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Resonance analysis of the acoustic
response of a water-filled cylindrical
shell

A. Tesei, J. A. Fawcett, W. L. J. Fox,
A. Maguer

Executive Summary:

Conventional mine classification systems use high frequency, high resolution
sonar methods to obtain acoustic “pictures” of mine-like objects and their
acoustic “shadows” in order to classify them. In order to extend classifica-
tion ability for proud (resting on the seabed), partially buried, and completely
buried objects, lower frequency broad band methods are being investigated.
This report deals with extraction and identification of resonance phenomena
from target signatures in order to infer some of the physical properties of these
objects. The resonance phenomena are due to periodic waves traveling around
and inside an acoustically excited elastic object. Location in frequency is di-
rectly related to parameters of the object.

Earlier work concentrated on air-filled cylindrical shells, which allowed proto-
typing of resonance extraction and parameter identification methodologies for
a relatively simple and well understood case. This report extends those results
for the water-filled case. Although well understood theoretically, this case poses
a greater challenge for the algorithms of feature selection and extraction due
to the more complicated nature of the resonance structure. Obtaining a better
understanding of these canonical targets is an important precursor for applying
the methods to targets encountered operationally.

In free space, given some knowledge of an object’s external shape, it is pos-
sible to characterize the shell wall thickness and material properties, and the
properties of the inner medium. This report also addresses the influence of a
boundary on resonance for the case when an object is resting on the seabed. It
is found that for certain conditions of transmit/receive geometry, the charac-
terization methodology developed for the free space case is also applicable. The
algorithm is tested on model-based and high-SNR experimental data with good
results, giving confidence that the theoretical interpretation proposed here is
valid.

Future work will concentrate on extending these results to partially and com-
pletely buried shells, and to determining performance as a function of SNR.
Responses of real mines, other man-made objects, and natural objects will also
be examined.
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Resonance analysis of the acoustic
response of a water-filled cylindrical
shell

A. Tesei, J. A. Fawcett, W. L. J. Fox,
A. Maguer

Abstract:

The resonance analysis approach developed for characterizing free-field air-
filled cylindrical shells in terms of geometrical and mechanical parameters is
extended to fluid-filled shells either in the free-field or proud on the sea bottom.

The resonance phenomena generated when a target is insonified at broadside,
by broadband, low-frequency, incident pulses are investigated in the ka range
(2,25). Attention is focused on those scattering phenomena common to free-
field and proud cases. A comparison is also drawn between the resonance
behavior of the same cylindrical target filled with either air or sea water. From
the study of a set of fluid-borne and shell-borne wave families, equations are
formulated which relate their characteristics to the target elastic properties.
Resonance frequencies are detected and localized by the algorithm presented
earlier, identified and used for parameter estimation by an automatic multi-
hypothesis method of model-data fitting. The approach was tested on real
acoustic data backscattered by a water-filled finite cylinder either suspended
in free-field, or lying proud on a sandy sea bottom and insonified at very low
grazing angle (below the seabed critical angle). A good agreement between the-
ory and experiment was found in terms of model-data fit and target parameter
estimates.

The results achieved encourage the extension of target echo analysis to objects
buried in bottom sediment. The extension to multi-aspect resonance scattering

analysis of the same and more complex objects is also planned.

Keywords:  sound scattering o elastic cylinders o resonance analysis
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1

Introduction

Recent research at SACLANTCEN has focused on broadband low-frequency sonars
for minehunting applications in the low-intermediate ka range (2,20). At these fre-
quencies the resonance scattering contribution by an elastic object is significant and
can provide useful information on geometrical and mechanical properties, on which
the resonance characteristics depend. The broadband (in the sense of large relative
bandwidth) nature of these sonars allows the extraction of target classification clues.

This approach can be useful for minehunting, when mines are proud on the sea
bottom in high-clutter density areas, where detection results generally present high
false alarm rates. Under these conditions, the low-intermediate frequency broad-
band methodology may be helpful for excluding non-minelike objects from consid-
eration (e.g., mine-sized rocks) because of their non-elastic scattering behavior. An
extension of the approach could include the classification of buried mines, as'the
low-frequency bandwidth facilitates sound propagation into bottom sediments.

Theoretical and experimental work has been performed at SACLANTCEN on scat-
tering by elastic, simple-shaped targets insonified by broadband low-frequency pulses
in free field and proud on the sea bottom. Measured free-field scattering, by thin-
walled cylindrical shells at broadside, was shown to match well with selected the-
oretical models, in the ka range (4-16), based on Resonance Scattering Theory
(RST) [1][2]. Responses by the same shell filled with different fluids (i.e., air and
sea water) were significantly different in time and frequency domains.

On the basis of these preliminary considerations and previous studies [2][3], Tesei
et al. [4] addressed the study and physical interpretation of surface wave families
scattered by an air-filled thin-walled cylindrical shell insonified at broadside in the
free field. This led to the formulation of analytical models to match target elastic
properties with scattered resonance characteristics. Scattered data [1] were analyzed
by AR-based signal processing techniques in the ka range (2,50). Application of the
matching models resulted in accurate estimates of target parameters (e.g., shell inner
and outer radii and shell material), given some a priori information.

In [5] a theoretical model of scattering by elastic cylindrical and spherical objects
lying proud on a seabed was proposed. The model was validated by matching with
real data scattered by an aluminum sphere and by the same water-filled cylindrical
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shell used in [1]. The agreement between theory and experiment appeared good
in terms of response curve fitting, in the time and frequency domains. In [6] this
model was extended to objects partially buried in a seabed, in conclusion with more
realistic assumptions about the influence of the sea bottom.

This report extends the study of the resonance contribution scattered by an air-filled
cylindrical shell in the free-field [4] to the case of generically fluid-filled, cylindrical
shells, at broadside in free field and proud on a seabed. As in [4], resonance modes
are extracted by autoregressive (AR) techniques [7] and identified through further
processing.

Theory shows that scattered acoustic pressure consists of two main contributions: a
non-resonant background, smoothly varying with frequency, and a resonance com-
ponent. The latter consists of a series of echoes corresponding to resonance frequen-
cies, which generally appear in the scatterer form function curve as dips, peaks or
non-derivative points occurring at frequencies very close to natural frequencies (i.e.,
eigenfrequencies) of the elastic target. Resonance scattering theory is the study of
the relation between resonance frequencies detected in the scatterer form function
and the surface waves traveling around the target [8]. Conventionally [2], the reso-
nance frequency f, of modal order n occurs when the radius R of the object circular
cross-section around which the wave W travels is equal to an integer number n of
its wavelength A"

2R =nA". (1)

Good agreement between theory and experiment has been found for solid, elastic,
simple-shaped objects such as cylinders at broadside and spheres [9][10]. For thin
elastic shells, the interpretation of experimental data on the basis of theory is more
difficult and has given rise to numerous hypotheses, partially from analogy with the
study of thin infinite plates either dry or fluid-loaded on one or both sides. As a
first analysis step, in [4] the main families of circumferential waves backscattered by
an air-filled shell at broadside were interpreted according to the theories proposed
in (2], [8], and cited works.

For generic liquid-filled shells, the problem is open, in particular when the liquid
filling the shell is different to that loading it. Previous work [11][12] on fluid-loaded,
thin plates and fluid-filled shells have proposed the existence of many types of fluid-
and shell-borne resonance families.

The theoretical study presented in this report is based on scattering models derived
from RST [3] and Plane Plate Theory (PPT) [13][14] for the free-space, and by the
Single Scattering (SSC) model [5] for the proud case. Several wave types either de-
scribed in the cited works or introduced here are investigated, characterized through
their dispersion curves, interpreted and related to resonance features detected and
localized in the scatterer frequency response. Every acoustic wave backscattered
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periodically by an insonified target is assumed to give rise to resonance. Hence the
term is intended in a wider sense than the definition of Eq. (1), including surface
not only waves traveling at the fluid-shell interfaces along circular paths, backscat-
tered periodically by the target, but also periodic echoes backscattered after multiple
mternal reflections of sound refracted into the shell.

The physical scattering interpretation allows us to formulate equations which re-
late the selected resonance characteristics to scatterer elastic properties, e.g., the
shell outer and inner radii, shell material parameters and the inner fluid sound
speed. These matching models are used by an automatic multi-hypothesis esti-
mation method of resonance analysis designed to characterize a scatterer by its
elastic properties. The water-filled shell data, acquired under roughly free-field con-
ditions [1] and in the proud case were used to confirm the existence of assumed waves
and to test the proposed method. For the proud case, the target scattering data used
in this work, were recorded during an experiment performed by SACLANTCEN in
April 1997, similar to that described in [5].

i SACLANTCEN SR-295
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2

Sound scattering by a
fluid-filled shell at broadside

Sound scattering investigations are focused on fluid-loaded thin-walled circular cylin-
drical shells filled with a generic fluid and insonified at broadside. In particular, the
selection and study of a set of wave types backscattered by the examined class of
objects are addressed. This study, carried out in the frequency domain, aims at
associating the resonance frequencies detected in the scatterer form function with
the selected types of waves, and, consequently, to understand how the resonance
frequency characteristics change as the target elastic properties vary. The physical
laws correlating measured resonance features with target properties are represented
by means of analytical matching models applied in the data processing phase.

