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Measurements are presented of multi-frequency underwater acoustic backscattering from
suspensions of glass spheres and sands. The data were collected in a sediment tower, specifically
designed for such measurements and capable of generating a homogeneous suspension over a
distance of approximately 1 m. The glass sphere data were collected to assess the capability of the
system and for calibration. The measurements on suspensions of sands were obtained as part of
on-going studies into the measurement of nearbed sediment transport processes using acoustics.
Utilizing the backscattered sound from sand suspensions, both the form function and total scattering
cross section of the sediments have been measured for a range of sediments and particle sizes.
Interpretation of the observations has been carried out within a framework of sphere scattering. The
results show enhanced scattering for suspensions of sand grains, relative to that of similar size
spherical scatterers and the enhancement can be described by a function dependent on the particle
size and the wave number of the insonifying sound, with one free paramete200® Acoustical
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I. INTRODUCTION glass spheres and sands. The backscattering characteristics
are formulated in terms of the form function and the attenu-
The development of our understanding of sedimentation through the total scattering cross section. These de-
transport processes, over sandy beds, has benefitted greaditiptions are at the kernel of the inversion to extract the
from recent developments in the application of acoustics tquspended sediment component from the backscattered sig-
this problem’. The potential of acoustics to provide co- pa. Also, generically, although the scattering properties of a
located, simultaneous measurements of the seabed morphgymper of canonically shaped bodies are reasonably well
ogy, the sediment field, and the hydrodynamics, provides opyngerstood, there are many natural scatterers that are irregu-
portL!nities to examine how these'three mutuqlly interactivg,, in shape and a description of such bodies is required. To
and interdependent components interrelate with each oth&fate the data published on the backscattering characteristics
The_ idea of using acoustlcs.for such stud|e§ is Qttractlve angf suspensions of irregularly shaped sand particles have been
straightforward. A pulse of high frequency directional sound,Iirnited to the works of Haf:® These works form the basis of

fcyplcally n the range 0.5-5 MHz and centimetric in Iength’our current description of the backscattering properties of
is transmitted from a source usually mounted around a metrguspensions of marine sands. A further work has supported

. . ) ) qgls general descriptiohHowever, a more recent detailed
bed, sediment in suspension backscatters a proportion of thef . e .

" study on the attenuation characteristio sand suspensions
sound and the bed generally returns a strong echo. This sig;

nal has the potential to provide information on profiles of howed significantly higher attenuation values than predicted

suspended sediment parameters, the flow, and the time higy the commonly employed sphere-based scattering nfodels

tory of the bedforms. The aim of such measurements is t nd somewhat larger than may have been anticipated on the

orovide sedimentologists and coastal engineers with ne asis of the previous scattering measurementsThis result
measuring capabilities for studying sediment entrainmenked the present authors to revisit the form function and total
and transport scattering cross section characteristics for suspensions of

In the present study the focus is on the measurement arﬁf‘”d and to this end a series of measurements were collected

description of the scattering characteristics of suspensions & different sand samples to examine their scattering proper-

ties. With the exception of one reported data’sttte mea-

_ surements on the scattering properties of sediments have ei-

dCurrent address: Proudman Oceanographic Laboratory, Joseph Proudmgan d the f f . h | .
Building, 6 Brownlow Liverpool L3 5DA, United Kingdom. Electronic er measured the form function or the total scattering cross

mail: pdt@pol.ac.uk section; however, in the present study, both scattering prop-
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erties were measured from the backscattered signal. The abil- K KM 12

ity to measure both scattering parameters simultaneously V= —rz,/; e e,
provided an opportunity to assess the consistency of the de-
scriptions of the form function and the total scattering cross f 3c7] Y20.96
section. s= T K¢ Poroi)%TU:l—Es] Ko (1)
To provide a description of the scattering properties of (p(as)) t
the irregularly shaped sand sediments, calculations based on 3
. . . Xm
a simple analytical shape, the sphere, have been used. This a=a, + —f ~—Mdr.
¢ dpgr 0<as>

approach of using canonically shaped representations with

ana]ytlcal_golut|on§ IS common and _hl?s been used for bOtl‘Ilhe termK; represents the sediment backscattering proper-
sediment® and biological scatterefs™ The results from ties, p is the sediment grain densitga,) is the mean par-

this study show both the form function and total scatteringjcie radius of the sediment in suspension amhd=

cross section can be reasonably well represented by a quar{t@SXagfzwag)}uz, wheref is the form function in the
sphere model, modified by an enhanced scattering functiohackscatter direction and describes the backscattering char-
dependent on the suspensio_n particle “.radiwx;s’,’ and the  acteristics of the scatterersi,={(as)(a)x/(ad)}, x is
wave numberk, of the sound in water, with one free param- known as the total scattering cross section and describes the
eter. The word radius is placed in quotation marks to indicatgcattering attenuation characteristics of the scattekebs.

