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According to a recently developed theory of wave propagation in marine sediments, the dispersion
relationships for the phase speed and attenuation of the compressional and the shear wave depend
on only three macroscopic physical variables: porosity, grain size, and depth in the sediment. The
dispersion relations also involve thrgeea) parameters, assigned fixed values, representing
microscopic processes occurring at grain contacts. The dispersion relationships are compared with
extensive data sets, taken from the literature, covering the four wave properties as functions of all
three physical variables. With no adjustable parameters available, the theory matches accurately the
trends of all the data sets. This agreement extends to the compressional and shear attenuations, in
that the theory accurately traces out thlmver boundto the widely distributed measured
attenuations: the theory predicts tih&rinsic attenuation, arising from the irreversible conversion of

wave energy into heat, whereas the measurements retuefféwdiveattenuation, which includes

the intrinsic attenuation plus additional sources of loss such as scattering from shell fragments and
other inhomogeneities in the medium. Provided one wave or physical property is known, say the
compressional speed or the porosity, all the remaining sediment properties may be reliably estimated
from the theory. ©2005 Acoustical Society of AmericdDOI: 10.1121/1.1810231
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I. INTRODUCTION observed inter-relationships between wave parameters and
Over recent decades. extensive data sets have been hysical properties. To achieve an understanding of the ob-
v ; &X W v P&rved dependencies, it is necessary to turn to a theoretical

; R 1-8 ; 9-12

lished by Harr_nltonet al. ) gnd Rlchardspm al. on the .model of wave propagation in the medium and, in particular,

wave properties of surficial, unconsolidated marine sedi- . . . . .
. . : o the dispersion relationships predicted by the model. Such

ments. It is evident from the data that an unconsolidate

sediment is capable of supporting two types of propagating. model has recently been developed by Buckingf
pable bporting yp Propagating o pasis of a specific form of dissipation arising at grain-to-
wave, a compressiondllongitudina) wave and a much

slower shear(transversg wave. Although there have been grain contacts. This grain-s_hearin(@—S) model i.s intended
several attempts to detect a third type of wave, the “slow”t0 re'present wave propagatlon.m'an upconsolldgted gran.ular
compressional wave of the Biot thedfy** all have returned medium, that is to say, a material in which the mineral grains
a negative result, including the most recent experiment b re in contact but unbonded: By deﬂnmgn, this conqmqn 1S
Simpsonet al Based on this evidence, it is tacitly assumed aken to mean that the mineral matrix has no intrinsic

throughout the following discussion that the slow wave in anStrength or, equivalently, that the elastioulk and shear

unconsolidated sediment is negligible if not absent altol/a@me moduli are identically zero.
The absence of an elastic frame in the G-S model con-

gether. . . - Inthe G5 | .
It is well established from the published data that thetasts 3V¥1th the starting assumption in Biot's classic
phase speed and the attenuation of both the compressiorjr'Qfaoryl " of wave propagation in porous media. Biot treated
and shear wave depend, in a more or less systematic way, ¢ medium as though it possessed an elastic mineral frame,
the physical properties of the sediment, principally the po-2n essential assqmp'uon in his ana!yS|s since thg elgstlcny is
rosity, the bulk density, the mean grain size, and the deptH'€ means by which a shear wave is supported in his model.
beneath the seafloor. Indeed, both Hamiltbtf and In the G-S model, on the other hand, it is not necessary to
Richardsoft'**2 have developed a set of empirical regres-Postulate the existence of an elastic frame because elastic-
sion equationS, each one of which expresses a wave properw:)e behavior emerges natura”y from the analySiS as a result
(e.g., the compressional phase spdaderms of a physical ©f the intergranular interactions themselves: grain-to-grain
property of the mediunte.g., the porosity sliding introduces a degree of rigidity into the medium,
Although regression equations can be satisfactorily fittegvhich, amongst other effects, automatically leads to the sup-
to the data, thus providing a useful predictive tool, they giveport of a shear wave. The lack of elastioulk and shear
little insight into the physical mechanisms underlying theframe moduli in the G-S model is consistent with the com-
monplace observations that an unconfined pile of sand grains
dAlso affiliated with the Institute of Sound and Vibration Research, The shows no resistance to_deformatmn(_jlcatlng no r-est_orlng
University, Southampton SO17 1BJ, England. Electronic mail: Torce) and that sand grains may be picked off a [ﬁlh!ilcat-.
mjb@mpl.ucsd.edu ing no tensile strengih Moreover, even though the grains
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remain unbonded, loose sand in a container shows increasirBgveral familiar parameters appear in the G-S dispersion ex-
resistance to penetratiofshear strength which can only pressions: the angular frequeney, the bulk density of the
arise from intergranular interactions. Such interactions forrmedium, p,, the sound speed in the absence of grain-to-
the essence of the G-S wave-propagation mbdel. grain interactionsgc,, and an arbitrary timé&=1s, intro-

The purpose of this article is to compare the theoreticatluced solely to avoid awkward dimensions that would oth-
properties of compressional and shear waves in marine sedéwise arise when the frequency is raised to a fractional
ments, as expressed in the dispersion relationships of the G{pwer.
model, with an extensive set of data culled from the open Less familiar are the three remaining parametexs,
literature. Most of the data examined here were obtained, and the(positive, fractiongl index n, which between
from in situ measurements in silicilastic sediments. them represent the effects of grain-to-grain interactions on

Besides frequency, the G-S dispersion expressions fahe wave speeds and attenuations. From the way that they
the phase speed and attenuation depend explicitly on theppear in the dispersion relations, and the fact that they have
mean grain size, the porosity, the bulk dendfiyhich is  dimensions of pressure, it is evident that the tkeal) pa-
strongly correlated with the porosity and hence is not arrametersy, andys are compressional and shear moduli, re-
independent variable and the overburden pressuiwhich  spectively, providing a measure of the normal and tangential
translates into depth in the sedimerin addition, the G-S  stresses associated with intergranular sliding. In fagtand
dispersion relationships involve three unknown constants are closely analogous to the Lamparameters of elasticity
which characterize the microscopic processes that occur dseory. There is no such analogy, however, for the dimen-
adjacent grains slide against one another during the passag®nless index, which is a measure of the degree of strain
of a wave. Once the numerical values of these three corhardening that is postulated to occur at intergranular contacts
stants have been determined, by comparison with three spads grain-to-grain sliding progresses. Details of the inter-
frequency data points, all the functional dependencies of thgranular sliding and strain-hardening mechanisms may be
G-S theory may be evaluated and compared with the datdound in Buckinghant’

Thus, the predicted relationships between wave properties If nwere zero, the compressional and shear attenuations
(e.g., shear spegdand physical propertiege.g., depth in  would both vanish and the expressions for the two waves
sediment may be compared directly with the correspondingspeeds would be independent of frequency. Of course, dissi-
data sets that have appeared in the literature. Such compagation is never completely absent,s¢s always finite, but it
sons are examined in some detail in this article, along witlis small compared with unity, taking a value close to 0.1 for
the dispersion curveg.e., phase speeds and attenuations vera typical sand sediment. With such a low valueripthe two
sus frequencypredicted by the G-S theory, which are shown G-S expressions for the wave speeds exhibit logarithmic dis-
to match the available data over wide frequency ranges. persion, at levels of the order of 1¥%ompressionaland
10% (sheaJ per decade of frequency, and the associated at-
tenuations both scale essentially as the first power of fre-
IIl. THE G-S DISPERSION RELATIONS quency,f. These simple frequency-dependencies derive di-

speedg,, and attenuationy,,, are given by the expressions €XPressions in Eqsl)—(4). _ _
From the point of view of wave propagation, two impor-