As shown in [14], from the comparison between RST and PPT applied to scattering
by empty/air-filled cylindrical shells a good agreement was found in terms of phase
speed dispersion curves of the scattered wave families. Here, following this approach,
the theoretical investigations on fluid-loaded thin plane plates [13] are applied to
fluid-loaded liquid-filled thin-walled shells. The plane-plate theory is preferred to
RST although the current study is focused on circular shells. It allows one to derive
more easily explicit, although approximated, analytical expressions of the phase
speed of all the wave types observed both in plates and in shells in terms of all the
target elastic parameters. The selected theory is limited to scattering by infinite
targets insonified at broadside in the far field [11]. As an extension, next activities
will concern also the study and analysis of sound scattering by finite targets as their
aspect varies from broadside to endfire [15].

The free-field results are then adapted to the same targets when lying proud on a
sea bottom. The main effects of interaction of the target with the sea bottom are
predicted on the basis of the SSC model [5]. Those phenomena are selected that are
expected to exist, and to follow approximately the same physical laws as in the free
space case.

SACLANTCEN SR-295 .
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2.1 Problem definition

The physical interpretation of the resonance features one can outline in the response
of a free-field fluid-filled thin-walled shell comes by analogy [14] from the study of
plates of the same material and thickness loaded by the same fluids as the examined
shell. Theory concerns scattering by thin solid plates (with shear speed ¢y, com-
pressional speed c,, and density p, and thickness by either the same fluid [13][12]
on both sides, or a different fluid [11][12] on each side. In turn, it consists of an
extension of theory on scattering by plates either in vacuum [13][11] or fluid-loaded
on one side only [11][2](8], respectively.

The plate-shell analogy is valid in the frequency range in which their thickness d re-
mains smaller than the considered wavelength [8], i.e., under thin-walled conditions.
Hence the solution of the equations formulated for the plate are approximately valid
also for the corresponding shell.

2.2 Scattering by a fluid-loaded thin plate. Dispersion curves of surface waves

The analytical approach for tracking the steady-state waves propagating along a
fluid-loaded plate considers the plate insonified by an incident plane wave as a two-
dimensional wave-guide (see Fig. 1) in the zz plane. The behavior of the scattered
waves can be studied from the solution of the characteristic equation for the vibration
of the plate itself in terms of wave phase speed in the direction z along the plate
axis as frequency varies [13][8]. For the general case of two different fluids with
sound speeds ¢; and densities p; (i = 1,2) loading the plate on opposite sides, the
steady-state wave-guide problem is defined in Appendix A and, assuming all the
waves progressive, leads to the following characteristic equation [16]:

2 2
1 21 72 8 1.2

2 (Si 4q) - e (L—z - U) ks kpz =0 (2)

where

Si = 4k§hk3‘zkp‘z£anh (kp,z %) tanh (k_,‘zg) - (kf.z + kgh)z tanh (ks,z%) 4

(3)
—ki &= tanh (k. 4) tanh (ks,,,g) ,
and A; derives from S; by replacing tanh with coth everywhere. Further,
km = Q_TFL‘
2 _c}:? 32 (4)
m,z — “ph T "m

where Re{kp, .} > 0, m = 1,2,p or s. The unknown parameter kph = %Ef is the
. . - . . ’J
wave propagation constant in the direction z parallel to the plate, while the unknown
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Figure 1 Cross-section of a thin plane plate immersed into fluid 1 and fluid 2 at
opposite sides.

parameters ky, . (m = 1,2,p, s) are the wave number components in the direction z
normal to the plate, as shown in the diagram of Fig. 1. Given the previous relations,
the parameters k;, . are uniquely determined once k,, is found.

In this work the solution of the characteristic equation is studied in the fd range
(0,1) MHz mm, assuming the frequency f in the range (0,20) kHz and the thickness
d in the range (0.005,0.05) m. Since the argument values of the transcendental
functions are small (i.e., at most around unity), the hyperbolic sines and cosines can
be replaced with good approximation by linear terms and unity, respectively, which
simplifies the solution of (2). Under this approximation the equation is satisfied by
a maximum of eight different solutions.

First the simpler case of one fluid loading both plate sides is analytically solved [13],
then some hypotheses on the solution and interpretation of the more general case of
two different fluids are proposed.

SACLANTCEN SR-295 -6 -
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2.2.1 Plate loaded by the same fluid on both sides

If the fluids are identical on both sides, one can set ¢; = ¢ = ¢, p1 = p2 = pf1s
A = Ay = Aand S; = S, = S. Hence, the characteristic equation (2) is reduced to

25A =0, (5)
and, equivalently,
5=10
{ A=0. (6)

Each equation of the system (6) is satisfied by four types of surface waves generating
“symmetric” (S) and “asymmetric” (A) deformations with respect to the longitudi-
nal axis of the plate. Two families are symmetric and the other two asymmetric.

The first symmetric wave family corresponds to the zero-order symmetric Lamb wave
in vacuum, and hence is called the zero-order symmetric Lamb-type wave S
and its phase speed is:

9 ’ 1 2
% 2 o3 2\4(1-¢/g) %

It corresponds to the compressional membrane wave type C introduced by the shell
membrane wave theory [15]. Its imaginary part is small, and corresponds to a low
attenuation due to radiation into the loading fluid, which increases with frequency
in this frequency range and is null in the vacuum-loaded case, when the wave is also
non-dispersive. Its real part corresponds to the characteristic speed ¢, given by a
combination of the shear and compressional speeds of the plate material,

C. = ¢ 4(1—2—2) (8)

This parameter value is higher than that of the sound speed in water for most of
solids, in particular for most of metals (see a list of ¢, values for several solids in [4]).
Consequently, the Sy Lamb-type wave type is generally supersonic.

The second symmetric wave family appears only when the plate is fluid-loaded on
both sides. It travels at the fluid-plate interface in the fluid (i.e., it is considered
fluid-borne), and hence corresponds to the Scholte-Stoneley waves. It is called the
symmetric Scholte-Stoneley wave S, and its phase speed dispersion curve ex-
pression follows:

3]
h-]
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Having a purely-real-valued phase speed, this wave is not attenuated. As the term
depending on frequency is much less than unity and slightly decreases with frequency,
the wave is only slightly dispersive and always subsonic.

The first asymmetric wave family is the zero-order asymmetric Lamb-type
wave Ay, which is a flexural surface wave traveling inside the plane plate. The
phase speed is approximated at very low frequencies (i.e., for fd — 0) by

4 c2 d\? idx 4
Ao _ 5| 2 A § It = P+
Coh = J:; ( c’f) b (2) (2nf)s €/52 = Const (2nf)s &572, (10)

which has a small real part, and is therefore highly attenuated and difficult to distin-
guish in the scattering response in this frequency range. The modulus is identical to
the phase speed of the fluid-borne asymmetric Scholte-Stoneley wave family A4,
which, having real phase speed, is not attenuated, and hides the Ay wave resonances
until they become supersonic [13][11], with

c:h = Const [2%[)% . (11)

As a consequence, at very low frequencies the A and Ap waves resonances are posi-
tioned at approximately the same frequencies but with different phase speeds, which
tend to coincide as the frequency increases until a “coincidence frequency”, around
which the Ay wave from subsonic becomes supersonic. The two phase speed curves
tend to deviate again at higher frequencies, as the A waves remain subsonic. The
coincidence frequency varies with the loading fluid, the plate composition and thick-
ness; for example, for a 6 mm thin steel plate in water, it occurs in the fd range
(0.24, 0.3) MHzmm.

At high frequencies (as well as for thick plates), i.e., for fd >> 1 MHz mm, both
Lamb-type waves are of Rayleigh type (i.e., the modulus of their phase speed tends
to the plate material Rayleigh speed cg). while the phase-speed modulus of both
the symmetric and asymmetric Scholte-Stoneley waves asymptotically tends to the
fluid sound speed ¢y, always remaining subsonic [13].

Figure 2 presents the dispersion curves of the Lamb-type and Scholte-Stoneley sur-
face waves computed for a steel thin plate in water (d=6 mm, ¢, = 5950m/s,
¢s = 3240m/s, p = 7.7g/cm?, ¢;=1521 m/s, ps=1 g/cm?).

The other four of the eight solutions of the system Eq. (6) have negative attenua-
tion, which means that they have negative group speed, i.e., travel in the opposite
direction (—z) with respect to the considered waves [13].

At higher fd values, the approximated asymptotic solution of the characteristic
equation system Eq. (6) has been provided by [13]. Although beyond the scope of the

SACLANTCEN SR-295 - 8-
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Magnitude of dispersion curves ofperipheral wavesfor a water-loaded thin steel plate
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Figure 2 Predicted dispersion curves of the main surface wave families traveling
on a water-loaded thin steel plane plate (d=6 mm).
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Magnitude of dispersion curves of peripheral waves of a thin-walled plate loaded by water on both sides
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Figure 3 Sketch of phase dispersion curves of a thin plate loaded by the same fluid
fl on both sides (study from low to high frequencies).

present report, Fig. 3 illustrates the global behavior of the phase speed dispersion
curves, for every peripheral wave generated at low frequencies. At intermediate
frequencies the curves are sketched for connecting low and high frequency branches.

The plot shows the predicted behavior of A, §, Ap, and Sy waves. The dispersion
curves related to the Ap and A waves are approximated but clearly show wave cou-
pling and reciprocal deviation (also called repulsion [16]) at intermediate frequencies
when both approach the fluid sound speed and the Ay wave becomes supersonic (i.e.,
around the coincidence frequency).

