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The use of low-frequency sonars~2–15 kHz! is explored to better exploit scattering features of
buried targets that can contribute to their detection and classification. Compared to conventional
mine countermeasure sonars, sound penetrates better into the sediment at these frequencies, and the
excitation of structural waves in the targets is enhanced. The main contributions to target echo are
the specular reflection, geometric diffraction effects, and the structural response, with the latter
being particularly important for man-made elastic objects possessing particular symmetries such as
bodies of revolution. The resonance response derives from elastic periodic phenomena such as
surface circumferential waves revolving around the target. The GOATS’98 experiment, conducted
jointly by SACLANTCEN and MIT off the island of Elba, involved controlled monostatic
measurements of scattering by spherical shells which were partially and completely buried in sand,
and suspended in the water column. The analysis mainly addresses a study of the effect of burial on
the dynamics of backscattered elastic waves, which can be clearly identified in the target responses,
and is based on the comparison of measurements with appropriate scattering models. Data
interpretation results are in good agreement with theory. This positive result demonstrates the
applicability of low-frequency methodologies based on resonance analysis to the classification of
buried objects. ©2002 Acoustical Society of America.@DOI: 10.1121/1.1509425#

PACS numbers: 43.30.Jx, 43.40.Fz, 43.20.Tb@DLB#
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I. INTRODUCTION

At the high frequencies traditionally used for mine cou
termeasures~MCM!, typically in excess of 30 kHz, the
acoustic scattering by moderate-sized bottom targets~;1 m!
is well described by the geometrical theory of diffractio
The reason for using these high frequencies is the str
dependence of prevailing technology on imaging resolut
for detection, and more importantly, for classification. Ho
ever, it is well established that at lower frequencies, m
made targets in particular may support the excitation
strong structural waves or resonances consistent with t
structural symmetries. For target sizes;1 m, these reso-
nances can be strongly excited in the 1–10 kHz freque
regime, well below the frequencies required for classificat
by imaging.

Analysis of wave scattering by underwater elastic o
jects in the 4,ka,30 range~wherek is the acoustic wave
number anda is the characteristic dimension of the objec!
has identified several target classifying features that are
flected in the scattering, e.g., the radius, the wall thickne
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and the elastic properties for spherical shells.1,2 However, the
question is whether features based on the spatial and tem
ral characteristics of the structural response can provide
bust and reliable classification clues. If they can, this w
provide a technology push for including lower-frequency s
nars in operational systems.

Another benefit of moving to lower sonar frequencies
the improved seabed penetration. For insonification ab
the seabed critical grazing angle~assuming a flat seabed!, the
attenuation decreases approximately linearly with frequen
while below the critical grazing angle, the evanescent late
wave field in the bottom penetrates deeper.3 Also, the rever-
beration from surficial features such as small-scale s
ripples will decrease with decreasing frequency, with an
crease in signal-to-reverberation as a result.4

Here, a coordinated experiment and modeling effort
plores the potential of low- to medium-frequency sonar co
cepts for improved target detection and classification. S
cifically the analysis aims at verifying through dire
comparison of experimental data and wave theory scatte
models whether the circumferential waves backscattered
an elastic, axisymmetric target remain detectable and ide
fiable whether the target is proud or buried. Further,
analysis evaluates how the burial depth, the sediment p
erties, and the seabed interface influence the dynamics o
generated structural responses.
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FIG. 1. GOATS’98 experimental configuration.
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Past experimental and modeling work has provided e
dence for the excitation of structural waves in complet
buried spherical shells, including investigations on the se
tivity to burial depth, sediment type, and grazing angle5,6

The excitation of target resonances for flush and parti
buried targets has more recently been investigated using
modeling capabilities,6,7 but equivalent experimental wor
has been lacking.

The analysis presented here uses the comprehensive
set acquired during the GOATS’98 experiment.8 Monostatic
and bistatic measurements were conducted on a suite of m
made targets of different shapes and burial depths. The
gets were insonified by a parametric projector that scan
over a wide range of grazing angles from below critical
above. This paper will be limited to the analysis of bac
scattering with insonification above critical grazing for thr
identical spherical shells: one half buried, one flush buri
and one completely buried. The spherical shells were r
tively thin-walled and filled with air. Hence, the free-fie
scattering physics is relatively simple to model and w
understood.9–11 The analysis will use the suite of scatterin
models presented in Refs. 5–7.

II. EXPERIMENTAL CONFIGURATION

The GOATS’98 experiment8 was carried out in May,
1998, on a sandy bottom in 12–15 m water near Marci
Marina, off the island of Elba, Italy. The TOPAS~Topo-
graphic Parametric Sonar! source was used to insonify th
targets with a highly directional beam. The sonar is an e
fire parametric array of 24 horizontal staves. It covers
frequency range 2–16 kHz for the secondary frequency
35–45 kHz for the primary frequency. The transmittin
source level is about 238 dBre: 1 mPa at 1 m for the primary
frequency and the source level obtained at the differe
frequencies varies from 190 to 207 dBre: 1 mPa at 1 m~see
Ref. 12!. A short single pulse is obtained by transmitting
weighted burst at the primary frequency. At the second
frequency the vertical beamwidth is 3°–5° and the horizon
is about 8°. As with all parametric sonars, there are no c
ventional sidelobe structures, and the beam pattern de
monotonically outside the main 3 dB down beamwidth. T
far field is estimated to start at about 30–35 m in front of
transducer, while the volume of nonlinear interaction13 is es-
1818 J. Acoust. Soc. Am., Vol. 112, No. 5, Pt. 1, Nov. 2002 Tesei
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timated to extend for the first 11 m~see Ref. 3!. All the
measurements were at ranges larger than the nonlinear i
action length of the sonar, so that nonlinear penetration
fects can be ignored in the data analysis.

