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Abstract. Over the past 2 to 3 decades the concept of using sound generated by the interparticle collisions

of mobile bed material has been investigated to assess if underwater sound can be utilised as a proxy for the

estimation of bedload transport. In principle the acoustic approach is deemed to have the potential to provide

non-intrusive, continuous, high-temporal-resolution measurements of bedload transport. It has been considered

that the intensity of the sound radiated should be related to the amount of mobile material and the frequency

spectrum to the size of the material. To be able to fully realise this use of acoustics requires an understanding

of the parameters which control the generation of sound as particles impact. In the present work the aim is to

provide scientists developing acoustics to measure bedload transport with a description of how sound is generated

when particles undergo collision underwater. To investigate the properties of the sound generated, examples are

provided under different conditions of impact. It is considered that providing an overview of the origins of the

sound generation will provide a basis for the interpretation of acoustic data, collected in the marine environment

for the study of bedload sediment transport processes.

1 Introduction

Quantifying bedload transport in rivers, estuarine and coastal

environments is generally challenging due to the difficulties

of obtaining accurate measurements. For measuring the bed-

load transport of coarse sediments, such as gravels and cob-

bles, a number of methodologies have been developed. Many

measurements have utilised box or tray samplers, and this

approach is still common today. Hubbell (1964), Engel and

Lam Lau (1981), Ergenzinger and de Jong (2003), Bunte et

al. (2008) and Holmes (2010), along with many others, have

considered this technique. Some of the major shortcomings

of this direct sampling method are the need for operators in

the field, the limited range of conditions when measurements

are possible, dangerous conditions during large floods, the

impact on the flow introduced by the presence of the sampler,

the lack of spatial/temporal resolution, the variable efficiency

of samplers, the problems in obtaining continuous records

and other difficulties specific to the particular samplers.

To circumvent some of these difficulties, alternative mea-

surement technologies have been investigated. Dorey et

al. (1975) investigated, with limited success, the feasibility

of using sidescan sonar to track acoustically transponding

pebbles. The tagging of gravel particles radioactively was

developed by Crickmore et al. (1972) and applied with suc-

cess to monitoring the movement of gravel. Reid et al. (1984)

utilised artificial pebbles constructed with a ferrite rod at its

centre and deployed them in a brook. Particle mobility was

detected using an electromagnetic sensing system installed

in the bed and transport compared with the bed shear. Geo-

phones and particle impacts on pipes, columns and plates are

now commonly used to estimate coarse gravel transport (Tur-

owski and Rickenmann, 2009; Gray et al., 2010; Rickenmann

et al., 2012). In recent years acoustic Doppler velocity pro-

files, ADCPs, have been used to measure apparent bedload

velocity using a combination of ADCP bottom tracking ve-

locity and boat velocity derived from differential global po-

sitioning systems, DGPSs (Rennie and Church, 2010). Re-
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cently the measurement of seismic noise near rivers has been

investigated to assess bedload transport (Burtin et al., 2011;

Tsai et al., 2012). A workshop on contemporary methodolo-

gies for the monitoring of bedload transport has recently been

published online by Rickenmann et al. (2013).

Another approach adopted, and the one focussed upon

here, has been to monitor the movement of gravel by record-

ing the acoustic sediment-generated noise, SGN, arising

from particle–particle collisions as bedload transport occurs.

Observations of this type have continued to be reported over

the past 5 decades (Bedeus and Ivicsics, 1963; Johnson and

Muir, 1969; Tywoniuk and Warnock, 1973; Jonys, 1976;

Richards and Milne, 1979; Thorne et al., 1984; William et

al., 1989; Mason et al., 2007; Barton et al., 2010; Camenen

et al., 2012; Basset et al., 2013). The appeal of the acoustic

approach is that it offers the potential to obtain, with very

little interference with the state of the bed and the flow, the

initiation of particle movement, continuous temporal records,

sub-second assessment of mass transport rates and estimates

of mobile particle size.

To be able to utilise and interpret SGN with any degree

of confidence requires an understanding of the sound source

generation. The source arises from the impact of two or

more particles as interparticle collisions occur as the bed be-

comes mobile and bedload transport occurs. The generation

of sound by impacting bodies has primarily been examined

in air, usually by parties interested in machine noise emis-

sions (Banerji, 1916, 1918; Koss and Alfredson, 1973; Koss,

1974a, b; Akay and Hodgson, 1978a, b; Akay, 1978). It is

this work which was adapted for the study of acoustic ra-

diation by colliding bodies underwater (Thorne and Foden,

1988; Thorne, 1990). The source of radiation has been la-

belled rigid body radiation due to the origin of the pres-

sure disturbance being generated by the acceleration of the

body, rather than due to the natural modes of vibration of

the body (Koss and Alfredson, 1973). To solve the problem,

each sphere is treated as an independent source which gener-

ates a transient that can be described by an impulse solution

convolved with the acceleration time history during the col-

lision. The impact process is assumed to be elastic so that

a Hertzian acceleration description can be employed (Gold-

smith, 1960). The sound field is then obtained by summing

the transients radiated from each sphere with due allowance

for the time difference for the sound to propagate from each

sphere to the field measurement point.