the definition of particle radius has a degree of ambiguity forrepresents an average over the particle size distribution of the
irregularly shaped particles and this is considered later. Theediments in suspension. The teay) is the sound attenua-
justification for using an enhancement factor which is depention due to water absorptiol is the concentration of sedi-
dent onkay is based on two premises. The first is that, in thement in suspensiom,is the range from the transducer, apd
Rayleigh regiort? kag<1, scattering is considered to be in- accounts for the departure from spherical spreading within
dependent of the shape of the scatter. Though this is onlfe transducer nearfield.For fixed setting, is a system
strictly true for a fluid scatterer, one might anticipate elasticconstant. This comprises of the reference pressee,nor-
spherical and irregularly shaped scatterers may have simildpally defined ar,=1m, R is the receive sensitiviyl, is
scattering characteristiéd For kaz> 1, sometimes known as (1€ voltage transfer function for the systear, is the pulse

the geometric regime, there is a theorem that states the gel;;_ngth,_wherer IS _the pulse duration andis the veloqty of
‘ . . ound in waterk is the wavenumber of the sound in water,
metric cross section of a convex particle, averaged over a

orientations, is equal to a quarter of the surface area of th‘g,-lnd 3, is the radius of the transducer.
’ q q To evaluate Eq(1) the magnitude of the backscatter

. 14’15 . ..
particle:"" Given that a sphere has the minimum surfaceform function and the total scattering cross section are re-

area to volume, then a particle of irregular shape, having ?]uired For a sphere these can be exprés<ems
similar volume to a sphere, would have a larger surface area

and hence a higher geometric and scattering cross section. n=«

This, therefore, leads straightforwardly to the expectation f= &nZO (—D)"(2n+1)b,|, (28
that there will be a functional dependence kag of the

scattering characteristic of a suspension of sand, relative to _pn=

spheres having the same volume, and, as will be shown later, = — 2 (2n+1)Reb,)|, (2b)
this approach requires only one free parameter to account for X= n=0

the difference between sphere and sand grain scattering. Thi : : .
methodology differs from that of Ref. 5 which used a two wsnerebn is a function of spherical Bessel and Hankel func

tions of the first kind and their derivatives, Re denotes taking

parameter equivalent sphere model. Two parameters were "Be real part of the complex expression, andka, wherea

quired to fit their observations to a sphere model because thg yhe radius of the sphere. For the scattering of suspensions
functional dependence deas, of irregularly shaped particle ot sanq a definition is required for the particle size and, from
scattering relative to a sphere, was not considered. It will bge discussion at the end of the Introduction, ascribing an
shown here that the data in Ref. 5 can be represented by th®uivalent sphere dimension is not readily defined. Even if
approach adopted in the present paper. one were to adopt the radius of a sphere with the equivalent

surface area to that of the grains, obtaining such measure-

ments for a suspension of sand grains would seem problem-

atic. Therefore a pragmatic approach was taken and the size

measured by sieving the sediments into relatively narrow

Il. SUSPENSION SCATTERING size fractions was taken to define the particle size. Such an
approach is not arbitrary, since most sedimentologists use

For incoherent scattering, when the scattered phase i§eving to define the particle size of sands and the end prod-
random and uniformly distributed overm2 the recorded uct of the application of acoustics to sediment processes is to

root-mean-square backscattered voltage from a suspen- deliver to the sedimentologist measurements of parameters
sion of sediments, insonified with a piston source transducethey can readily utilize. In the present study the experimental
can be writteh?8as expressions for the scattering parameters were
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chosen to be independent of particle size. Taking the naturaion and measured form function is not highly sensitive to
logarithm of Eq.(1), we can write for a homogenous suspen-the sphere velocities chosen, within approximate§% of

sion (as was the case in the present study, see Figs. 3)and the above values, since they primarily control the resonance
structure of the form function and, as will be seen later, these

In(Vrgb):In( f K\ /L —2r| eyt SxmM . are only weakly observed when there is even a small depar-
ps(as) 4pas) ture from a uniform particle size in suspension.