The experimental configuration is shown in Fig. 1.
order to acquire data from various source-receiver geo
etries, the transmitter was mounted on a 10 m tower. T
tower in turn was mounted on a 24 m linear rail on t
bottom, along which its position could be precisely co
trolled. The TOPAS transmitter was mounted in a pan-a
tilt assembly so that the transmission direction could be
curately measured. A linear receiving array of 16 equa
spaced omnidirectional hydrophones was mounted vertic
in a near-monostatic configuration. The array was desig
to work at 8 kHz; hence, the distance between adjacent
ments is 0.094 m generating an acoustic aperture of 1.41
The main lobe of its beam pattern is about 6° at 8 kHz, 2
at 2 kHz, and 3° at 15 kHz. The sidelobes are more than
dB lower than the main lobe. The sensitivity of all the h
drophones was approximately constant~around2163 dB! in
the bandwidth 1–15 kHz.

Three identical spherical shells were deployed in li
with the TOPAS rail at different burial depths~about 35 cm
into the sediment, flush, and half-buried!. One of the shells
was measured before burial under quasi-free-field conditi
suspended in the water column. They were air-filled, st
spherical shells nominally of 0.53 m outer radius and 3
wall thickness. As the relative thicknessh ~defined as the
ratio between wall thickness,d, and outer radius,a! was
equal to 0.0566, they are classified as thin~though others
may consider this an intermediate thickness14 tending to
thin!. They had a steel lug at the top which was used
suspension and transportation. The spherical shells were
structed by welding two hemispherical shells together. T
nonuniformity of the resulting shell at the weld point was n
measured, and could be a source of unknown acoustic eff
in the following results.

Isospeed conditions were measured in the water colu
at 1520 m/s. The depth of the water over the target field w
about 12 m. Grain size estimates of the bottom correspon
to medium sand. The average density of the sediment, m
sured over the volume of bottom cores, was 1.91 g/cm3. The
sediment propagation loss was estimated around 0.5 dB/l, as
demonstrated in Refs. 3 and 15. Sound speed was estim
et al.: Partially and completely buried spherical shells, measurements



FIG. 2. Model of a Ricker pulse centered at 8 kHz.
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to be on the order of 1720 m/s by pulsed travel time m
surements on sediment cores centered at 200 kHz. How
the analysis of low-frequency sound waves emitted by
TOPAS and received on a vertical array of buried hyd
phones in the immediate vicinity of the GOATS’98 targ
field has proved the strong dispersion of acoustic waves
sandy seabed.15 From those acoustic measurements the s
ment sound speed was estimated to be approximately 1
m/s at 8 kHz. This dispersion is consistent with the pred
tions of Biot’s theory for propagation in porous media. The
considerations also influence the estimation of the sedim
critical angle which should consequently decrease as the
quency is reduced; thus, the nominal critical angle of
sediment is estimated at 28° from the measurements on c
at 200 kHz and at 22° if a sound speed of 1640 m/s
assumed.

III. TARGET SCATTERING MODELS

Scattering models for a spherical shell either in the f
field ~i.e., suspended in the water column! or buried in the
seabed are briefly presented. Models are developed in
frequency domain and provide the scatterer transfer funct
In order to compare simulated and real sonar data in the
domain, the simulations of the transfer function are mu
plied in the frequency domain by the model of the incide
pulse transmitted by the acoustic source, and the resu
products are inverse Fourier transformed.16 A Ricker func-
tion, defined as the second derivative of a Gaussian,17 is used
for the incident pulse at a nominal center frequency of 8 k
J. Acoust. Soc. Am., Vol. 112, No. 5, Pt. 1, Nov. 2002 Tesei et al.: P
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~Fig. 2!. The time signal is normalized to unit peak amplitu
and its spectral level is normalized to 0 dB maximum. T
simulations are computed to a maximum frequency of
kHz, but the results are presented in the bandwidth 0–15
and then analyzed between 2 and 15 kHz, where the sig
to-interference ratio of the at-sea data is sufficient to all
model-data comparison and elastic wave analysis. In
simulated and measured target scattering response plots
time series will be normalized with respect to the maximu
amplitude of the specular echo, and the signal spectral le
will be normalized to 0 dB maximum.

A. Spherical shell in free field

The free field case is used as for comparison of
results obtained when the spherical shells are partially
completely embedded in the sediments. Under free field c
ditions, the acoustic pressureps scattered by an elastic fluid
filled spherical shell, insonified by an incident plane wa
with acoustic pressurepi5p0ei (kr2vt), can be presented in
series form:18

ps5p0e2 ivt (
n50

`

i n~2n11!Anhn
~1!~kr !Pn~cosu!, ~1!

wherep0 is the pressure amplitude of the incident wave,k is
the wave number,r is the range,u is the scattering direction
angle,n is the modal order,hn

(1) is the spherical Hankel func
tion of nth order,An are coefficients to be determined fro
the boundary conditions,18 and Pn is the Legendre polyno-
1819artially and completely buried spherical shells, measurements
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mial of nth order. The scattered field can be also expresse
terms of the form functionF(u):

ps5pi S a

2r DF~u!, ~2!

wherea is the spherical shell’s outer radius. In the far fie
~i.e., for r→`), the backscatter (u5p) form function
F(p), expressed as a sum of partial wavesFn(p), becomes

F~p!5 (
n50

`

Fn~p!5
2

ika (
n50

`

~21!n~2n11!An . ~3!

Scattering effects due to excitation of elastic waves
the shell are analyzed in terms of wave speed disper
curves. The phase (cph,n) and group (cg,n) speeds of thenth
modal frequencyf n of a circumferential wave, taking a pat
of radiusR, are defined, respectively, as18–20

ucph,nu5
2pR fn
n11/2

,

~4!
cg,n52pR~ f n2 f ~n21!!.

In the low- to medium-frequency range, for thin a
filled spherical shells, the elastic contribution to scattering
due to the lowest-order flexural and compressional wave
the shell. These waves may be considered as the genera
tion of Lamb waves on a flat plate9 for the case of a curved
plate.

The symmetric ~or compressional! S0 Lamb-type
wave10,20 is supersonic, almost nondispersive, and travels
the shell with phase and group speeds almost coinciding
asymptotically tending to the shell material membrane spe
cshell* . It reradiates at each revolution with an angle cor
sponding to the shell material coupling angle:

uc* 5arcsinS cext

cshell* D , ~5!

where cext is the sound speed in the medium loading t
shell. The dynamics and energetic contribution to ba
scattering of this wave is expected to be only slightly infl
enced by the object outer medium~or media!.

