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Acoustic Penetration of a Silty Sand
Sediment in the 1-10-kHz Band

Nicholas P. Chotiros, Adrienne M. Mautner, Arne LﬂVﬁ(ge Kristensen, and Oddbjorn Bergem

Abstract—An experiment was performed to measure sediment  Acoustic wave equations are briefly reviewed below for the
penetrating acoustic waves to test a model of acoustic propaga- purpose of laying the foundation for the justification of using

tion, which is based on Biot's theory. Independent geophysical giqps equations. The simplest wave equation is applicable to
measurements provided model input parameters. A parametric

sound source was used to project a narrow beam pulse into a fluids
silty sand sediment at a shallow grazing angle. The sediment 8?2
acoustic waves were measured by an array of buried sensors and KV(Veu) = Pa—tQU (1)

processed to measure wave directions and speeds. Two acoustic ) ) _

waves were observed, corresponding to the fast and slow waveswherep is mean densitylC, is bulk modulus, andh represents
predicted by Biot's theory. Discrepancies between model predic- the displacement of the medium. Bold type is used to indicate
tions and measg(ed acoustic waves were examined, deficiencies irbomplex quantities. For a lossy fluid, the bulk modulids

the model identified, and strategies for improvement postulated. is a comple antity. and its i . t ts th
The permeability and bulk modulus of the solid frame were of ! piex quantty, ',S Imaginary part represents the
particular interest. rate of loss of energy. The displacemenmay be expressed

in terms of a displacement potenti&l and K, is related to

wave speeds

I. INTRODUCTION u=Vvd: s=— /&_ )
HE LONG-TERM objective is to develop an acoustic P

model of ocean sediments that can accurately represghis equation has only one independent parameter, the sound
the physics of sound penetration into a wide variety of sedipeeds, and it predicts just one compressional wave. The wave
ments. There are large acoustical differences between varigggnuation is represented by the imaginary part of the sound

types of ocean sediments, particularly in the transmission §eed. In ascending order of complexity, the wave equation
sound from water into the sediment. In this paper, the emphagig an elastic solid is next:

is on the differences between sand and silt. Sand is a grain- o2

supported structure that is controlled by mechanical forces at pVia+ (H - p)(V(Veu)) = Poa! (3)

the grain-to-grain contacts, but silt tends to be a fluid-supported

structure in which electrostatic forces between grains and flyihere the displacement vector is expressible in terms of two
are dominant. A model is required that can smoothly make tRetentials

Index Terms—Acoustic, penetration, permeability.

transition from grain—supporteq to quid—supported med_ia and U=V®+V xU. @)
accurately represent the physics of acoustic penetration and
propagation for any mixture of sand and silt. This equation has one more parameter than the bulk wave

The approach in this paper is to start with an existingquation, and it predicts two waves, a pressure and a shear
baseline model that was developed for sandy sedimentswave. The terni, in (1) has been replaced ¥ — ;). The
observe its performance when applied to a silty sedimesgcond parameter is the shear modyludn a lossy solid,
and then to attempt to formulate an improved model fromsually referred to as viscoelastic, the independent parameters
the observations. This section provides a brief introduction toand H are complex quantities. These two wave equations
Biot's theory. In subsequent sections, the baseline modelhigve been used extensively to model acoustic interaction with
described, followed by a description of the experiment aritle ocean sediment.
its results. The baseline model and experiment are comparedfor a fluid-saturated porous elastic solid, wave propagation
and conclusions are drawn regarding the discrepancies dokbws Biot's equations [1]. It consists of a pair of coupled
possible strategies for improvement. equations describing the displacements of a porous solid frame

u and a pore fluiduy. In practice, instead ofiy, it is more
convenient to describe the fluid displacement in termsvof
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theory is necessary to properly account for certain observed
‘ﬁr acoustic phenomena. Two phenomena are of particular im-

( portance: 1) acoustic penetration at subcritical grazing angles
= and 2) acoustic reflection loss. Sandy sediments tend to have

r sound speeds greater than that of water, and, by Snell’'s Law,
-

%

a critical angle is predicted, below which no transmission
through the water—sediment interface may be expected. Recent

3B (u _ W)/at > experimental results [5], [6] indicate significant subcritical
grazing angle penetration, which is likely due to the slow wave
au/ot —»> predicted by Biot. It has also been observed that reflection loss

, , o , _ _ at normal incidence over sandy sediments is greater than that
Fig. 1. lllustration of fluid-filled tubular pores in a solid matrix and the dicted by th ti . ither fluid lasti
particle displacements modeled by Biot's equations. prg Icte y the wave _equa 1ons for erther Tiul S or egs Ic

solids of the same density and sound speed but is consistent

with Biot’s theory [7].

C(V(Veu)) - M(V(Vew)) The disadvantage of Biot's theory is the large number of
_ ¢ a _Fno (6) controlling parameters needed. These may be divided into
_pf8t2u /pratQW K atw two groups: the physical properties of the solid and fluid

constituents and the dynamic properties of porous structure.