The seven scanning electron micrographs of the sedi-
This is now a simple linear equation in Wi()) andr, and ments show in detail the size and shape of the sediments

allows the following to be written used in the study. None of the particles are particularly
spherical; in fact, it would be difficult to formulate a geomet-
e” | ps . . .
fo=— (43 ric shape which accurately represents the profiles of the par-
t ticles. Generically they could be described as irregular in
K¢ VkM icles. Generically th Id be described as irregular i
2p form, with curved surfaces, facets, and edges. It does appear
Xx 3k|\s/| (k—2ay,), (4b)  that some sediments are more rounded than others, for ex-

ample, sample &” sediments look as if they are somewhat
where 7 and « are respectively the intercept and the magni-smoother than the sedimentb,” which appear more angu-
tude of the gradient obtained from the measurements as ejar. Also sediment f” has some particle shapes which were
pressed in Eq(3). Here we have usefl,=f.,/\x and relatively flat in form. The effect these changes in particle
= xm/X, and for the measured valurs k(as) and(as) was  shape have on the acoustic scattering properties of suspended
the sieved sediment radius. The advantage of this form o$ediments will influence whether or not a general description
expression is the rhs of Eggla) and (4b) do not depend on  of the form function and total scattering cross-section can be
a definition of particle size. obtained, which has wide-ranging applicability. All the sedi-
To compare a sphere based scattering model with theents studied were sand grains, primarily composed of
measurements collected on suspensions of sands a simgleartz and, for the calculations to follow, the density, com-
modification to Eq(2) was applied for consistency with the pressional, and shear wave velocities were t&kembe re-
experimental definitions of, and x,. These equations are spectively 2650 kg m®, 5980 ms?, and 3760 ms'. Again

now written as the choice of velocities was not critical because variations of
up to =10% did not significantly alter the modified low pass
fa=w(f1V%), (53 sphere solution given by E@5).
xs= ¥ x/x), (5b) To study both the suspensions of glass spheres and sand

. grains, the sediments were sieved irfop (¢=—log,d
where( ) represents an average over a range.ofhis es-  \yhered is the particle diameter in millimetersarrow size
sentially operates as a low pass filter and reduces the varig-tions. Table | shows the values @) for the sediments

tion in f5 and xs associated with the acoustic resonances of &y,died and the number of experiments conducted on each
sphere(see Refs. 1-)6 y is the function in Eq«(5) which  gadiment and each size fraction.
will be used to account for the difference in the scattering

level, with x, between the low pass sphere mofied., EQ. v DESCRIPTION OF THE SEDIMENT TOWER
(5) with y=1] and the measured values for suspensions of )
sand, obtained from Edqd4). The experimental arrangement used to measure the scat-

tering properties of glass sphere and sand suspensions is
shown in Fig. 2. The sediment tower was constructed from
Perspex, with the main component being a vertical 2.15 m
A series of measurements was taken on glass spherésbe, with an inner diameter of 0.3 m and wall thickness of
and seven different sands collected from estuarine, beacBh,01 m. Once the tower was filled with a suspension, bilge
and quarried locations. In Fig. 1 are scanning electron micropumps were used to extract water and sediment from the
graphs of the sediments used. The sand sediments labellitpttom of the tower and deliver it back to the top of the
of (a) to (g) is consistent and is used in Fig. 1, Table | andtower through a 0.05-m-diam pipe. Two bilge pumps, pump-
Figs. 9 and 10. The glass spheres can be seen to be nominaihg side by side, operating at approximately 50% of their
spherical in shape, although it can be readily observed themmaximum capacity, were chosen for this function. Operating
was some departure from perfect sphericity. Although thedn this mode prevented pump cavitation and thereby reduced
glass sediments were not ideally spherical, studies on sudhe possibility of introducing air into the system through the
suspensiorts®®have shown their scattering characteristicspumping mechanism. Also two pumps generated sufficient
are well represented by the theoretical description of dlow in the return pipe to ensure the sediments extracted with
sphere. For the sphere calculations of the form function anthe water from the bottom of the tower were returned to the
total scattering cross section, the material properties chosdnop. At the top of the tower the suspension was reintroduced
were based on measuremetitShe values used for the com- below the upper water surface, open to the atmosphere,
pressional and shear wave velocities were respectively 5550rough a mixing chamber, designed to homogenize the sus-
and 3545 ms!, with a density of 2500 kg nT. For water the  pended sediments within the tower, without the entrainment
values used for density and sound velocity were 1000 kg m of air. Further to assist with the homogeneity of the suspen-
and 1480 ms’. The comparison of the glass sphere predic-sion, a unit near the base of the tower, consisting of a turbu-

IIl. SEDIMENTS USED IN THE STUDY
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Glass spheres a

FIG. 1. Scanning electron micrographs of the glass
spheres and sands used in the study.