The antisymmetric~or flexural! A0 Lamb-type wave of a
spherical shell in vacuum bifurcates into two dispers
waves upon fluid loading. Of the two, the wave that mo
strongly influences the acoustic scattering amplitude of
target is the subsonicA02 Lamb-type wave.10,21 At low fre-
quencies~until its phase speed approaches the outer-med
sound speed at the so-called coincidence frequency,f c), it is
flexural in nature,21 and the effect of fluid loading on its
dynamics is essentially inertial. In this frequency region it
only slightly influenced by the outer-medium properties, li
theS0 wave. Around the coincidence frequency the so-cal
midfrequency enhancement occurs as a result of trace ve
ity matching22 when the flexural wave phase speed a
proaches that of the exterior diffractive field. In the midfr
quency enhancement region the shell response ampli
reaches its maximum at the coincidence frequency. TheA02

wave starts to behave like a fluid-borne wave, becoming
ficult to detect with increasing frequency because increa
1820 J. Acoust. Soc. Am., Vol. 112, No. 5, Pt. 1, Nov. 2002 Tesei
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radiation damping makes it harder for the wave to travel
the way around the shell to radiate significantly in the ba
direction. Around the coincidence frequency it reradiates
each revolution approximately along the tangent to
sphere cross section. Its group speed reaches its maximu
the coincidence frequency. Hence, at frequencies around
beyond the coincidence frequency theA02 wave dynamics
and energy level are strongly influenced by the speed
sound in the exterior.

Around the coincidence frequency theA02 wave is
phase-coupled with the other antisymmetric Lamb-ty
wave, namely theA01 Lamb-type wave,10,20 the nature of
which is opposite to theA02 wave,21 as for frequencies
lower than the coincidence frequency it is fluid-borne a
highly dispersive, hence highly radiation damped and alm
undetectable. When its phase speed approaches the ex
sound speed, it changes nature from fluid-borne to flexu
~shell-borne!. Beyond the coincidence frequency theA01

wave becomes supersonic and less dispersive, hence
easily detectable from backscattered data.

Figure 3 shows the simulated response of a water-loa
spherical shell to a Ricker pulse centered at 8 kHz. The
terpretation of the simulated data is shown in terms ofS0 ,
A02 , andA01 wave echoes in time and resonance modes
frequency. Here and in the following analysis, the mode
and measured spherical shells have the same nominal e
parameters~steel compressional speedcp55950 m/s, shear
speedcs53240 m/s, membrane speedcsteel* 55435 m/s, den-
sity r57.7 g/cm3), the density of the sea water is set to
g/cm3 and its sound speed is set to the measured value 1
m/s.

In order to maintain high signal-to-reverberation leve
even in the case of buried targets, the data analysis foc
on a low- to intermediate-frequency range that stops appr
mately at the end of the region of midfrequency enhan
ment, hence extending over a bandwidth where theS0 and
A02 waves are more easily detectable and only a few mo
of theA01 wave can be identified~as shown in Fig. 3!. As a
consequence, only theS0 andA02 waves will be considered
in the following. Figure 4 shows the travel paths followed
the S0 and A02 Lamb-type waves revolving around th
spherical shell in the free field. For thin-walled spheric
shells the radiusR of the circumferential wave path corre
sponds to the shell outer radiusa for both theS0 and theA02

waves:

RS0
5RA02

5a. ~6!

A simple empirical formula, which was shown23 to be
valid for steel, aluminum, and similar materials, allows t
approximate estimation of the sound speed in the exte
medium loading the shell,cext, from f c and the shell wall
thicknessd:

cext' f c2pd. ~7!

This expression is related to the classical observation tha
peak of the midfrequency enhancement on thin spher
shells scales with a constant frequency-thickness produc
will be used in lieu of local measurements ofcext around the
shell, which can be difficult in buried underwater configur
et al.: Partially and completely buried spherical shells, measurements
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FIG. 3. Model of backscattering by free-field spheric
shell. Elastic scattering analysis is applied.
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tions. The viability of this approximation will be discussed
the following analysis.

B. Partially and completely buried spherical shells

Measurements of the fully and partly buried spheri
shells are compared with model predictions based
transition- (T2) matrix solutions for the scattered field.5,7

These solutions assume the bottom to be fluid with a
water/sediment interface. While this assumption may not
strictly satisfied in the measurements, it is expected to p
vide better predictions of the scattering response than ig
ing the environmental layering. The basic solutions are g
eralizations of the free-field spectral solution given
Boström24,25 and take the form:

usca~r !5(
j 51

N

(
pml

Cpml~r2d~ j !!gpml
~ j !

5(
j 51

N

(
pml

(
p8m8 l 8

Cpml~r2d~ j !!

3Tpmlp8m8 l 8
~ j ! ap8 l 8m8~r s!. ~8!

The field scattered by an obstacle embedded inN (N>1)
layers of a plane-stratified environment is formulated a
sum over a contribution from the segment in each layer.
e2 ivt steady-state time dependence is assumed but
pressed. TheT matrix of the obstacle segment penetrating
j th of theN host layers in contact with the obstacle is defin
with the second equality as the operator,T( j ). It projects the
vector of incident field coefficients,a(r s), onto the vector of
expansion coefficients,g ( j ), for the field scattered by the
segment contained in layerj. Special basis sets defined
Ref. 26,Cpml(r2d( j )), satisfying the host’s boundary con
ditions and centered on each segment atd( j ), are used to
expand the scattered field. The incident field coefficients
a point source atr s are also proportional to this basis, i.e
apml(r s)}Cpml(r s).

26 Directional vertical line sources ca
J. Acoust. Soc. Am., Vol. 112, No. 5, Pt. 1, Nov. 2002 Tesei et al.: P
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be modeled by multiplying these coefficients by a phase f
tor to steer the beam with and applying a simple integral o
the length of the source.5 Using this basis to express th
fields external to the scatterer, transmission through the
bed to and from the scatterer is properly accounted for.