_ Co 1 tant physical properties of sediments are the porokitgnd
o= yo+ (413 ys -1z @ the mean grain diameteu, . In addition, the intergranular
Re 1+ F———5(]

> interactions, and hence also the wave properties, are sensitive

PoCo to the overburden pressure, which scales with the depth,
and the sediment. All three parameters appear in the G-S disper-
sion relations, the porosity througty and p,, while the
grain size and the depth in the sediment, both raised to frac-
tional powers, appear in the expressions given belowyfor
and ys. These two moduli also show a weak but significant
where j=\—1. The corresponding expressions for thedependence on the porosity,

wT)"

-1/2

14 Yot (43)ys , )

2
PoCo

(joT)"

ap=——Im
P,

shear-wave speeds, and attenuationgs, are It is well known that the bulk density),, may be ex-
e (@T)™ pressed in terms of the porosity as a weighted mean of the
Cs= —S—n, 3 density of the pore watep,, and the density of the mineral
Po cos{ %) grains, pg
and po:NPw+(1_N)pg- 6)
= &(wT)‘”’Zsin(n—W) 4) Similarly, the bulk modulus of the mediumg,, may be
s Vs 4 ) expressed in terms of the porosity as a weighted mean
Between them, Egs1)—(4) constitute the dispersion rela- 1 1
tionships predictgd !oy the G-S theory. Both_disper;ion pgirs T =N—+(1-N)—, (6)
are causal, satisfying the Kramers—Kronig relationships. Ko Kw Kg
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where k,, and x4 are the bulk moduli of the pore water and proportional toa?. According to these arguments, the two
the mineral grains, respectively. If the sediment were amoduli may be expressed in terms of the porosity, grain size,
simple suspension in which grain-to-grain interactions wereand depth in the sediment as follows:

absent, the speed of sound wouldde which depends on

the porosity through Wood'’s equatitin _, | (A=Njugd v (11)
Vo™ Ypo (1_No)ugodo ,
K
Co= 1\ [Z° (77 and
Po 213
o ) (1-N)ugd
In the limit of low frequency, the G-S expression for the — Ys=¥sd 57—~ | (12
(1_ No)ugodo

compressional wave speed in Ed) reduces toc,, while
Egs. (2)—(4) show thata,, cs, and ag all approach zero. where the terms in brackets have been constructed to be di-
Thus, according to the G-S dispersion relations, in the lowsmensionless, with the factorg,, and ys, taking numerical
frequency limit, the effects of grain-to-grain interactions arevalues that are independent of the porosity, grain size, and
negligible and the medium acts as a simple suspension. depth in the sediment. By introducing the three reference
Turning to the compressional and shear modyliand  parameters, porosity,, grain sizeuy,, and depthd,, into
vs, their dependencies on grain size, depth in the sedimenthe denominators of Eq§ll) and(12), awkward dimensions
and porosity are established by treating the mineral grains aare avoided when the terms in square brackets are raised to a
elastic spheres, which deform slightly under the influence ofractional power. It should be clear that the values of these
the overburden pressure. At the point where two graingeference parameters may be chosen for convenience; they
touch, a small, tangential circle of contact is formed, thedo not represent additional unknowns. To distinguish them
radius of which is given by the Hertz thedfyof elastic  from the compressional and shear moduli, the parameters
bodies in contact. Assuming that the two grains are identical,, and ys,, respectively, will be referred to as compres-
spheres of diametery, Young's modulusEy and Poisson’s  sional and shear coefficients. Obviousfy, and ys, are the
ratio ¢4, the radiusa, of the circle of contact is values ofy, and ys whenN=N,, u;=uq,, andd=d,.
In making the comparisons between the G-S theory and
a=3 EF (1-65) u ®) data, the values of the compressional and shear coefficients,
8 Eq o as well as the strain-hardening indexare held fixed for all
sediments, from coarse sands to the finest silts and clays. In
principle, howevery,,, vso, andn could depend weakly on

whereF is the force pressing the spheres together. At ddpth
in the sediment, the forde scales with the overburden pres- o qlastic properties of the mineral grains and also on such

sure, P, which is defineff as the EXCESS pressure ansiNgtyciors as the micro-roughness of the areas of contact. Thus,
from the difference between the bulk density of the sedimenf, ;2 ctice | the values of these three parameters could differ
and the density of the pore water slightly from one sediment to another but, judging from the
P=(po—pw)9d=(1—N)(pg— pw)gd, 9) good quality of th_e match between theory an_d (_jata, as dem-
onstrated below, it would seem that such variations are very
whereg is the acceleration due to gravity. The expression ominor.
the right of Eq.(9) derives from Eq(5) for the bulk density, The functional dependence of the G-S dispersion rela-
which accounts for the dependence of the overburden presipns on the macroscopic, geoacoustic parameters of a sedi-
sure on the pOfOSity. It follows that the radius of the circle Ofment are given exp||c|t|y and Comp|ete|y by the a|gebraic
contact may be expressed as expressions in Eq$l) to (12). From a casual inspection, it is
_ 13 evident that the selection of geoacoustic parameters appear-
ax[(1=N)dug]™ (10 ing in the G-S theory is quite different from that in Biot’s
where the constant of proportionality involves the elastictheory!**According to Table 1.1 in Stoff! the Biot theory
properties of the mineral grains but is independent of thanvolves the permeability, the viscosity of the pore fluid, the
bulk properties of the two-phase medium. pore-size parameter, the structure factor,(dwmmplex shear
Now, the moduliy, and ys scale with the rates at which  modulus of the skeletal frame, and tfz@mplex bulk modu-
sliding events occur within the circle of contact of radaus lus of the skeletal frame, a total of eight parameters, all of
With many micro-asperities distributed randomly over eachwhich are absent from the G-S formulation of the dispersion
face of the contact area, the rate of sliding will scale with therelations. Instead, the G-S theory includes the thirea)
number of asperities available to slip against one another. Iparameters representing microscopic processes occurring at
the case of the compressional modulus, most of the slidingrain contactsy,,, vso, andn. Through the compressional
takes place around the perimeter of the circle of contactand shear moduliEgs. (11) and (12)], the G-S theory also
where the normal pressure is a minimum. Thus, the numbencludes the grain size and the depth in the sediment, neither
of asperities involved in the sliding process is expected taf which appears explicitly in Biot’s theory. The porosity, the
scale with the perimeter of the circle of contact, and hencéulk density, and the physical properti@ensities and bulk
Yp is proportional toa. Shearing, on the other hand, involves moduli) of the individual constituents of the biphasic me-
a slip of the two flat faces of the surface of contact againstlium are common to both theories.
each other, in which case the number of available asperities According to Eq.(5), the bulk density and the porosity
scales with area of the circle of contact, and therefayés  are linearly related and hence are fully correlated. In fact,
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FIG. 1. Compilation of density versus porosity data, mostly from Hamilton.

The red line is from Eq(5) using the values ob,, andpg listed in Table II.
(See Table | for the key to the symbols in this and all subsequent figures.

Richardsoret al1°~12??have used this relationship to com-

sity directly from weight and volume, rather than computing
it by substituting his independently measured porosity into
Eqg. (5). Hamilton’s data may therefore be used as a test of
Eqg. (5).