The use of SGN to acoustically measure bedload trans-

port and the underlying theory of rigid body radiation is dis-

tributed among acoustic, geological, hydraulic, geophysical

and sedimentological journals. The aim of the present work

is to bring together an overview of SGN and its underlying

theoretical basis, in a form which scientists interested in us-

ing acoustics for bedload transport would find useful. Here

the main solutions from rigid body radiation analysis are sim-

plified to make the topic more accessible and the outputs fo-

cussed more closely than previously on bedload transport.

Figure 1. Geometry for the theory. The impactor of radius a2 col-

lides with velocity U and with the impactee of radius a1. θ is the

angle between the line of sphere movement and the direction to the

field point, and r is the range to the field point. Td is the difference

in the arrival time of the sound radiated by the impactor relative to

the impactee.

Therefore, using the rigid body radiation theory, initial cal-

culations have been carried out to elucidate the origins of

the structure of the radiated signal in the time and frequency

domain. To investigate how changes in impact parameters af-

fected the time domain signal and the frequency spectrum, a

series of calculations were conducted. The intention of this

work was to provide broad illustrations of the radiated signal

response due to variation in sphere collision impact param-

eters. Some general features are identified and considered in

the light of using SGN for the measurement of bedload trans-

port. Some modelling of multiple impacts is presented as an

analogy to the type of data that may be collected in a coastal

or riverine environment. It is hoped that the present overview

will stimulate further interest in SGN by making the acoustic

analysis more straightforward and by illustrating its potential

capability.

2 Theory for the underwater sound generated by

impacting spheres

The background theory for impacting spheres in water was

developed in Thorne and Foden (1988), and only the results

from the theoretical analysis are presented here. The geome-

try for the theory is given in Fig. 1. When solid elastic spheres

collide, the main source of sound generation is due to the

rigid body radiation associated with the acceleration of the

impactee of radius a1 and the deceleration of the impactor

of radius a2 following impact. These produce sound waves

which radiate from the spheres into the water. To simplify

the analysis presented here, the first conditions assumed is

ρs/2ρo� 1, where ρs is the density of spheres and ρo the

density of water. This condition is not strongly adhered to
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for marine gravels with densities of the order of 2500 kgm−3;

however it considerably reduces the complexity of the time

domain solution and simply leads to an overestimate of the

signal levels by 10–20 %. The second condition is r/a� 1,

where r is the distance from the impacting spheres to the lo-

cation at which the radiated sound is observed and a is the

radius of the spheres; this condition can generally be readily

adhered to. The pressure, Ps (t), in the time domain for a sin-

gle particle undergoing Hertzian impact (Goldsmith, 1960),

with a half sine wave acceleration profile (Koss and Alfred-

son, 1973), can then be expressed as the convolution integral

of the radiated pressure due to a unit impulse acceleration

and the acceleration time history (Thorne and Foden, 1988);

the solution is given by

0≤ t ≤ to

Ps(t)= Pto

{(
2ξ2
− 1

)
cosπτ + 2ξ sin πτ −

[(
2ξ2
+ 1

)
sinπξτ +

(
2ξ2
− 1

)
cosπξτ

]
e−πξτ

}
, (1a)

t > to

Ps(t)= Pto

{
[

(
1− 2ξ2

)
cosπξ(τ − 1)−

(
2ξ2
+ 1

)
sinπξ(τ − 1)]e−πξ(τ−1)

− [

(
2ξ2
+ 1

)
sinπξτ

+

(
2ξ2
− 1

)
cosπξτ ]e−πξτ

}
, (1b)

where to is the duration time of the collision, ξ is a non-

dimensional parameter relating the collision time to the

sphere size, τ is a normalised time parameter and Pto is a

pressure amplitude scaling factor; these four parameters are

defined below. The pressure wave, Pp (t), from the impactor

and the impactee pair, is the combined pressure wave radi-

ated from each sphere with due allowance for the time delay

of the impactor signal relative to the impactee signal as given

below:

Pp (t)= Ps (t,a1)+Ps[(t − Td) , a2]. (1c)

Td is the difference in the arrival time of the sound radiated

by the impactor relative to the impactee. Equation (1) pro-

vides the time domain waveform for the sound radiated when

one sphere impacts with another. A number of parameters are

defined below:

Pto =
ajAjρocUcosθ

2r(4ξ4+ 1)
,

to = 4.53

[(
1− σ 2

1

E1π
+

1− σ 2
2

E2π

)(
m1m2

m1+m2

)]0.4

(
a1+ a2

Ua1a2

)0.2

,

A1 = 2m2/(m1+m2),A2 =−(m1/m2)A1,

ξ = cto/πaj ,τ = t/to.