One can accommodate an obstacle with a layered c
such as a steel shell by expressingT( j ) via the following
matrix formula:

T~ j !52@ L̂ ~ j !~D̂1T0D!21~Ê1T0E!2M ~ j !#

3@L ~D̂1T0D!21~Ê1T0E!2M #21, ~9!

where the matricesD̂, Ê, L , L̂ ( j ), M , andM̂ ( j ) are as defined
in Ref. 26 and the matricesD and E differ from D̂ and Ê,
respectively, only in replacing regular partial-wave functio
with outgoing ones. The interior structure of the obstacle
contained inT0, the free-field scatteringT matrix of the core
embedded in an unbounded elastic medium specified w
the material parameters of the outer layer of the obsta
Thus,T050 if the obstacle is homogeneous. The form ofT0

FIG. 4. Simplified scheme of travel paths for theS0 and A02 Lamb-type
elastic waves backscattered by an air-filled spherical shell around the c
cidence frequency. The ray diagram is based on the ray theory approx
tion for fluid-loaded elastic objects~Refs. 20 and 33!. The travel path of the
A02 wave is drawn outside the shell in order to emphasize its fluid-bo
nature around the coincidence frequency. The reradiation angles are ou
for the two wave types. The wall thickness is not in scale.
1821artially and completely buried spherical shells, measurements
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has been presented previously for elastically layered cor27

as well as fluid cores.28 WhenN51, Eqs.~8! and~9! reduce
to the formulation presented in Ref. 5 for fully buried o
stacles. Translation operators may be used to extract from
L andM matrices terms that make up the rescattering ma
evident in the solution of Ref. 5. The rescattering mat
accounts for multiple interactions of the scatterer with
interfaces of the environment. For the present applicatio
we leave these interaction terms embedded in theL andM
matrices to mitigate convergence problems that arise w
partial burial configurations.

While the segmentedT-matrix formulation contained in
Eqs.~8! and ~9! may be used to calculate the field scatter
by layered inhomogeneous obstacles that penetrate a p
layered host, the obstacle layering should be sufficien
smooth and obey certain convergence restrictions. In part
lar, for surface fields expanded in basis functions of spher
geometry, the origin-centered sphere that circumscribes
inner boundary of each homogeneous obstacle layer sh
never overlap the origin-centered sphere that inscribes
outer boundary. This restriction becomes a problem for el
gated shells but the acoustic response of spherical shells
be calculated effectively.

For comparisons with measurements, Eqs.~8! and ~9!
were implemented using the numerical techniques descr
in Ref. 26. All surface and wave number integrations nee
to evaluate the basis functions and theT matrix were per-
formed by applying 32 point Gauss quadrature to a suffic
number of segments of the specified integration contour
attain a stable, converged result. Matrix products involv
inversions were performed with Gaussian eliminatio
Double precision complex arithmetic was used in all cal
lations. A resolution of 400 frequency points was maintain
in the predicted spectra and the scattered field at each
quency point was evaluated with a maximum truncation
50 l and m values. The field calculations are scaled by t
in-water source amplitude at 1 m. Only one bottom layer w
assumed (N51).

A simplified scheme of the travel paths of theS0 and
A02 elastic waves around the coincidence frequency
shown in Fig. 5 in the case of partial burial, which is t
most complicated geometry. Under partial burial conditio
the reradiation angle for each wave in either medium
vary with the shell coupling, i.e., as the outer-medium sou
speed varies, trace velocity-matching20,22 determines the
point at which the incident field couples to the shell an
consequently, the reradiation angle.

Theoretically,5,7 the S0 wave is not expected to b
greatly influenced by burial, except for a slight shift towa
lower frequencies of its first resonance modes, due to
significantly greater inertial loading of the shell in the se
ment, having a larger relative density than water. The shi
expected to be more evident for the first mode and to
crease as the modal order~and frequency! increases. Further
the frequency shift should increase with the percentage
target surface in contact with sediment. TheA02 wave is
expected to behave like theS0 wave at low frequencies
where it is subject to inertial loading. Therefore, its first fre
field modes should also tend to shift to lower frequencies.
1822 J. Acoust. Soc. Am., Vol. 112, No. 5, Pt. 1, Nov. 2002 Tesei
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theA02 wave becomes fluid-borne in nature, its phase sp
increases to approach the exterior sound speed, whic
higher when the target is completely buried. From Eq.~4!,
this means the modes of theA02 wave that are excited in a
midfrequency enhancement, as well as the coincidence
quencyf c , are expected to experience an upward shift up
burial. For partial burial, we hypothesize that these mo
will again shift an amount consistent with the percentage
target surface in contact with sediment.

In line with the above-given expectations, we will tre
the target exterior as an effective homogeneous medium
the shell is partially buried so that the exterior sound sp
and exterior density needed to determine wave dispersio
the shell can be easily specified. Thus, an effective exte
sound speedcext

eff is determined by generalizing Eq.~7! as

cext
eff' f c2pd. ~10!

This assumption should be reasonable if the dominant c
tribution to the backscatter from theS0 andA02 waves are
from complete circumnavigations of the shell, i.e., contrib
tions from paths around the shell that include reflections
the interface are small. Under these circumstances,cext

eff may
be expected to be comparable to a weighted harmonic a
age of the sound speeds of the two exterior fluids in orde
account for propagation of the exterior diffracted fie
through both fluids.29

Similarly, an external effective densityrext
eff will be de-

fined in the case of partial burial as an average of the de
ties of the two external fluids, weighted according to t
fraction of the volume of the sphere loaded by each flu

FIG. 5. Simplified travel paths of the shell-borneS0 ~a! and fluid-borneA02

~b! waves in the case of partial burial. As in Fig. 4 the travel path of theA02

wave is drawn outside the shell in order to emphasize its fluid-borne na
around the coincidence frequency. The wall thickness is not in scale.
et al.: Partially and completely buried spherical shells, measurements
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FIG. 6. Typical example of ping-to-
ping fluctuation of the measured dat
sets. Spectrum of the 50 pings sca
tered from the deeply buried target.
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This definition of effective density is particularly appropria
at low frequency, where the more significant impact of in
tial ~i.e., mass! loading suggests a weighting based on m
fraction ~density multiplied by volume fraction!.