Figure 1 shows Hamilton’s published measurements of
density and porosity for many types of marine sediment,
ranging from very fine silts and clays to coarse safitsble
| is the key to all the symbols, representing published data
collected from the literature, which appear in Figs. 1 t. 11
Also shown in Fig. 1 is a plot of the linear relationship be-
tween density and porosity in E@5), evaluated withp,,
=1005 kg/n? and p,=2730 kg/ni. Most of the data points
fall on or very close to the line, indicating that the correlation
represented by E@5) holds accurately in practice, making it
unnecessary to examine the functional dependence of the
wave properties on both the porosity and the bulk density.
Porosity alone is considered below.

lIl. EVALUATION OF %,,, ¥s0, AND 1

As already discussed, in addition to the macroscopic

pute the bulk density from laboratory measurements of theariables(porosity, grain size, and depth in the sedimgtiite
porosity. Hamiltor?”” on the other hand, measured the den-G-S dispersion relationshif&gs.(1)—(4)] involve the three

TABLE I. Key to the data symbols in Figs. 1-11.

Symbol Color Source
O Red Hamilton(Ref. 5 (1972, Table 1
@] Green Hamilton(Ref. 5 (1972, Table 2
O Blue Hamilton(Ref. 5 (1972, Table 3
O Magenta Hamilton(Ref. 3 (1970, Table 2
@] Cyan Hamilton(Ref. 8 (1987, Tables 1 & 2
* Blue Hamilton(Ref. 3 (1970, Table 1
* Cyan Hamilton(Ref. 8 (1987, Tables 3 & 4
+ Red Hamilton(Ref. 6 (1980, Table 1
+ Green Hamiltoret al. (Ref. 2 (1970, Table 2
+ Blue Hamilton(Ref. 43 (1963, Table 1
=} Red Hamilton(Ref. 44 (1956, Tables 1a & 1b
o Green Wood & WestoriRef. 45 (1964,
@] Black Buckingham & RichardsofRef. 23 (2002, Tables 1a &
1b
+ Black RichardsoriRef. 12 (2002, Fig. 1 & Richardsor{Ref. 33
(2000 Fig. 2
O—® Black Richardsoret al. (Ref. 25 (2001, Fig. 15
*—k Black Richardsor{Ref. 10 (1991, Table 1 & Fig. 3
+ Cyan RichardsoriRef. 49 (1986, Table 1
* Magenta Richardsoat al. (Ref. 9 (1991, Tables 43.1 and 44.2
X Red Richardson & BriggéRef. 22 (1996, Figs. 3, 5, 6
X Blue RichardsoriRef. 11) (1997, Table 1, La Spezia & Adriatic
Sea
X Green RichardsofRef. 11 (1997, Table 1, Panama City & Boca
Raton
X Magenta RichardsofRef. 11) (1997, Table 1, Eckernfoerde Bay,
Germany
X Cyan RichardsoriRef. 11 (1997, Table 1, Eel River & Orcas
Bay
® Green Brunson & JohnsaiRef. 47 (1980, Table Il
=) Magenta Simpsoet al. (Ref. 15 (2003, Fig. 6
® Blue Brunson(Ref. 48 (1991, Tables 1 & 2
* Black Richardsor{Ref. 10 (1991, Table 1 & Fig. 3
+ Magenta Richardson & BriggdRef. 49 (1993, Table 1
X Black McLeroy & DelLoach(Ref. 50 (1968, Table I
* Red McCann & McCanriRef. 51) (1969, Table 3
* Green RichardsofRef. 12 (2002, Fig. 3
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TABLE Il. Parameters appearing in the G-S dispersion relations.

Material parameter Symbol Value Comments

Density of pore fluid(kg/m®) Pt 1005 Evaluated from density versus
porosity fit to data, Fig. 1

Bulk modulus of pore fluidPa Ky 2.374x10° From Kaye & Laby(Ref. 52, p. 35

Density of graingkg/nt) Ds 2730 Evaluated from density porosity fit
to data, Fig. 1

Bulk modulus of graingPa K, 3.6x 109 From Richardsoret al. (Ref. 53

Compressional coefficieriPa Ypo 3.888< 10° Evaluated from spot-frequency
compressional and shear wave data

Shear coefficientPa Yso 4.588< 107 Evaluated from spot-frequency
compressional and shear wave data

Strain-hardening index n 0.0851 Evaluated from spot-frequency
compressional wave data

rms grain roughnesgum) A 1 Evaluated from porosity versus
grain size distribution, Fig.(B)

Reference grain diameténm) Uy 1000 Arbitrary choice

Reference depth in sedimefmh) d, 0.3 Arbitrary choice

Reference porosity N, 0.377 Arbitrary choice

Porosity N Variable

Mean grain diametefum) Ug Variable

Depth in sedimentm) d Variable

unknown constantsy,,, ¥so- andn, which characterize the As mentioned earlier, most of the data used in the fol-

microscopic interactions occurring at grain boundaries durlowing comparative discussions are fram situ measure-
ing the passage of compressional and shear waves. ARents made in S|I|C|Iast|Cqua_rtz san)jsed!ments. Carp_or_wate_
present, no theory exists from which these constants could bediments are excluded, since they differ from silicilastic
computed, so instead they are evaluated here from spoffaterials in several wa)?§,|nclud|ng having open, hollow
frequency measurements of three wave properties: the cor§ains, which, with all else equal, gives rise to higher porosi-
pressional speed, the compressional attenuation, and ti§§S- Hamilton and Bachménfound that “hollow tests
shear speed. (shells of Foraminifera act as solid particles in transmitting
The two compressional-wave observations are takegound,” implying that the intraparticle pqrqsity had Iittle. if
from Table 1a in Buckingham and Richarddrior the  any effect on the wave properUes.Aprehrnmary comparison
SAX99 medium-sand sedimelfitiy=414.7um ($=1.27), between wave data from car_bonate _sedlments and the G-S
N=0.377]: at deptrd=0.3m and a frequency of 100 kHz, theory, evaluated using the interpartidi@ther than total
the measured sound spe@f) and attenuatiolief) are 1787 porosity, appears to support Hamilton and Bachman’s con-
m/s and 30.93 dB/m, respectively. The shear-speed measu,%{usion but requires more detailed examination before being
ment, taken from Fig. 1 in Richardsdhis for a well-sorted, discussed further.
fine-sand sedimeifiiy=238.16um (¢$=2.07, N=0.358] at
a North Sea site designated C1: at degth0.28 m and a |v. FREQUENCY DEPENDENCE
frequency of 1 kHz, théaverage shear speed is 131.4 m/s.
When the measurements cited above are substituted inf%)'
the compressional and shear dispersion relatjéus. (1)— Figure 2 showdn situ measurements of the frequency
(4)], some elementary algebra yields the valueggf, vso. dependence, from 25 to 100 kHz, of the compressional wave
andn listed in Table II. In the following comparisons of the speed and attenuation at the SAX99, medium-sand experi-
G-S theory with numerous data sets, these values are heldent site off Fort Walton Beach in the northern Gulf of
fixed for all sediments. Under this constraint, it is of some Mexico?® The smooth curves, representing the G-S theory,
interest to examine how well the G-S dispersion relation-were evaluated from Eq9l) and (2). These theoretical
ships represent the wave properties in sediments rangingurves pass precisely through the higher of each pair of data
from coarse sands to very fine clays. This is achieved byoints at 100 kHz as expected, since both data points were
considering the dependencies of the wave speeds and atterused in evaluating the compressional and shear coefficients
ations on porosity and grain size. The depth dependence of,,, vs, as well as the strain-hardening index,
the wave properties is also compared with data from various The sound-speed data from the SAX99 §iég. 2(a)]
types of sediment. As will become evident, the fixed valuesxhibit weak logarithmic dispersion at a level of approxi-
of ¥, ¥s0,» @ndn cited in Table Il lead to theoretical wave- mately 1% per decade of frequency. A similar logarithmic
property dependencies on porosity, grain size, and depth thgtadient is predicted by the G-S theory. Although there is
align with essentially all the data. Before discussing thesome scatter in the dataf the order of=10 m/9, it is clear
physical properties, however, the theoretical dependencies tifiat the measured sound speeds cluster around the theoretical
the wave speeds and attenuations on frequency are companate. The observed SAX99 dispersion is consistent with re-
with observations. cently reportedin situ measurements by Simpsat al,®

Compressional wave
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1800

almost but not quite linear in frequency, as exemplified in
Fig. 2(b). This near-linear curve, which rises marginally
faster than the first power of frequency, passes through the
origin and accurately through the data points.