Here m is the sphere mass, E Young’s modulus, σ Poisson’s

ratio for the spheres and subscripts (1) and (2) refer to the

impactee and the impactor; j = 1 or 2. Td ≈ a1 (1+π/2)/c

for θ = 0 and Td ≈ 2acosθ/c when a1 = a2 and θ > 0, where

θ is the angle between the line of sphere movement and the

direction to the field point, c is the velocity of sound in water,

U is the impact velocity, r is the range to the field point and

t is time. AjUπ/(2to) is the maximum acceleration of each

sphere. Polar co-ordinates were selected for the analysis be-

cause of the axial symmetry of the radiated sound about the

direction of polar angle, θ , in the azimuth direction.

A similar expression can be obtained for the frequency

spectrum when two spheres collide by using the time con-

volution theorem. This provides the spectrum for the colli-

sion from the product of the Fourier transform of the radiated

pressure due to a unit impulse acceleration, with the Fourier

transform of the acceleration time history; this results in the

expression given below (Thorne and Foden, 1988):

Ps (f )= Pfo

1+ e−iπε

1− ε2

ξaj + irε

2ξ2− ε2+ 2iξε
, (2a)

Pp(f )= Ps (f,a1)+Ps(f,a2)e
−iωTd , (2b)

where

Pfo =
ajAjρocUcosθ

2r2ωo

,

ε = f/fo, fo = 1/2to, ωo = 2πfo, i =
√
−1.

To illustrate the sound generated when one particle impacts

with another, Fig. 2 shows how the structure of the pressure

wave is formed. The predicted underwater rigid body

radiation for two spheres impacting was computed using

Eqs. (1) and (2). Glass sphere properties were chosen for the

calculations to represent marine shingle as both materials are

often composed of silicates. For the calculation presented in

Fig. 2, the velocity of sound and the density of water were

respectively taken to be 1480 ms−1 and 1000 kgm−3, for

the colliding spheres a1 = a2 = 0.02 m, ρs = 2500 kgm−3,

U = 0.3 ms−1, r = 0.3 m, θ = 0◦, E= 7.1010 Nm−2 and

σ = 0.2 (Kaye and Laby, 1986). In Fig. 2a, the time series

solution is presented. The first signal to arrive is from

the accelerating impactee; this consists initially of a com-

pressive peak from the surface of the sphere closer to the

receiver, followed by a rarefaction from the rear surface.

After a delay, Td, the signal from the impactor arrives.

This is phase-inverted due to the impactor decelerating in

the direction towards the receiver, thereby giving initially

a rarefaction followed by a compression peak. The total

signal from the two spheres can be seen to have an “M”

waveform. The spectrum, obtained using Eq. (2), can be

seen in Fig. 2b. The spectrum is oscillatory in form peaking

at f ≈ 1.7fo, with nulls at f = (2n+ 1)fo, where n is an

integer and with the spectrum reducing to negligible values

above 7fo. The oscillations in the spectrum are associated

with the term arising from the Fourier transform of the half

sinusoidal acceleration profile. Software to calculate the
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Figure 2. Calculations for two glass spheres of the same size im-

pacting with radius a = 0.02 m and impact velocity U = 0.3 ms−1.

(a) The time domain solution using Eq. (1) for the pressure, P , with

normalised time τ = t/to and (b) the frequency domain solution

using Eq. (2) for the spectral pressure with normalised frequency

ε = f/fo.

impact radiation is given at http://noc.ac.uk/using-science/

products/software/csr-acoustic-inversions Program (4)

glass_sphere_impact_paper.m. This software defines all the

terms in Eqs. (1) and (2) and allows users to investigate the

properties of the sound radiated as parameters are changed

for the impacting spheres.

3 Prediction for the radiated sound and

comparisons with laboratory observations

3.1 (i) Single particle pair impacts

The aim here is to provide insight into the structure of the

rigid body radiation field as impact parameters were var-

ied. Therefore a number of calculations for the time domain

waveform and the frequency spectrum were carried out. Ini-

tially spheres of equal size were considered with radii of

0.005, 0.015 and 0.05 m. These spheres were chosen to repre-

sent a broad range of particle sizes from fine pebbles to cob-

bles. This was considered to be representative of the common

sizes of materials on which the acoustic technique would be

used for bedload measurements. The results are considered

as indicative of the signals that would arise from individual

particle pair impacts in coarse sediment bedload transport.

For the calculations Eqs. (1) and (2) were evaluated with all

the others parameter having the same values as used to ob-

tain Fig. 2. Figure 3 shows the results of the computations.

Considering the time domain waveforms shown in plots 3a–

c, it can be observed that both the duration and amplitude, Pp

(t), of the waveform increase with sphere size. For spheres

of equal size A2 =−A1 = 1, ξ is constant, and therefore it is

the linear dependence of Pto on a which produces the in-

crease in amplitude with sphere size. The duration of the

waveform is controlled by to and Td, and for equally sized

spheres both are a linear function of a. Therefore the wave-

form duration linearly increases with sphere size. For the

spectra shown in plots 3d–f the spectrum shifts to lower fre-

quencies and increases in amplitude as sphere size increases.

