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The theories of sound propagation in sediments are more or less extensions of those
applicable to atmospheric acoustics and to emulsions and suspensions. The theoretical and
experimental work of various investigators on the velocity and absorption of sound in sedimeénts
has been reviewed. The sound velocity in many high porous fine grained sediments has been. found
to beless than that in water. As themineral concéentrationincreases beyond 23 per cent (77 per cent
porosity) the system is no longer a suspension and assumes a measureable rigidity and, therefore,
soind velocity increases with further increase in concentration of partieles. The absorption in
sediments is mainly due to viscous losses when the size of the mineral particles smaller than the
wave length of sound and scattering losses also occur when the size is comparable to wave 'length.,
Some important unsolved problems have also been outlined. d

The study of propagation of sound in aqueous suspensions has aroused wide
interest because of its applications in oceanography and navigation for determining the
thickness of soft mud-layer in the sea-bottom. The waters of open oceans can be treated
as dilute suspensions of diatoms and other small organisms. The natural sediment is a
mixture of water, mineral grains, colloidal particles and ions. Mineral grain composition
is unique in each sediment sample. The particles are of different sizes and shapes; many
are in contact with each other while many more are in suspension. Since the sediments
are non-isotropic materials whose physical properties vary in depth and lateral dimension,
the laws of elasticity cannot be applied to sediments. . On account of this reason the elastic
constants of sediments have not been -determined statically and valid inter-relationship
between them have not been established. The aim of this paper is to review the field of
work and outline some of the major problems still un#olved. ‘

Velocity in sediments

Wood* noted that in a dispersion of one or more fluids in one another, the bulk

“adiabatic compressibility equals the sum of the compressibilities of individual com-

£

ponents multiplied by their proportional volumes in the total volume. A corresponding
relation holds for bulk density. A simple expression for the velocity of sound Cys can
be written as follows :
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where f,, are the volume fractions, Bs the compressibilities, and p; the densities
of ¢ components. Herzfeld® derived an expression for the adiabatic compressibility
of solids in suspension in terms of the velocity of sound, density of solid and
liquid, and the compressibility of the liquid. This was based on extensive theoretical
comsiderations of the effect of scattering by ‘numerous small rigid spherical particles
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in the sound field. It was suggested that the compressibility of solid substances could
be determined by suspending the solid in the form of particles in a liquid and measuring
the velocity of sound in suspension. Randali® applied the results for this purpose but
extremely small or even negative compressibilities were found. '

Urick? applied equation (1) to the case of suspensions or emulsions under the assumption
that suspended particles are infinitesimally small compared with the wave length of sound,
hence scattering effects could be neglected. If p and K represent the density and compres-
- sibility, B the volume percentage of particles, ¥ the velocity and subscripts 0, 1 and 2
refer to the suspension, suspending liquid and suspended particles respectively then

I
= p Ky
and
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Thus the velocity ratio y is a parabolic

COMPUTED CURVE, function of the concentration B and will,
INCOMPRESS | BLE

% therefore, have a maximum ora minimum

at some particular concentration fm.

™ The results were verified by measuring

the velocity with the ultrasonic interferom-
eter at 1 Me/s. The velocity is plotted as
the ratio of velocity in. suspension to that of

.97 the liquid in which kaolin particles are sus-

RATIO QF VELOCITY OF SUSPENSION TO VELOCITY OF WATER

\ COMPUTED GURYE, pended (Fig. 1).- The velocity at first falls as
\ RATI0. 05 kaolin is added to the liquid, reaches a mini-
\ mum at 20 per cent kaolin by volume and
e \ then rises. Also plotted in Fig. 1 is a curve |
N cuRve fron - computed from Herzfeld’s formula. The
\ HERZFELD FORMULA applicability of the additive formula was
Y I (T S further illustrated by some emulsions of
o » % e xylene-in-water -and water-in-xylene. This
VOLUME % OF KAGLIN was exemplified by data on fresh horse blood

. . which is a su sion of blood corpuscles in
F1a. 1—Sound velocity ratio vs concentration, kaolin lasma, 4 suspen 000 COTpusc o
) " suspénsions. . : ms,. . .
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Wood! and Urick? have assumed that both density and compressibility of the mixture
are the additive of corresponding quantities for the two materials but no justification has
been given for this. Also the derivation requires in addition to a density mixture law,
an assumption concerning the compressibility of the mixture in terms of the constituent
compressibilities. Chambre® derived expressions for the velocity of a plane compressional
wavein a gross mixture (porous or suspension medium) which obeys a simple density mix-
ture law and found that his results agreed with the results of Wood and others 4. He

_showed further that the assumption concerning the compressibility of the mixture is a

direct consequence of the density mixture law and hence is nct required.