2.2.2 Plate loaded by two different fluids

When fluid 1 is different from fluid 2, the solution of Eq. (2) is not provided analyt-
ically. Qualitative considerations are outlined and hypotheses are introduced which
are partially confirmed by the literature [11|[12]. In Fig. 4, hypothetical phase speed
dispersion curves are proposed. Without loss of generality it is assumed ¢; < ¢3.

The considerations which have led to this plot start from the comparison of the
previously examined plate with the case of an identical plate air-loaded at one side
and water-loaded at the other [2][8]. The behavior of fluid-borne A waves in terms

SACLANTCEN SR-295 = 10=
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Dispersion curves of peripheral waves of a thin-walled plate loaded by fluid 1 (c,) and fluid 2 (¢, , c,>c,)
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Figure 4 Sketch of assumed phase dispersion curves of a thin plate loaded by fluid
1 and fluid 2 on opposite sides (study from low to high frequencies).

of the dispersion curve is not significantly changed when water is replaced by air (or
vacuum) at one side.

The plate-borne S, waves are similar in both cases. In particular, the real part
of the phase speed is largely unchanged, while the imaginary part, related to wave
radiation into the loading fluids, is expected to depend on the impedance of both
fluids. In particular, the wave attenuation in the air-filled case has been calculated
at half the attenuation computed when the plate is loaded by the same fluid on
both sides [14]. However, as the attenuation of Sy Lamb-type waves is low for any
loading fluid, the phase speed is considered unaffected by the properties of the outer
medium. More precisely, even when attenuation, in this case due to the loading
fluid, affects only slightly the wave resonance frequencies, it plays an important role
in terms of damping effect. The wave energy becomes progressively weaker with
each periodic backscatter, with consequences in the data processing methodology of
resonance frequency extraction, described in Section 3.

The S wave family is generated only if the plate is fluid-loaded on both sides, hence it
depends on both fluids, but its properties are assumed to be more strongly influenced
by the properties of the fluid in which it travels.

For symmetry, one S; and one A; Scholte-Stoneley wave family (/=1,2) are expected
to travel on each of the two fluid-plate interfaces. The dispersion curves are assumed

=11 = SACLANTCEN SR-295
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d=ab
fluid 1 (c,.p,) = fluid out (c,,p..)
fluid 2 (¢,.p,) - fluid in (c,.p,)

clrp‘

CP2 E.0.P

Figure 5 Exrtension from a plate to a shell with the same thickness and elastic
characteristics.

to be affected primarily by the properties of the fluid in which they travel.

Coupling between the A; Lamb-type wave and the asymmetric Scholte-Stoneley
waves A; and As is predicted for analogy with the case of single-fluid loading: a
“repulsion” phenomenon between the Ag and each of the two asymmetric Scholte-
Stoneley wave dispersion curves is forecast, whenever the sound speed of one of the
two loading fluids is reached.

2.3 Extension to shells. Resonance feature selection and matching models

Provided the analytical expression of the surface wave dispersion curves in the case
of a thin plane plate, the study is extended to circular shells, in order to verify the
applicability of the equations and to complete the analysis with a ray-theory-based
description of those phenomena, peculiar to liquid-filled, thin-walled circular shells.

If the plate is replaced with a circular, cylindrical shell with outer radius a, inner
radius b, the same thickness d, which now corresponds to (@ — b), and the same
elastic parameters (see Fig. 5, where fluid 1 is called fluid out and fluid 2 is called
fluid in), the types of waves introduced so far have been proved to be generated and
to maintain roughly the same properties [8][11][12]. However, the attenuation of
each backscattered wave generally increases because of the object curvature, which
causes the radiation into the surrounding fluids to increase. Hence, the related
phase speed dispersion curves are expected to deviate slightly from those predicted.
As the deviation has been evaluated to be small [14], the results obtained in the
previous subsections remain valid. Figure 6 lists on the left a set of classes of surface
waves which can be backscattered by thin-walled shells with circular cross-section.
In the first class of waves (i.e., the shell borne waves) the symmetric and asymmetric
Lamb-type waves are included.
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Classes of Surface Waves Multiple Internal Reflections
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1) Shell-borne back-forth
waves path (1% order)
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»— path (2™ order)

Y

Y

3) Inner-fluid- Multiple
borne waves hexagomnal
path (3 order)

Y

Figure 6 Simplified travel paths of classes of surface waves (left) and internal
multiple reflections (right) backscattered by a thin-walled, fluid-filled circular shell in
the free field.

Under thin-walled conditions, part of the sound is assumed to be transmitted
through the shell, propagated into the inner fluid and reflected several times, be-
fore being partially backscattered externally [12]. The sound component remaining
inside is expected to continue traveling on the same paths, giving rise to periodic
backscattered waves. The internal paths of transmitted waves must be either the
direct path or regular polygons of even order (i.e., of 4, 6, etc. sides) in order to
generate backscattered waves (Fig. 6). This phenomenon is significant when the
inner fluid is a liquid. As energy decreases as their order increases, only the first 3
orders (i.e., the internal direct, squared and hexagonal paths) are considered.

If a plane wavefront insonifies the target at broadside, pairs of waves of the same kind,
generated at angles of incidence symmetrical with the axis source-target, traveling
in opposite directions, contribute coherently to sound backscattering. This is shown
in Fig. 6 by double arrows along the travel paths.

The analytical formalization of wave variations with frequency allows the construc-
tion of models of relationships between resonance characteristics and target elastic
properties. For surface waves, using the predicted formulas of the wave disper-
sion curves proposed above, one can predict the value of the n**-order resonance
frequency f of the surface wave family W by applying the equation

Y
= L (12)

n T "R’
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where R is either the outer or the inner radius of the shell depending on whether
the wave travels at the outer or inner shell interface. This leads to the discretization
of wave phase speed corresponding to resonance modes.

From the phase speed dispersion curve of a wave W, the corresponding group speed
c;v is derived as [17]
' . et
W W C1Cph
Cq ~ |cph| '+'f é-f"- (13}
Equation (13) assumes that the relative variation between the phase speed modulus
of two successive resonances is small, i.e., that d|c,,| < 1. The group speed of the
mode f"V can be defined by the approximation

mn

e = 2PRAf 1) no (14)
where Af(‘:;”‘n = %, — fI¥. Equations (12) and (14) depend on the resonance

modal order n. For non-dispersive and almost-non-dispersive waves, having at least
roughly constant group speed,

ey =R ALY, (15)

where Af%W is the mean frequency distance between two successive resonances of
the W family, implying the presence of (roughly) equally-spaced, adjacent resonance
frequencies.

For localizing the “resonance frequencies” of the periodic, multiple internal reflec-
tions, namely r; where [ is the wave family order (I=1,2,..), general formulae can
be introduced. They are approximated by assuming the waves are non dispersive,
i.e., with roughly constant distance A f™, and travel inside the shell at the speed of
sound in the inner fluid, ¢;;,. Hence the wave resonance frequencies are expected to
follow the ray theory:

™ :n;—;, (16)
AT = j’;—w (17)

where Py is the length of the internal back-forth direct path for [ = 1 and the length
of the perimeter of the inscripted polygon of 2 sides for | > 1:

- m
P = 4l sin (ﬁ) b, (18)

In this approximation, the resonance characteristics depend only on the inner fluid
sound speed and shell inner radius.
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2.3.1 Shell-borne peripheral waves: Lamb-type wave families

From the solution of Eq. (2) and comparison with RST-based results (e.g., com-
pare [13] with [2]), it has been proven [14] that the symmetric and asymmetric
Lamb-type wave families generated by thin-walled, air-filled or empty shells also
exist when the same object is filled with a liquid.

As the Ag Lamb-type waves are coupled with the fluid-borne asymmetric Scholte-
Stoneley waves [8][12], their dispersion curve is expected to be affected by fluid-
loading. However, at very low frequencies (i.e., for fd <« 1 MHz mm) they are
usually so highly attenuated that their resonance frequencies can not be extracted
as features from a measured target response.

The Sy wave characteristics have been analytically demonstrated in [14] to be af-
fected very little by fluid-loading. In particular, if compared with the empty/air-
filled shell case, their resonance frequencies are slightly shifted in location of an
almost constant quantity, depending on the inner fluid properties. The frequency
shift is due to the radiation of the wave into the inner fluid (if liquid). For liquid-
filled shells most of the Sy modes, which correspond to marked and equidistant dips
in the spectral response of an empty or air-filled shell, interfere with other waves,
the resonance frequencies of which occur at the same local ranges. Hence, they are
frequently partially concealed by stronger phenomena.

Thanks to the good agreement between PPT and RST, the resonance localization of
the Sy Lamb-type wave resonances of the circular shell are analytically provided by
PPT. They are presented only for the simpler case of two identical loading fluids. If
the two fluids are similar in terms of impedance, the analytical models are expected
to be approximately valid. The resonance location of the n** mode f3° can be
computed from Eq. (7) by replacing f with f5° and cﬁ,‘: with f3° 27a (according to
Eq. (12)):

(19)

Su " 1
fn:zm 2 219 (enen)? (a2 (1 2
E\/l‘n C'Ec‘(pc.) (5) (Ef_ p)
For most solids with ¢, = ¢., and sufficiently small dimensionless shell thickness

h = (g) and relative impedance fluid-shell, the second term under the square root

is much smaller than unity until n is of the order of hundreds. Hence Eq. (19) can
be approximated with:

Y

3~ s, (20)
giving
Cy

In this case the adjacent resonance distance becomes roughly constant and depends
only on the outer radius and shell material shear and compressional speeds.
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Figure 7 Geometry of generation and backscattering of the Sy Lamb-type waves.