The advantage is that Biot's equations can directly relate
w = fB(u—uy). (7) geophysical properties of the sediment, such as permeability,

porosity, viscosity, and fluid density, to its acoustic properties,
Equation (5) is simply the wave equation of the uniform solicsuch as wave speeds and attenuations, in a physical way that

(3), with two extra terms, one for the coupling between solig quite beyond the scope of the simpler wave equations.
and fluid stresses involving the coupling coeffici€hand the
other for the coupling between the inertial forces. Similarly, (6)
is the wave equation of a fluid, (1), with three additional terms
to account for stress and inertial and viscous coupling with There are three parts to the model of sound propagation from
the solid frame. The displacement vectors may be expresgeater into sediment: the wave equations mentioned above, the
in terms of potentials boundary conditions at the interface, and the parameter values
that the equations require.
u=Ve, +Vx W, and w=Vo;+VxV; (8 Acoustic transmission through the water—sediment interface

where the subscriptsand f refer to the solid frame and poreis governed by the usual boundary conditions. In the case of

fluid, respectively. The medium is idealized as a collection &'Ots theory, there are up to six cono_l|t|ons [8]: continuity Of.
tubular pores in a solid matrix aligned with the direction 0?ormal and tangential stresses and displacements of the solid,

the compressional stress vectors, as illustrated in Fig. 1. d continuity of flow and pressure for the fluid. The boundary

constants:, H, C, andM on the left-hand side of (5) and (6)equation. soluti_ons aIreaQy exist in a number of propagation
are constitutive coefficients that describe the elastic propert'@gge:s’ 9|ncl_lrjr(]j|ng ﬁf?St field rr;ocr}]and a pa;rabol|c4equat|or;5
of the porous structure. On the right-hand sjgdandp are the mod e%[ ] b edsou lons use | dere_ a}:_e rgms[t ,”ecés. ( d)
average and pore fluid densities, respectively. The consthntgn (56)], based on an original derivation by Stoll [8], an

andn are frame porosity and fluid viscosity, respectively. Tha've the expressions for the dlsplac_ement pot_entlals Of_ t he
structure factore, and permeabilitys, provide inertial and solid and fluid constituents of the sediment. Particle velocities

drag corrections that compensate for the fact that, in practi&-[\(,a computed from _the t'me der|vat|ve_of the gradpnt of the

the pores are more tortuous than the simple model Suggeﬁigplacement potentlals: Finally, "?‘COUS“‘? pressure is computed
The termF represents a frequency-dependent drag coefficie pm E[?]e prol_c:juct ?jf fpl)a_r(;lcle vei!;)cnytand impedance, averaged
The above notation, which is different from the notation ifve" € SOld and fiuid consttuents.

the original derivation by Biot, is attributed to Stoll [2]. The B'Otts equauonsfreq#lrﬁ the vaItLrjles 3fﬁg rllturtnber tc_)f pta—
solution, which may be found in a number of published sourcEdMEters, some ot which are rather difficut to estimate,
rticularly the constitutive constants H, C, andM and the

[2]-[4], predicts two acoustic waves and one shear wave. TH8 .2 . . .
acoustic waves are commonly referred to as “fast” and “slov{?erme_ab'“ty“' The strategy is to estlmate,_ as far as possible,
waves. The solutions used here are from [4, egs. (59) and (6 Biot parameters from a set of definitive, measurable

after correction of typographical errors as listed in Appendi antities. The shgar modulwsmay be i_nverted frqm shear
A wave speed; the imaginary part is adjusted to fit observed

Ejﬂgar wave attenuation [10]. The constakfs C, and M
re determined by the compressibilities of the pore fluid and

where

II. MODEL OF ACOUSTIC PROPAGATION

Because the topmost layer of the ocean sediment cons
of solid particles saturated with water, it is only naturaf . . :
that its behavior should be that of a water-saturated poro@? solid frame_ as me_asured by the Jacketed_and unjacketed
solid. Consequently, sound propagation may be expectedtqgtS; volumetric strain of the porous material, as defined
follow Biot's theory of acoustic wave propagation ina POrous 1oASES version 2.0, a fast field model for layered media, available from
medium. Furthermore, there is evidence to indicate that BioPsof. H. Schmidt, Massachusetts Institute of Technology, Cambridge.
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by the volume within a membrane envelope, referred to as TABLE |

the jacket, is measured as a function of pore pressure an@PuT PARAMETERS FOR SEDIMENT ACOUSTIC WAVE PROPAGATION MODEL
confining pressure [11]; the imaginary part of the jacketed bulk_ ..
modulus, also known as the frame bulk modulus, is adjusted