Of course, these effective parameters are not mean
represent the environment in the scattering calculations f
partially buried shell. They will be used only in the algorith
outlined in the Appendix for determining the dispersion
surface guided waves on the shell from the measured or
culated backscatter signals. These definitions forcext

eff andrext
eff

are convenient because they allow the determination of
dispersion properties as if the environment of the shell w
homogeneous. The result should be understood to be a
timate of the average dispersion of theA02 and S0 waves
experienced upon propagation around the buried and un
ied sections of the shell. The rationale for expecting the
sulting dispersion curves to be representative of the ave
dispersion is based on the intuitive expectation that the t
ing and coupling of waves going around the shell at a
point on its surface depends on the local exterior parame
at that point only. Therefore, the time for a wave to
around the top of the shell in water is independent of
time it takes going around the bottom in the sediment. In
analogous fashion, for a pulse transmitted through layer
materials of different speed, one can determine the trans
sion time by summing the thickness/sound-speed ratio
each layer or treat the stack of layers as a single layer with
effective sound speed given by a harmonic average of
layer sound speeds. Both treatments give identical results
the pulse transmission time. As in that simple example, b
definitions for the effective parameters in our problem ha
been found to yield good results in simulation.
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IV. EXPERIMENTAL RESULTS

The data selected are the aligned coherent average
50 pings of the beamformed acquisitions by the vertical
ray. From a preliminary analysis of ping-to-ping data flu
tuation over each data set, the measurement variability
estimated. As a typical example of the studied data sets,
6 shows the ping-to-ping variability of the spectrum of t
response measured from the deeply buried spherical s
The signal appears stable in the bandwidth 2–15 k
whereas below 2 kHz the signal is almost completely hidd
by noise and, consequently, data analysis cannot be app
In particular, in the range 2–15 kHz, the standard deviat
of the location of the dips or peaks, corresponding to
resonance frequencies of the generated elastic waves,
estimated to be approximately 1%–3% of the mean value
a consequence, the aligned coherent average can be us
this range for data analysis as a robust measurement of
target response.

The geometry of each measurement was selected in
a way that the target could be completely illuminated by
TOPAS central beam. However, while the free-field targ
could be measured in the far field of the source so that
far-field model presented in Sec. III A is applicable, t
proud and buried targets were measured in the near fiel
the TOPAS. As theT-matrix model described in Sec. III B
can simulate directional sound beams in the near field of
source, the TOPAS vertical beam pattern was approxima
by the beam pattern of a linear vertical array with a 5°-wi
main lobe in the applications of the model to these cas
Despite the imperfect simulation of the actual TOPAS be
pattern, theT-matrix model should provide the correct targ
response in terms of the resonance frequency locations
1823artially and completely buried spherical shells, measurements
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radiation damping of the elastic waves. However, a m
match with the scattering amplitude can be expected.

A. Free field spherical shell „FF…

The spherical shell suspended in midwater was m
sured at a range of about 35 m, which was in the far field
the source and uniformly illuminated notwithstanding t
high directivity of the TOPAS. The measured target respo
is presented in Fig. 7, where comparison with the compu
model is outlined and the elastic wave analysis is super
posed. Model-data agreement is generally good in term
signal shape, levels, and feature identification, except fo
evident mismatch in the level of theA02 wave features. In
the frequency domain, a mismatch in the level of most of
measuredA02 resonance modes and a decay of about 5
of the midfrequency enhancement are estimated with res
to expectation. A corresponding mismatch is also eviden
all the A02 wave echoes in the time domain. The sharpn
of the A02 resonance features is reduced in the data sp
trum, probably as a result of signal time windowing.30 How-
ever, the broader mismatch in the levels of the midfreque
enhancement in frequency and of the wave echoes in tim
likely caused by nonuniformities of the shell wall thickne
and/or by the presence of the steel lug attached to the to
the target. The same effects will be seen also in the follo
ing, particularly in the model-data comparison of data fro
half- and flush-buried spherical shells.

Further, two arrivals recorded in the data time series
about 1 and 2.5 ms, respectively, were not predicted by
model. On the basis of geometrical considerations the
echo corresponds to the time of arrival predicted for the
lug of the spherical shell; the second remains unidentifie

At low frequency (f ,2 kHz) the model-data fit is poor
as the data spectrum is 5–10 dB lower than the model
diction. This may be explained if the TOPAS transmitted
Ricker pulse with a low-frequency component lower th

FIG. 7. Free-field spherical shell. Model-data comparison in time and
quency domains. Elastic scattering analysis by identification ofS0 andA02

wave echoes in time and resonance modes in frequency. Resonanc
quency modes are labeled bynS0 andnA02 , respectively.
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expected by the ideal wave form shown in Fig. 2 and us
for simulations. This possibility is suggested by the hi
ping-to-ping variability below 2 kHz in Fig. 6. However, thi
hypothesis cannot be confirmed by measurements bec
the direct echo transmitted by the source could not be
corded under the same geometry and by the same sy
used for measuring the target. A low-frequency misma
will be seen in the following model-data comparisons for
the cases considered.

The modeled and estimated dynamics of theS0 andA02

waves are compared in Fig. 8 by means of the respec
dispersion curves, which have been computed from the id
tified wave modes~labeledn! according to the formulas in
Eq. ~4!. The wave dynamics are in good agreement w
theory for both waves. Also, unlike the scattering amplitud
wave dispersion appears quite insensitive to shell imper
tions even in the case of theA02 wave.

The S0 and A02 wave modes are extracted in the fr
quency domain, and identified on the basis of model-d
comparison. The approach used here and in the following
the extraction and identification of resonance frequenc
from data is described in the Appendix.1 The estimated co-

incidence frequency,f̂ c , is localized at 8.12 kHz by the pea
of the envelope of the spectral midfrequency enhancem
which roughly corresponds to the maximum of theA02 wave
group speed curve.1 By using Eq.~7! the estimated sound
speed in water is 1530 m/s, which is in good agreement w
the measured value of 1520 m/s.