The shift to lower frequencies is due to the inverse relation-

ship between fo and to and hence foα1/a. For the spectral

amplitude, Pp (f ), it is a function of a/ωo, with ωo being

dependent on 1/a through to; hence Pp (f ) is proportional

to a2 as seen in the plots. In Thorne and Foden (1988) a

number of comparisons were made between predictions and

measurements of impacting steel spheres underwater; the re-

sults supported the rigid body impact model. Two cases of

glass spheres impacting underwater were also made, and the

results for a1 = a2 = 0.015 m case are compared with pre-

dictions in Fig. 3b and e, where it can be seen that the pre-

dictions from rigid body radiation compare very favourably

with the observations.

In the marine environment particles of different size will

generally be impacting, and it is therefore interesting to ex-

amine this case. To assess the radiated sound field from

spheres of different size impacting, calculations were carried

out using the same parameters as used for Fig. 3, but with the

individual impacting spheres having a different radius. The

results are presented in Fig. 4 and can be directly compared

with the plots in Fig. 3. In the frequency spectrum plots in

Fig. 4 the vertical solid and dashed lines respectively show

the location of the spectral peak for the same size spheres

impacting with radii a1 and a2. For the case of a1 = 0.005 m

and a2 = 0.015 m the time domain waveform and frequency

spectrum are given in plots 4a and 4d. Relative to the case

of a1 = a2 = 0.005 m shown in Fig. 3a and d, the time do-

main signal is 50 % longer in duration and 25 % higher in

amplitude, while the location of the peak frequency in the

spectrum has reduced by 20 %, lying between the two verti-

cal lines, and with a spectral amplitude which has doubled.

Comparing the results for a1 = 0.005 m and a2 = 0.015 m

with a1 = a2 = 0.015 m in Fig. 3b and e, the converse is the

case, with the duration and amplitude of the time domain

waveform being reduced and the location of the peak fre-

quency in the spectrum doubled and the spectral amplitude
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Figure 3. Calculations for glass spheres of the same size impacting

as the sphere size was increased. (a)–(c) Time domain waveform

calculated using Eq. (1) and (d)–(f) frequency spectrum calculated

using Eq. (2). Measurements (•) are from Thorne and Foden (1988).

significantly lower. Colliding spheres of different size there-

fore have an admixture of the radiated sound properties of

the accelerating impactee, a1, and the decelerating impactor,

a2. Plots 4b, e, c and f further illustrate this admixture when

compared with results presented in Fig. 3. Such admixtures

will almost certainly be present in riverine bedload transport

as the bed will invariably by composed of a broad range of

particle sizes.

To assess how changes in the impact velocity, U , and the

field point angle, θ , affected the time domain waveform and

the frequency spectrum, a number of calculations were car-

ried out, and the results are presented in Fig. 5. For these

calculations a1 = a2 = 0.015 m, and apart from the changes

in U and θ all other parameters were the same as used for

the calculations shown in Fig. 2. As shown in plots 5a and

b, an increase in U has a marginal influence on the duration

of the time domain waveform and the frequency spectrum

covered, with the main response being an increase in signal

amplitude. The former is due to the weak dependence of to
on U−0.2, while inspection of Eqs. (1) and (2), for ξ > 1,

Figure 4. Calculations for glass spheres of different sizes impact-

ing. (a)–(c) Time domain waveform calculated using Eq. (1) and

(d)–(f) frequency spectrum calculated using Eq. (2). The vertical

lines are the location of the peak frequencies for spheres of equal

size impacting have respectively radii of the impactee, a1 (-), and

the impactor, a2 (- -).

shows the signal amplitude can be approximated as being

proportional to U/ξ2, which due to ξ dependence on to re-

sults in a signal amplitude related to U1.4. For the changes

in θ , the response is observed in plots 5c and d, where an in-

crease in θ has the primary response of decreasing the signal

amplitude and a second-order effect of reducing the duration

of the time domain waveform and broadening the frequency

spectrum, although the location of the peak frequency in the

spectrum remains essentially unchanged. The significant re-

duction in signal amplitude is owing to the cos(θ) term in

Pto, Pfo and Td, which leads to the signal amplitude being

dipole in form, reducing approximately as cos2(θ), while the

decrease in pulse length and broadening of the spectrum is

due to the reduction in Td.

The implications from the recently computed results pre-

sented in Figs. 3–5 are that, to first order, the duration of the

time domain waveform, the width of the spectrum and the

frequency at which the spectrum peaks are principally con-
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Figure 5. Calculations for the time domain waveform using Eq. (1)

and the frequency spectrum using Eq. (2) for a = 0.0015 m as the

velocity, U , increased (a and b) and as the angle between the direc-

tion of impact and the measurement position, θ , increased (c and d).

trolled by the size of the spheres impacting, while the ampli-

tude of the time domain waveform and frequency spectrum

depend upon sphere size and impact velocity, with the addi-

tional factor of the dipole structure for the amplitude of the

radiated field.