lence grid, impeller, and propeller, was rotated to generate ameasured concentrations are given in Fig. 3. The data clearly
upward mixing turbulent flow. This combination of mixing show the suspended sediments were homogeneous both
elements was designed to generate a uniform suspensi@tross the tower and vertically. There was no significant dif-
throughout the tower. ference with sediment size or between the glass spheres and
To assess the homogeneity of the suspension in tht#he sand. These measurements clearly show the sediments in
tower three experiments were conducted using suspensiorsuspension were homogeneous and uniform with range be-
The sediments used were glass spheres wt) low the transducers.
=115.5um and (ags)=195um, and sand with(a) To obtain the scattering measurements a triple frequency
=195um. Pumped samples of the sediments were collectedcoustic backscatter system operating at 1.0, 2.0, and 4 MHz
between 0.1 and 0.8 m below the transducers, and located avas mounted in the upper section of the tower. The transduc-
the central vertical axis of the tower, at 0.07 m from the axis,ers had respective nominal3-dB half beamwidths of 3.1°,
and at 0.14 m from the axis; the latter was within 0.01 m of2°, and 1.2°. The system measured the envelope of the back-
the tower wall. Know volumes of water were extracted,scattered signal at 0.01-m intervals over a range of 1.28 m.
passed through a filter, and the retained sediments dried arr data collection a low pulse repetition frequency of 4 Hz
weighed. The concentration was then calculated as the driedas used to allow the sound from one transmission to dissi-
mass divided by the volume of water extracted. The resultarpate before the following transmission. For each measure-
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TABLE I. The table shows the number of experiments conducted, at each 1 T T T T T T
sediment size, for the different sediments. The total column and row respec- ol a|
tively give the number of experiments conducted on each sediment and forg~ o ®
each size.; and B, respectively give the values fg8 in Eq. (7) for 'E 06F TS T T T T g 5 - S - X ------A
calculatingf and ys. N
< oaf _
<aS> = 02F 4
(um) Glass a b c d e f g Total
ol—t . . . L , . .
0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9
‘513(7)5 3 2 2 22 il Range below the transducers (m)
68.75 3 2 3 2 7 1 T T T T
82.5 3 3 1 2 3 5 4 18
98.0 5 2 1 1 3 2 9 — 1
115.5 16 1 2 1 1 4 2 11 IE 06l N x J
1375 11 2 3 1 3 4 13 ;B op——— PR oo P — &
163.75 2 5 4 1 5 2 17 o 04T o o 1
195.0 9 5 1 3 1 6 6 22 | ]
231.25 5 8 3 1 5 4 21
275.0 3 S 5 10 %43 0i4 0.5 0;6 0i7 018 09
327.5 3 3 4 2 9 Range below the transducers (m)
390 3 1 1
Total 66 26 7 28 8 11 41 30 151 1 T T T
B 21 17 24 16 20 24 14 194 sk )
o(Bs) 04 03 05 02 02 03 02 &
By 1.6 1.9 1.8 1.7 1.8 17 14 0.2 g) 0.6 N + % B
a(B,) 04 02 05 03 03 04 03 NS S ®--- g T TTToT T CH
o o
=
0.2 1
ment run 320 backscatter profiles were collected at each fre- %3 02 ' ‘ 07 08 08

guency. These profiles were averaged and the scattering

0.5 0.6 .
Range below the transducers (m)

levels CalCUIated_' Four runs were C(_)ndUCted to p.rowde. %IG. 3. Pumped sample measurements in the tower of the suspended sedi-
mean form function and total scattering cross section Withnent concentration with range below the transducers. Data were collected
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on the central axis of the tow€D), at 0.07 m from the axiéx), and at 0.14
m from the axis(+) for sediment sizes{a) glass spheres witqas)
=115.5um, (b) sand with(ag)=195um, and(c) glass spheres wittia)
=195um.

error bars. This averaging was required to offset the effects
of configurational noise associated with the random posi-
tion of the scatterers within the insonified volume and short-
term fluctuations in the homogeneity of the suspension.

V. SPHERE BACKSCATTERING AND SYSTEM
CALIBRATION

For all the scattering measurements, glass spheres, and
sands, a common measurement procedure was adopted and
this is briefly described here. After the tower had been filled
with water from the mains supply, a period of several hours
to days was provided, with the pumps and mixing systems
running, to allow time for any bubbles present in the water to
vent through the upper open water surface into the atmo-
sphere. Acoustic backscatter data were collected over this
period, and this degassing process continued until signals
reduced to background levels. These varied between 1% and
10% of the levels recorded when sediment was in suspen-
sion, depending on particle size, range, frequency, and con-
centration. The background levels, due to detritus, residue
micro-bubbles, and possibly turbulence scattering, were ac-
counted for in the data processing procedure. Water-saturated
degassed sediments were added to the tower and a period of
several hours was allowed for the suspension to become ho-

FIG. 2. The sediment tower used to measure the suspension scattering prdfl0geneous throughout the tower. Four acoustic runs were

erties of glass spheres and sands.
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profiles being collected at each frequency on each rursize. At the end of the experiment the sediments were ex-
Nominally this was repeated four times, with about 1 h be-tracted from the tower by placing a fine gauze net within the
tween each set of four runs. At the end of the last runbody of the tower. This extraction continued until acoustic
pumped sampling at 0.4 and 0.75 m below the transducefsackground measurements showed there was no significant
was carried out to establish the concentration and homogeesidue of sediment in the tower. A different sediment sample
neity of the suspension. This series of measurements, 1%as then introduced into the tower and new acoustic and
runs, constituted one experiment on one particular particlpumped sample data collected. The experiments were inter-

10"

FIG. 5. Predicted and measuré®)
backscatter form function for a sus-
pension of glass spheres. The lines
show the form function for the case of
a single particle size in suspensi6n)
and for the size distribution due to the

% ¢ sieves used——).