The question of whether the attenuation in marine sedi-
ments variegnearly linearly with frequency has been a con-
troversial issue for many years. Hamilfaronsistently main-
tained, on the basis of extensive measurements made by
himself and others, that the attenuation exhibits a linear scal-
ing with frequency. Stolf! on the other hand, has long ar-
gued on the basis of the Biot thedty* that the attenuation
deviates significantly from a first-power dependence on fre-

: 5 5 o quency, varying as the square root of frequency over the
1740 : i i i bandwidth of the data shown in Fig(.
(@ ™ frequency, kHz 0 Biot's dispersion curves, evaluated from Williarfis’
35 . , , . , ! . , “effective density fluid” (EDF) approximation to Biot’s full
theory, are included as the dashed lines in Fig. 2. To compute
80f R - - R I the EDF sound speed and attenuation curves, the values of
: two physical parameters peculiar to the Biot theory, the per-
BB G ] meability, k=2.5x 10 'm? and tortuosityA=1.35, were
e taken from Table 1 in Williamet al.*® which lists properties
- A of the SAX99 sediment. In Fig.(d), it can be seen that the
» ¥ ° [ EDF sound speed shows weak dispersion, aligning reason-
T ' o : SO ably with both the data and the G-S curve, although at lower
Coetm R frequencies than those shown the two theoretical predictions
o v : diverge. The EDF attenuation in Fig(l2, however, fails to
b ] match the data over most of the frequency range. Whereas
K : v : : the attenuation data scale essentially linearly with frequency,
' R S N S the EDF attenuation curve exhibits the classic, high-

0 10 20 30 40 50 60 70 80 90 100 . .
(b) frequency, kHz frequencyf 2 dependence of a viscous fluid.

Since viscous dissipation of the pore fluid is the only
FIG. 2. Measured frequency dependence of the compressianapeed

. . . 14 . . . .
(semilogarithmic axesand (b) attenuation(linear axe$ for the medium- loss mechanism in the Biot theoﬁ/, It "S not surpr'lsm'g
sand SAX99 site. The smooth, solid curves represent the predictions of théhat the frequency dependence of the Biot attenuation is ex-

G-S theory, computed from Eq€l) and(2) using the reported valud®ef.  4ctly the same as that of a true viscous fitfidithough the
25) of the porosity, grain size, and depfiN=0.377, u;=414.7um (¢ . . . . .
—1.27, d=0.3m]. The dashed curves are from William’s EDF approxima- details of Biot's attenuation curve may vary with material

tion (Ref. 29 to the Biot theory, withk=2.5-10"**m? and A=1.35. parameters such as permeability and tortuosity, the functional
form is always the same: at low frequencies the attenuation
scales as the square of frequency, transitioning at about 1
which were made in a medium-sand sediment at St. AndrewkHz (depending on permeability and viscositp a square-
Bay, Florida. Over the frequency band from 3 to 80 kHz,root scaling with frequency. The discrepancy, illustrated in
they also observed logarithmic dispersion in the region ofFig. 2(b), between such behavior and the near-linear scaling
1% per decade. Such a weak gradient is quite difficult tayf the attenuation data with frequency is a strong indicator

detectin situ, and earlier investigators not uncommonly that the viscous dissipation mechanism of the Biot theory
failed to observe any variation of sound speed with l‘re—may be insignificant in marine sediments.

quency. Hamiltorf, for example, reported that “there is neg-

liqible d q q p ¢ veloci ; Evidence to support such a conclusion is found not only
'gibie "epen ence or no dependence of ve O.C'ty on €1 the SAX99 attenuation data. From 3 to 80 kHz, Simpson
guency,” on the basis of which he developed his empirical

. e ; et al1® have observed &eay linear dependence of attenua-
elastic model of wave propagation in sediments, tion on frequency(their Fig. § in a medium-sand sediment
Visual inspection of the data in Fig.(l2 reveals that, q 9.

between 25 and 100 kHz, the compressional attenuation frofh St- Andrews Bay, Florida; and er;lgller laboratory experi-
the SAX99 site scales almost exactly as the first power of€nts in fine sand by Simpscet al™ returned a similar
frequency. In fact, a straight line may be drawn through thdneay linear scaling of the attenuation with frequency be-
data points which, when extrapolated, passes precisefyveen 4 and 100 kHztheir Fig. 7. As illustrated in Fig.
through the origin. However, it has long been known that a2(b), Biot's theory cannot account for a linear scaling of
pure linear scaling of attenuation with frequency is unphysi-<attenuation with frequency; but, such behavior is consistent
cal in that it violates causalit%?‘28 But, no such difficulty  with Hamilton’s observations and also the predictions of the
arises with the G-S theory, which yields an attenuation that i€>-S theory.

1790

1780

1770

compressional speed, m/s

1760

compressional attenuation, dB/m
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200 : ' : dicted shear attenuation in Fig(t3 can be seen to exhibit a
(neaj linear dependence on frequency, varying fas"?.

Note that the theoretical curve passes below but close to the
sole reported data poitittaken at a frequency of 1 kHz. This
agreement provides a mild test of the G-S theory, since the
shear attenuation was not used in computig, vse, Or n.

A single data point, of course, provides no information on
the slope of the shear attenuation versus frequency curve,
which is unfortunate because the gradié in the case of
the compressional attenuatjoprovides an important test of
theoretical models of waves in sedimenits.situ measure-
ments of shear dispersion and attenuation over extended fre-
quency ranges are challenging but would be extremely useful
for future validation of theoretical predictions.

180 : .

shear speed, m/s

0
(a) frequency, kHz
V. DEPTH DEPENDENCE

A. Compressional wave

. . A s Publishedin situ data on the depth dependence of the
5 : : o - sound speed and attenuation immediately beneath the
' 55T IS SR ST T - seawater—sediment interface are scarce. Hamfit6rdis-
cussed the variation of the sound speed with depth, but fo-
cused mainly on significantly greater depths than the meter
Wt Y I T or two of interest here. However, he did briefly consider the
S o1 ‘ g R R variation of the sound speed in the first 20 m of sand
P NN T U S E N T O sediments? for which he developed the following empirical

; ; power-law relationship, based on a curve fit to laboratory

shear attenuation, dB/m
S

data:
Cpn= 1806121 (13
Cie : : - : 1;1 = ~,  According to this expression, the sound speed is zero at the
) ® frequency, gtz ° seawater—sediment interface and increases rapidly in the first

. meter or so, after which the rate of change slows signifi-

FIG. 3. Shear-wavda) speed andb) attenuation versus frequency from ..
Richardson’s North Sea site C1, well-sorted fine sand. The solid lines Wergantly' No allowance for any variation of the sound speed
evaluated from Eqs(3) and (4) using the reported value®ef. 33 of the ~ With porosity is made in Eq(13).
porosity, grain size, and depth for the sftd=0.358, uy=238.2um (¢ Hamiltorr® also considered the attenuation of sound as a
=2.07,d=0.28 m]. function of depth. Based on laboratory measureniéntof
the variation of attenuation with confining pressure, he pro-
posed an empirical inverse power-law relationship for the
attenuation versus depth in sand
In situ measurements of shear-wave properties as func- 16
tions of frequency are rarer than those of compressional arpn= 045075 (14
waves. In fact, no publishedh situ measurements of shear- where the units ofe,y are dB/m/kHz. Again, porosity is
wave dispersion and attenuation over extended frequenabsent from this empirical representation. According to Eq.
ranges are known to the author. (14), the attenuation is infinite at the seawater—sediment in-