Urick and Ament® suggested an improvement to the homogeneous assumption theory
(1) by developing a first order theory which, in allowing for first order scattering
effects, gives a complex propagation constant whose real part yields the velocity and the
imaginary part gives the absorption co-efficient. Velocity measurements at megacycles
on a series of bromoform-in-water and mercury-in-water emulsions are in agreement with
the theory at low and moderate concentrations upto 25—30%. Ament’ carried
the werk further by determining effective dynamic densities for. gross mixtures in the
form of either a porous solid or a suspension.

Tida8? and Takahashi & Satol® showed that compressional velocity should in-
crease in proportion to the sixth root of the depth of burial of a sediment. The same
result was obtained by Gassmann!! who dealt with spheres in hexagonal close packing.
Sato!? gave expressions for the compressional wave propagation in media with small holes
and in media containing small obstacles as an extension of the theory of Mackenzie!® for

‘a solid containing spherical holes.

A simple theory with macroscopic approach has been outlined by Morse'. The
theory was first suggested by Rayleigh!® and is more or less an extension of that outlined
by Kosten and Zwikker's. It is similar to the porous medium theory developed by
Morse and Bolt!?, Scott!8 and Beranek!®,  Ferrero and Sacerdote?® found experimen-
tally that the sound velocity remained constant in the frequency range 0-5 to 1-5 Kefs
for three lead shot samples (particle radii of 0-185, 0-128 and 0-098 ¢m) air being the fluid
in each case. No attempt was made by Ferrero to compare his results with theory.

The theory was extended by White and Sengbush?®'.  Using as a model an aggregate
of randomly stacked spherical particles of four different sizes, Brandt? developed theore-
tical expressions to explain the influence of pressure, porosity and liquid saturation on
sound speed in a porous granular medium. Kerner®® determined theoretically the gross
elastic moduli of a composite medium in terms of the properties of its components.
Gutenberg ef. al.?%, summarized the values for the velocity of longitudinal elastic waves
from seismic data. Biot gave a general treatment of elastic wave propagation in porous
solids at low frequencies (where Poiseuille flow holds)®, and also at high frequencies
(where Poiseuille flow does not hold)®. '

A sediment is a somewhat rigid structure of solid grains with fluid filled channels and
therefore, compressional waves are transmitted by the fluid-and shear and compressional
waves are also transmitted by the frame. The compressional velocity Cws may be related
to®the bulk properties of the sediment by the well known equation, \
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 where p, is the rigidity modulus of the aggregate, s the bulk density and
P,m =f°’ Po + Zféi ‘Per' . B G
and Kgs is the bulk modulus of the aggregrate. "
Laughton 27, 28 invééfsiga.ted the justifiction of using the relation ,
1 [ foi : :
== P2 A .
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Further a structure bulk modulus K¢ was introduced by him so that for a two compo-
nent system the aggregate modulus is = v ' .

K. K, (1 Jf_‘i ' ,
Kos = o +((f:r);) + K, . ()
fs o o

He studied the effects of hydrostatio pressure and compacting pressure on compressional
velocity in natural and artificial sediments. ’ ,

The most useful equation for predicting sound speed in sediment is.

