres. This result is given by the
broken line in figure 3 and compares favourably with the data.

It was noted in the 'Laboratory measurements' section that the centroid

frequency was relatively insensitive to parameters other_ than particle
diameter. This is displayed in equation 6, since the variable Y is given by

t/t . and as shown in equation (7); t u 1/U “'fl and therexbre there is only a
relgtively weak dependence of spectral form on impact velocity. Further for
constant U, the value of't la remains fixed. and hence 6 : constant and 1
=const (tor fixed 9). in0 this case the spectral form does not change bug
simply shift up and down in frequency with an inverse dependency on particle
size. ‘ - v

although further theoretical developments are necessary. the present analysis
does yield the basis for an explanation rbr the acoustic noise spectrum
generated by the interparticle collision of mobile sediments. The results
compare favourably with the experimental gravel data. and although the
sediment' particles were not_ spheriCal. the centroid frequency of the
significant spectral region, is comparable with the calculated value Ibr the
peak frequency, of the acoustic energy generated by therigid body radiation
of colliding spheres.
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FIELD WORK

The aim or taking the marine measurements was to examine the feasibility of

using the SGN technique non-intrusively to study with a high temporal

resolution, the detailed variability of marine gravel transport, over' a period

ox‘ the order or a second, for record lengths covering a number or hours, and

relate the sediment movement to the instantaneous turbulent l‘low conditions.

The measurements were conducted in the West Solent, as shown in figure 5. The

region has a seabed composed of mixed gravel sizes, with an approximate sphere

diameter range of 2-32mm. The channel is approximately 4 km wide and the

water depth usually less than 20m. Particularly at Spring tides when strong

rectilinear flow is observed over ebb and x‘lood tidal cycles. significant

gravel transport is observed. Further background details on the area have

been presented '[39,A0]. Data were collected during September 1982 and

_ October/November 1983. A rig instrumented with a lowlight monochrome

underwater TV camera, two hydrophones. electromagnetic current meters, and a

string of rotary current meters. was deployed from an anchored ship onto the

seabed in a water depth close to 15m. A diagram of the rig is shown in figure

6. All measurements were recorded on a shipborne data logging system. The TV

camera was mounted at approximately 0.5m above the bed, and continuous Video

recordings of the state of the bed covering an area 30x30cm’ directly below

the hydrophones was taken. The hydrophones were mounted at thm above the

bed, the acoustic ms signal levels were sampled at 5H1 and recorded. For a

period of 30 minutes when gravel was mobile. the ac signal was recorded on tape

with a 150kHz bandwidth. and this data used for spectral analysis of the SC".

The turbulent water flow was measured using a 5H2 sampling rate, at 0.3111 above

the seabed, and 'within 0.5m of the hydrophones, using the electromagnetic

current meters. The current profile for the first 2m above the bed was

calculated from 605 averaged values of the rotary current meters. Additional

instrumentation details have previously been presented. '[h1.42,3]

A detailed analysis of the video recording has been conducted to obtain

quantitative estimates of gravel transport rates along the seabed. directly

below the hydrophones. These estimates were compared with the acoustic

intensity levels, and a statistical analysis conducted. The details of an

intercomparison between acoustic and visual monitoring ol‘ gravel transport has

been published, [42] where it was shown that visual estimates of gravel
transport and acoustic intensity levels were significantly correlated. The

utilisation of“ the hydrophones calibrated to measure sediment' transport rates
is considered here.

An example or the results obtained is shown in figure 7. 10s averaged
estimates of gravel transport covering 3.6 hrs is presented. Over a 2.3 hrs
period where both TV (d) and SGN transport rates (b.c) were calculated the
values are the same order of magnitude and the high temporal variability very

similar. In fact the acoustic data reveals how variable is the process ot‘
coarse sediment- transport. The 105 averaged intensity levels have typical
values of 3mm: giving a pressure level of 2Pa, which although slightly
higher than the laboratory results, is compatible with the laboratory

Proc.l.O.A. Vols Pan: (1986) 57
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measurements shown in figure 4. A comparison of the accumulative quantity or

material moved over the 2.3 hrs period is shown by the solid circles. Both TV

and SGN data show a steady transport or material over approximately the first

1.5 hrs and very little movement afterwards. Over the 2.3 hrs the total

quantity of material estimated to have been transported by the hydrophones was

2.25 kgm' , and 1.6 kgm' , for the TV. These results show that SGN can be

used to remotely monitor coarse gravel transport with modest accuracy. and

with a temporal resolution which cannot be obtained using the nonnal bedload \

samplers.

Attempts have been made to estimate the onset or sediment transport from the

acoustic data, the results of this work are shown in figure 8. An analysis of

the flow conditions which causes coarse sediment transport has been previously

reported [431. where it was found that turbulent bursting events, in this case

principally sweep events, were the main mechanism for the movement of

material. In figure 8 the square of the flow velocity, U‘, for approximately

2,AOD sweep events is compared with the SGN signal level. U‘ rather than U is

chosen because for the high Reynold's numbers (R a>500 observed in the present

work) Shields [44] curve predicts the threshols of particle movement to be a

function U“. A line r regression on the data gives an intercept with the

abscissa of U =1.16ms- , where U is taken to be the critical velocity for

sediment transpgrt. This value for E can be related to the critical friction

velocity. U. , a parameter frequently utilised in the sediment literature to

measure the threshold of particle movement, by the Karman-Prandtt equation

[k5]

U : [UH/K) 1n (2/20) (11)

where U is the velocity at height 2 above the bed. U. is the friction

velocity, K is von-Karman's constant [0.4) and 20 is the roughness length.