to fit observed attenuation of the fast wave. Permeabilitfgrain size

Value Units Reference

x, represents the ease with which fluids may flow through Mean L 34 o Fig. 2
the pore spaces. For grain-supported structures, permeabilnﬁte??jagfogz:’t'iaegon 06 ¢ Fig. 2
virtual mass parameter, and pore size may be estimated frong 4 density 2700 kg/n? [16]
the grain size distribution and porosity. Altogether, they form Grain bulk modulus 7.0E9 Pa [17]
a procedure for estimating the Biot parameters from a set ofpore fluid density 1028 kg/n? [14]
definitive quantities. The details of such a procedure may bePore fluid bulk modulus 2.28E9 Pa [15]
found in Chotiros [12]. This procedure, in combination withPynamic fluid properties
the solution of wave and boundary equations, constitute Fz?lapr‘;f;'r‘gse‘;'ﬂsgsos'ty 0.001 kg/m-s (18]
baseline model of acoustic penetration into sandy sediments.p gy, 0.49 _ 20]
Shear log derement 0.15 — [10]
Bulk log decrement 0.15 — [10]
[ll. INPUT PARAMETERS FOR THIS EXPERIMENT Shear modulus 1.04E7 Pa [20]
Sediments with mean grain sizes betweeh and 4 g are Bulk modulus 3089 Pa 2]
classed as sand [13], where g is defined as minus log base 2
of the grain diameter in millimeters. Sediments with smaller _
grains are labeled as silt. The experiment took place in the 100 ¢
Venere Azzura area off La Spezia, Italy, in a sediment of mean
grain size 4.2 g, which puts it at the borderline between sand
and silt. ® 0 4
The definitive parameters for the baseline model were >
estimated as follows [12]. They may be divided into three g
groups: material properties of the solid and fluid constituents, Q
fluid dynamics, and solid frame elasticity. 2 1 4
Pore fluid is salt water at 10C at a salinity of 35 ppt; its z
density is given by an empirical formula by Apel [14], and its =
bulk modulus computed from a formula for sound speed given 3
by Medwin [15]. Visual analysis of the larger sediment grains To1 ¢
showed mostly quartz and smaller proportions of carbonate g ¢ ::ggﬂi?i?m 0.26 o)
grains and mica (plates). The smaller grains were mostly silt. ... NORMAL (2.40, 1.01 o)
The density of the solid grains was not measured but was
estimated from historical information [16]; typical values lie 0.01 t i
between 2600 and 2800 kg/mA value of 2700 kg/rh was 0 5 10
assumed. The grain bulk modulus is not known. In Stoll's GRAIN DIAMETER - o

proce(_jure, tabulated values f(_)r crystaliine forms of Slm”%ri . 2. Measured grain size distribution, best fit normal distribution used in
materials were used, but no direct measurements were m&fgebaseline model, and modified distribution to fit measured slow wave.
until very recently, when the compressibility of a sample of
qguartz sand was measured [17]; a value of approximately 7 , ) ) N
GPa was obtained, which is approximately a factor of 4 smallfépm d|verfcollected sediment sampl_es,_ IS _shown n Fig. 2.
than the tabulated value for quartz crystals. In the absence':(g’lr mpdelmg purposes, a normal d'St“P“t'O” was fitted to
any further information, 7 GPa was assumed. These vald8§ Points at values greater than 1%, which represent the vast
are shown in Table I. majority of the grains, giving a mean and standard deviation of
Fluid dynamic parameters include viscosity, permeabilitf}.2 and 0.26 @, respectively. These were used to compute the
pore size, and virtual mass constant. The viscosity of sea wagfmeability and pore size. The dashed curve, which represents
is slightly higher than that of fresh water due to dissolved larger mean grain size, will be addressed later.
salts, but the difference is very small, and its value may beln this experiment, porosity and shear speed were not
approximated by that of fresh water [18]. The virtual mag®easured. This information was obtained from Richardson
constant was computed from porosity according to Berrymar@é [20], who measured grain size (2.6 to 4.2 g), porosity (42
procedure [19], which has been demonstrated to give resiiRs#9%), and shear wave speed (60-100 m/s in the band 0.2-2
consistent with acoustic measurements on sintered glass bekdg) in the same area in 1990. Given the high correlation
In a grain-supported structure, permeability and pore sibetween grain size and porosity, and since the grain size at
may be estimated from porosity and the mean and standéhi site falls at the top end of the indicated range of the
deviation of grain size, assuming a normal distribution in walues measured by Richardsenal, the porosity must also
space [12]. The cumulative grain size distribution, measuree at the top end of its range, i.e., 49%. The frame shear
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Fig. 3. Baseline model estimates of (a) speed and (b) attenuation of fast,

slow, and shear waves as a function of frequency from parameter values_jn . ) . -
Table 1. Fig. 4. Experiment configuration: (a) projection of sound pulse from a

parametric source toward a buried receiving array and (b) buried array.

modulus was inverted from shear wave speed, which varied

from 60 m/s at the sediment surface to 100 m/s at a depth of
0.6 m. Since the shear speeds were all very low, their effect on ol
the acoustic wave speeds would be very small, and it should
be adequate to approximate the shear modulus by a constant D -5
value corresponding to an average shear wave speed of 80
m/s. The bulk and shear log decrements were not measured. Z -10 4
Stoll [10] estimated their values to be approximately 0.15 in 5
the high-frequency regime. w-s ot