3.2 (ii) Multiple particle pair impacts

Laboratory measurements on multiple particles impacting

have been carried out by Jonys (1976), Millard (1976) and

Thorne (1985, 1986a). The works of Thorne incorporated the

results of the earlier works and are still the most comprehen-

sive study of the underwater sound radiated from multiple

collisions of quasi-bedload transport, and therefore the mea-

surements from these two papers are used here to illustrate

the salient acoustic features.

The instrumentation used has been previously described

(Thorne, 1985); therefore only a brief description is given

here. Sediments were agitated in a vertical wooden drum 1 m

in diameter and 0.5 m deep; this rotated about a horizontal

Figure 6. Comparison of the measured and calculated spectra us-

ing Eq. (2) with smoothing, for quasi-bedload conditions in a ro-

tating drum for; (a) 0.005 m radius glass spheres and gravel and

(b) 0.0015 m radius glass spheres and 0.00075 mm radius gravel.

Measurements (•) are from Thorne (1985), and (�) are from

Thorne (1986a).

axis and was totally submerged underwater in a concrete tank

(3× 2× 2 m). The drum was lined with a 0.002 m thick ex-

panded polystyrene sheet to ensure that the only significant

collision noise generated was due to interparticle collisions.

The front of the drum was open, apart from a small lip around

the circumference to retain the sediments, thereby allowing

hydrophones (underwater sound receivers) to be placed at

any position inside the drum while the material was being ag-

itated. The output from the hydrophones was fed into a low-

noise amplifier, then through a filter with a passband between

1 kHz and 600 kHz, and in parallel into an signal envelope

detector and a spectrum analyser. The results were corrected

for background noise and the instrumentation frequency re-

sponse. To account for the fact that measurements were con-

ducted in reverberant tank, rather than the free-field condi-

tions in a riverine environment, measurements were made

using a known broadband noise source in the tank (Thorne,

1985; see Appendix). This analysis showed that measure-
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Figure 7. (a) Calculated characteristic central frequency, fc, ob-

tained using Eq. (3) and measurements with particle radius, a.

(b) The mean square pressure, P 2, with mass, M , compared with

Eq. (4). Measurements were collected under quasi-bedload con-

ditions. Measurements are from Jonys (1976), Millard (1976),

Thorne (1985) and Thorne (1986a).

ments in a confined reverberant environment can yield effec-

tively free-field amplitude and spectral levels. The measure-

ments in the rotating drum were intended to simulate quasi-

bedload transport and impacts. Measurements were carried

out on glass spheres ranging in radius between a = 0.0018

and 0.015 m, and gravels between a = 0.0015 and 0.0125 m.

In Figs. 6 and 7 some of the measurements are compared with

predictions from the rigid body model of acoustic radiation

due to impact.

Presented in Fig. 6 are the spectrum for particles centred

on nominal radii of 0.00075, 0.0015 and 0.005 m. In Fig. 6a

data for spheres and gravel of radius of 0.005 m are shown;

both data sets are broadband in nature, with spectral peaks

frequencies being around 15 kHz. The fact that spectral lev-

els are lower for the gravel is not necessarily significant be-

cause measurements were made under different conditions

of mass and rotation speed. Owing to the impact veloci-

ties, U , the number of particles impacting, N , and the value

of the angle between the direction of impact and the mea-

surement position, θ , not being well specified in the rotating

drum experiments, the output from the rigid body radiation

calculations were scaled to the observations. Further using

Hertzian impact theory as opposed to non-Hertzian (Riner

and Petculescu, 2010) and assuming the particles are spher-

ical as opposed to, say, more cylindrical shape (Wang and

Tong, 1992) may be somewhat restrictive for comparisons

with the gravel data, however, it provides internal consis-

tency between the sphere and gravel analysis. The compari-

son is therefore between the modelled and measured spectral

form. Further, when multiple particle size pairs of slightly

different effective sizes and velocities are impacting simulta-

neously, marginally different overlapping frequency spectra

are summed at the receiver. Therefore for the rigid body cal-

culations the spectra have been smoothed to reduce the oscil-

lations in the spectrum observed in the previous figures as-

sociated with only a single size particle pair impacting. This

application of rigid body radiation theory to quasi-bedload

transport is an important step in acoustic modelling in the

riverine environment and the inversion of the acoustic mea-

surements to obtain particle size and bedload transport. As

can be seen in Fig. 6a the smoothed rigid body radiation

spectra compare reasonably well in form with the sphere and

gravel spectra, although, particularly for the gravel, the re-

duction in the spectral amplitude at lower frequencies seen

in the data is smaller than predicted by the model. This was a

common and unresolved observation for gravel across most

of the measurements (Thorne 1986a, 1990). In Fig. 6b, re-

sults for 0.0015 m glass spheres and 0.00075 m gravel are

shown, and the measurements clearly show a separation in

the spectra, with the smaller gravel material having a max-

imum in the spectrum at twice the frequency of that of the

glass spheres. Comparison of the predicted spectrum with

the observations again captures the broadband nature of the

sound, the location of the maximum in the spectrum, the roll-

off at the higher frequencies and the smaller material having a

maximum amplitude at a higher frequency; however, as with

the cases in Fig. 6a, the modelled lower frequency compo-

nents are underestimated.