2 Rest & Hos )

Cos = 208 For o (6)
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where K, is determined as in eq. (4). i

Assuming that the sedimen® volume fraction of sand grains is proportic;nal to the
rigidity modulus, eq. (6) can be written in the form '

& _ Kot by - )
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where bis a constant, (1—n) the particle concentration, ¢ is the diameter of grains coarser
than 0:0625 mm and 7 the porosity. . ~ :

Eq. (7) agrees with experimental results better than eq. (1), when a value of 0-8 is
used for b, appropriate mineral densities and compressibilities are used and ¢ is
givenavalueof 1-0at % = 0-4,0-3and 0-525 and zero at 7 = 0-8. ‘

Sutton ef. al. * studied 37 samples and their analysis of data shows that the best
equation relating sound speed to the more important independent variables is eq. (7).
Nafe and Drake.? studied the variation of porosity, density, and velocity of compressional -
and shear waves with depth in shallow and deep water marine sediments. Shumway®t
reported the variation of sound velocity with temperature in water saturated sedimemtts, -
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Emery et. ol.2 studied the sediments of sea water in the vicinity of San Diego.
Hamilton, George Shumway, Menard and Shipek® studied 35 stations in the same area
at water depths to 90 ft. Sound velocity measurements were made . situ at 100 Ke/s by
pulsing between two barium-titanate transducers inserted into the sediment by a diver
and connected by water tight cables with driving and receiving units located above -water.
Using diver taken samples the velocity and attenuation were measured in the laboratory
betwoen 23 and 41 Kc/s by the resonance method whose simple theory was given by
Toulis 3; the equipment used and techniques involved have been described by Shumway®.
The nomenclature followed by these authors® is that recommended by Shepard® so
far as the presence of relative amounts of sand, silt and clay are concerned, but a category
of sediment is further divided according to particle diameters. The sediments studied
were taken from the upper six inches with water-sediment surface defined rather than
being “‘soupy’’.

" The loss in decibels per reflection for normal incidence was computed for each station
using Rayleigh equation presented by Mackenzie®” in the following form :

[ pg — {1 — (p® —1) cot® ¢ r*]]

Loss in db/reflection = 20 log;o [ [pg + {1 — (P — 1) cot? ¢ }]

where p=velocity in sediment/velocity in water, ¢ =density of sediment/density of water
and $=grazing angle. - ‘ :

The values of the velocity of sound, reflection loss in db for normal incidence and other
~ acoustic data from in situ probe measurements at 100 Ke/s have been tabulated by these

authors®. A separate table gives sound velocity, attenuation coefficient « in db/ft
at various frequencies and other physical data for individual samples by the resonance-
chamber-methad. Sound velocities by the resonance method ranged from about 4900 ft/seo.
to about b900 ft/sec. A few velocities lower than those in sea water were also
obtained, Mifsud®8, Ericson® and Paterson # have also reported acoustical measurements
in natural and artificial sediments, but un situ very few determinations were made.

Hamilton® noted that in high porosity sediments of the sea floor off San Diego, at
. geveral stations, the velocity of sound in the sediments was 2—3%, less than the velocity.
of sound in the water just above the bottom. Taylor‘® studied the elastic properties of the
sediments. Sutton ef. al?®. measured sound velocity and certain other physical proper-
ties in samples from 26 cores taken in the Atlantic Ocean from water depths between 840
and 4780 m. Only a few of their samples had median diameters in the sand range and
all of them were 0ozes With caleium carbonate content higher than 85%.

Shumway#:4¢ reported sound velocity and absorption data for 111 unconsolidated
marine sediments ranging from shallow water sands to deep sea clays. This suite in-
.cludes most of the common marine sediment types and the data provide the general range
¢f*values for sea floor sediments, o
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Samples were collected by divers from water depths less than about 46 m .at 26 new
shallow water stations in' San Diego Bay and the. adjacent continental shelf, A group of
samples were taken by core, dredge and snapper from continental shelf off Pigeon Point
California, whose geologic setting is given by Moore and Sumway and also from conti-
nental border land area off San Diego where a varied topography provides a variety of
sediments ranging from sands to clays.  Deep sea sediments were obtained from cores’
collected in the Eastern Pacific Ocean., ' \

Standard methods were used for determining the grain size distribution®, sieve for
coarser sands, settling tube?’ for materials of intermediate size and pipette for fine materials, -
The velocity and absorption of sound were measured by the resonance technique34,35

with other physical data®®, The values of sound velocity range from 1484 to
. 1785 m/sec. and the porosity range from 0+ 357 to 0-856. Fig. 2 shows the relationship of

sound Velocity to porosity at mean temperature 22-79°C, The velocity of sound in sea
water of 35 9, salinity at this temperature is 1529-3 m/sec. More than a third of the
velocity values lie below this water value. The theoretical explanation for this phenome-
non was apparently made by Urick* and field measurements by Frank, Press and
Maurice Ewing®®, Officer®* and Hamilton®, The velocity at first falls as the concen- -
tration of particles increases, reaches minimum at about .23 % concentration and then
rises again.