These waves are assumed to be generated by sound insonifying the shell surface at
an average angle (with the normal to the interface)

6;5'0 = 0{;,*! (22)

where 0., is the shell critical angle relative to its characteristic speed ¢, and there-
fore, defined as:

[ = asin 2L, (23)
Cs

Figure 7 shows the related geometry.

In conclusion, although more difficult to detect, the resonances of this family follow
approximately the same laws presented in [4] for fluid-loaded, empty or air-filled
shells.

2.3.2 Fluid-borne peripheral waves: inner and outer Scholte-Stoneley waves

The analytical solution for inner and outer Scholte-Stoneley waves is limited to the
case of the same fluid inside and outside the shell. If the two fluids are different an
approximated extension is proposed.

As a consequence of Eq. (12), the extension from plate to shell, allows one to assume
that the fluid-borne wave families generated in the case of plates fluid-loaded on both
sides, are divided into two sub-families, one for each shell side. For example, from
the symmetric Scholte-Stoneley family S predicted in the plate case, two analogous
families with coinciding phase speed cﬁh (similar to that of the plate S wave) should

SACLANTCEN SR-295 - 16 -
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Figure 8 Geomelry of generation and backscattering of Scholte-Stoneley waves.

be generated, one traveling in the outer and one in the inner fluid at the two shell
interfaces. The same phenomenon should be expected of A waves.

These waves are assumed to be excited on average where the direction of the in-
coming wave is approximately perpendicular to the normal vector of the cylinder
cross-section (8], i.e., around the top and bottom of the cylinder assuming an in-
cident wave traveling from right to left (see Fig. 8). In the following this will be
referred to as tangential incidence.

Following different, although close, circular paths, they are expected to have reso-
nance modes of the same order located at different frequencies:

T
cl‘l

hs ph
in = 24
c}’,’h‘
Mout — 2'
In % ora (29)

withm = A, S.

The S waves have been predicted by PPT to be unattenuated and only slightly
dispersive. Dispersion increases with frequency in this range. For fixed frequency, it
increases with shell thickness. If the inner and outer fluids have the same properties
(i.e., cin = Cout = ¢fl and pin = powe = pyl), the group and phase speeds of the
inner and outer S waves tend to, but remain less than the fluid sound speed cy;.
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The resonance frequency locations can be computed by replacing the phase speed
expression of Eq. (9) in Egs. (24) and (25) with m = §.

In the general case of different fluids, the group and phase speeds of the inner and
outer symmetric families are assumed to tend towards the inner and outer fluid
sound speed ¢;;,, and ¢,y respectively (see the reference plate case in Fig. 4). Under
these assumptions, the S,,; resonance mode locations can be thought to depend
only on the outer fluid speed and shell outer radius,

fiom mn (26)

2na’
and the inner wave resonance locations on the inner fluid speed and inner radius:

Cin

2wh (27)

fSin xn

From a geometrical point of view the inner S waves can be perceived as an unat-
tenuated internal transmission/reflection wave of infinite order, i.e., with polygonal
number of sides 2] = oo, namely r,,. The A;, and A,,; frequency modes can be
derived from Eq. (11) in the case of identical fluid inside and outside,

3
'4"1 ~ Ct 3 l.—?—- (.—d—)
n ”2«12\/” 3p5 \2R/ (28)

where R = b, m = in for the inner family, and R = a, m = out for the outer
family. However the formula above is valid only at very low frequencies (i.e., for
fd <1 MHz mm).

In subsection 2.2.2 the phase speed characteristics of the A waves traveling at one
side of a plate have been assumed to be influenced little by the fluid at the other
side. Hence, in the shell case, it is assumed reasonable to consider Eq. (28) to
be approximately valid for A;, and A,,; waves in the generalized situation of two
different fluids.

2.4 Interpretation of the scatterer response in terms of selected acoustic phe-
nomena

The validity of the scattering interpretation based on PPT and ray theory is verified
by fitting the solution of the equations proposed in the previous subsection with
RST-based predictions of acoustic scattering by a circular, thin-walled shell.

The detection and identification of the expected acoustic scattering phenomena in
the frequency domain in terms of related wave resonances is presented with reference
to simulated data obtained from a RST-based model [3]. The simulator provides the
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scatterer complex Transfer Function (TF) H(f), defined as the ratio of the scattered
and the incident pressures, p; and p; respectively, in the frequency domain:

P
H(f) =2 (29)
pi
The analysis is performed on the TF spectrum, normalized by its maximum value.
In the study of simulated data, a target is taken as a reference and for each set of
simulations, only one parameter is changed in a certain range.

The reference canonical target is an infinite, steel, circular, cylindrical shell, sub-
merged in water, filled with water and insonified at broadside. Its response is studied
in the frequency range (0,25) kHz. The nominal water parameters are sound speed
cpr = 1521m/s and density pp = 1g/cm®. The inner and outer fluids are assumed
to be identical. The reference outer radius a is 25 cm, and the reference inner radius
bis 24.4 cm. As h = 0.024, the shell is very thin in the frequency range considered,
as established in Table 2.3 of [4].

Figure 9 shows the scatterer TF spectrum model as its inner radius (top) and outer
radius (bottom) vary.

The bottom row of the upper image coincides with the top row of the lower image,
in order to provide one common reference, which is the simulated spectral response
of the target having a = 25cm and b = 24.4cm. The analysis of these simulations
allows us to associate the main resonance features with the predicted scattering
phenomena the physical laws of which were analytically formulated in subsection
23.

If a 25 cm radius shell in sea water is considered, the frequency range (0,30) kHz
corresponds to the ka range (0,30.98). In the real case studies that will be pre-
sented in this report, the frequency range of interest will be about (2,20) kHz, i.e.,
(1.03,20.65) ka. In the selected range, for the sake of clarity the proposed simulation
plots present only some examples of wave resonance identification.

In the upper plot, all the wave families whose resonance frequencies are inversely
proportional to thickness are evident (i.e., r; with [=1,2,3, and Sj,, wave types) and
can be seen to follow hyperbolic curves. Some Sy Lamb-type wave resonances can be
identified, located along almost vertical lines. The outer Scholte-Stonely waves Ayt
follow quasi parabolic curves changing with frequency, which are again very evident
in the lower plot following another family of parabolic curves. This is in agreement
with Eq. 28 where the A,,; resonance modes are shown to depend on the inner
and outer radii through shell thickness d. In this frequency range, their resonance
locations increase strongly with thickness, for fixed modal order (see Eq. (28)). In
particular, they can be distinguished only for thick and quasi-thick (i.e., for h > 6
%) shells. In addition, the energy enhancement corresponding to the strong-bending
region which characterizes the scattering spectrum of air-filled (or empty) thin shells
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RST-based model as the inner (up)and outer (down) radus varies;
PPT/ray-based interpretation

Frequency (kHz)
1 09 08 07 06 05 04 03 02 01 O
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Figure 9 Scattering model (linear scale) of a steel water-loaded water-filled shell at
broadside. Top: simulations as shell inner radius b varies (b € [9: 0.1 : 24.9] cm,a =
25cm). Bottom: simulations as shell outer radius a varies (a € [24.5 : 0.1 : 32|cm,

b=24.4 cm).
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cannot be observed here. This makes the extraction and identification of the A,
resonances more difficult. Consequently, this wave family is not selected as a feature
useful for the characterization of thin-walled shells.

In the lower plot the most evident wave families are the inner-fluid-borne ones, the
resonance locations of which depend only on the inner radius and inner fluid and
are constant as the outer radius varies, given a modal order (i.e., they are on almost
straight vertical lines). This shows that the proposed approximated formulas (16)
and (27), which neglect dependence on the other geometrical and geophysical pa-
rameters, are consistent with the selected model.

Finally, for the sake of completeness, we add that the hyperbolic curves which can
be seen in the top-right corner of the upper image and in the bottom-right corner
of the lower image correspond to modes of Transverse Whispering Gallery waves
of different orders, which are backscattered when the cylindrical target is solid or
thick-walled shell [2].

As the Scholte-Stoneley S,,; wave family can be distinguished only in the case of
very thin shells, Figure 10 presents a zoom of the previous images for d € [6, 25] mm.
Some S,,; resonance modes are identified: in the upper plot their locations follow
vertical straight lines as the inner radius varies, in the lower plot they follow hyper-
bolic curves as the outer radius varies, in accordance with the theoretical predictions
in Section 2.3 (see Eq. 26).

Note that no A;, wave resonance has been identified on the simulated data of Figs 9
and 10. Hence this family will be not used as a feature for the target parameter
estimation.

In conclusion, these simulation results confirm the consistency between the analytical
formulation of the physical laws and the RST-based scattering model, and show how
the selected wave types are expected to appear in terms of sharpness and energy
level in the free-field TF model.