The frame bulk modulus is the most difficult to estimate. Itis e

i i 5 20 -

normally inverted from the fast wave speed. From previously m
published measurements of near-surface fast wave speed as a 25 -
function of mean grain size, as shown in [21, Fig. 7], the wave
speed for a sediment of comparable grain size is expected to 30 , . . .
be approximately 1530 m/s. This value of fast wave speed 0 5 10 15 20
was used to invert for the frame bulk modulus. All the input FREQUENCY - kHz

parameters in Table |, except the last, were applied to the
solution of (5) and (6), and the fast wave speed was matcHgdgl 5. Low-pass filter response.
by adjusting the value of the frame bulk modulus; the resulting

value is shown as the last entry in Table I. a sparse three-dimensional (3-D) acoustic sensor array, as

The definitive set of parameters for the baseline model [ strated in Fig. 4. The parametric source was chosen for its
now complete. They were applied according to _the procedySrrow beam (3, broad-band (1-20 kHz), and short-pulse-
developed for sandy sediments and the resulting speed, ?émgth 0.5 ms) capabilities. It was mounted on a tower
attenuation of the fast, slow, and shear waves, as a funCtE’ﬁbroximately 4.5 m high. The tower was stationary, but the
of frequency, are shown in Fig. 3. Above about 10 kHz, thgection of the sound beam could be steered. The receiving
wave speeds are predicted to settle about relatively constgﬂtay was at a distance of 60 m from the source. in a water
val_ues. At lower frequencies, there is a transiti_on regime, Hépth of 10 m. There were eight elements in the receiving
which the slow wave speed changes rapidly with frequency, .o, of which two were on the sediment surface and one
This regime is of particular interest because it will severe ised 0.4 m above it. The remainder of the receivers were
test any model. Tr]:e”model is compared with experimenigl,jaq in two vertical arrays. The transducers have a sensitivity
measurements as follows. of —201+1 dB re 1 vf:Pa in water. The preamps have a low-

pass filter, which is 5 dB down at 15 kHz and rolls off sharply
IV. MEASUREMENT OF SEDIMENT ACOUSTIC WAVES thereafter, as shown in Fig. 5.

A parametric source, the TOPAS PS040 made by Simrad,The experiment took place in winter, in calm conditions and
operating at a primary frequency of 40 kHz and generatinguader overcast skies. Under such conditions, the temperature
difference frequency signal in the water by self-demodulatioprofile is known to be nearly isothermal, from historical
was used to direct a narrow beam and short pulse towanformation. In computing the sound speed in water, the
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temperature was estimated to be approximately°@0 and
the salinity 35 ppt. WEIGHT T,;:';ﬁ'iﬂLM BANDPASS TIME DELAY,
Accurate positioning of the array elements is essential f E FLTER .~ un
measurement of wave speed and direction. Positioning sho &l fram =% - @ -‘F?q-m}
i ; i s rmar e [, il
be accurate to within a quarter of the acoustic waveleng
Uncertainty regarding the relative orientation and positic
of the sensor array and sound source position was resol
using the pulse arrival times at the surface hydrophones (4,
and 8). This permitted the horizontal positions of the surfa
hydrophones to be confirmed by time of flight measuremen
and in some cases corrected, to the accuracy allowed by
leading edge of the acoustic pulse, which is approximate £m
1 cm. The positioning error in the two vertical buried line
arrays may be estimated from the methods used to dep
them. The cables and hydrophones in each vertical line ar i
. . . . -3 -20 -0 @
were taped together to achieve the desired vertical separati . iz .
the accuracy is estimated to be about 1 cm. The bunt INTEHSITY SCALE ()
was stuffed into a flexible hose of approximately 5 cm i SPEED L
diameter. It is deployed in a bore hole that has a diame
of approximately 10 cm. The bore hole is initially supported
by a sleeve. After insertion, the sleeve is withdrawn and
the hole is allowed to collapse around the array. The wortlee voltage squared is normalized to a constant value. The
possible error is determined by the diameter of the boséggnal from one of the sensors on the sediment surface is
hole, less the diameter of the hydrophone, which givesused as a timing reference. The intensity of the output is an
maximum horizontal positioning error of approximately indicator of the relative likelihood of the existence of a signal
cm. For coherent signal processing, the error may not exceida particular combination of beam angle and wave speed.
one-quarter of a wavelength, therefore the minimum signihe process is repeated until the entire search space of wave
wavelength permissible is 16 cm. This will be referred to adirection and speed combinations is covered. The process is
the Apmit- illustrated in Fig. 6.
In this case, the bearing of the source relative to the
receiving array is known; therefore beam steering is needed
V. SIGNAL PROCESSING only to cover all possible elevation angles in the vertical plane

Coherent superposition is the principle underlying thihat cuts through the centers of both source and sensor array.
method that is used to measure the speed and directidie time shifting is based on an assumption of plane waves.
of acoustic waves. The processing is similar to that of L€t representtime, and let= 7 be the time at the peak of the
beamformer. Typically, a beamformer is used to determiigignal from a designated reference sensor. For a combination
the angle of arrival of one or more incoming signals. F&f wave directionn and speed,, the time delay{a,, applied
broad-band signals, a time-delay beamformer is preferr&jthe signal from the:th sensor is given by
over a phase—_shift beamform_er. A beamformer s_ea_rches _the tan = —(7 = (Rn — R,) o1/v) (9)
range of possible angles to find the one that coincides with
the arrival angle of the incident sound wave. Given that thehereR,, andR,. are the vector positions of theh and the
wave speed is known, the process involves coherent additiefierence sensors, respectively. The resulting signatad is
of signals in such a way that a peak, proportional to the sigradherently summed, and its relative level, on a decibel scale, is
level, is obtained when the beam is pointed in the directigiotted at the appropriate coordinate in a direction-speed space
of the incident sound wave. as a color-coded pixel. The scale is normalized such that the