In the present work 2:0.33m, 20:0.005mV U=U :1.16ms-1. this gives a value of

U.C=O.11ms . This value for U“c has to be associated with a particular
particle size. From spectral analysis of the SGN and T.V; observations

(discussed shortly) a value for D =0.01m is obtainedl another analysis-[46] of

a broader coverage of the T.V. data save a mean value for D as 0.017m.

Suffice to say that acoustic estimates1of UI . for particles in the range

0.01-0.0017mI yields a value of 0.11ms- . Th 5 value can be compared with

previous observations. other work in the Solent [56] gave a value of

U“ =0.07-0.08ms (D=O;?1—0.02m) and a review on transport measurements [#7]

sh8wed Un =0.085-0.12ms for the same size range. The acoustic technique for

measuring the initiation of sediment transport gives results which are

consistent with those obtained in other studies where visual estimates for

threshold were employed.

Figure 7(a) shows the flow velocity and included are the threshold for

transport, obtained by the acoustic technique (dashed line) and from reference
A6 (solid line). It can be seen that it is the bursts in current flow (2)
above the thresholds which cause significant sediment movement, while sharp

reductions in flow (1) below the threshold cause minimal transport. Towards

the end of the time series, near high water, the mean flow reduces below

threshold. and transport ceases.

Proc.|.0.A. VoIB Farm (1986)
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For a thirty minute period while gravel was mobile recordings of the analogue

signal were taken. The major transport event in the period was analysed in

detail. A spectrum of the SGN taken in the marine environment, with

background noise removed, and due allowance made for any modulation in the

spectrum by variations in the total acoustic intensity, is shown in figure 9a.

From the particle size distribution shown in figure 5 and the results

presented in figure 2, the spectrum covers the frequency range consistent with

expectations. A comparison with laboratory measurements on a sample with a

similar size distribution yielded very similar results [48]. Two techniques

of spectral inversion to predict particle size distribution from the acoustic

spectrum have been reported [AS], and the results of one approach is shown in

figure 9b. The observed particle size distribution of the mobile material

when the spectrum was taken is given in figure 9c. These measurements show

that the spectrum can be used to obtain a particle size distribution for the

mobile material which is consistent with visual estimates. The spectrum

cannot resolve in detail the particle diameters because of the inherent

broadband nature of the spectrum for single size samples, however. it can

yield useful though limited information on the predominate size of mobile

material. Further details on both the laboratory and marine work can be found

in reference as.

DISCUSSION AND CONCLUSION

A laboratory study on the SGN of agitated marine sediments has been reported.

The spectrum is broad in nature, even for a very narrow sample size

distribution, and behaves as band limited noise. Significant contributions to

the spectrum occur at higher frequencies as particle diameter reduces. leading

to the_ centroid of the spectrum having close to an inverse dependency on

-particle diameter. The overall fonn and bandwidth of the spectrum is

principally governed by particle size, with a relatively weak dependence on

collision velocity. within the uncertainties associated with the gradient of

the line for the four different diameter samples examined, a linear

relationship between intensity and the mass of gravel agitated was estimated.

An explanation [or the frequency range and spectral form of the acoustic

noise. generated by multiple interparticle collisions, has been described in

terms of rigid body radiation. Detailed analysis [32,33] or this form of

radiation has only been carried.out for two impacting spheres, and a heuristic

approach has been adopted to extrapolate this work to explain the observations

in the present study, when many collisions, randomly distributed in time and

space, occured.

Field deployment of an instrument package utilising SGN to monitor coarse

sediment transport in the marine environment has been described. The SGN

measurement of gravel transport yields a temporal resolution which is not

obtainable using convention bedload samplers, and has allowed for the first

time a detailed intercomparison between the turbulent flow structure, and the

sediment response to the turbulence. Acoustic measurement or the initiation

of sediment transport was shown to be consistent with previous results,

estimates of mass transport rates comparable with visual observation were

achieved. and a crude description of the particle size distribution was

Proc.l.O.A4 VOIB Farm (1986) 59
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obtained. These measurements were taken without signiricantly interfering

with the flow or the bed.

The
SUN
sediment

reported here is an attempt to describe the physical basis for the

possible application [or improving our understanding or coarse

Further studies should yield results which are

work

and its
transport processes.

interesting to both acouticians and sedimentologists.
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Fig 6: Instrumented rig deployed onto the seabed
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Time series plots. a) Flow velocity, b),c) SGN data, d) T.V. data
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Fig 9: a) In-situ measurement of SGN spectrum For

mobile gravel material.

b) SCH estimate or mobile particle size

distribution using data in Fig 98)
c) Visual estimate or‘ mobile particle size

distribution.
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