To represent the variation of the spectra with particle size,

the frequency at which the spectrum nominally peaks, or the

centroid of the spectrum, has been used to define a charac-

teristic central frequency. This is illustrated in Fig. 7a, where

results from the studies of Jonys (1976), Millard (1976) and

Thorne (1985, 1986a) are presented. What can be clearly

seen is that the characteristic central frequency has to first or-

der an inverse dependency on particle size. From rigid body

radiation theory the frequency at which the spectrum peaks,

fpk, can be seen in Fig. 2b to be approximately given by

1.7fo, where fo = 1/2to. For simplicity, if the assumption is

made that two identical particles are impacting, the expres-

sion for to can be simplified (see the definition below Eq. 1),
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and this allows fpk to be expressed as

fpk = 0.15

{
E

ρs(1− σ 2)

}0.4
U0.2

a
(3)

All the parameters in Eq. (3) were known apart from the par-

ticle impact velocities in the rotating drum. Typical circum-

ferential drum speeds of 0.3 ms−1 were used so impact ve-

locities in the range of 0.01–0.1 ms−1 would not seem unrea-

sonable and were therefore used in the evaluation of Eq. (3)

to obtain the lines in Fig. 7a. The data generally lie between

the two lines, thereby indicating that Eq. (3) is probably a

reasonable description for a characteristic central frequency

for the broadband impact spectrum, with, guided by Fig. 2b,

the significant section of the spectrum lying in the frequency

band between approximately fpk/4 and 4fpk.

In the marine environment the amount of material trans-

ported as bedload will vary over time depending on the size

of the sediments on the bed and the hydrodynamic con-

ditions. To simulate this variability, a series of measure-

ment were carried out on gravels of different radii, with

a = 0.0012, 0.0024, 0.005 and 0.0085 m where the mass,M ,

of sediments in the drum was increased at constant rotation

speed. Treating the interparticle impacts in the drum as sim-

ilar random, independent noise sources, the total signal can

be expressed as (Beranek, 1971)

P 2
=

N∑
i=1

P 2
i ≈NP

2
i , (4)

where N is the number of sources, P 2
i are the individ-

ual source pressure levels squared, the over-bar represents

a mean value and P 2 is the total mean squared pressure. As

N is proportional toM , P 2 should be approximately linearly

dependent on M . Figure 7b shows the results of the mea-

surements and the line represents Eq. (4). Although there is

some variability in the four data sets, the general slope of the

data is consistent with a linear relationship between P 2 and

M . The scatter in the data is associated with variable impact

velocities about a mean, the different size particles within a

samples and non-sphericity of the particles impacting.

In general therefore, it can be seen that the relatively sim-

ple rigid body radiation model captures in broad terms the

form of the spectrum for large numbers of particles impact-

ing in a quasi-bedload manner, although for reasons not re-

solved in the present analysis the lower frequency compo-

nents are somewhat underpredicted. The spectrum can be

broadly specified as having a characteristic central frequency

which is inversely related to particle size and with a band-

width nominally between fpk/4 and 4fpk. Finally to rep-

resent increases in bedload, the amount of material in the

drum was gradually increased at a constant rotation speed,

which resulted in the mean squared pressure increasing lin-

early with mass. These results do indicate that there is the

possibility that inversion algorithms could be developed in

Figure 8. Comparison of the proxy for sediment transport, acoustic

intensity, with the magnitude of the kinematic stress, |uw|, due to

(a) sweeps, (b) ejections, (c) outward interactions, (d) inward inter-

actions and (e, f) the number of events for the four kinematic stress

quadrature components. Measurements are from Heathershaw and

Thorne (1985).

the future for estimating bedload parameters from the signa-

ture of the SGN signal.

4 Example from a field study

There have been a number of field trials of the SGN tech-

nique, and the results have been variable (Bedeus and Ivic-

sics, 1963; Tywoniuk and Warnock, 1973; Jonys 1976;