107k

1

10° 10
k<a >
S
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FIG. 6. Measurements of the variation
of In(Vry) with range,r, from the
transducer at(@ 1.0 MHz, (b) 2.0
MHz, and(c) 4.0 MHz, for sand sus-
pensions with (ag)=57.75um (O)
and(ag)=137.5um (X).

In(Vry)

-2 T T T T T

-25F -

In(Vry)

leaved with different particle sizes and repeat sizes. This prothe backscattered signal from suspensions with known scat-
cedure provided checks on the stability of the system ovetering characteristics.

time and yielded error bars for the final results. The number  The calibration approach used was to rearrange(Eq.

of experiments conducted on each sediment and particle siznd haveK; on the lhs of the equation. This gives

is given in Table 1.

To obtain the scattering properties of the sand suspen- Vi
sions required the system constalit,, to be known. One Kt=71,292r“- (6)
method is a full electronic and acoustic calibration of the KM

systent?? The electronic calibration requires measuring the

voltage transfer function of the system, . This includes Conducting observations in the sediment tower on a homo-
measuring transmit signal levels, receiving amplification,geneous suspension, at a measured concentration, with a
and the form of the time varying gain if applied. The acousticknown scattering description, provided the value for the sys-
calibration requires measurements of the source &g, , tem calibration constant. Glass spheres were used for the
(PaV ref 1 m), and the receive sensitivit§i (V Pa 1), of  suspension, since they were readily available in the required
the transducer. Also, to establish generally requires the size range, and the scattering characteristics of glass spheres
transducer beam pattern to be measured. This absolute catian be accurately predicted. If the electronic gain of the sys-
bration is a relatively time consuming process; howevertem is constanfthis was the case for the present systefq
given the sediment tower developed for the present studyas a single value; if time varying gain is applied to the
most of the calibration can be circumvented by measuringystem,K; will be a function of range.
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b

FIG. 7. Measurements of, (O) and calculatedf
( ) with y=1, versus.

An example of the measurement fig¢ is given in Fig.  suspensions havingag)=57.75um and (ag)=137.5um.
4. The data shown were from experiments on suspensions @lor each experiment the data have been averaged over the
glass spheres having mean radii of 98, 115, 137, and 19uns to form a mean and standard deviation. The variability
um. The plot shows the value & with range for the four observed in the data is due both to fluctuation in the sus-
particle sizes. It can be seen thgtwas nominally constant pended concentration and configuration noise. As shown in
with range, and the relatively small variations between thehe figure, a regression line was calculated for each data set
different suspensions sizes show consistent valueXof and the slopex, and the intercept with the ordinate, was
could be obtained. The ostensibly uniform valuekgfwith  measured. The first 0.2 m from the transducer were not used
range further supports the homogeneity of the suspension if the analysis to avoid the period of transmitter—receiver
the tower. However, it is acknowledged that there were flucinterference following transmissiofcrosstalk and to cir-
tuations in the suspension homogeneity during a run andumvent inaccuracies in the calculationfiue to any im-
from run to run, and this was overcome by repeating meaprecision in the value o, . Also the range was restricted to
surements and building up error statistics for the data colapproximatef 1 m toreduce signal to noise problems at the
lected. longer ranges. Using the measured valued@nd « the rhs
Measurements df; were collected over a 3-year period of Eq. (4) was evaluated. It should be noted that for small
interleaved with the sand suspension measurements. Carfyalues ofx, nominally x<1, the value fory, had a high
ing out glass sphere measurements at regular intervalfegree of uncertainty due to~2a,, , therefore data analysis
throughout the measurement program provided an assess-
ment of the system performance over time. To illustrate the
quality of the measurements obtained in the sediment tower,
the form function was calculated for the glass sphere experi- 2.4
ments using the system constant for each frequency. The
results are presented in Fig. 5. The dashed line represents the 22f 1
form function for a suspension having a uniform particle q
size; the solid line was calculated on the basis of a size ol , 1
distribution in suspension arising from thep sieves used to
sieve the sediments. As can be seen in Fig. 5, the measured
and predicted form functions show good agreement aver A
=0.19-6.5 which spans the region from the Rayleigh re- (A
gime through to approximately the geometric. The error bars > 167 x A 1
on the individual data are of the order of 10%—15%. It does Gl
not seem unreasonable, given the general agreement between 1.4 y ]

the observations and the predictions for the glass spheres and
the error bars measured, that the glass sphere observations
provide an indication of the accuracy of the form function
and total scattering cross section measurements for suspen-
sions of sand grains.