These high porosity sediments are described acoustically by the velocity formula
which applies to a suspension. As the mineral concentration reaches 23% (779,

B : / - porosity) in a fine grained sediment the
system is no longer a suspension and grain
to grain contact causes the sediment to
assume elastic properties which were pre- -
viously either small or absent, Viscous
drag is also no longer operative and the
sediment assumes a measureable rigidity,
Its Poisson’s ratio is lowered from 05 for

fluids and its compressibility is less than

| P2 that of a fluid mixture. Due to these
PO EMULSI0N . . .
3 Eouation (1) elastic properties, the velocity of sound
increases with further increase in mineral
concentration.
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EQUATION (7)

SOUND SPEED KN/s.
P s
-
T

.
-
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o

: , For sedimentsin general it may be said
1,48 . e . : . \  that the smaller the median or mean diame-
R R ter, the higher the porosity and, therefore,
the lower the velocity of sound though the
rela,tionship is not linear, ~

POROSITY

P16, 2—Sound speed vs porosity for unconsolidated
marine sediments, |
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Temperature and pressure changes occur in a sediment sample when it is brought from

the sea floor to the laberatory. The effects of these factors have been discussed by Shumway*,
The effect of frequency on sound velceity is practically negligible.

Sound absorption in sediments

Natural sediments are essentially suspensions of minerals in water having a rigidity
depending upon the concentration of minerals. Theories of sound absorption for suspen-
sions and granular aggregates have been, therefore, extended to these sediments by various
investigators. The probtem of absorption of sound by a suspension of one material in
anothar has received greatest attention in connection with atmospheric acoustics as in the
propagation of sound through fogs and dusts®-52. Rayleigh!5%3 was the first to
calculate o of the amplitude ina beam of sound due to insertion therein of a single sphere
small compared with the wave length. P

Sewell® developed a theory for the extinctioh of sound in a viscous atmosphere by

small spherical obstacles assu ning the circumference of the obstacle to be small compared
with the wave length of sound, the total volume occupied by the obstacle to be small com-

to be large compared with

unity. The expression finally developed is as follows :

_ - (pw)} 6u T [ wa\ .
et VT B s L)) e

%
where 2«, the intensity absorption coefficient is defined by the equation 7 —= J ;2“
and n is the number of obstacles per ml. @ is the radius of the obstacle, u is the kine-
matic viscosity of the medium (viscosity)/(density). C is the velocity of sound in the

medium and w=2Y where y is the frequency.

The first term representing the loss due to turbulent friction in the i, nmediate vicinity
of an obstacle, contributes most significantly. The swcond term represents the loss due
to stream flow friction, using Stoke’s law for the slow motion of a sphere through a viscous
medium, Brandt®® obtained an expression for the loss due to stream flow friction. The
third term represents the fraction of the incident energy which is seattered to a distance,

There were no experimental data to test the validity of Sewell’s theory. However,

in 1925, Altberg and Holtzmann® measured sound absorption in tobacco smoke but the .

results could not be compared with the theory as no analysis was made of the number
and size of particles present in the smoke. = Laidler and Richardson®" measured the ultra-
sonic absorption in aerosols of magnesium oxide, stearic acid and lycoperdon spores and
analysed all the three®”. At the highest frequency (695 Kc/s) the experimental values
of absorption were usually found to be much greater than the theoretical ones, lycoperdon
spores showing closest agreement with the theory, presumably because they are more
nearly spherical than smoke particles of stearic acid or magnesium oxide, ‘ '

-~ Hartmann and Focke58 measured the absorption of ultrasonics in both water and
aqueous suspensions of lycopodium spores at seven different frequencies ranging from

??—2500 Ke/s in approximately equal steps.  Although the absorption coefficient -

ificreases with increasing frequency, the agreement with theory can be said to be only
. AN