2.5 Resonance interpretation of the proud target model

It is assumed that the target on a flat sediment bottom is insonified with grazing
angle 6,. This hypothesis introduces a boundary in the previous free-space problem
(Fig. 11). The bottom geophysical properties are compressional sound speed c3
(c3 > cout) and density p3. Assuming ez > Coy¢ is reasonable for sediments that
would support a proud object.

Two main components of sound are assumed to insonify the target according to the
single-scattering model proposed in [5].
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Focus on thinshell: Soul wave resonance identification (dashed) on RST-based simulations
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Figure 10 Scattering model (linear scale) of a steel water-loaded water-filled
shell at broadside. Up: simulations as shell inner radius b varies (b € [9 :
0.1 : 24.9] ecm,a = 25cm). Down: simulations as shell outer radius a varies
(a €[24.5:0.1: 32]cm, b=24.4 cm).
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Figure 11 Geometry of the scattering problem when the cylindrical shell lying on
a flat bottom halfspace is insonified at broadside at the grazing angle 6,.

Wave component following the direct path

The first main component of the incident wave consists of the sound following a
direct path between the transmitter and the target. This is expected to give rise
to phenomena similar to those presented in the free-space case. Figure 12 sketches
the behavior of the same classes of waves which have been selected in the free-field
case and are supposed to be generated by the direct sound wavefront in the present
geometry. The influence of the sea bottom boundary is outlined.

The shell-borne surface wave types generated by this incident sound wavefront are
expected to be present with characteristics very similar to those described in the free-
field case, as they are generated and backscattered at an average angle (6. .) which is
usually far from the bottom boundary (see Fig. 12.(a)). Hence the wave generation
and radiation phenomena are not expected to be influenced by the boundary. This
class of waves is characterized by a certain radiation into the surrounding medium,
implying radiation into the sediment when they travel along the shell-sediment in-
terface. This should cause higher attenuation than in the free-field case (owing to
the lower relative impedance between the shell and the sediment) and, as a conse-
quence, a shift of resonance locations towards higher frequencies. However, the path
along the shell-sediment interface is a relatively small fraction of the circular path
followed by the waves, hence the resonance frequency shift is not expected to be
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Figure 12 Simplified scheme of travel paths of the main periodical wave families
backscattered by a fluid-filled thin-walled shell lying proud on a bottom (direct path).
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significant and the shell-borne wave dispersion curves presented for the free space
case remain applicable.

The generation of inner-fluid-borne surface wave families is caused by tangential
incidence and backscattering which can be significantly affected by the presence
of the seabed boundary only if the target is partially buried into the sediments
and the grazing angle is low. In this case, this class of waves, if existing, is partially
generated and backscattered where the target surface is in contact with the sediment
and hence could have significantly different characteristics in terms of phase speed
and backscattered energy level. Otherwise (see Fig. 12.(b)), they should maintain
the same properties as in the free space and follow the same physical laws, as their
phase speed is assumed to be weakly affected by the outer medium.

Also, the wave types derived from internal transmission/reflections of the first or-
ders should be weakly affected by the bottom boundary, as they are generated and
backscattered at average angles (i.e., 0°, 45°, 60°, etc.), far enough from the bound-
ary (see Fig. 12.(c)) that they cannot be significantly affected.

The outer-fluid-borne class of waves is expected to be influenced by the presence of
the sea bottom because it travels at the shell outer interface in the outer medium and
is generated and backscattered tangentially (see Fig. 12.(d)). For their tangential
generation and backscattering, the same considerations referred to inner-fluid surface
waves can be applied, hence the presence of the boundary should still allow their
existence. With regard to their travel path, they are still expected to propagate
from the fluid through the sediments again to the fluid along the shell interface,
but with a change of phase speed according to the geophysical properties of the
medium in which they travel. In any case, as the path through the sediments is
small with respect to the global path (as occurs if the target is not partially buried),
the characteristics of the wave phase speed along a complete circular path should not
deviate significantly from that predicted in free-space. For this reason, the outer-
fluid-borne waves are still predicted to follow the equations introduced above for the
free-field case.

Wave component following a multi-path (one reflection on the bottom)

According to the SSC model, the second main component of the incident wave
is reflected by the seabed in front of the target, before hitting the target, in flat
bottom conditions by comparison with the incident sound wavelength (Fig. 13) [5].
In this case, the bottom would behave as a mirror and a virtual image of the
target cross-section would be generated. If the grazing angle is below the sediment
critical angle and the bottom is flat enough, a part of this wavefront is expected to
propagate through the bottom as evanescent waves [18], otherwise a part is expected
to penetrate into the bottom sediments, according to Snell’s law. Determining which
phenomenon among reflection and refraction dominates is a complicated problem
involving many variables, such as frequency, grazing angle and bottom geophysical

-25 — SACLANTCEN SR-295




Report no. changed (Mar 2006): SR-295-UU

SACLANTCEN SR-295

Virtual Image
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Figure 13 Geometry of the single scattering approximation. Focus on the bottom-
interacting sound components ("mirror” effect of the bottom).
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characteristics (e.g., homogeneity, porosity, grain size, etc.) and flatness in terms of
wavelength [19].

Also, each of these two incident wavefronts can cause the target to scatter back the
sound through various paths, either direct or bottom-reflected.

In general, all the sound wavefronts impinging on the target are expected to generate
resonance phenomena as assumed above for the direct sound component. This can
be clarified by the comparison of Fig. 12 with Fig. 13, the latter showing the paths
of some of the wave types assumed to be generated by the reflected wavefront, to
travel around and through the target and to be periodically backscattered along the
same path followed by the incident reflected wavefront. As a consequence, one could
predict the same periodicities of all generated waves belonging to the same family and
hence, the same frequency locations of the corresponding resonance modes. However,
interference among waves of the same family, generated by different wavefronts, is
expected in terms of their phase and amplitude as the frequency varies, given a
certain fixed grazing angle.

The target global TF H(f) would change with respect to that obtained by the direct
wavefront only, namely H¢(f). The TF can be thought of as the linear superposition
of N response contributions, each following a different path. If the hypotheses of
plane wave and flat bottom are assumed, by extending the SSC model [5] (Eq. (3))
each response contribution ¢ can be represented as

H-du-) Rg(gg) ej??l'fﬂ(gy]‘ (3[}}

where 7;(0;) is the time delay with respect to the direct wave component and R;(6,)
is the reflection coefficient of the bottom. Figure 14 shows how 7;(6,) is obtained,
known g, for the case of one bottom bounce. If the compressional wave attenuation
in the sediment is non-zero, R;(6,) is complex, and has amplitude close to unity if
the grazing angle is less than the bottom critical angle 6, [18][20]. Hence, the target
TF can be expressed as

H(f) = Hd(f) [Z:\.:ﬂ (ej?ﬂfn(ﬂyiR‘.(gg)H 31)
31

= HY([)M(f,0,),

where the O-order element of the summation corresponds to the direct response,
hence Ry(fy) = 1 and m9(6,) = 0. Tt consists of the direct contribution H4(f)
modulated in frequency by the complex function M(f,,) which, for each frequency
[, causes a change of amplitude and phase of the direct TF contribution.

I this effect is related to the TF resonance frequencies detected in the TF spectral
domain as dips, peaks, or dip-peak pairs, modulation is expected not to cause fre-
quency shift with respect to the direct response, hence not to affect the frequency
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Figure 14 Time delay between the direct and the bottom-bounced paths.

location of the resonance modes of any expected periodical wave family. This con-
firms the considerations on the physical characteristics of periodical waves of the
same kind generated by the different wavefronts. If the analytical laws describing
the scattered wave resonance variations according to target parameters, studied for
the free-space case, are considered valid for the proud-target direct scattering con-
tribution, the same is applicable to the analysis of the proud target global response,
including multi-path contributions.

However, at certain frequencies the modulation effect might cause an evident change
of the TF spectral amplitude with the consequent partial or complete cancellation of
the resonance modes located at those particular frequencies. A broadband approach
based on the TF spectral analysis on a relatively wide band is therefore necessary in
order to collect a sufficient subset of resonance frequencies belonging to each period-
ical wave family selected, even when some are not detectable because of disruptive
interferences.

Although the theoretical interpretation is based on the hypothesis of incident plane
wave, the existence and power of the multi-path scattering contributions depend
also on the beampatterns of transmitter and receiver (for a fixed grazing angle).

Other parameters are involved in the backscattering mechanism. The influence of
the bottom on resonance scattering (direct and multi-path) and in particular on the
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I Wave Family | Related Parameters Application | Reference |
Sy Lamb-type ¢., a | Free-field & Proud Eq (20)
Sout Scholte-Stoneley Cout, @, (d) | Free-field (Proud) 26)
Sin Scholte-Stoneley Cin, b, (d) | Free-field & Proud Eq (27)
r; internal reflections Cin, b, (d) | Free-field & Proud q. (16)

Table 1 Summary of selected resonance features, their applicability and related
parameters of interest. Reference to corresponding matching models.

propagation of the outer-fluid-borne waves and on the radiation of the shell-borne
waves, depends on the relative impedance between the outer fluid and the bottom:
the higher the relative impedance, the more the wave dispersion curves deviate from
the corresponding curves computed in the free space.