VI. MEASUREMENTS ON SAND SUSPENSIONS

To obtain the form function and total scattering cross 10™ 10° 10
section, the expressions in B4) were employed. Examples X
of the data collected are shown in Fig. 6. The data show thEIG. 8. Measurements for sand of the ratibs/f. (O) and y,/xe (A)

variation of In{/ry) with range,r,.from the trgnsducer_. The yersus, and Eq.(7) ( ) with 8=1.9. The equivalent calculation for
data were taken from two experiments carried out with santhe glass sphere results are given(ay).
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x5

FIG. 9. Comparison of, (O) and f

( ) for all of the sand suspen-
sions,(---) y=1in Eq.(53), (---) Ray-
leigh scattering and(--) geometric
scattering. In the present figure and the
following, plotsf,  represent,, fs.

%,

of the total scattering cross section was restricted to valuelsrge error bars, associated with measuring the ratios of the
abovex~0.5. Such a constraint did not apply tp. observed and predicted values, there is a clear trend of in-

An example of the measurementsfqfis shown in Fig. creasing divergence between the observations and the sphere
7. The data show a steady increase in magnitude wfith X, based model withy=1 for the sand data; however, as would
with peak values in the region=2-3. The solid linefs, be expected, no such trend is observed in the glass sphere
was calculated using E@5a with y=1. The measurements data. To represent the difference the following simple expres-
show that forx<1, the Rayleigh region, the predictions sion was used.
based on sphere scattering are in close agreement with the
observation. However, asincreases and geometric scatter- _ BC+0.5x+35
ing is approached, there is an increased divergence between 7~ x3+35 (7)
the measured value fdr, and the calculated value fdt.

Therefore, as alluded to in the Introduction, there is a funcThis had the required form, reducing to unity in the Rayleigh
tional dependence of on x. regime, increasing over the intermediate values Xore-

To ascertain this dependence, the ratiggfs, and maining constant for geometric scattering and wghac-
xx!xs, With y=1, were calculated for all the glass spherecounting for the enhance scattering in the geometric regime.
and sand suspension data, the outcome of which is shown ifhe structure of this curve is shown in Fig. 8 wii+1.9. 8
Fig. 8. Although there is scatter in the data and relativelyis the free parameter; it is independenkaind represents the
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" FIG. 10. Comparison of, (O) and s
1010_, ( ) for all of the sand suspen-
sions,(---) y=1in Eq.(5b), (---) Ray-
leigh scattering and(--) geometric
scattering. In the present figure and the
following, plots x,s representsy,,
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upper limit of y. Equation(7) can be seen to compare rea- general features of the data. There is initially an increase in
sonably well the data and, to first order, represents the erfy andf with a x*? dependency in the low region. This is
hanced scattering for irregularly shaped particles, from théollowed by a reduction in the increase fif andf, with a
Rayleigh regime through to the geometric scattering regimemaximum value ak~3. At higher values ok, as the geo-