In this problem, both direction and speed of the incominigighest output is at zero decibels. The direction information
wave or waves are unknown. A process is needed that gasides in the unit vecton, which, in this experiment, is
search through a range of directions and speeds, and sithply the elevation angle of the acoustic wave. The process
combinations thereof, and produce a peak when the correctepeated until the desired direction-speed search space is
direction and speed is found. The signal processing steps are@spletely sampled. The resulting image may be called an
follows: after digitization, the signal from each array elemerambiguity diagram. A peak will occur at the coordinates that
is multiplied by a weighting coefficient, Hilbert transformednatch the angle and speed of an incoming wave.
to convert the series of real samples into complex samplesMore than one wave may be detected by this method be-
bandpass filtered to exclude unwanted signal and noise, tioaise the process is linear up to and including the summation
shifted to achieve the desired combination of beam angle astdge. The output from the summing operation is simply the
wave speed, and then coherently summed with correspondsugperposition of the output signals of each wave. If their
signals from the other array elements. For equalization, teeparation in speed or angle is greater than the resolution
signal from each channel is weighted such that the integral afforded by the array and the signal bandwidth, then, after

= W

AMBIGLITY DLAG RAK

DIRECTION
\‘

r . . . .
ig. 6. Wave direction and speed estimation process.
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incident plane wave pulse at 175 dB reuPa and a grazing
angle of 4.8, as determined by the height of the projector and
source—receiver separation. The signal is a Ricker pulse, which
is typical of a pulsed parametric source. The acoustic pressures
at each receiver are as shown in Fig. 7. The grazing angle is
below critical for the fast wave; therefore it is evanescent. The
evanescent and slow waves are marked for clarity, although the
latter is too weak to be visible. As a test, the wave direction
and speed estimation process was applied to these signals,
and the resulting ambiguity diagram is shown in Fig. 8(a).
The result should have been an evanescent wave traveling
horizontally at a speed of 1493 m/s, but the diagram shows a
split peak because there is a t8thase shift between signals

at the sediment surface and signals beneath the sediment
surface. The phase reversal is quite evident in Fig. 7. Further
simulations using the baseline model indicated that the phase
reversal takes place over an interval of just a few centimeters
below the sediment surface. To correct for this, the weights
dpplied to all surface signals were negated. The corrected
result is shown in Fig. 8(b), which shows the full search space
of elevation angles from-90° (upward vertical) to—90°
(downward vertical) and speeds from 300 to 2000 m/s. The
peak at the correct speed and angle is clearly visible. In an
effort to produce a plot that has constant resolution, the speed
scale is inverted; i.e., the intervals of speed are of constant
increments of 1/speed. This is because resolution is ultimately
a function of time resolution, which is inversely proportional
to speed. The width of each of the intersecting ridges in the
ambiguity diagram is proportional to signal pulsewidth.

VI. COMPARISON OF THEORY AND EXPERIMENT

Examples of signals recorded during the experiment are
shown in Fig. 9. The elevation angle of the projector was
adjusted to maximize the signal level at receiver 1, and then
signals were recorded as the projector was slowly panned
across the receiver array. The first arrival at each receiver
is clearly recognizable. The reason it is labeled as “fast”
rather than “evanescent” will be explained later. A number
of other pulses arriving later are also evident, some of which
are marked “slow,” as will also be explained later.

The absolute value of the peak amplitude of each signal,
based on receiving sensitivities in water, is shown along
side the normalized wave. Evidently, the levels predicted by
the baseline model are quite different from those measured
in the experiment. In an effort to understand the cause of
the discrepancies, the power spectra of certain signals were
computed. Since the parametric source produces little energy
below 1 kHz and the receiver has a flat response up to 12

Fig. 8. Testing of wave speed and direction estimation process using baseliz, only this band of frequencies is shown. In Fig. 10(a), the

model generated signals of Fig. 7: (a) initial results and (b) after sign rever:

of surface signals.

f)aéwer spectra at the surface receivers show that model and

experiment tend to agree at the high end of the band, but at

the square and log operations, each wave would prodube low end the experimentally measured levels were higher.
a peak in a different part of the search space, with littlat receiver 3, buried at a depth of 1 m, the measured signal
mutual interference. The array was designed to maximizpectrum is higher by 20 dB, but has the same shape as the
signal resolution in speed and angle.