-
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qualitative becoming closer as the frequency increases. The ‘difference in absorption

- coefficients for lycopodium' suspensions and for water was compared with the classical

theoretical expectation as derived by Sewell where the surface issupposed to be motionless,
v.e. the particle is a rigid sphere into which no sound could penetrate, an effect negligible
in aerosols but significant in hydrosols, Since this assumption is not sound, it seems to be
certain that the boundaries of the surface are not strictly at rest. Alsoat higher frequencies,
the spores would become relatively more rigid. ’

A model close to the actual conditions was analysed by Epstein®®. Neither Sewell

"nor Epstein in their treatment tock into account the thermal eonductivity of the viscous

fluid. . Twelve years later, in 1953, Epstein and Richardson®® completed their theory by
taking into consideration both viscosity and thermal conductivity but the reduction of the
general results to explicit formulae of attenuation was restricted to the case of liquid droplets
suspended in gases with particular attention to water particles in air. In general the effect
of viscosity and heat conduction are intermingled but the attenuation B can be divided
into two parts : ' ' '

B=8, +8,

 where Bn may be called the coefficient of viscous attenuation and B: the coefficient due

to thermal attenuation. Knudsen’s measurements®! afford experimental evidence for
the validity of this theory. The paper of Tolman and Fine®? is also worth study in this

"connection.

N

Lamb® modified and extended Sewell’s theory to the case of rigid incompressible
particles that are free to move in the sound field. He calculated the velocity potential
of waves scattered from a mobile sphere and by integration over a surrounding. volume,-
the energy loss.

Urick® cast Lamb’s theory in a more convenient form and obtained for the attenua~

tion due to a small single sphere frge to move in (unit volume of) a viscous fluid, the
formula , ’

S

2 2 2
— 4 — e ta
“= 9 K ot ~+ 3 k (a 1) @ 82 - (o + 7)2

(9)
where @ is the radius of the sphere, k= _i'fr__ , the wave length of .the radiation,
o= % is the density of the particle relative to fluid
2 :
i '9 1 . : s N 9
s= gmlitg) o o= (e )

is the propagation constant of shear waves in the fluid, 7.e. ol »  where w is the
Bis th t tant of shy in the fluid,

‘ , : 2y
pulsatance and y the kinematic viscosity. \*{
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The first term in equation (9) represents a redistribution on scattering of sound energy
due to the presence of the sphere and the second ternm on energy loss due to viscous effects
at the surface of the sphere. At megacycles the second term predommates Urick
* investigated the importance of this term experimentally and found the results in
agreement with eq. (9) but under the conditions of his experiment the scattering effect
was too small to measure. The frictional loss is due to the fact that particles in a sound -
field partake the motion of the fluid to an extent depending upon their mass the frequency -
of sound and the viscosity of fluid. Thus there exists a velocity difference, between fluid
and particles which for a viscous fluid results in a heat loss at the surface of each particle
and therefore in a decrease in intensity of the sound field. It was found that the viscous
drag absorption coefficient depends on the square of the ratio of the velocity difference

U, \2
vy )’
Fig. 3 illustrates the theoretical variation of absorption with particle size at three

frequencies 1,5 and 15 Me/s for a constant concentration (1 %) of particles of density 2-65
suspended in water. Extremely small particles tend tc move to and fro along with the

Between particles and the fluid to the velocity of the ﬂuld, z'.e.‘(

liquid in the sound field so that the ratio ( Yo

o

) ‘and henee the absorption are small. As

the particle size increases the particles lag more and more behind the- ‘movement of the
- fluid but at the same time the total surface area of particles decreases with increasing size
if the volume concentration remains constant. These opposing factors resultin an absorp-
tion maximum. Fig. 3 also shows the apparent absorption caused by scattering.  Urick
measured the sound absorption in aqueous suspensions of irregular particles of kaolin and
finely ground quartz sand by the pulse method similar to the one described by Teeter®s.