2.6 Summary of selected waves, related features and matching models

The theoretical investigations on scattering from thin-walled fluid-filled shells lead
to:

1. Selection of a set of waves characterizing the scattered response of an elastic
shell,

2. Analysis of their frequency behavior in terms of target elastic properties and
hence,

3. Formulation of the analytical laws governing the wave characteristics.

The wave families selected for feature extraction are listed in Table 1 with main geo-
metrical and geophysical parameters and reference to the analytical relation model.
Among the cited parameters, d sometimes appears in brackets, which means that
even if the matching equation used does not depend explicitly on d, the family exists
or the related equation is valid only in the case of thin shells. When the equation
describing a certain family is considered less reliable when the target lies proud on
the seabed than in the free space (see Subsection 2.5), Proud is parenthetical.

~29 - SACLANTCEN SR-295




Report no. changed (Mar 2006): SR-295-UU

SACLANTCEN SR-295

3

Method of target response analysis

The approach proposed in [4] is extended to fluid-filled shell analysis by introducing
the features selected and characterized in Section 2 and a multiple-hypothesis auto-
matic method of resonance identification. The method starts from the assumption
that the scatterer is a circular, thin-walled shell insonified at broadside.

A block diagram including the main algorithm steps is provided in Fig. 15. As
proposed in [4], a deconvolution phase followed by AR modeling is applied to the
target time response. With respect to the method used in [4], only the global
response is analyzed here as for proud target real data, the time response length
N is usually too short to allow high-resolution spectral representation. Among the
estimated AR poles, those located in an annulus defined on the z-plane around
the unit circle (0.95 < |z| < 1) are considered resonances. By definition, a pure
resonance corresponds to a pole located on the unit circle. However, selecting as
resonances the poles located in the defined annulus, is justified by two main reasons.
As the scattered waves giving rise to resonances are supposed to be attenuated (in
Section 2), damped resonance modes are generated, which correspond to z-poles
with modulus less than unity. the pole estimation is expected to be affected by a
certain error, which is accepted if the resonance pole remains located within the
annulus.

The extracted set of resonance frequencies {f,ﬁm, =T K} are identified by the
following automatic technique. The assumption for resonance identification is that
the inner fluid is a liquid, hence all the wave families selected in Section 2 are
expected to be evident in the scatterer TF.

As the approximated equations referenced in Table 1 are adopted, the location of all
the assumed resonance frequencies depend only on the four target parameters a, b,
Cin, C4, assuming that the outer fluid sound speed ¢y is known a priori. A range of
values for each target parameter (a, b, ¢in, c.) is selected, so that a 4D discrete space
of possible solutions is built. Each point v’ of this space is a hypothesis uniquely
related to a pattern of resonance frequencies by the proposed matching models. The
best fit between each pattern and the AR-based extracted resonances is computed
by minimizing a distance-based cost functional and providing the estimate o .

Each wave family in the 6-element set {Sp, Sput, Sin, 71, T2, r3} is indexed by an
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Figure 15 Block diagram of the main steps of scattering data analysis.

integer label | (I € L = {1,..,6}). For each hypothesis ' and each family [/, the
resonance pattern
{fl.flg [ﬁ)! nl’ = 112:"7Nf} (32}

is built (n; is the resonance modal order of the [ wave type). The association
problem is solved by a distance-based approach. The subset of measured resonances
{f{”;—f (v),m €{1,.., N;}} which best fits the model pattern (Eq. (32)) is found for
each family [ and for each hypothesis o of the space of solutions in terms of minimum
Euclidean distance between model-data pairs of frequencies:

{f.'iﬁ (f}')} = {””nk.ng (f!:”z = f!.n; ("_;))2} . (33)

For the sake of robustness a wave family is assumed to be detected only if at least
three measured resonances are identified as belonging to it.

The estimation result is the parameter vector 7 = (&, b, éin;s é.) which minimizes the
cost functional:

Co=Y ¥ (/8@ - fia, @) (34)
) un

The identified resonances corresponding to the ¢ estimate are collected in the set

{f{‘,ﬁ (1}’)}. The main processing steps summarized in Fig. 15 are amplified in
.ﬂ.f

Fig. 16.
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Figure 16 Detailed diagram of the main processing steps.

If the problem concerns a proud target, the summation is weighted. The terms
regarding outer-fluid-borne wave families become less important, as their resonance
locations are predicted by less reliable equations:

CH)= ow (u Ly (félr{{g () = fosia {17))24'
(35)
Sty Sty (f:iff (D7) = fia, (5})2) :

where the S, wave family is indexed with [ =2 and W, W > 1, is the weight with
which the S, resonance identification is penalized.

The conditional standard deviation cri:T between the predicted and measured reso-

nance locations is defined for each wave family [ identified in the data:

5 N2
=gt = () - s, 9)) 36)

where (); is the total number of resonance frequencies identified as belonging to the
[ wave family.

If no assumed S;,,, r1, 72, 73 and S,y wave families fit the data, the shell is estimated
to be either empty or air-filled. Hence the inner fluid sound speed is estimated to
tend to zero, but its numerical evaluation can not be provided on the basis of only
these selected features. If no resonance family is detected or the estimated standard
deviation associates low reliability to the resonance identification result, then the
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hypothesis of cylindrical thin-walled shell at broadside, is not confirmed, and target
characterization can not be provided.

In the case of targets lying proud on the sea bottom, the interference effects caused
by multi-path sound propagation described in Section 2 are expected to influence
the performances of the AR-based algorithms used for the resonance extraction in
terms of the number of extracted resonances, the accuracy of their localization and
the number of spurious resonances. In this case, the robustness of the method is
essentially based on two properties:

e The broadband approach, which implies that many resonance frequencies of
the same wave type appear in the signal frequency bandwidth

e The redundancy of information provided by all the resonances belonging to
the same wave family and by wave families of the same class.
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4

Numerical results

This analysis method was tested on real acoustic data scattered by a thin-walled,
water-filled steel cylindrical shell. The cylindrical shell has flat ends, 25 cm outer
radius a, 6 mm wall thickness d and 2 m length L. This target can be considered as
an example of minelike object.

Data from another experiment are also considered. They are the scattered echoes
from the same target filled with sea water and lying proud on a low-relief sandy
bottom. The shell was insonified at very low grazing angle (well below the estimated
sand critical angle).

In both experiments the parametric source array TOPAS was used [21].

4.1 Free-field data analysis

The approach was first tested on “free-field” data recorded in a shallow water
basin [1]. The TOPAS was positioned ~ 41m from the target. The steel cylindrical
shell was suspended at nominal broadside. A receiving hydrophone was positioned
on the transmitter-target axis ~ 6m from the target.

Figure 17 shows an example of data-model fitting of the response to a Ricker pulse
(with central frequency at 8 kHz) in time and frequency: the target response is
compared with the RST-based prediction. Working conditions do not meet all the
RST assumptions, as the shell is not of canonical circular cylindrical shape, having
two l5cm-diameter plugs and several external hanging structures, not in the free
space, but suspended in the water column by two ropes and related coupling. The
shell is finite, but the receiver placement provides a good approximation to infinite
length for f > 4 kHz, where the end effects are negligible [1]. The Signal-to-Noise
Ratio (SNR) is estimated at around 20 dB. In the time domain, one of the major
model-data discrepancies evident around 2.2-2.3 ms has not yet been interpreted.
In frequency, the main mismatching occurs in the response levels at low frequencies
(f > 4.5 kHz), which might be caused by end effects.

In Fig. 18 the estimated TF spectrum is compared with the corresponding RST-
based prediction. The model-data level mismatching at low frequencies is even more
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Matching of Ricker time response (red) with RST-based model (blue)
1 T T T T Ll T

0.8} -
0.6
0.4
0.2

Normalized Amplitude
o

L | — 1 1 L (a)
0 0.5 1 1.5 2 25 3 3.5
Time (ms)

Matching of frequency response (red) withRST-based model (blue)
0 T T v

Relative Level (dB)

(b)

_55 1 ! 1
0 5 10 15 20
Frequency (kHz)

0 5 10 15 20
ka

Figure 17 Model-data fitting of scattering by the water-filled shell in the free-field;
target response to a Ricker 8 in (a) time and (b) frequency domains.
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Matching of estimated |TF|(red) withRST-based model (blue)
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Figure 18 Model-data curve fitting (TF spectrum) of the water-filled shell in the
free field.
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Resonance extraction (AR order=98) and identification. Data: red; model: light blue
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Figure 19 Resonance extraction and model-based identification.

evident than in the Ricker response of Fig. 17. Figure 19 shows the same estimated
TF spectrum as Fig. 18 where the resonance poles selected by means of the AR-
based technique are outlined and identified on the basis of the proposed matching
models. The RST-based TF model is shown again as a reference. The curve fitting
result is acceptable in terms of dips and peaks; the estimated TF spectral shape and
especially its relative amplitude, mismatch the model mainly for f < 4kHz where the
cylinder end effects, neglected by the model, are expected to be more evident. The
AR polynomial order provided by the automatic procedure of parametric spectral
estimation proposed in [4] is reported in the plot title. It corresponds to the total
number of poles (resonances and not) selected for estimating the scatterer TF on the
basis of the acquired data samples. Each resonance label consists of the wave family
symbol, indexed by its estimated modal order, i.e., its multiple value. One resonance
line can show several labels, as the same location can be shared by resonances
belonging to different families.