Richards and Milne, 1979; Thorne et al., 1989; Williams et

al., 1989; Voulgaris et al., 1995; Mason et al., 2007; Barton

et al., 2010; Belleudy, 2010; Bassett et al., 2013). One of

the more successful and interesting studies was to utilise the

non-intrusive high-temporal-resolution measuring capability

of SGN to examine the relationship between turbulent burst-

ing in tidal flows and the bedload transport of coarse gravels

(Heathershaw and Thorne, 1985; Thorne et al., 1989). Us-

ing an instrumented frame, concurrent measurements of the

three orthogonal components of the turbulent flow and in-
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stantaneous bedload transport were collected above a gravel

bed in a tidally dynamic environment with currents peaking

at around 1.0 ms−1 at 1 m above the bed. High-resolution

bedload transport measurements were derived from two hy-

drophones measuring the SGN and calibrated in situ for bed-

load transport using visual measurements of sediment trans-

port using an underwater video camera (Thorne, 1986b). The

flow and acoustic measurements were respectively collected

at 0.33 and 0.24 m above the bed, and the synchronised data

were digitised at 5.0 Hz and recorded. From the turbulent

flow measurements the kinematic Reynolds stress, τuw, was

calculate using τuw=–uw m2s−2, where u and w were re-

spectively the horizontal and vertical fluctuating turbulent

components of the flow. From the acoustic calibration it was

shown that the SGN acoustic intensity, I µWm−2, which is

proportional to the squared pressure, was an acceptable sur-

rogate for bedload transport (Thorne, 1986b). Applying a

quadrature analysis to the kinematic Reynolds stress, events

in the flow were identified as sweeps (u> 0, w< 0), ejections

(u< 0, w> 0), outward (u> 0, w> 0) and inward (u< 0,

w< 0) interactions and compared with the corresponding

values for I . The results of the analysis are shown in Fig. 8.

The measurements demonstrated quite clearly in Fig. 8a

and b that the acoustic intensity, and hence gravel trans-

port, associated with sweep events were substantially higher

than the intensity levels during ejection events at high stress

values. This difference increased as the magnitude of the

kinematic stress increased. From this it was concluded that

of the two types of motion that contributed to the bulk of

the kinematic Reynolds stress, ejections and sweeps, only

sweeps were capable of supporting appreciable coarse sed-

iment movement. It was also noted that unexpectedly out-

ward interaction events, although weaker and less frequent

than sweeps, as shown in Fig. 8c and e, were capable of sup-

porting greater sediment movement than sweeps for the same

stress levels. This is despite the fact that they make a negative

contribution to the Reynolds stress. Correspondingly, there

was little sediment movement associated with inward inter-

actions. The results showed that horizontal turbulent velocity

fluctuations, u, may have greater dynamical significance in

terms of coarse sediment movement than the instantaneous

contributions,−uw, to the Reynolds stress. Also vertical fluc-

tuations were considered as important provided they were as-

sociated with increases in u. This was the case for outward

interactions, Fig. 3c, where w> 0 indicated additional lift on

exposed gravel particles by fluid moving away from the bed.

This, in turn was considered to account for sediment trans-

port rates being higher than those of similarly sized sweeps.

The observed close dependence on u was considered explain-

able if the gravel were moved principally by form drag act-

ing on the flow-normal projected area of exposed particles.

To examine this, a correlation analysis between the total hor-

izontal flow, U , and I , and Reynolds stress, −ρouw, and I

were carried out. The results of the analysis showed that in

all cases sediment movement was better correlated with form

drag than with the instantaneous stress.

This study illustrated that SGN can provide detailed high-

temporal-resolution measurements of sediment response to

turbulent flow conditions and showed for the first time that

the bedload movement of seabed gravels is caused princi-

pally by sweep-type motions in the bottom boundary layer

and to a lesser extent by outward interactions. This observa-

tion could be explained if form drag rather than shear stress

were assumed to be the principle cause of gravel movement.

It was speculated that such relationships between sediment

transport and turbulent motions could lead to a new genera-

tion of sediment transport equations which accounted for the

turbulent bursting process (Clifford et al., 1995; Williams,

1996; Sumer et al., 2003).

5 Discussion and conclusion

The aim of the present paper has been to provide scien-

tist and engineers who are interested in the measurement of

coarse sediment bedload transport with an overview of the

background to sediment-generated noise. The new calcula-

tions presented here on sphere impacts and comparisons with

quasi-bedload transport have illustrated that the rigid body

radiation approach should provide a first-order framework

for understanding and interpreting SGN collected in river-

ine and coastal environments. When the bed becomes mo-

bile, interparticle collisions occur which radiate sound into

the water, and this SGN can been used as a proxy for bed-

load transport rates. To understand and predict the sound field

generated by the collision of particles, a theoretical frame-

work based on rigid body radiation has been presented. Ini-

tially predictions were made with colliding pairs of glass

spheres, and the impact of sphere size, impact velocity and

field point angle was examined to assess the effect these had

on the measured time domain signal and the frequency spec-

trum. Limited comparison with available data was carried out

to assess the veracity of the theory. To move beyond simple

two-particle impacts, larger numbers of particles were im-

pacted using a rotating drum arrangement; this experimental

configuration was employed to simulate quasi-bedload con-

ditions. In these studies data were collected on glass spheres

and natural gravels. Spectral analysis of the measurements

showed comparable spectra to the two sphere impact results,

and rigid body radiation gave reasonable first-order agree-

ment with the rotating drum data. Assessment of a charac-

teristic central frequency for the spectra showed a clear in-

verse relationship with the size of the impacting particles,

and an expression derived from the impact duration of the

collision time, to, given by Eq. (3), provided a reasonable

description for the observations. To establish a relationship

between the amount of material impacting in the rotating

drum and the mean square signal level recorded, measure-

ment were carried out for a number of different particle sizes
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at constant drum rotation speed. The results showed that the

mean square signal level was proportional to the amount of

material in the drum and hence ostensibly the number of col-

lisions. To explain the observations, the interparticle impacts

in the drum were considered to be similar random indepen-

dent noise sources which summed linearly with the mean

square pressure.