The baseline model was used to compute the acoudtie breakpoint, the gap widens, with the measured spectrum
pressure signals at the eight receivers, in response to falting off at a much lower rate. Similar features are observed

baseline model, up to a breakpoint at around 7 kHz. Beyond
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Fig. 9. Signals recorded at receiver array during the experiment. 10
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Fig. 11. Wave direction and speed ambiguity diagrams of (a) baseline model,
(b) experimental signals, and (c) wave speed as a function of frequency up
to the wavelength limit.

for each of the pass bands are stacked to highlight changes in
the dominant wave as a function of frequency. It is evident
that the sidelobes about the dominant peak become more
numerous with increasing frequency. Although the usable band
extends to 12 kHz, it was found that the dominant wave in the
; e experimental data was not clearly discernible above 8 kHz.
2 4 6 8 10 12 2 4 6 8 10 12 The reason is probably that above 8 kHz and at the fast wave
FREQUENCY - kHz FREQUENCY - kHz speeds measured, the wavelength falls below the minimum (16
o 10, P | densities of the basel § ) s cm) permitted by receiver positioning accuracy. The minimum
T e shectal derslies of e aselne and expermenta, s0fvelength boundary is denoted By,
3, (¢) 2, and (d) 1. At the estimated sound speed in water of 1489 m/s and
a grazing angle of 473 the evanescent wave is expected
. . to be traveling horizontally, i.e., at an angle d¢f @nd at a
at- receivers 2 and 1, which are at depths 18 a}nd 2.6 m, Ig ed of 1493 m/s. The ambiguity diagram generated from the
with breakpoints at 5 and 3 kHz, and differences in level belo%seline model shows a peak at a position very close to this
the breakpoint of 30 and 40 dB, respectively. These resulf§qie ang speed, in all the frequency bands. The experimental
indicate that one or more frequency dependent effects in the,its, however, show a frequency-dependent result: at 2 kHz
experimental data are not represented in the baseline modgle indicated wave speed of 1426 m/s was slow enough to
Suspecting that there may be frequency dependence, yy8duce a refracted fast wave in the sediment, consistent with
applied the wave speed and direction estimation processaifiownward angle of-17° in accordance with Snell's Law.
discrete bands, approximately 2 kHz wide, and centered at 2e wave speed appears to increase with frequency and level
6, and 8 kHz. The results of processing both the baseline modtflat 1543 m/s at 6 kHz and above, but the indicated angles
generated waves of Fig. 7 and the experimentally measugtdthe higher frequencies appear to be in violation of Snell's
signals in Fig. 9 are shown in Fig. 11. The ambiguity plotsaw. This effect is a peculiarity of the parametric source and

1
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beyond the scope of the simple plane wave approxim
used in the baseline model. The parametric source prt
sound waves by nonlinear interaction of a high-inten L1

high-frequency primary sound beam in the water. The sc r a0 -20 40 Of| -0 - 00

of the resulting secondary sound wave is not physical % INTEMGITY SCALE (ol |INTEMSITT SCALE (3E)
the transducer but distributed as a virtual array in the v
along the primary beam. When a parametric beam is dir
toward the water—sediment interface at ranges compara
or less than the length of the virtual array, penetration ai
steeper than that allowed by Snell’s Law have been obs
experimentally by Muiret al. [22] and by Winghamet al.
[23]; the latter also provided a theoretical model to sup
the experimental data. Theory and experiments show thi
sediment penetrating wave is not an evanescent wave bu
acoustic wave propagating at its proper speed, which, ir
case, is the fast wave. Of particular interest is the app -
frequency dependence of the fast wave speed. The ba _ | -20 10 ol -3 -0 -0 |
model, based on Biot's theory with constant coefficients, £ INTEMSITY SCALE (dH} [INTENSTT Y SLALE (5
not predict such a large frequency dependence.

The baseline model did not predict a detectable slow w
but the experimental data showed numerous pulses aft
initial fast wave arrival. The fact that the receivers on
sediment surface show only the first arrival and little
rules out the possibility of multipaths in the water colul
such as the water surface bounce path. In any case,
multipaths are not expected because the parametric sour
a conical beam width of only°3with side lobe levels that a . ! B !
less than—30 dB. There is a possibility of volume scatter e gl o R 132
within the sediment, particularly at receivers 2 and 6, w.

have signals that show strong reverberation tails. That thesg 12. Ambiguity diagrams of experimentally measured signals at 2, 4,

scattering events are very localized suggests that the volugan@nd 8 kHz with fine-tuned color palettes showing the minimum speed
scatterers are similarly localized boundary of surface roughness scattered enefgyand slow waves marked

. . by circles.
Scattering by surface roughness can produce an artifact

having the appearance of a traveling wave at a speed |aboratory by Simpson and Houston [25]. In genesalshould

The problem has been studied by Meeal. [24]. Energy be treated as a variable because energy may also be carried
is scattered from surface roughness toward a buried receiggfizontally by any one of several interface waves.

at the fast wave speed. The vertical component of phase speethere is also the possibility of another propagating wave
is equal to the fast wave speed divided by the sine of thgiden among the reverberation. For a better view, the color
depression angle of the ray path. A minimum value of thealettes of the experimentally measured ambiguity diagrams
pseudo wave speed,, is obtained when the vertical phaseyere adjusted for maximum sensitivity, as shown in Fig. 12.