The adequacy of resonance extraction, interpretation and matching are confirmed
by accurate estimates obtained (see Table 2) by the automatic method presented

in Section 3. The range of the four unknown parameters provided as input to the
estimation procedure are:

e a € (20,30)cm

e de (0.3,5)cm
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| Parameter | Estimate (o) I Nominal Value |
Outer Radius a [cm)] 25.6 (2.5) 25
Thickness d [mm] 4.1 (4) 6
Inner Fluid Speed ¢;,, [m/s] 1546 (60) 1528
Shell Speed Parameter ¢, [m/s] 5465 (500) 5435

Table 2 FEstimation results obtained from real data of a water-filled steel shell in
water (free-field conditions).

® ¢in € (900,2000)m/s

e ¢, € (3500,5600)m/s

Notice that the ranges vary widely, especially those related to ¢;;, and ¢,. Neverthe-
less all the parameters are estimated with very good accuracy. The high standard
deviation associated with ¢, estimate shows low reliability is given to the result.

4.2 Analysis of data from the proud target

The processed data are from sea trials near the northern coast of Elba Island in April
'97 in an area characterized by shallow water (~ 10 m deep) and a fine sand, low-
relief bottom. The target was insonified by the TOPAS at nominal broadside, and a
16-element vertical linear array recorded the backscattered echoes. The transmitter
and receiver system were located on a 8 m high tower at 40 m from the target. The
experimental configuration is similar to that selected for a previous sea trial, in the
same coastal area in November 1996 [5].

The target responses used here are the result of a preliminary beamforming phase
to separate the target response from the sea surface reflection. The Signal-to-
Reverberation Ratio (SRR) estimated from data is around 15 dB. A possible model-
data fitting result in terms of time response to a Ricker pulse and TF curve (spectral
domain) is presented in Fig. 20. The simulated data are from the free field RST-
based model. The model is not perfect as it neglects the bottom. As mentioned in
the free-field data analysis, it neglects the cylinder finite-length effects, which could
be particularly significant in this case, in which the receiver is in the target far field.

It is evident how the curve fitting result is better in frequency than in time. This
can be explained on the basis of the considerations proposed in Section 2.5. The
bottom geophysical and geometrical characteristics [5] allow one to assume the ex-
istence of a mirror effect. Hence the target response is expected to come from the
combination of the responses from the direct and multi-path scattering contributions
as introduced in Section 2. In the time domain, the delays predicted between the
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Matching of proud shell response (red) with free-field model (blue)
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Figure 20 Model-data fitting of scattering by the proud water-filled shell; time (a)
and frequency (b) domain curve fitting.
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direct and bottom-reflected wave paths can give rise to the incoherent superposition
of response contributions which is neglected by the free-field RST-based model. In
the frequency domain, as predicted, model-data fit is more reasonable and com-
parable with the result obtained with free-field data, but only in a more limited
frequency range. However, the mismatching in terms of spectral level and dip and
peak correspondence is locally more significant than in the free-field analysis. The
relatively good result obtained in terms of many frequency dips/peaks matching can
be justified by considering that:

1. The low grazing angle (about 12°) is assumed to maintain bottom reverbera-
tion corrupting the backscattered signal at a low level.

2. The selected grazing angle and the insignificant burial of the target into the sea-
bottom are assumed to have allowed the generation of all the resonance waves
expected in the free field and to have maintained their frequency characteristics
as predicted by the analytical laws proposed from the plane plate theory.

As in the free-field, a spectral level discrepancy is evident which is spread over a
wider frequency range. The cause may be the superposition of end effects with
interference between the multi-path response contributions.

The AR-based spectral estimation procedure selects a polynomial order equal to
100 poles from which the resonance frequencies are extracted. Model-data fitting
results lead to the interpretation of data in terms of resonance identification. Figure
21 shows the result of the AR-based extraction and the model-based identification
of a set of 18 resonance frequencies. The RST-based TF model is shown again
as a reference. The result confirms the theoretical predictions. All wave families
which are expected to travel either inside the shell or in the inner fluid are identified
by some resonances, hence are shown not to change their frequency characteristics.
The outer-fluid-borne wave family S,y is still detected and identified, which confirms
the assumption that its resonance frequency characteristics would have been only
slightly affected by the sea bottom.

The inversion results obtained by the automatic parameter estimation method are
summarized in Table 3. The same wide ranges of unknown parameter values used
in the free-field data analysis are selected here.

With respect to the free-field analysis results, the performance deteriorates in terms
of accuracy of the inner fluid speed, particularly in terms of accuracy and reliability
of the shell characteristic speed estimates. The main reason is assumed to be the
data-model partial mismatching in terms of spectral shape. Mismatching increases
after f = 18 kHz so that the analysis is limited to the range [2,18] kHz. It can be
caused in part by the reverberation effects and in part by the partially disruptive
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Proud shell. Extracted and identified resonances (AR order=148): blue. Data: red. RST model: cian.
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Figure 21 Resonance extraction and model-based identification.

| Parameter Estimate (o) | Nominal Value |
Outer Radius a [cm] 24. 5 (2 5) 25
Thickness d [mm)| 9 (5) 6
Inner Fluid Sound Speed c¢;, [m/s] 1600 (50) 1520
Shell Characteristic Speed ¢, [m/s] 4845 (500) 5435

Table 3 Estimation results obtained from real data of a water-filled steel shell lying
proud on a sandy sea bottom.

interference effects occurring at certain frequencies because of multi-path. The ef-
fects of the frequency modulation assumed to derive from the interaction with the
bottom boundary as proposed in Section 2 can be outlined in terms of changes in
the estimated TF spectral level, compared with the free-field model; these amplitude
changes are forecast to vary with frequency and, hence, to affect in a significant way
the presence and level of some spectral dips/peaks predicted by the model. This
deviation of data from the assumed model can imply a significant deterioration in
the accuracy of resonance extraction and model-based resonance identification pro-
cesses. However, the wider the frequency range with good SRR level, where it is
possible to apply the analysis, the more this degradation effect can be limited. This
emphasizes the importance of the broadband nature of the approach.

Even if the accurate estimation of the two geometrical parameters (i.e., outer radius
and thickness) is encouraging and thickness evaluation is a highly discriminating
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feature for classification of man-made and natural targets, a refinement of the es-
timation of two speed parameters could be useful for distinguishing between mines
and man-made objects of similar geometry and for identification purposes.

In the free field and in the proud case the number of extracted and processed res-
onance modes is much lower than the number of resonances one would expect as
predicted by the RST-based model in this frequency range. Figures 19 and 21 show
cases in which the curve fitting result would outline the presence of sharp peaks
or troughs predicted by theory, but not estimated by the automatic technique of
resonance extraction and identification. In fact, many resonances are expected to
be generated by a fluid-filled shell in this wideband range. Those belonging to the
same class of wave types (e.g., the internal reflections of different orders and the in-
ner surface waves) provide redundant information. Hence, selecting and processing
only those resonance frequencies extracted and identified with higher accuracy and
reliability, is expected to provide better inversion results.
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5

Discussion

The AR-based method of acoustic resonance scattering analysis proposed in [4] for
processing data scattered by free-field, air-filled or empty cylindrical shells at broad-
side has been extended to the case of liquid-filled cylindrical shells at broadside.
The shell can be made of any solid and filled with any liquid, but must be thin with
respect to the wavelength (fd < 1 MHz mm). This report has addressed the anal-
ysis of scattering by a water-filled, thin-walled cylindrical shell at low-intermediate
frequencies (ka € (2,20), fd < 0.13 MHz mm).

Theoretical investigations on a set of periodical wave types traveling around the
target and characterization of the backscattering physics have been proposed in
the free-space case and then extended to the case of the target lying proud on the
seabottom.

The physical interpretation of the behavior of the selected periodical acoustic phe-
nomena in the free space are based on the Plane Plate Theory, Resonance Scattering
Theory and Ray Theory. A RST-based simulator of acoustic scattering data has been
developed [3]. With respect to the case of air-filled or empty shells the presence of
an inner fluid has been shown to add three new families of surface waves to the
previous three families and a class of multiple internal reflections of several orders.
The selected wave types are inner-fluid-borne, shell-borne and outer-fluid-borne sur-
face waves and periodical internal transmission/reflection waves. Analytical models
correlating the dispersion curve characteristics of the selected wave families with the
resonance frequencies detected in the scatterer response have been derived from the
approximate solution of the free-field problem.

The interpretation of scattering by a target lying on the sea bottom in terms of the
same families of periodical waves has been discussed as an extension of the free-space
case and is based on the single-scattering model proposed in [5].

An automatic, multi-hypothesis technique of resonance identification in the fre-
quency domain has been developed, which uses matching equations to estimate
target geometrical and geophysical parameters from scattering response, at target
broadside aspect, given some a priori information on the object shape. One of
the most significant characteristics of the selected approach is applying broadband
analysis. This implies that many resonance frequencies of the same wave type and
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of different families are located in the used frequency bandwidth. The consequent
redundancy of information provided by processing all the extracted resonances be-
longing to the same wave family and by wave families of the same class is expected
to improve robustness.

The method has been tested on real data scattered by the same water-filled cylin-
drical shell either submerged in roughly free space or lying proud on a sandy seabed.
The data have been evaluated with high SNR values. Processing data with high SNR
levels has allowed the evaluation of feasibility and capabilities of the new approach
proposed. The evaluation of the method sensitivity to noise and reverberation will
be considered in a future study. The method performances have been shown in
terms of fit between theory and experiment, and numerical results.