For comparison of the sphere model with the individualmetric region is approached, there is a reductiof,aindf
sediments used in the study, the value fowas allowed to  which approaches & > dependency om. There are minor
vary and no constraint was placed on using the same value divergences from these trends and there is some scatter in the
B for calculatingfs and y. To obtain the optimum value for data, both of which are probably associated with the detailed
B a routine was used which minimizéfl,—T'|/T's, where  mineralogy, particle shape, and experimental uncertainty.
I" wasf or x, as 8 was varied between 0.5 and 2.5 in stepHowever, as can be seen, the expressiornyfdoes provide a
intervals of 0.1. The resulting values @f with calculated reasonably accurate correction factor to the sphere scattering
standard deviations are given in Table I. The results for thenodel. Figure 10 compareg, and xs. The measurement
backscattering cross section measurements are shown in Figgion is limited tox>0.5 for reasons previously outlined
9. The plots show the measured valuesffpy the low pass and the data is somewhat more variable than the measure-
sphere calculationk; usingy with 8 values from Table Ifg  ment of the backscattering cross section. Within the limita-
with y=1 and Rayleigh and geometric scattering. In generation of the data set collected, the observationygfand the
it can be seen that the enhanced sphere model reproduces ttedculated values for ys are in broad agreement.
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seven different sand suspensions helps to clarify the tend in
the measurements. ComparisomQfwith 8=1.7, shown by
the broad line, shows acceptable agreement with the data
over the limited range ok for which reliable values of,
~ could be measured. Again the dotted line shows the result
10" v ; when y=1.
Y 2 The data in Figs. 9—11 broadly support the low pass
X sphere,y enhanced, description based on a single varigble
S To further assess the general applicability of thierm, pre-
viously reported data sets were examined. The first of these
to be assessed was measuremenfsthe total scattering
cross section collected on suspensions of sands. The data set
| | complements the present study, in that a broad frequency
range, nominally 1-100 MHz, was used on a limited number
. of sediment sizes, as opposed to the present work where a
107 10° 15- relatively narrow frequency band, 1-4 MHz, was used with
X a broad range of sediments and sediment sizes. In the analy-
' sis presented in Ref. 5 the data was fitted to a movable rigid
sphere model, formulated using a two-parameter approach,
to rescaley, on the ordinate and on the abscissa. Inspec-
tion of the data, before rescaling, shows very similar trends
to those of the present data; with lowvalues having ap-
proximately Rayleigh scattering, followed by increased en-
hanced scattering relative to a spherexascreased, remain-
ing at an almost constant difference in the geometric region.
It was therefore considered interesting to compare how well
the y term of Eq.(7) accounted for the difference in the low
pass sphere model and sediment scattering in this data set.
Figure 12 shows a comparison of tlreenhance sphere scat-
tering model, Eq(5b), with the data. For the comparison, the
value used fofas) was obtained from the sieved sizes given
in the paper and not the optical diffraction size used by the
authors in their analysis. The sieved size was chosen to be
consistent with the present study. Therefore the abscissa was
FIG. 11. (a) The variation inf, (O) obtained by combining all the measure- rescaled fox values based on the sieved size. For the quartz
ment on sand suspensioris——) fs with =1.9,(--) fs with y=1.(b)  sediment no sieve size was available and therefore the opti-
The variation iny, (O) obtained by combining all the measurement on sandcal diffraction size was scaled to a sieve size based on the
suspensiond: ) xs With B=1.7, (-**) xs with y=1. (---) is Rayleigh .
scattering and--) is geometric scattering. other sediments where both measurements had been ob-
tained. Table Il lists the sediments and the valueg &gy. It
can readily be seen in the plots that the application ofjthe
There is a reduction iry, and ys for low values ofx, al-  term does bring the low pass sphere model into close agree-
though only limited reliable observations could be obtainedmnent with the measurements and accounts for most of the
in the Rayleigh region to assess tkedependency, the peak difference between the sphere and sediment scattering. The
in the observations and calculation is arouxet2.6, and range of 8, presented in Table Il, between 1.2 and 2.2 is
there is a reduction iy, and ys with x above this value, comparable with the values given in Table I. It is seen from
though it is difficult to fully validate the geometric'* de-  Table Il thatg, increases with decreasing particle size. As
pendency due to the upper limit &fin the data set. noted in Ref. 5, this is considered to be associated with
In Fig. 11 all the sand suspension data have been congreater irregularity in the particle shape with reducing size.
bined to give representative values fiy and y,. Figure  This increases the surface area relative to a sphere of nomi-
11(a) shows the variation of, and it can be seen the data nally the same size and hence increases the geometric scat-
follow the Rayleigh dependency for<1 and approach the tering cross section leading to higher valuessgf. The re-
geometric value forx>1, though the data are marginally sults from the present study and those of Fig. 12 are
lower at the highest values of measured. However, it is therefore essentially equivalent in terms of the physical in-
difficult to assess if this lower trend is genuine because of théerpretation of the enhanced scattering with
upper limit ofx measured. The form df, with 8=1.9, given The final comparison conducted is with the original data
by the broad line, is in good agreement with the data anaf Hay? which provided the first measurements of the form
represents reasonably well the observations. The dotted lifenction for suspensions of sand grains. A relatively compli-
represents the sphere calculation wi#1. Figure 11b) cated jetting system was used to generate the suspension and
shows the measurement fgy . Averaging the data over the measurements were conducted at 1, 2.25, and 5 MHz. The