N 9 : ! I ] 1 1 (] J
10 0. . 3 40
mﬂc‘us RADIUS ’ | VOLUME CONCENTRATION %
FIG. 3-Theoret1cal visgous and scattermg loss vs particle Fm 4—1-me absorption in kaolin ‘sus-
A size for frequencjes 1, 5 and 15 MC/S, and for a pensions for moderate; coneent.ra :
' ‘volume concentration of 19, density ratio 2 66." tions,
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The median diamster for kaolin particles was found to be 0-9 p and for sand 2-2 B
The absorption was found to increase linearly with volume concentration for kaolin and
also for lycopodium spores of uniform diameter of 30 y at 15 Mo/s. The linearity of absorp-
tion with concentration is in agreement with the theory and illustrates the additive nature
of absorption process. It is seen from Fig. 4 representing the relation between kaolin
concentration and abzorption (1 Me/s) that linearity holds good only at low concentrations
where interaction between particles can be neglected.

Urick and Ament® measured absorption at megacycle frequencies on a series of bromo-
form-in-water and mercury-in-water emulsions and found the results to be in agreement
with theory at low and moderate concentrations upto 25-—309%,. Absorption measure-
ments were made also by Hueter, Morgan and Cohen®® in homogenized and skimmed milk,
by Carstensen, Kamli and Schwan® in blood plasma, by Robert Meister®®$? in sus-
pensions of plankton, by Rytov et. al.” and Vladimirskii and Galamin™ in emulsions

* of mercury-in-water, by Allinson and Richardson in emulsions of benzene in water and

water in benzene and other emulsions. Other papers on sound absorption in emulsions are
by Fry™ Vladimirskii’ and Ratinskaya?.

Nyborg Rudnick and Sechilling” measured sound attenuation at 10,18 and 26 Kofs
in “fine building sand” and “Hagerstown silt loam” but did not discuss the grain-size dis-
tribution for the samples used. However, the materials were ungraded samples of wide
range particle size. Ferrero and Sacerdote?® have reported data for attenuation in both
sand and lead shot. Morse derived expression for sound attenuation in sediments
and found that the theory is in agreement with the experimental results of Ferrero?® and
Nyborg et. al.”

Hoyer et. al.” measured backward soattering coefficient, general scattering coeffi-
cient and reflection coefficients of water-filled sands as a function of grazing angle cof the
incident sound wave on water and water-filled sand plane interface at frequencies of 05
and 1-0 Mec/s. Nolle87 computed transmission and reflection at plane boundary
between fluid and fluid-filled sand. It was observed that the refleotion loss approxima-
tely 10 db at notmal incidence became very small at grazing angles smaller than the
critical which is in agreement with ultrasonic experiments. Experimental studies were
made of the propagation of longitudinal waves in several mixtures of water with quartz
sands in the frequency range 400—-1000 Ke/s the most probable particle size ranging from
0-01—0-07 cm and being smaller compared to wave length.

The more general case of scattering by particles comparable in radius with the wave
length of sound does, however, give much greater weight to the scattering and it was this
more general case which was investigated by Busby and Richardson®. To the extent
that the attenuation produced by one sphere is unaffected by its neighbours, Busb)xa.nd
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Richardson adapt the formula of Lowan et.al.8 to the present case a.nd formula.ted an
equation for the attenuation in a suspension in i;he form

m= 0

0——1) szFly-l—Z(2m—|—1)Sm2F ')’]

o+ %

RSV E :
o= _—[ Sin? F .y +3 (
211" :

2k (o — 1)2a®8

(10)

B Sy e )
or
T 3a I oarn s S R
.—U=-y-s—[S@n2F')’+3( +%)Sm2F1Y+Z(?m—{—l)szFmY,]
7(o0—1)8
St (ot 7

where C stands for volume concentration of spheres (volume of solid/total volume). This
theoretical equation reduces to the Lamb-Urick equation ® if @ is made small compared
with A, ’

When the radius of the sI;here approaches the wave length, calculation of the scatter-
ing becomes difficult but Lowan ef. al. have shown that the attenuation produced by such
a rigid sphere on an impinging sound beam is given by

-

m==e0 X
. e e '
a= 5= E (2m+1)S@n2\JF'm?’
m==0

e
where F,, is a function of y (= -—"7?—) whose value may be expressed in Bessel

functions. They found that for values of y upto 10, the series in the a.bove summation
~ vonverged rapidly and they caleula,ted and tabulated the cognate values of Fo, .