The outcome from the two sphere impact studies and the

measurements in the rotating drum indicated that the rela-

tively simple Eqs. (1)–(4), derived from rigid body radia-

tion, and the linear summation of mean square pressures,

provide a framework for a first-order understanding of SGN.

The results showed that, for pairs of spheres impacting, the

amplitude of the signal is a function of the sphere size, im-

pact velocity and the location of the position of observation.

For measurements of bedload in the field, the location of the

receiver will normally remain fixed relative to the bed and

the size of the bedload material will be nominally constant;

therefore the signal amplitude will essentially depend on the

impact velocity and the number of particles impacting. If it is

assumed that impact velocity is proportional to the velocity

on the mobile material, then the mean square signal ampli-

tude should be acting ostensibly as a nominal proxy for the

bedload transport, and this has been reported in a number of

studies (Johnson and Muir, 1969; Thorne, 1986b; Barton et

al., 2010). The form of the spectrum has been shown to be

primarily dependent on the size of the impacting particles,

with the impact velocity and measurement location having

only second-order effects. The form of the spectrum is there-

fore a reasonably robust indicator of the size of the mobile

material and as such has been used to estimate the size of

the bedload material (Thorne, 1986a; Mason et al., 2007;

Belleudy et al., 2010; Basset et al., 2013).

One of the more common difficulties in the application

of SGN to the measurement of coarse sediment bedload

transport is the level of the background aquatic soundscape

(Wenz, 1972; Thorne, 1986b; Vracar and Mijic, 2011). Con-

tributions from biophony (sounds from aquatic animals),

geophony (sounds from natural abiotic phenomenon) and an-

throphony (sounds from manmade activities) can make inter-

pretation and assessment of the SGN problematic. To-date

most SGN measurements have been collected using nom-

inally omnidirectional hydrophones. Looking to the future,

the mounting of such hydrophones in acoustically reflective

housings to increase directionality (as with an omnidirec-

tional bulb in a car headlight), and thereby rejecting erro-

neous background noise, could be an interesting step for-

ward. Also given that predictions can be made for the spec-

trum of the sound from a knowledge of particle size, this may

be used with bandpass filtering to enhance the SGN signal

relative to the general soundscape. One area which is still

deficient is rigorous assessments of the SGN technique us-

ing independent measurements of coarse sediment bedload

transport. Further studies in flumes and in the field would

establish, with greater veracity than available at present, the

capabilities and uncertainties in the application of SGN to the

robust measurement of bedload transport and particle size.
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Appendix A

Table A1. List of variables.

a Sphere radius (m)

a1 Impactee radius (m)

a2 Impactor radius (m)

aj j=1 represents the impactee and j = 2 represents the impactor (m)

c Velocity of sound in water (ms−1)

A Mass acceleration factor (-)

E Young’s modulus for the spheres (Pa)

f Frequency of sound (Hz)

fo 1/(2to) (Hz)

i
√
−1

fpk Peak frequency in the theoretical impact spectrum (Hz)

m Sphere mass (kg)

m1 Mass of the impactee (kg)

m2 Mass of the impactor (kg)

Pi Pressure from individual impacts of bedload material (Pa)

P 2 Sum of P 2
i

over N individual simultaneous impacts (Pa2)

Ps (t) Pressure time series for a single sphere accelerating (Pa)

Pp (t) Pressure time series for a pair of spheres impacting (Pa)

Pto Pressure amplitude term (Pa)

Ps (f ) Spectral pressure distribution for a single sphere accelerating (Pa Hz−1)

Pp (f ) Spectral pressure distribution for a pair of spheres impacting (Pa Hz−1)

Pfo Spectral pressure amplitude term (Pa Hz−1)

t Time (s)

to Impact duration time (s)

Td Delay time between the impactee and impactor to the field point (s)

u Horizontal fluctuating turbulent components of the flow (ms−1)

U Impact velocity of the spheres (ms−1)

w vertical fluctuating turbulent components of the flow (ms−1)

ε Normalised frequency f/fo (-)

θ Angle between the line of sphere movement and the direction to a radiated field point (-)

ξ cto/πa (-)

π 3.141592 (-)

ρo Density of water (kgm−3)

ρs Density of spheres (kgm−3)

σ Poisson’s ratio for the spheres (-)

τ Normalised time t/to (-)

τuw Kinematic Reynolds stress −uw (m2 s−2)

ωo Angular frequency 2πfo (Hz)
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