Good results in terms of TF curve fitting and in particular of estimated parameters
have been obtained from the recorded “free-field” data. They have confirmed the ad-
equacy of the scattering model used notwithstanding the approximations introduced.
In particular, the method, based on the theoretical interpretation of scattering by
an infinite shell of a canonical circular cylindrical shape in the free field has pro-
vided good performance when applied to data scattered by a finite target which
has cylindrical shape but several external frames for suspension and two plugs, and
which was kept underwater under “free-field” conditions by two ropes and related
steel coupling.

For data scattered by proud targets, the performance deterioration expected by
using free-space modeling in the presence of a boundary, is confirmed by inferior
results, in particular in terms of inversion.

The selected low grazing angle allows relatively low reverberation levels. Model-data
fit of the target spectral response has been considered acceptable in the analyzed
frequency range despite some local mismatching, which can lead to significant op-
erational consequences. However, the reverberation may have contributed to local
model-data mismatching which have affected the results of resonance extraction and
identification. It has also made it necessary to limit the broadband frequency range
analyzed from [2,22] to [2,17] kHz. As broadband analysis and accuracy of resonance
extraction are among the key points of the proposed approach, the reverberation
sensitivity of the method is considered one of its main limitations.

From an accurate comparison of the spectral shape of the free-field model with
the proud-target data, the following considerations validate the physical interpreta-
tion. The contact of the target with the sandy bottom boundary has little effect
on resonance frequency characteristics in terms of wave dispersion curves, which
consequently, can still be predicted by free-space plane-plate theory and resonance
scattering theory. This could depend also on the negligible burial depth of the target,
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for which the area of the target-sediment interface is very small compared to that
of the target-water interface. The characteristics of the scattering waves traveling
in the outer fluid would significantly change with the target burial depth.

It is suggested that a frequency modulation effect on the direct-path-only transfer
function of the target, is caused by sound interaction with the bottom boundary
multi-path. It may have contributed to locally poor model-data fit by influencing
the detectability of the resonance frequencies expected on the basis of the free-space
modeling. The modulation effects vary with grazing angle and frequency, but seem
not to cause changes in the pattern of resonance frequency locations in the spectral
domain. Even when some of the resonance spectral dips or peaks are not detectable
because of completely disruptive interferences among the multi-path contributions,
the method robustness would be enhanced by the selected broadband approach and
the consequent redundancy of information provided by some of the extracted reso-
nances.

The proposed interpretation of scattering phenomena in the proud-target case is
validated on too limited a set of data to be able to draw final conclusions. Ex-
tended sets of measurements of scattering by the same proud target insonified with
varying grazing angles and different types of bottom sediments would be useful for
validating the proposed interpretation and defining the limits of the model appli-
cability. To this end, comparing the scattering response by the target when lying
proud on the sea bottom and when partially buried at various depths could be useful.

The approach appears to work best with the target in free field, and suffers a certain
performance degradation for targets proud on the sea bottom, even when insonified
at low grazing angles.

Under these conditions, the current main constraints imposed for the method appli-
cability consist in a priori knowledge on:

1. Target shape (only circular cylindrical thin-walled shells),
2. The target aspect (only at broadside),

3. Ranges of values for the target unknown parameters (used as search bounds
for the multi-hypothesis estimation method).

The method has been applied with wide ranges of search, in particular of the un-
known inner fluid and shell material sound speeds. Inversion results could improve
if these search bounds were restricted.

Future work will consist of
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e A feasibility study and evaluation of the capabilities of resonance-based anal-
ysis of data scattered by buried objects.

e Multiple-aspect resonance scattering analysis and fusion of resonance analysis
with multiple-aspect approaches, such as tomography.

A multiple-aspect approach is expected to allow one to:

e Work with data scattered at aspects different from broadside (constraint 2.),

e Produce analyses which are robust to noise and more accurate, thanks to
the partially redundant information contained in the target response when
recorded at different aspects.

Fusion with other multi-aspect techniques able to provide a rough estimation of
the object external shape, dimensions and orientation would allow relaxation of
constraint 3.

The extension to more complex man-made targets and their classification against
natural objects is also forecast.
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Annex A
The steady-state 2D wave-guide problem

The behavior of steady-state scattering of a plane wave by a fluid-loaded, plane, thin
plate is studied by solving the 2D wave-guide problem. The problem can be stated
as follows. Find the potentials ¢, ¢ and v, and ¢, of the displacements in fluid 1,
plate and fluid 2 respectively, that satisfy the wave equations:

e in fluid 1:
a3 GF
2 | 1 =0; 1
(V r:f E)tg) ¢ =0; (A1)

e in the plate:

g1 82 _
(V" -3t o= (A2)
(v- 4)v-o
e in fluid 2:
1 &
2
e 0
The plate displacement is defined as:
— 9 | %
u = == + 3=,
v 08 _ 8 (A4)
0z ox

u=29%2
v = 982 (48)
oz °
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The boundary conditions at z = +d/2 are expressed in terms of the stresses (p.:)1,
(pzz)2, pzz and pg;, defined in the respective media as:

= a ol
(Pzzh =AM \G + 55)
(Paz)2 = Ao (G2 + ), (A7)
il i) q,,0u
Pee = A (52 + §2) + 2022,

o

pes =1 ($ +52);

where A and p are Lamé’s constants which can be expressed in terms of the medium
sound speed(s) and density:

“=a (A8)
A= pcﬁ —2p.

Hence p = 0 in fluids. In this work Poisson's hypothesis is assumed for the plate,
for which A = pu, hence cﬁ ~ 3¢2. The boundary conditions to satisfy are:

1. p;, continuous at z = +d/2;
2. pg. vanishes at z = +d/2;

3. v continuous at z = +d/2.

The solution must be of the form f(z,z)exp/!, with w = 2w f. The variables are
assumed separable, the separation constants being —kf,l, —kf‘p‘ —kf‘s, —kf‘g in z,
and —kﬁh in = (see their reciprocal relations in Eq. (4)). The z separation constant
must be unique for all the potentials for respecting the steady-state condition along
z. Moreover, assuming only progressive waves, the ky; sign is fixed to +. Hence the
solutions can be expressed as follows:

‘f’l — Alej k,‘lzej{wt+kphz);

¢ = (Apcosh(jk;pz) + Bpsinh(jk;pz)) eﬂ“’“*‘pwl;
Y = (Ascosh(jk; s2z) + Bysinh(jk; sz)) e/ @ttkens),;
by = Age™S ks 22 o) (WEHkpha),

(A9)

If the assumed solutions are substituted into the imposed boundary conditions a
linear system in the variables A;, A, A;, B,, B and Aj is built in the form
Cx = 0, where x = [A; A, A; B, B, As]", 0 is a six-zero vector, and the 6x6

= §1 = SACLANTCEN SR-295
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coefficient matrix C follows (subdivided into three columns per line):

F 0 kzpet —kpn3
_liti:;:,le__;i.kz.i % kz!pa , _kpth
o |0 (k2 = K2,)y  2pkpnks o€
/\le—sz.J%{kgh 4 kf,ﬁ U“p kis]‘}’ —?Nkph}'fz.sf
0 Qkphkz,p(l! (k;h . kﬁ,s)ﬁ
| U -'gkphk:‘pa (k;h - k?,s)ﬁ
(A10)
Kz pY —kpné kz,‘ze_jk:'ﬁ ]
| kph€ 0 e
p(k2, — k2 e 2pkpnkeaf Ao TEn23 (2, + k2,)
—,u[k — k2o 2pkpnk: s 0
zk,,hkz,pw (Lz —k2)E O
—-'ZA:phk;,p'Y ( ph ’(bz )‘E 0 e
where
a = sinh(jk; §—)
B = cosh(jk.s5)
All
7= COSh[ A. %) ( ]

§= 3inh(3kz,s 2}

The common factor e/(“*+*pr%) has been cancelled from every equation. A solution
of the system exists if the determinant of the coefficient matrix vanishes. This
condition gives rise to the general characteristic equation provided in Eq. (2).

In the particular case of two identical fluids loading the plate, the symbols k, s =
k:1 = k.2 and Ay = A\; = Ay are introduced, and the determinant can be arranged
in the form

M,
’ Mz (A12)
where
'lr‘:z,_,"'i"-}_:’ikl"ﬂg kz,pa 2= phg
Mi=| (k3 + k2 ) febens (k2 —k2,)y 2kpnke B . (A13)
0 2kphk: por — (ko — k2 5)a
kz,ﬂedjk:'ﬂ% k:py —kpr 3
ik, pd
M, = (kﬁh n kf, t)&fe ikz 1% (kgh —k2,)e 2§phkz,s§ : (A14)
0 ~Dhpnkegy (K2, — K2, )y

If A; = Ay is chosen, the global determinant corresponds to the upper diagonal minor
M, which corresponds to Eq. (6), if the definitions expressed by Eq. (4) are used. In
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this case the remained four functions describe a motion of the plate symmetric with
respect to its median plane. Alternatively, A; = — A5 is fixed, in which case the
lower diagonal minor My is found as global determinant and the second equation
of (6) derives, which describes a motion of the plate antisymmetric with respect to its
median plane. At low frequencies (i.e., thin plates) the symmetric and antisymmetric
functions describe the longitudinal and flexural vibrations of the plate, respectively.
Hence, the convenient form of the determinant shown in Eq. (A12) simplifies the
discussion of the two classes of waves, as presented in subsection 2.2.1.
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