-

fre-

FIG. 8. Free-field spherical shell. TheS0 ~top! and A02 ~bottom! wave
dynamics is described by phase and group dispersion curves.
et al.: Partially and completely buried spherical shells, measurements
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B. Half-buried spherical shell „HB…

In Fig. 9 the measured response from the half-bur
~HB! spherical shell is compared with theT-matrix-based
simulation described in Sec. III B. The measured graz
angle is about 26° and the range 22 m. The best fit is
tained for a burial depth of 10.6 cm below the sphere equ
and a sand sound speed set to 1647 m/s. This result
agreement with the theoretical predictions of a reduced sp
in the porous media as frequency is reduced, demonstr
by the at-sea data analysis15 mentioned in Sec. II.

This case is the most complicated to interpret, due to
presence of two outer media~i.e., water and sand!. However,
both the waves are still identified in time and in frequen
and have relative levels comparable with the free-field ca
The mismatch in the level of the wave, which was noticed
the free-field data analysis, is much less evident here in
time domain and in the midfrequency enhancement. Thi
probably the result of a more optimal orientation of the sh
~In tank tests with welded spherical shells, it has been
served that echo amplitudes due to theA02 wave are signifi-
cantly affected by the orientation of the equatorial weld re
tive to the incident wave.! However, the mismatch noticed a
low frequency~i.e., for f ,2 kHz) in the free-field data a
discussed previously is even more significant here. The
son for the larger discrepancy is unknown.

Above 13 kHz the model-data fit is poorer because of
enhancement of the reverberant noise, which superimp
several unmatched echoes on the predicted target respon
the time domain. Among those unpredicted echoes, one
calized in Fig. 9, should correspond to the return from

FIG. 9. Half-buried spherical shell. Model-data fit and elastic scatter
interpretation.
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target’s support lug, but its level is unexpectedly low relati
to the specular echo when compared to that measured in
free field.

From f̂ c localization (f̂ c58.25 kHz), the estimate of the
effective external sound speed obtained from Eq.~10! is
1555 m/s, which is not far from the result~1580 m/s! ob-
tained by applying the formula ofcext

eff proposed in Ref. 29.
This result validates the hypothesis that even when theA02

wave becomes fluid-borne in nature, it continues to revo
around the whole spherical shell and is not limited to tra
only in water, reflected back by the bottom boundary. T
effect might also be a result of the relatively small impe
ance difference between water and sand.

C. Flush- and deeply-buried spherical shells „FBÕDB…

The response of the flush-buried spherical shell is p
ted in Fig. 10, where it is compared with the simulated d
and analyzed in terms of elastic wave extraction and ide
fication. The measured grazing angle is 34.5° and the ra
is 18 m. The best fit model for the flush-buried spheric
shell corresponds to a burial depth of 2 cm from the top
the target, and sand sound speed set to 1642 m/s.

As shown in Fig. 10, both the waves outlined in fre
field data are evident and their scattering levels relative to
specular echo are comparable with the free-field case.
mismatch in theA02 wave levels is particularly evident in
the time domain. As in the previous data, a strong misma
is evident at low frequency. Above 13 kHz the model-data
is poor because of a significant decrease of the signa
reverberation level, hence the elastic scattering analysis

gFIG. 10. Flush-buried spherical shell. Model-data fit. Elastic scatter
analysis.
1825artially and completely buried spherical shells, measurements
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comes unreliable. This effect is more evident than in
half-buried case, in which the signal is maintained at a hig
level by the scattering contribution from the water-load
part of the target. The reverberation, which may be d
mainly to volume inhomogeneities, affects the data time
ries with several unmatched echoes. The strong return
lowing the specular echo is identified as a reflection by
shell’s support lug. Its considerably strong level is justifi
by the relatively short travel path through the sedim
needed to account for this echo. Fromf̂ c localization (f̂ c

58.765 kHz), Eq.~7! provides the outer medium speed e
timate of 1652 m/s.

For the measurements of the deeply buried spher
shell, the grazing angle is about 42° and the range is abou
m. The best fit with the model was found by setting t
burial depth to 35 cm from the top of the target and the s
sound speed to 1652 m/s. Figure 11 shows the model-
comparison in time and frequency and the superimpo
analysis of elastic waves. As in the flush-buried case,
fairly strong arrival from the top lug can be easily identifie
on the basis of geometrical considerations. Its level, be
comparable to the predicted elastic wave contribution, is
tified by the relatively short path length through the sedim
needed to account for it.

As expected from theory, the level of theS0 wave re-
mains essentially unchanged with respect to the spec
echo as the burial depth varies. Therefore, theS0 echoes and
resonance modes are easily identified. However, due to
attenuation caused by propagation through the sand, theA02

wave level decreases significantly with respect to the flu
buried case. The low signal-to-interference ratio only allo
a subset of these resonance modes to be unambiguo
identified in the frequency domain. The significant increa
of the reverberation level is already evident at 12 kHz a

FIG. 11. Deeply-buried spherical shell. Model-data fit. Elastic scatte
analysis.
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causes many spurious echoes to appear in the data time s
with levels comparable to the predicted elastic response
the target. Under these conditions the midfrequency enha
ment cannot be detected and localized with sufficient pre
sion to allow a robust estimation of the coincidence f
quency.

Further, a model-data mismatch appears at low frequ
cies. Here, the discrepancy is less severe than in the h
buried and flush-buried cases, but it is of the same or
~5–10 dB! as that measured in the free field. Nevertheless
is notable that the sand sound speed values that resu
good agreement between the scattering models and dat
both the flush-buried and deeply buried spherical shells
very close to each other and to that selected in the h
buried case. When compared to the sand sound speed
sured in core samples~1720 m/s! by transmitting a 200 kHz
pulse, there is a significant difference. As outlined in S
IV B, this result confirms those presented in Ref. 15.