Taking the above expression for «, the movement of the spherein the liquid
and viscous losses due to friction at the surface of the sphere, must be taken into
consideration. Lamb’s theory showed that the movement of -the spheres affected only the

frst order term in the expa.nsion which should .be multiplied by the factor (a—%)

Though Lamb applied the condition @ < A, his correction appears to be.adequate for

-values of y upto unity. Here the absorption ‘due to sea.ttenng is expeeted to vary
with_fadius. . :

‘s



13 . : Surrr. Der. 8o, J., Vor. 14, Ocrosr, 1964 ‘ %

Busby and Richardson® measured the attenuation of sound in suspensions of solid
particles in water in the range of frequencies 1 to 10 Mc/s and of particle radius 8—100 w
and found that absorption was directly proportional to concentration and thus the inter- ’
action between the particles could be neglected. Some measurements were also made
in natural sediments of mean diameters 450, 180 and 120 x and also in an artificial sedi-
ment of glass spheres with mean diameter 120 p "and coneurrence between artificial and
natural sediment was found. It was observed that at high frequencies, Rayleigh scatter-
ing law ( a« oc f4 ) seems toc be obeyed by these sediments, but at low fre-
quencies the absorption seems to be directly proportional to frequency. Attenuation was.
measured.also at maximum packing fraction of 70%, when the system no longer remains
a suspension. At such large concentrations, there will be interaction between the particles
and the effect of n particles on the sound wave will be » times the effect of one. There will
be multiple scattering a factor difficult to introduce in any theory. Some of the multi-
scattered energy returns to the transducer and the viscous drag is also lessened. .

Michel Auberger and John Rinehart®? described a method for measuring attenuation

‘in plastics and rocks and reported data for Plexiglas and granite in the frequency range

250—1000 Ko/s. Ide®® measured the velocity in rock cylinders 5-08 em in diameter

and 25-4 em long and also in glasses as a function of temperature. Knopoff and Maoc

Donald # measured the attenuation of small amplitude stress waves in solids. ~Birch8%:86

noticed that in dry crystalline rocks absorption is considerably higher than it is in
isolated crystals of minerals involved..

Hamilton et. al.® observed that sea floor sediments of sand size gave attenuation
between 3 and 10 db/ft while absorption in silt size sediments was lower than that for
sand. The sandy coarse silt gave values of 6 to 11 db/ft. The lowest attenuations were
found:to be in finer grained and more porous materials, ‘ :

Fig. b due to Shumway 4 exhibits an absorption maximum for sediment of inter-
mediate porosity in the range 0:45 to 0:6 where the dominant sediment type is coarse
silt.  The highest measured abgorption.was 25-1 db/m and the lowest was 0-66 db/m.
In general, low absorption values were found in those sediments which had high porosity,

o xS oo clays a1'1d fine silts.  Most absorp"ﬁion
W% ' X values lie within the two broken lines
IR arbitrarily drawn. Thus it may be said
= » / I }.\ that at frequencies between 20 and 40
¥ / ]II Y Ke/s most natural seafloor sediments pro-
. R % bably have absorption values within the
E 2 /ﬁ [1 " N limits defined by these curves. An expla-
2 VA E S '5»39\.\ nation for absorption imaximum was
- 1/ IR VRN N ~ given by Urick®,
" .‘/ IE{/ /// \\\ \\ v . .
//’Tif Il:':/ 7 AN Fluid exists in a frame work of
5 & 2

1,0 .90 " .80 .70 .SDY .50 .40 30 .20
POROSITY ' .

I'1q. 5—Sound absorption vs porosity for uncon-
solidated marine sediments.

grains and moves relative to this frame
work under sonic agitation producing
viscous losses which depend on. totgl aco-
ustically effective surface area of partitles.



- & Kinter®?,
- -comparison, the acoustic areas computed by Shumway43.44 have values of about 0:05

»
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- The acoustic surface area for a fluid-filled granular aggregaée Or a3 porous solid is
defined as the area of a flat plate lying parallel to the direction of propagation which yields
an energy loss due to viscosity, equivalent to viscous loss in the porous material.