The shear-wave speed and attenuation predicted frorerface but decreases very rapidly in the first few centimeters.
the G-S dispersion relations in Eq8) and(4) are shown in It seems from curve B in Hamiltor*& Fig. 3 that he consid-
Fig. 3. The curves were computed using values of the porosred Eq.(14) to be valid down to a depth of 150 m. Within
ity, grain size, and depth in the sediment appropriate tdhe first few meters of the interface, however, his data are too
Richardson’$? North Sea site C1. The theoretical curve for poorly resolved in depth to say whether they support the
the shear speed in Fig(8 shows dispersion at a level of strong negative gradient exhibited by Ed4).
approximately 10% per decade of frequency, which is stron-  Since Hamilton’§ final review of the acoustic properties
ger than the dispersion in the compressional wave by a factaf sediments was published in 1987, feémw situ measure-
of 10 or so. It is evident from the uniform gradient of the ments of near-interface sound-speed and sound-attenuation
curve in Fig. 3a) that the predicted shear dispersion is loga-profiles in sand sediments have appeared in the literature.
rithmic as expected, sinoe, scales a$™? in Eq. (3). The  Acoustic profiles from cores, however, are available, some of
lone shear-speed datum in Fig(@Bfalls precisely on the the most recent being from Richardsat al®® for the
theoretical curve, since it was used in the evaluation of th&sAX99 site. They measured sound speed and attenuation as
compressional and shear coefficients, and ys,. The pre-  functions of depth in a large number of cores at a frequency

B. Shear wave
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f f g are of the order of-40%. As discussed below, this relatively

o
N
T
®

lower limits of the data. This small discrepancy between the
theory and the data may be due to the difficulty of measuring
) the sound speed near the interface, where the gradient of the
upward-refracting profile is particularly steep: diving waves
may reach the receiver first, giving rise to an overestimate of

T e % ‘ ‘ : high variability in the attenuation data may be attributable to
005 &——_——® ...l various factors including scattering from inclusions such as
‘ R 3 3 shell fragments in the sediment as well as random coupling
e losses, which are expected whenever a sensor is inserted into
q (1R P \\\Q ....... e,—e e 4 a granular Sedimentary medium_
5 N i ; Below a depth of 10 cm, the G-S theory yields a sound-
§ 0.5} o N -4 speed profile that falls within the limits of the data in Fig.
8 o 4(a). At shallower depths, where the gradient in the sound
§ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 5 i | speed is very high, the G-S theory falls a little below the

L IR B S

D
1 1 1 1 1
14 111 1142 148 114 115

1 1 1 1
116 117 118 119

() ’ compressional (sound) speed ratio the sound speed. Note that the trends of the G-S sound-speed
profile and Hamilton’s empirical relationship are similar,
0 PO IS with both showing a rapid increase within a few centimeters
— o T of the interface. In the case of the G-S profile, this high,
0.05F @ 5/ - near-interface gradient is an effect of the overburden pres-
m S sure, which gives rise to a high rate of increase of the com-
wl e———= ° | pressional coefficien(Eq. (11)] immediately below the
§ o boundary. At the boundary itselfd&0), the G-S profile
%’ - o takes Wood’s valueg, , whereas Hamilton's expression goes
;0_,5_ S / g P i to zero.
) ° : o ® Turning to the attenuation profiles in Figlb4, it appears
< o2f “’m _ that the negative gradient of Hamilton’s empirical curve is
@_—e*;‘ not consistent with the dat@ven allowing for the fact that
oz :f ! : | the data show considerable spreadn the other hand, the
| | : G-S attenuation profile accurately tracks the lower-limiting
X values of the measured attenuation. As will become apparent,
ot

0 o5 L 5 the G-S theory systematically delineates the lower limits of

(b) compressional attenuation, dB/m/kHz all the (compressional and sheattenuation data sets exam-

FIG. 4. Sound-speeda) ratio and (b) attenuation versus depth for the ined in this paper, that is, the G-S theory traces the lower

medium-sand SAX99 site. The measurements were made on diver-collectd0Und to the envelope of the measured attenuation values.
cores at 400 kHz and each horizontal line represents the spread of the data A plausible interpretation of this observation is that the
at a given depth. The smooth solid lines, representing the G-S theory, werg;_g theory predicts théntrinsic attenuation due to inter-
evaluated from Eqg(1) and (2) using the reported valugfef. 29 of the ranular interaction hich convert acoustic ener into
porosity, grain size, and measurement frequengM=0.377, uq granu : lons, whni v ust . 9y |
=414.7um (¢=1.27, =400 kHz]. The dashed lines, depicting Hamil- heat, yvhereas t_he measurements represenefl’e_etlveat—

ton's empirical profiles, were evaluated from E¢E3) and (14). tenuation, that is, the total attenuation experienced by a
sound or shear wave in propagating through the granular
material. Thus, in addition to the intrinsic attenuation, the
effective attenuation includes all other losses, notably those
due to scattering from inhomogeneities such as shell frag-
ments in the medium. Naturally, since shells and other scat-

sions are also include@dashed lines for comparison. It ) I
should be noted that the G-S attenuation was computed forgrers are likely to be distributed randomly throughout the
sediment, the effective attenuation is expected to be highly

frequency of 400 kHz and then divided by 400, to obtain the

attenuation profile shown in Fig(#, having units of dB/m/ variable, but with a lower limiting value equal to the intrinsic
kHz. This procedure is consistent with that applied to thedttenuation. According to this argument, the G-S theory is

data. For the purpose of making the comparison betweeﬁxr)ec'[e.d to cqincide with the lower bound of the data, as
theory and data in Fig.(8), it would have been inappropri- Indeed it does in Fig. @).
ate to compute the attenuation directly for a frequency of
kHz, since this would have underestimated the theoretica
result(relative to the datadue to the slight nonlinear depen- Figure §a) shows Richardsont$ in situ measurements
dence of the G-S attenuation on frequefEig. 2(b)]. of the shear speed versus depth at 1 kHz in well-sorted fine
At each depth increment, the sound speed and attenuaand at the North Sea C1 site. At each depth, the data point in
tion data show some spread, as indicated by the horizont&lig. 5@) represents the mean of the several measured values
bars in Fig. 4. Note, however, that the variations in the soundeported by Richardsoff.The data display a distinct positive
speed are less thah2%, whereas those in the attenuation gradient, with the shear speed approximately doubling be-

of 400 kHz. The results are shown in Fig. 4, along with the
G-S theory(smooth solid lines evaluated taking the poros-
ity as independent of depffi.Hamilton’s empirical expres-

. Shear wave
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guishable, not only from one another but also from the G-S
exponent of 1/3. However, Hamilton{$ixed) coefficient of
128 in Eq. (15 significantly underestimates Richardson’s
data in Fig. %a), by approximately 30% at a depth of 30 cm.
It should be noted that, according to Ed.2), the corre-
sponding coefficient in the G-S theory is a function of po-
rosity and grain size, and thus may differ from one sediment
to another. Equationil5) obviously does not accommodate
such behavior.