D. Analysis of elastic wave dynamics

The behavior of elastic wavesversusfrequency as burial
depth changes is predictable using the simple theoretica
guments described in Sec. III B. The elastic analysis is p
formed in terms of the wave speed dispersion curves e
mated from the averaged data presented for each targ
Secs. IV A–IV C. For supercritical insonification at rang
beyond the nonlinear volume interaction region of the pa
metric source, the selection of different grazing angles a
ranges for measurements on the three buried targets is
expected to influence the characteristics of the gener
elastic waves in terms of resonance frequencies. Hence
data sets are assumed comparable.

Due to the robustness of the scattering measurem
discussed in Sec. IV, the deviation of the dispersion curve
the S0 and A02 waves estimated from each ping is sm
compared to the mean values on each data set~for both
waves, the standard deviations on the phase speed r

FIG. 12. Comparison ofS0 wave dispersion curves as the burial dep
changes, for the free-field, half-buried, and flush-buried cases. The estim
resonance modes are localized on the respective curves by trian
squares, and circles.

g
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from 2 to 6 m/s from target to target, on the group spe
from 30 to 90 m/s!. As a result, the dispersion curves f
individual pings are quite close to those estimated from p
averaged data. Given the data stability in the range 2–15
and the number of pings~50! averaged in each data set, th
estimation of the dispersion curves computed from the a
aged data sets is assumed to be statistically consistent.

The dispersion curves of the waves estimated in the f
field, half-buried, and flush-buried cases are compared
Figs. 12 and 13. These three cases are compared first in
to analyze the wave dynamics as the percentage of shell
face loaded by the sediment changes from 0 to 100. Du
the very small standard deviations computed on the e
mated dispersion curves, the comparison among curves
longing to different burial cases can be considered stat
cally significant. The smoothness of the experimental cur
that will be shown in the following helps confirmation of th
robustness of their estimation.

As emphasized by the arrows in Fig. 12, the first th
modes~but particularly the first one! of the S0 wave shift
down in frequency with burial depth, from the free field
the totally buried case, which is a consequence of the

FIG. 13. Comparison ofA02 wave dispersion curves among the free-fie
half-buried, and flush-buried cases. The estimated resonance modes a
calized on the respective curves by triangles, squares, and circles. The
bar localizes the transition region around the coincidence frequency w
the A02 wave is expected to change its nature from a shell-borne t
fluid-borne wave.
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dicted greater inertial loading caused by sand compare
water. For higher frequencies, dispersion due to the sedim
becomes negligible in all cases; hence, all three curves
most coincide and tend to the membrane speed for s
csteel* .

In accordance with theory, the phase speed of theA02

wave has opposite trends at frequencies lower and hig
than the coincidence frequency, while the group speed
creases with burial across the whole bandwidth. At low f
quency, where the wave behaves as shell-borne, its m
tend to shift to lower frequencies due to sand inertial load
~as noticed for the firstS0 modes!. As the percentage o
surface area loaded by sediment increases, these mode
hibit a larger shift down in frequency. Consequently, t
wave phase speed tends to decrease. A concurrent increa
the group speed is observed at these frequencies bec
sediment loading shifts the resonance modes more as
mode order decreases causing the frequency gap betw
modes to increase with burial.

Around and beyond the coincidence frequency, wh
the wave behaves as a fluid-borne wave, the wave chara
istics are opposite, namely theA02 mode locations shift to
higher frequencies and the phase speed tends to increase
burial depth and frequency. Also the group speed increa
with burial and frequency because, at higher frequencies,
upward shift of the resonance modes again widens the
between the modes. This is expected from theory. The s
to higher frequency is related to the increased speed of
effective outer medium in which this wave travels as t
burial depth increases. At the same time, the whole mid
quency enhancement region shifts up with burial, toget
with the coincidence frequency, which is linearly related
the effective external sound speed according to the empir
formula of Eq.~10!.

In Figs. 14 and 15 theS0 andA02 wave dynamics are
analyzed as the burial depth changes between two case
completely buried spherical shells. Between the flush-bur
and deeply buried cases the changes in wave dynamics

lo-
ray
re
a

FIG. 14. Comparison ofS0 wave dispersion curves as the burial dep
changes between the flush-buried and deeply buried cases. The esti
resonance modes are localized on the respective curves by circles and
1827artially and completely buried spherical shells, measurements
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slight, as expected,5 and the respective phase and gro
speeds of theS0 andA02 waves almost coincide. In particu
lar, a minute low-frequency shift of the firstS0 and A02

modes of the deeply buried shell is predicted by theory5 with
respect to the flush-buried one, due to an increasing effec
inertial mass loading of the shell as its distance from
water-sand boundary increases. However, this effect is
tectable only in the first and third modes of the measu
dispersion curves of theS0 wave, and cannot be resolved fo
the A02 wave. The frequency shifts are expected to be
small that the measurement accuracy becomes inadeq
The A02 wave modes around and beyond the coincide
frequency are almost unchanged as the properties of
loading fluid where the wave is supposed to travel are
proximately the same as the depth changes. Only a s
shift toward higher frequencies of the deeply buriedA02

highest-order modes is detectable, which is in agreem
with the slightly higher sand sound speed chosen to optim
the model-data fit for the deeply buried target with respec
the flush-buried case.

FIG. 15. Comparison ofA02 wave dispersion curves between the flus
buried and deeply buried cases. The estimated resonance modes are
ized on the respective curves by circles and stars. As in Fig. 13, the gra
localizes the transition region around the coincidence frequency where
A02 wave is expected to change its nature from a shell-borne to a fl
borne wave.
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V. CONCLUSIONS

Measurements of elastic wave scattering from partia
and completely buried spherical shells have been analy
using a suite of wave theory target scattering models. T
significance of burial depth was investigated by analyz
backscattering data from three identical spherical shells,
spectively, half-, flush-, and completely buried within
sandy seabed. Free-field backscattering measurements
tained by suspending one of the spherical shells in the w
column were used as a reference for verifying the geom
and the elastic parameters of the spherical shells, and
benchmark for the target scattering models. With the obj
tive of investigating the potential of using structural res
nances for classification of buried targets, special emph
was placed on investigating the excitation of the fundame
symmetric and antisymmetric Lamb-type waves (S0 andA0 ,
respectively!.