The total surface areas of some deep sea sediments were measured by Kulp and Carn®
and those of some clay soils were measured by Nelson & Hendricks 8 and Diamond
Their values ranged between 5 and 50 sq. m/gm of dry sediment. In

8q. m/gm of dry sediment. He has also described the method of determining the acoustic
surface area of asediment. The values were also computed and tabulated for the samples -
studied. Detailed observation shows that the absorption « and acoustic surface
area, As, may be related as '

“=MAG ’ . ’

where M not only varies with porosity and grain size but it is also a more comﬁlicated factor.

Frequency dependence of absorption

- The relation of abs'orptidn to frequency was examined by Shumway “ for 65 samples
and for the frequency range involved in the measurements S

a=Kfn
where K is constant.

The average value of n for the 65 samples was 1-79. Assuming energy loss through
viscosity, the frequency dependence of absorption may be represented by the equation

m+nfi
] —3 —1 32 =2
a+bf tof +af +bf

o ==

SPECIFIC WEIGHT
{PURE WATER = 1.0}
———= SEA SURFACE

where « is the absorption factor, f the frequency
Lo " and @, b, ¢, d, h, m, and n, are constants.

Considering the views of Biot 26,26 and others
the consequences would be that (a) for a given
material the frequency dependence of absorption
changes with frequency and (b) the frequency de-
pendence of absorption for each fluid grain aggre-
gate is unique.

P LEAD SOUNDING ECHO SOUNDING

WATER

x 100KC/S
x 75

BOUNDARY OF MUD SOLUTION

FL&'MTI NG MUD LAYERS

—————————— e+ e =

x 4

2 SOFT MUD
USUAL LEADS ‘ ’
WARD D Application of propagation studies to navigation
. R The existence of rigidity in a sediment has
been acknowledged by a number of papers already
g mentioned but™no attempt has been made to relate

‘ Fyﬁ-—(lritical depth measurement by lead-

sounding andiecho-sounding methods.

it to textural properties of the sediments. Thus
the problem remains :



A

14 ‘ Suerr. Drr. Sor. J.; Vor. 14, Ocroszr, 1964

{a) How to relate the rigidity modulus (and frame incompressibility) to measurable
sediment variables? '

The deep layers of the ocean bottom coﬁsjst of hard mud but going upwards the water
content increases and this mixture of small particles and sometimes coagulate with organic
substance, may be called “soft mud”. The boundary of this mud is not well demarcated

and particles float freely in the upper layer of sedimentation and the system resembles a
solution. In such circumstances the problems are : :

(b) What is the navigable depth in the case of a muddy bottom?
)] How to determine depth b}; means of ‘an appropriate and efficient method?

Thz)ugh the investigation is still in progress, Owaki® has recently reported some
preliminary results obtained experimentally at a port. Divising a special lead with a plate
beneath it (4 in Fig. 6) the critical depth was measured by lead sounding and also by echo-
sounding using sound waves of frequencies 14, 50,75 and 100 Kc/s. The higher frequencies
gave low values and the depths obtained by lead sounding were much greater than any
depth determined by echo-sounding. Assuming that the critical depth coincides with, the
demarcation between the soft and the compast mud, sounding by 50 Kc/s waves secms to -
give this depth. The probable errors in the value obtained by echo sounding are of the
order of 4-6 cm; therefore, differences in measured depths are ‘mainly due to frequency
difference. / S

The left hand side of Fig. 6 shows the vertical distribution of the specific weight of
mud ascertained by means of core sampling, and various depths obtained by lead and
echo sounding. In order to obtain critical depth, it is necessary to choose a suitable fre-
quency and intensity of transmitted wave. Also it is essential to find correlation between,
the density of mud and the depths at various frequencies and intensities.

Thus for the problem (), one has to study what parameters (hardness, porosity,
density etc.) will be best for the safety of mnavigation. For problem (c), one has to
investigate the possibility of obtaining any level in the mud sediment that is specified by
a certain value of some physical parameter like density. ‘

‘Only then it would be possible to specify the weight, shape and dimension of the ead
fo; such measurements and also to specify definite frequencies and intensities to he em-
ployed for echo sounding. ‘ ' ‘
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