ELEYATIOMAMILE - «

ELEWATIOM AMGLE -

speed is equal to the fast wave speed At each frequency, a curve is shown marking the minimum
cren speed boundary,, of the surface roughness scattered energy,
Ca 2 Cm = N (10)  as calculated from the measured fast wave speed and (10) and
\E TG (11) for all likely values ofc;,. Ambiguity peaks on the right of

. . . this curve are likely due to surface roughness scattering. To the
wherec, is the fast wave speed anglis the speed at which theI ft of ¢,,,, at 2 kHz, an isolated peak is discernible at 760 m/s

scattered energy travels horizontally. The apparent ray angi¥d—59°. Similar peaks are observable in the other frequency

0 is given by bands, as marked by circles. In each case, the strongest peak
left of ¢,, was marked. The indicated wave speeds plotted
)- (11) against angle, as shown in Fig. 13, reveal that, except at 8 kHz,
the speeds and angles are in excellent agreement with Snell’'s
In a lossy medium, most of the energy arrives along theaw. The deviation at 8 kHz is most likely due to violation
shortest path, which is vertically downward; therefore thef the Ay, Which occurs just above 6 kHz at these speeds.
vertical phase velocity tends to be equal to or only slightlfhe wave speeds appear to increase steadily with frequency,
greater than the fast wave speed. The horizontal phase veloditgm 760 to 969 m/s, and to show a much larger dispersion
cn, should be treated as a variable. It is usually the speedtbé&n the fast wave.
the evanescent wave along the sediment surface. This resufrom the measured slow wave speeds, the approximate
has been corroborated by experimental observation in tpesition of the slow wave was marked on the full-band time

6(cm) = tan™* <Z—;
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Fig. 13. Experimentally measured slow wave penetration angle as a function «
of speed and Snell's Law. 0 T —r1+ 0.1 ‘
1 10 1 10
series from each buried receiver, as shown in Fig. 9. The (@

position is only approximate due to the strong dispersion. The

presence of a slow wave is not at all obvious from the time 1600 - MEASURED VALUES
series, partly because it is masked by scattering and partly L;'_'_“_ + 1 STANDARD ERROR
because of the smearing effect of the dispersion. Bandpass '4°¢ t ° § FAST § sLow
filtering reduced the detrimental effects of smearing, and 4,40 | 100 T
coherent superposition raised the signal-to-background ratio
to a level where a peak was just detectable in the ambiguity 1000 -/—-—-Afg'g
diagram. That these peaks are consistent with Snell's Law 800 1 b ?10 ]
is indicative of a propagating wave. They are unlikely to be b -
caused by roughness scattering because they are to the left of » 600 4 8
cm- Finally, that they follow a consistent trend as a function of - h
frequency makes it unlikely that they are caused by a random a 400 z 14
process but that they are manifestations of a slow, dispersive, i w 200 1 E
and propagating wave.
Fast and slow wave attenuation were estimated, in each 0 t —r1+ 0.1
frequency band, by fitting a regression line through a plot 1 0 1 10
of signal level, in decibels, as a function of path length, FREQUENCY - kHz
using signals from all the buried receivers. The standard error (b)

was estimated from the deviation of the data points from tf,l%_ 14. Comparison of measured wave speeds and attenuations as a function
regression line. The measured wave speeds and attenuatiwmequency with (a) baseline model and (b) baseline model with modified
are compared with the baseline model, as shown in Fig. 14(@fin size stafistics.
The fast wave attenuation of the baseline model is within one
standard deviation of the measured values, but the modelygich this can happen. One is burrowing by biological organ-
unable to match the measured frequency dependence of ifiifis, which leaves tubular passages. Another is pelletization,
fast wave speed. The greatest discrepancies are in the slgiich produces effectively larger grains. Certain organisms
wave attenuation and speed. The speed trends are similar, gfigtiuce large quantities of mucous-encapsulated fecal pellets,
the measured values are significantly higher than the modghich have been observed in soft sediments by Bengley
Although the measured attenuation of the slow wave comgis [26]. Pellet sizes are typically less than a millimeter. Such
with a large standard deviation, it is clearly an order dftructures are not detectable by current methods of grain size
magnitude lower than that of the model. analysis because solvents used to separate the grains would
Slow wave attenuation and to a lesser extent speed are nigstak up the flocculent structures, wash away the burrows,
sensitive to permeability. In the baseline model, permeabilighd dissolve the mucous encapsulations. It can be argued that
is estimated from the grain size distribution and porosityie grain size measurement technique is unable to capture the
values shown in Table I. The procedure was based on a gradffective in situ grain size distribution.
supported frame such as sand. In this case, the porosity iSo some extent, the discrepancy may be alleviated by
greater than that of a grain-supported frame. Rather tharc@recting the grain size distribution to properly reflect the
random packing arrangement typical of sand, the structure meffective, in situ grain size distribution, particularly resulting
be flocculent, i.e., string-like structures separated by large pdrem pelletization. With reference to Fig. 2, the modified
spaces. Furthermore, the sediment is rich in nutrients and sdstribution function would lie to the left of the measured
ports a variety of biological activity, so bioturbation may haveata points, signifying a wider range of larger grains. The
generated even larger pore spaces. There are a few ways$nio distributions should merge as the cumulative distribution
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approaches 100%. Within these constraints and still retaininfboth waves. The baseline model predictions of slow wave
a normal distribution model, the effect of a larger mean graspeed and attenuation were too low and too high, respec-
size was explored. This was done by varying the mean atieely, most likely because the model underestimated sediment
computing a standard deviation that would intersect the mgaermeability. The model used a formula for estimating per-
sured distribution at the 99% level. It was found that as meameability based on a grain-supported frame, which is not
grain size was increased, the slow wave attenuation decreasetirely appropriate to a silty sediment. The structure of a
and the speed increased, thus reducing both discrepancidty sediment is more complicated than that of the randomly
However, the speed over shot well before the attenuatipacked grains usually found in sand. The structure tends to be
discrepancy vanished. One of the better attempts was at a mi@eculent, which makes for larger pore spaces. Bioturbation
and standard deviation of 2.4 and 1.01 g, as shown in Fig.ténds to further increase permeability by the production of
It gave slow wave speeds that were slightly higher than therrows and by pelletization. To some extent, the discrepancies
measured value at 8 kHz and attenuations that were withirbetween model and experiment may be treated as a problem
factor of 2 of the measured values, as shown in Fig. 14(l). estimating the correct, effective grain size distribution.
Thus, to some extent, the discrepancy between model affie discrepancies may be reduced by using a modified grain
experiment may be treated as a problem of estimating thige distribution that better reflects tle situ structure of
correct, effective grain size distribution. the sediment, particularly the pelletization. Other causes of