The benchmark analysis of the backscattering from
free-field spherical shell demonstrated the capability of
scattering models to capture the dispersion characteristic
the A0 and S0 elastic components. On the other hand, t
models consistently overestimated the scattered levels a
ciated with the midfrequency enhancement of the antisy
metric modes, probably caused by shell imperfections or
presence of a lifting lug welded to the top of the spheri
shells. The reflection from this top lug could also be iden
fied in the data time series. A model-data mismatch was a
detected atf ,2 kHz, common to all the data sets but pa
ticularly strong in the half-buried and flush-buried cases. T
common effect may be due to a mismatch between the tr
mitted pulse and its model used in simulation. However,
greater discrepancy in the two cases mentioned remains
explained.

Despite the low-frequency mismatch, the data analy
of the buried spherical shells showed good agreement
tween the measurements and theory,5,7,10 especially in terms
of elastic wave dynamics. The elastic waves identified in
free-field case could be identified at all burial depths, a
their dispersion characteristics were accurately represe
by the models. As was the case for the free-field spher
shell, the level of the symmetricS0 returns were accurately
modeled as well, while theA0 returns were overestimated i
amplitude by the models. On the other hand the relative
duction of these arrivals relative to the half-buried spheri
shell was accurately predicted. Due to their stronger inter
tion with the surrounding medium, the antisymmetric mod
are more affected by burial into the sediment than the sy
metric ones, an effect which is accurately captured by
models.

Another interesting result of the analysis is the indep
dent confirmation of the strong dispersion of acoustic wa
in a sandy seabed, recently demonstrated on the bas
acoustic data analysis by Magueret al.15 Thus, the presen
analysis suggests a sediment sound speed of about 1640
whereas the direct core measurements at 200 kHz yie
1720 m/s. As described in the earlier work, the Biot mod
was needed to interpret the experimental results.

The analysis of elastic wave scattering from the bur
targets used in GOATS’98 is continuing. The analysis is c
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FIG. 16. Block diagram of the reso
nance extraction and identification
procedure.
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centrating on the subcritical insonification regime. Effecti
insonification below the critical grazing angle of the seab
would allow for higher area search rates, and low frequen
penetrate better into ocean sediments in these geome
The analysis will be extended to the more complica
aspect-dependent scattering properties of buried cylindr
targets and bistatic receiver geometries.
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APPENDIX: APPROACH OF RESONANCE
FREQUENCY EXTRACTION AND MODEL-BASED
IDENTIFICATION

The method used for extracting and identifying the el
tic resonance modes from the measured response of a sp
cal shell is outlined in Fig. 16.

The approach used for the resonance extraction ca
applied to any kind of elastic target. The identificatio
method is model-based, with the reference model being
response of an air-filled, thin-walled spherical shell. Ho
ever it can be extended to any other object, as long a
model is available.

The scatterer is assumed to be well represented b
linear time invariant~LTI ! time-discrete system with a ratio
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nal transfer function~TF! model.1,18 Unattenuated reso
nances are defined as those poles of the TF of the LTI sys
that lie on the unit circle in thez domain. Furthermore, ac
cording to resonance scattering theory, the modal resona
have been proven to correspond to the poles of the ratio
transfer function of the scatterer.18 The most straightforward
method for estimating the poles of a system consists of r
resenting its TF with a parametric autoregressive~AR!
model.31 As a real impulse response is to be modeled,
complex poles~or zeros! included in the TF rational pattern
imply the presence of their respective complex conjuga
among the poles~or zeros!.1

AR modeling is applied to the measured data afte
preliminary nonparametric deconvolution of the target
sponse which provides the impulse response of the scatte
system. In theory, only the poles on the unit circle in thez
plane are resonances of nondispersive waves. With theS0

wave being almost nondispersive in the whole frequen
range and theA02 wave having relatively insignificant dis
persion below the coincidence frequency, the correspond
modes are expected to lie within a finite annulus defined
the z plane. Each couple of complex conjugated poles a
each real-valued pole estimated by the AR model which
within the annulus is a potential resonance mode of the
waves. Here the 0.90<uzu<1 annulus is assumed.

The set of resonance frequencies$ f k
AR ,k51,...,K% ex-

tracted from data are identified by the following model-bas
technique. A model pattern of expected resonance modes
longing to theA02 and S0 waves is numerically compute
from the approximated formulas~9.4.9! and ~9.4.13! pre-
sented in Ref. 32. This method was developed under f
field conditions,32 but has been adapted here to targets in
acting with the seabed. The external sound speed and de
required by the original algorithm are substituted with t
effective quantitiescext

eff and rext
eff defined in Sec. III B~see

Ref. 29!. This generalization is justified because of the co
trast between the elastic properties of the target and the s
ment which makes the effect of replacing water by sedim
relatively insignificant in regard to the spectral locations
the modes, as confirmed by the results of the analysis.

The model produces a set of resonance frequencies
1829artially and completely buried spherical shells, measurements
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, nl51,2,...,Nl ,l PL%, ~A1!

wherel is the wave index (L5$S0 ,A02%) andnl is the reso-
nance modal order of thel wave type. The AR-based ex
tracted set of frequencies is identified by a simple algorit
of model-data pattern association.

The association problem is solved by a distance-ba
approach. The subset of measured resonances$ f l ,n̂l

AR ,n̂l

P$1,...,N̂l%% which best fits the model pattern@Eq. ~A1!# is
found for each wave typel in terms of minimum Euclidean
distance between model-data pairs of frequencies:

$ f l ,n̂l

AR %5$ f k
AR :mink,nl

~ f k
AR2 f l ,nl

!2,thr%. ~A2!

Hence, for thel wave type, if the distance between the me
sured frequencyf k*

AR and a certain modeled resonance mo
f l ,n

l*
is the minimum over all thenl values, but is higher than

a fixed threshold thr, thenf k*
AR cannot be identified with any

of the resonance modes predicted for thel wave.
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