X,S
/

xx,s
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FIG. 12. Comparison of, (+) and s
107" ( ) for the sand suspensions of
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&£ Rayleigh scattering an@-) geometric
scattering(a) Assen sand 1(b) Assen
sand 2,(c) Ottawa sand(d) Twente
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107
107
107"
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results are presented in Fig. 13. Relative to the sphere scatalues observed in the present study, there is variabilifg;in
tering curve withy=1, there is enhanced scattering. There isand this may simply be associated with this. Otherwise, at
Rayleigh type behavior at low values xfalthough the val- present, the difference i; between the present data set in
ues appear somewhat elevated, betweerl and 3 there is Fig. 9, and Ref. 2 in Fig. 13, is not readily explainable.
increasing divergence from the sphere scattering model with
y=1, while abovex= 3, the degree of elevation is variable.
Applying the y term does improve agreement with the data,V!l: DISCUSSIONS AND CONCLUSIONS
although due to the small value g, B;=1.2, the effect is The present study focused on examining the scattering
not as notable as in Fig. 9. Although this value is below the, o nerties of suspensions of marine sands. The work is part
of on-going studies into the application of acoustics to the
TABLE Il. The sediments used in Ref. 5. The second row gives the valuemeasurement of sediment processes. To obtain particle size
for (as) in micrometers obtained from sieving, apart from the quartz particlegnd concentration, from the signal backscattered from a sus-
which was estimate¢see text The third row gives the values @, used in pension of sediments, requires knowledge of the scattering
B . properties of the sediments, which are used in an inversion
Assen 1 Assen2  Ottawa  Twente Dune Quartz algorithm to obtain sediment parameters. Here we have pre-
sented a series of measurements on different sands, broadly
covering the Rayleigh, intermediate, and geometric scatter-
ing regimes. The model used to examine the data was that of

24.5 49 49 49 98 115
1.7+0.1 1.6:0.1 1.3:0.1 1.4:0.1 1.2¢0.1 2.2£0.2
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FIG. 13. Comparison of, (+) andfg

( ) for the sand suspensions of
Ref. 2, (--©) y=1 in Eq. (58, (---)
Rayleigh scattering an@-) geometric
scattering.

X,S

X

an elastic sphere modified using a smoothing function tdected data was replotted, wiflas) as the abscissa variable,
remove the rapid oscillation normally observed in the formto examine if there was any relationship between particle
function for a sphere. The comparison showed that at lowsize andB; however, none was observed. Also visual inspec-
values ofx, within the Rayleigh scattering regime, the scat-tion of the particle shapes in the scanning electron micro-
tering of sand grains is comparable with that of a sphere ofraphs in Fig. 1, does not show an obvious relationship with
similar size as measured by standard sieving. Above the Rayhe B values give in Table |. For each sediment examined, a
leigh region, there is a divergence between the sphere modeumber of sieved size fractions were used to obtain a range
and the observed scattering characteristics of sand, and thi$ k{ag), and it may be that these had somewhat different
divergence is enhanced with increasirgup to x~3. At shapes, which might have weakened any simple obvious re-
higher values ok, as the geometric scattering region is ap-lationship between the micrograph images for a particular
proached, the difference in the sand and sphere scatterigdiment and the value @d. It may also be the case that
remains constant. The latter has been interpreted in terms sfmple visual inspection of scanning electron micrographs is
a theorem which states that the geometric cross section ofraot a sufficient parametrization of the particles and a more
convex particle, averaged over all orientations, is equal to guantitative approach is required.
quarter of the surface area of the particle. At high frequencies  The reasons for conducting the present work are both
it is the geometric cross section which is measured and henames of interest in the scattering problem and of making a
elevated scattering relative to a sphere would be expected. Tmntribution to the application of acoustics to sediment trans-
account for the difference between the sphere model and th@ort processes. For the sedimentologist their requirement is
sediment scattering characteristics an enhancement factdg use acoustics as a tool. It is clear from this study and that
the y term, was introduced. This term accounted for most ofof Ref. 5 that individual sediments have somewhat different
the differences between sphere model and the data collectasgdattering characteristic depending on precise shape and
for the present study. Application of the approach to othercomposition. Unfortunately, this variability is not insignifi-
data sets gave similar improved agreement. Therefore, to firgant, and needs to be accounted for when extracting sus-
order, they term appears to have general applicability for pended sediment parameters from backscatter data. Although
sand suspensions. It has only one free paramgferhich  Ref. 5 showed increasing, with reducing particle size, due
primarily rescales they term in the geometric region and to shape, the present data sh@y and g, for the larger
thereby provides a simple relationship between the sphengarticle sizes having comparable values to the smaller par-
model and the measured scattering characteristics of suspeticles analyzed in Ref. 5. Therefore one could consider con-
sions of sand. solidating all the measurements @feported here. Doing so

In Ref. 5 a qualitative attempt was made to related pargave g;=1.8+0.4 and g,=1.6+0.3. Further, since the
ticle shape irregularity, obtained from visual inspection ofmean values fo3; and 8, are not significantly different
scanning electron micrographs, to their rescaling parameterathen account is taken of the standard deviations, the data for
Although the approach was subjective, there did appear to bg; and 8, could be combined to givg=1.7=0.3. Since, to
some correlation between patrticle size, estimated irregularityirst order, they term provides a generic description of the
and their rescaling parameters. In the present study the cobnhanced sand scattering relative to a sphere, this can be
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