The shear attenuation measured by Richartfsanthe
North Sea C1 site is shown in Fig(lJ. Included in the
figure is the G-S theoretical prediction evaluated from Egs.
(4) and (12), again taking the porosity as independent of
depth®>%° It is evident from these equations that the pre-
dicted attenuation scales as the reciprocal of the cube root of

0.1

depth in sediment, m
o
o [
N o

o
I
a

0.3

(a) depth and that the coefficient of proportionality is a function
o of porosity and grain size. Below a depth of 10 cm, the G-S
theory follows the lower bound of the attenuation data,
0051 | which is consistent with the earlier argument that the G-S
curve depicts intrinsic attenuation, as opposed to the effec-
ol i tive attenuation represented by the data. At shallower depths,
£ the G-S theory overestimates the measured attenuation, but
5 ousl | Richardsof® has suggested that these near-interface data
% points may in fact be too low as a result of ductifiving
£ 02l 1 waves produced by the steep shear-speed gradient within the
§ upper few centimeters of the sediment.

Hamiltorf has proposed the following empirical expres-
sion for the shear attenuation profile:

0.25

7 Agy= 24d71/6y (16)

h : = s 5o which is shown as the dashed line in Figh Note that

(b) shear attenuation, dB/m/kHz Hamilton’s inverse-fractional-power-law scalings for the

_ compressional attenuatidieq. (14)] and shear attenuation
FIG. 5. Shear-wavéa) speed andb) attenuation versus depth for the well- .
sorted fine sand at North Sea site C1. The smooth solid lines, representir[qu' (16_)] are exactly the same, b(_)th haV|_ng an exponent of
the G-S theory, were evaluated from E¢®) and (4) along with Eq.(12) —1/6. Like the G-S shear attenuation profile, Ebg) shows
using the reported valuéRef. 33 of the porosity, grain size, and measure- g steep negative gradient immediately below the interface,
ment frequency[N=0.358, uy=238.2um ($=2.079, f=1kHz]. The  \yhereas the gradient of Richardson’s data is weakly positive.
dashed lines are Hamilton’s empirical profiles, as given by EYs. and . . .
(16). As mentioned above, this discrepancy may be the result of
ducting just below the interface.
Figure 6 shows the shear-speed profiles of three finer-
tween depths of 5 and 30 cm. Similar behavior is predicte@rained sediments, measuriedsitu by Richardsoret allf at
by the G-S theory{Egs. (3) and (12)], as shown by the Boa Dragaggio(fine sands and silt claysViareggio (silt
smooth solid line in Fig. &), which increases as the cube clay), and Portovenerésilt and clay. (No shear-attenuation
root of depth in the sediment. In evaluating the G-S line indata were reported for these sijel all three cases, the
Fig. 5(a), the porosity was taken to be independent of depthshear speed is significantly less than that at the fine-sand,
consistent with the porosity profiles measured on 3r@sd ~ North Sea C1 site shown in Fig(@. Notice the subtle dif-
in situ®® during the SAX99 experiment. It is clear that the ferences between the Boa Dragaggio, Viareggio, and Por-
theoretical curve in Fig. @) closely matches the experimen- tovenere profiles, and the fact that all three profiles are accu-
tally determined shear-speed profile. rately reproduced by the G-S theory, evaluated from E)s.
The cube root of depth power law from the G-S theory isand (12) using the reported porosities and grain sizes.
similar in form to an empirical shear-speed profile for sand  The difference between the observed shear-speed pro-
sediments proposed by Hamilfon files at Boa Dragaggio and Varegdibigs. §a) and &b)] is
Con= 128028 (15) particularly interesting, since the reported porosities of these
s two sediments are almost the same, at 0.57 and 0.58, respec-
This expression is plotted in Fig(&® as the dashed line. In tively. It follows that the difference in the shear speeds at the
fact, Hamiltorf discussed several empirical expressions haviwo sites, amounting to about 10 m/s at a depth of 2 m, must
ing the form of Eq(15) but with slightly different exponents, be due to the difference between the mean grain sizes. Boa
ranging from 0.25 to 0.312. Over the limited depth range ofDragaggio is the coarser of the two sediments, with a re-
Richardson’s dat¥ these exponents are almost indistin- ported mean grain diamet8of 3.4 um ($=8.2), compared
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with 1.82 um (¢=9.1) at Viareggio. In the G-S theory, the
grain size affects the shear speed only through the shear
modulus, ys, given by Eq.(12). According to this expres-
sion, the shear modulus for Boa Dragaggio is greater than
that for Viareggio by a factor of 1.5. This is sufficient to give
rise to slightly dissimilar theoretical shear-speed profiles for
the two sites, in excellent agreement with the data, as shown
in Figs. 6a) and Gb).

At the Portovenere sitgFig. 6(c)], the porosity is mar-
ginally higher and the grain size a little lower than at Boa
Dragaggio and Viareggio. The enhanced porosity affects the
bulk density,p,, in Eq. (5), and also the shear modulug, in
Eq.(12), while the smaller grain size influences only. The
net effect, as predicted by E(B), is a slightly slower shear-
speed profile than that at either of the other two sites. Again,
it can be seen that the theoretical curve and the data are in
very good agreement.

depth in sediment, m

0.2

VI. RELATIONSHIPS BETWEEN PHYSICAL

04f . PROPERTIES

o8l Although the porosity, grain size, and bulk density ap-
pear independently in the G-S dispersion expressions, these
guantities are not themselves independent: finer-grain sedi-
] ments tend to have lower densities and higher porosities than
A coarser materials. In order to evaluate the G-S dispersion
relations as a function of any one of the three physical prop-
erties, porosity, grain size, and density, it is necessary first to
. establish the relationships that exist between them.

Of these inter-relationships, that between bulk density
, v and porosity is well known and has already been introduced
% 20 yrS—— 0 - 120 as the linear combination of the two constituent densities in
(b) shear speed, m/s Eq. (5). This expression accurately matches the data, as ex-
, : emplified in Fig. 1. It follows that, provided the densities of
the fluid and mineral phases are known, the bulk density can
be determined directly from measurements of the porosity
] and vice versa.

The functional dependence of porosity on grain size is
more difficult to treat, not least because porosity is not
uniquely determined by grain size: sediments with identical
. porosities may exhibit mean grain sizes that differ from one
another, as exemplified by the sediments investigated by
Richardsonet al1° at Boa Draggagio and Viareggisee
" Figs. 6a) and(b)]. Interestingly, Hamilton’s data on porosity
versus grain size show a significantly smaller scatter than the
corresponding data collected from numerous sites by
Richardson, a difference that becomes clear on comparing
eio ' L Figs. 7@ and 7b). However, a trend common to both data
(©) shear speed, mfs sets is that finer-grain sediments tend to exhibit higher po-

rosities.
Any variation of the porosity with grain size represents a
departure from the way smooth, uniform spheres pack to-
gether. Hamiltof has attributed the observed variation of
porosity with grain size, illustrated in Fig. 7, to several fac-
FIG. 6. Shear-speed profiles frorfe) Boa Draggagio[N=0.57, u,  (OFS including nonuniformity in the size and the shape of the
=3.4micron (¢=8.2, f=1kHz]; (b) Viareggio [N=0.58, u,4 grains.
=1.82micron (¢=9.1), f=1kHz]; and (c) Portovenere[N=0.63, u4 Amongst unconsolidated marine sediments, the lowest
—1.05 micron(¢=9.9), =300 Hz]. The smooth curves, representing the 4 rosities are found in the coarse sands, almost always tak-
G-S theory, were evaluated from Ed8) along with Eq.(12) using the . . .