discrepancy are likely to be in the calculation of the virtual

mass constant and pore size parameter, both of which are

VII. CONCLUSION computed on the basis of a grain-supported frame.

The experiment may be summarized as follows. Bottom There was a discrepancy between model and experiment
penetrating acoustic waves were launched by an incident soWyith regard to the frequency dependence of the fast and
pulse from a parametric source at a grazing angle of 4rgl Slow wave speeds. The baseline model, using constant input
were received by a buried array of acoustic receivers inP@rameter values, was unable to reproduce the large dispersion
silty sand sediment. The usable frequency band was limit¥nd in the experimentally measured speeds. Therefore, cer-
by the low-frequency cutoff of the parametric source at 1 kH&in parameters must be frequency dependent. The most likely
and by the high-frequency cutoff of the receive system at £2ndidate is the frame bulk modulus.
kHz. Within this band, errors in receiver positioning limited In conclusion, from a comparison of wave speeds and
the effectiveness of coherent array processing to waveleng@gnuations, between the baseline model and experiment,
greater than 16 cm. certain weaknesses in the model were evident, particularly

The experiment was modeled using Biot's theory and the estimation of permeability, pore size, and virtual mass
procedure for estimating the input parameters that was deve@nstant. In addition, the dispersion observed in both the fast
oped for sandy sediments, which is referred to as the baselftd slow waves can be explained only in terms of frequency-
model. It predicted two acoustic waves and shear wave. TH@Pendent Biot parameters, and the most likely candidate is the
two acoustic waves are referred to as “fast” and “slow” waveame bulk modulus. Starting at a baseline model developed
The incident sound wave at the water-sediment interface w@s sandy sediments, these results will guide the development
modeled as a plane wave. The grazing angle was subcritical @ran improved model that can smoothly make the transition
the fast wave, making it evanescent. The model also indicafé@m sandy to silty sediments and bring us closer to the
that the slow wave attenuation would be very high, renderifpal of a model that can accurately represent the physics of
it undetectable. acoustic penetration and propagation in a broad range of ocean

The experimental results showed two waves. Although t§ediments.
model predicted that the fast wave would be evanescent, it
was found propagating into sediment because of the unique
ability of the parametric source to launch a wave at subcritical APPENDIX

grazing angles. The violation of Snell's Law is only apparent geyeral equations in Steret al. [4] have typographical
because the incident wave is not a simple plane wave buggors. Of those, [4, egs. (10), (11), (12), (34), (37), (53),
virtual array of sources distributed along the projected beaggp), (63), and (64)] are relevant to this paper and to anyone

Signals from the buried receivers showed a fast wave pulgfio wishes to reproduce the acoustic model. The corrected
followed by reverberation, which tended to obscure the slogyuations are as follows:

wave trailing in its wake. With any one receiver, the slow wave
could not have been detected with any confidence from amongy

the reverberation. With coherent processing using all available * = Ky(1—ib/m) (10)
receivers for maximum array gain and bandpass filtering to# = #(1 — 05 /) (11)
reduce the detrimental effects of dispersion, the slow waveuV?u+ (H — p)Ve — CV({ = pii — pyw (12)
was just detectable above the reverberation. The speeds aryj = e, (34)
attenuations of both waves were measured as a function o 2, _ 9

v =ppw /(W = q) @37

frequency in 2-kHz bands, centered at 2, 4, 6, and 8 kHz. ) o .
There were discrepancies between baseline model and exso = [—(ipw”/2kp) + ik]pso
periment in the attenuation of the slow wave and the speed + (ipsw? /2kp) ¢ o + (ippw? [2kp)(1 + R) (53)
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