ing values close to 0.37. As it happens, 0.37 is also the po-

reported valuegRef. 10 of the porosity, grain size, and measurement fre- . . )
quency for each of the sites, as listed here in square brackets. rosity of a random “close” packing of smooth, uniform

o8k -

depth in sediment, m
T

depth in sediment, m
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FIG. 7. Porosity versus grain siz@) Comparison of Hamilton's data with
Eq. (17), evaluated taking\=3 um (red curve. (b) Comparison of Rich-

ardson’s data with Eq17), takingA=1 um (red curve.

where P,=0.63 is the packing factor of a random arrange-
ment of smooth spheres andis the rms roughness mea-
sured about the medequivalent volume sphersurface of
the grains. The inverse of E¢Ll7) gives the grain size as a
function of the porosity

2A(2B—1)
UQZT, (18)
where
1—N 1/3
B= . 19
[ 1- Nmin] ( )

According to Eq.(17), when the grain size is very much
greater than the rms roughness, the porosity approaches its
minimum value, N, =1—-P;=0.37, appropriate to the
coarse-sand regime of Fig. 7. At the other extreme, when the
roughness is very much greater than the grain diameter, as
with the high-aspect-ratio clay and silt particles, the porosity
takes its maximum valueN,,=1—(P48)=0.92, which
conforms with the fine-grain, high-porosity data in Fig. 7.

It is clear from the presence &, the rms roughness
parameter, in Eq(17) that sediments of nominally the same
mean grain size may exhibit different porosities. A sharp
sand having very rough grairikigh A) may be considerably
more porous than an otherwise similar smooth-grained sand
(low A). Although the rms roughness of the grains is not a
parameter that is normally reported, the valueAcf3 um
yields a relationship between porosity and grain size from
Eq. (17) that follows the average trend of Hamilton’s data in
Fig. 7(a), whereas a somewhat lower value ®=1 um is
more appropriate to the average of Richardson’s data, as il-
lustrated in Fig. T).

It is not clear why Hamilton’s and Richardson’s data sets
in Figs. 1a) and 71b), respectively, should differ so mark-
edly. The differences appear not only in the average trends
but also in the scatter of the data about the mean porosity,
especially for the finer-grained materials, a spread which is

sphere$’** which suggests that, in the coarser sedimentsnoticeably greater in Richardson’s data. Perhaps the reason
grain shapeor roughnesseffects represent a negligible de- for the disparities between the two data sets is nothing more
parture from sphericity, and thus the packing is much like ahan coincidence in that the majority of the sediments exam-

random packing of smooth spheres. In the finer-grained sedined by Richardson just happened to have smoother grains,
ments, on the other hand, surface roughness may be compand hence lower porosities, than those analyzed by Hamil-

rable with or much greater than the mean grain diameter, ition,

which case close contact between adjacent grains is pre-

In order to make comparisons between the theoretical

vented, thus allowing pore water to percolate between graingind measured wave properties as functions of the porosity
which results in an increase in the porosity. Grain “shape”and the grain size, an “optimum” value af must be se-
and “roughness” in this context cover a multitude of non- |ected for substitution into Eq17). Since most of the data in
spherical conditions, encompassing smooth, potato-likehe following comparisons stem from Richardson’s measure-
grains, high-aspect-ratio platelets, and very spiky, hedgehognents, the value oA=1 um is adopted for the rms rough-

like particles.

Based on these idedse., a random packing of rough
spherel Buckinghari? developed the following relationship

between porosity and grain size:

ug+2A)3

ug+4A

N=1-P,
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, (17)

ness parameter, consistent with the comparison between data
and theory in Fig. ). With a fixed value ofA in Eq. (17),

the theoretical predictions of the wave properties from the
G-S dispersion relations are, of course, single valued in the
porosity and in the grain size, but the resultant curves are
useful for comparison with the average trends of the multi-
valued experimental data.
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compressional (sound) speed ratio
shear speed, m/s

compressional attenuation, dB/m/kHz
shear attenuation, dB/m/kHz
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(b) porosity

FIG. 8. (8 Sound-speed ratio versus porosity afil sound attenuation  FIG. 9. (a) Shear-wave speed versus porosity émdshear-wave attenuation

versus porosity. The red curves were evaluated from the G-S thieqry1)] versus porosity. The red curves were evaluated from the G-S thEogs;

with f=38kHz andd=0.3m, andA=1 um in Eq. (17). To obtain the (3) and(4)] with f=1 kHz andd=0.3 m, andA=1 um in Eq.(17). [Note:

attenuation in dB/m/kHz, for comparison with the data, the value computedhe shear wave data reported in several of Hamilton's papers were mostly

at 38 kHz was divided by 38. determined indirectly from measurements of interface waves. As they ap-
pear to be distinctly different in character from more recent direct measure-
ments of shear wave properties, his data are not included in thesd plots.

VIl. POROSITY DEPENDENCE
the sound speed for a sand sediment is to be predicted accu-
rately from the G-S theory.

The ratio of the sound speed in the sediment divided by = The compressional attenuation as a function of porosity
that in the water column is much less sensitive to temperais shown in Fig. 8), where the smooth curve was computed
ture variations amongst sediments than the sound speed ly evaluating the G-S attenuatipqg. (2)] for a frequency of
self. Figure 8a) shows a plot of the sound-speed ratio versus38 kHz (i.e., the frequency at which most of the data were
porosity computed from the G-S thedifgq. (1)], along with  collected and dividing the result by 38 to obtain the pre-
data from a large number of sediments. The abundance dficted attenuation in dB/m/kHz. It is evident that the scatter
data points in Fig. &) reveals a clear trend over the porosity is much higher in the attenuation d4tég. 8b)] than in the
range fromN~0.37 to N~0.92, covering coarse sands to sound-speed dafdig. 8a)]. As with the depth profiles of
clays. Throughout this range, the theoretical curve accuratelgttenuation in Fig. @) (compressional and Fig. 3b)
follows the trend of the data. (sheay, the G-S theoretical curve tracks the lower bound of

An interesting feature of both the data and the theoretithe widely spread attenuation data in Figh)8(if allowance
cal curve in Fig. 8a) is the extremely steep gradient of the is made for relatively large measurement errors in the lowest
sound speed at porosities corresponding to the coarser samatbenuations Such behavior is consistent with the fact that
(0.37<N<0.4). As the porosity rises marginally above its the theory predicts the intrinsic attenuation, due to the irre-
lower limit of 0.37, the sound speed plummets, eventuallyersible conversion of wave energy into heat, whereas the
passing through a broad minimum arouxe 0.8. In view of  measurements represent the randomly distributed effective
the sensitivity to the porosity in the coarser materials, it isattenuation. As discussed earlier, in addition to the intrinsic
essential to have a high-precision measur&lavailable if  attenuation, the effective attenuation includes all other types

A. Compressional wave
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finc fine medium coarse

. . clay sil sand | sand | sand d
such as shell fragments in the medium. e e

Like the sound speed, the theoretical intrinsic attenua- %
tion decays extremely rapidly as the porosity rises incremen-
tally above the minimum value of 0.37, with a similar rapid 12p
decay exhibited by the data. It follows that, in order to pre- §
dict accurately the intrinsic attenuation in a sand sediment, ag N
high-precision estimate of the porosity is required.

of loss, due for instance to scattering from inhomogeneities e

=
T

B. Shear wave

-

o

L
T

Figure 9a) shows the speed of the shear wave as a func-
tion of porosity, with the smooth curve representing the G-S
theory [Eq. (3)]. The clear downward trend in the data is
reproduced well by the theoretical curve. The finer, high-

porosity sediments exhibit the slowest shear speeds, witt B R

compressional (sound) sp

.
10° 10

values as low as 10 m/s in the highest porosity materials, thea) mean grain diameter, pm "
clays. At the opposite extreme, the coarse sands with porosi -y

ties around 0.4 show shear speeds in excess of 100 m/s. A clay il e e e, e

with the compressional speed and attenuation, the shear 15——4‘—_"*’I"l"|'”——

wave speed decays extremely rapidly in the coarse material:
as the porosity increases slightly above its lowest value of
0.37. This behavior can be clearly seen in both the theoretica
curve and the data. Because of the very high gradient af
porosities in the vicinity of 0.4, a high-precision measure-
ment of porosity would be required in order to predict accu-
rately the speed of the shear wave in a sand sediment.
Figure 9b) shows the shear attenuation as a function of

porosity, with the smooth curve representing the prediction
of the G-S theoryEq. (4)]. Relatively few data points appear
in Fig. Ab), reflecting the difficulty of makingn situ shear-
attenuation measurements. Nevertheless, sufficient data ar
present to identify a lower bound to the effective attenuation,
a boundary which is accurately traced by the intrinsic attenu- - —i — :

. . 10 10 10 10
ation curve from the G-S theory. Apart from one errant point (p) mean grain diameter, pm
atN=0.63, the data lie on or above the theoretical line, again _ o
consistent with the idea that scattering and other loss mech§!C: 10: (& Sound-speed ratio versus mean grain diameter(Bhdound

. L . . attenuation versus mean grain diameter. The red curves were evaluated from
nisms may add to the intrinsic attenuation predicted by thene G.s theonfEgs. (1) and(2)] with =38 kHz andd=0.3 m, andA=1

theory to yield the effective attenuation of the measurementsum in Eq.(17). To obtain the attenuation in dB/m/kHz, for comparison with
the data, the value computed at 38 kHz was divided by{R8te: Hamil-
ton’s data have been included in these plots because the G-S theory and the
experimental data indicate an insensitivity to the grain roughness parameter,
VIIl. GRAIN-SIZE DEPENDENCE A that is, Hamilton's and Richardson’s data follow much the same ffend.

A. Compressional wave

Figure 1Ga) shows the sound-speed ratio as a functionjower boundary of the envelop_e occupied by the data is ac-
of grain size, with the smooth curve representing the G_§urately traced by _the_ th_eoretlcal curve computed from the
theory[Eq. (1)]. The data are well distributed throughout the G-S theory for the intrinsic attenuation.
full range of grain sizes, from clays to coarse sands, and
show a distinct upward trend with increasing grain size. TheB Shear wave
G-S theory follows the average trend of the data very satis-"
factorily. Data on shear-wave properties as a function of grain size

The compressional attenuation as a function of the graimre less abundant than those on the compressional wave. The
size is shown in Fig. 1®), where the smooth curve repre- shear speed versus mean grain diameter is plotted in Fig.
sents the G-S theorfEq. (2)], which was evaluated for a 11(a), where the smooth curve represents the G-S theay
frequency of 38 kHz(i.e., the measurement frequency for (3)] evaluated at a frequency of 1 kHz. Although a gap ap-
much of the dataand divided by 38 to obtain dB/m/kHz. pears in the distribution of the data points between 15 and 40
Throughout the range of grain sizes, from clays to coarseim, a strong upward trend in the measured shear speed with
sands, the data points show a high degree of scatter as excreasing grain size is still easy to distinguish. Similar be-
pected, since the data represent the effective attenuation. Thavior is exhibited by the G-S theoretical curve.

compressional attenuation, dB/m/kHz
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y N 2 fine o coue 9(b). The data points in question in Fig(® fall in the po-
——e—————sferlarlarfe—————— rosity range from approximately 0.55 to 0.6. In view of the
P I : : g extreme difficulty of making precisioim situ measurements

of shear attenuation in very-fine-grained sedime(sisear
speeds less than 50 ny/she explanation for the apparently
low data points in Fig. 1(b) may simply be a high level of
uncertainty in these measurements. Since no error bars were
reported with the original data set, it is difficult to ascertain
whether this interpretation is plausible but the anomaly
should be resolved, one way or the other, as mniorsitu
shear-attenuation data become available.

200

shear speed, m/s

IX. A SHEAR-WAVE INVARIANT

If the product of the G-S expressions for the shear speed
: [Eqg. (3)] and intrinsic attenuatiofiEq. (4)] is formed, the
10° resultant expression is

10’ 10° 10
(a) mean grain diameter, jtm
nar

v Csag=27f tar( —) =0.42, (20

lml":‘nl 4
AR R e ST T wheref is frequency(Hz) and the value ofi listed in Table II

has been used to evaluate the scaling congtad® on the
right. According to Eq(20), the product of the shear speed
and attenuation is directly proportional to the frequency. The
scaling constant is a function only of the strain-hardening
coefficientn, being independent of all the macroscopic ma-
terial properties of the sediment, that is, the porosity, the
grain size, the density, and the overburden pressure. fince
represents microscopic processes occurring at grain
contacts.’ including strain hardening in the molecularly thin
layer of fluid separating asperities, it is expected to be essen-
tially constant for all sediments composed of similar materi-
als, for instance, quartz grains and seawater. Thus, the con-
: ; - A stant 0.42 in Eq(20) should hold for all silicilastic marine

10 10 10' 1 10 10* sediments

(b) mean grain diameter, pm In principle, the predicted invariance of the shear speed
FIG. 11. (a) Shear-wave speed versus mean grain diameter(anshear- times the sheqr attenuation provides a good t.E'S'[ of t_he G-S
wave attenuation versus mean grain diameter. The red curves were evaluatf¥€0ry. In practice, however, the number of sediment sites for
from the G-S theorfEgs. (3) and (4)] with f=1 kHz andd=0.3m, and  which both shear-wave properties are available is almost

A=1 umin Eqg.(17). [Note: The comment on Hamilton’s shear wave data in vanishingly small, making such a test impracticable at
the legend to Fig. 9 also applies hdre. present

250

200

150

100f--

shear attenuation, dB/m/kHz

50

As pointed out by Rlchard_sdﬁ,shear attenuation has X CONCLUDING REMARKS
been measured at far fewer sites than shear speed. Those
measurements of shear attenuation that are available are plot- The properties of the phase speed and attenuation of
ted in Fig. 11b) against the mean grain diameter. Thecompressional and shear waves in marine sediments have
smooth curve in the diagram represents the G-S theorppeen examined in this article. Detailed comparisons have
evaluated for a frequency of 1 kHz. Many of the data pointsbeen made between measured wave properties, taken from
fall close to or above the theoretical curve, again consisterthe literature, and the predictions of a recently developed
with the idea that the data represent effective attenuation, thgrain-shearingG-S) theory of wave propagation in saturated
lower limiting value of which is the intrinsic attenuation porous media. The theory takes the form of two dispersion
yielded by the theory. pairs, that is, four expressions, representing the phase speed

However, a group of data points in Fig.(b], represent- and attenuation of the compressional wave and the shear
ing very-fine-grained materials, silts and clays, with meanwave. In addition to frequency, the four G-S dispersion rela-
grain diameters in the range between 1 andgdf, falls  tionships are functions of porosity, density, and grain size,
noticeably below the theoretical curve. It is not clear whyand also overburden pressure, which translates into depth in
these particular data points are seemingly too l@wthe the sediment.
theoretical curve too highespecially as the very same mea- Besides the material properties, the theoretical expres-
sured values of shear attenuation lie above the theoreticalons involve three real parameters, representing microscopic
curve in the plot of shear attenuation versus porosity in Figshearing processes that are postulated to occur at grain con-
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