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This paper presents results of acoustic inversion and structural health monitoring achieved by means
of low to midfrequency elastic scattering analysis of simple, curved objects, insonified in a water
tank. Acoustic elastic scattering measurements were conducted between 15 and 100 kHz on a
60-mm-radius fiberglass spherical shell, filled with a low-shear-speed epoxy resin. Preliminary
measurements were conducted also on the void shell before filling, and on a solid sphere of the same
material as the filler. These data were used to estimate the constituent material parameters via
acoustic inversion. The objects were measured in the backscatter direction, suspended at midwater,
and insonified by a broadband directional transducer. From the inspection of the response of the
solid-filled shell it was possible to detect and characterize significant inhomogeneities of the interior
(air pockets), the presence of which were later confirmed by x-ray CT scan and ultrasound
measurements. Elastic wave analysis and a model-data comparison study support the physical

interpretation of the measurements. © 2008 Acoustical Society of America.

[DOL: 10.1121/1.2945701]
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I. INTRODUCTION

Literature on nondestructive testing (NDT) for structural
health monitoring (SHM) proposes several methods'™ based
on the acoustic excitation and measurement of leaky surface-
guided Lamb waves supported by thin plates made of metals
and, more recently, with composite multilayered materials
and bonded joints (see also a recent review article by Su
et al.®). Acoustic inversion based on elastic scattering mea-
surements either in air® or in water’ ' is generally applied
to thin plates of various materials, including composite lami-
nates and plastics. Kinra et al.'? presented a method for si-
multaneous health monitoring and inversion of the properties
of the individual thin layers comprising a multilayered me-
dium.

In this work, low- to midfrequency elastic scattering
measurement and analysis are applied to water-loaded, finite
objects with circular cross section (namely, solid spheres and
spherical shells, either void or totally solid filled). Low- to
midfrequency sound has been experimentally shown to pen-
etrate into the metallic casing of an elastic object, and, hence,
to provide information on its interior structure and
content."*'* Here the purpose is to investigate whether elas-
tic scattering can be significant (with respect to diffraction),
and, consequently, exploitable for applications such as SHM
and inversion, when the specimen to analyze is a finite object
made with a dissipative, low-shear-speed material (i.e., a
plasticlike material, possibly coated by a shell of composite,
such as fiberglass). Unlike many recent works in NDT men-
tioned earlier, the goal here is the detection of internal flaws
and the structural analysis of the material filling a composite
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shell, and not the SHM of the composite itself, which, in the
selected bandwidth, is supposed to appear as a homogeneous
medium.

As far as the inversion is concerned, the proposed tech-
nique takes advantage of the shape of the specimen. If com-
pared to methodologies designed to invert the material prop-
erties of plates,g_”’15 the insonification of an object with
circular cross section allows the simultaneous excitation of
all the elastic waves supported in a certain bandwidth
through a single monostatic measurement, without the need
for a bistatic measurement system and/or of the insonifica-
tion at a fan of possible incident angles, as is generally done
in the case of a flat interface. The resulting acoustic response
is rich in information, but also more complicated to analyze,
and, hence, requires model-based inversion.

Inversion is based on the analysis of the measured elas-
tic echo structure, and on the application of an analytical
model of scattering by layered elastic spheres. The approach
can be easily extended to circular cylinders. The identifica-
tion of each wave echo and the estimation of their times of
arrival are exploited to feed the model with an initial guess
of possible values for the bulk speeds of the material to in-
vert. The estimate of the material bulk speeds derives from
the minimization of the error between the measured and pre-
dicted scattering responses of the specimen. Similar acoustic
inversion approaches, based on elastic scattering measure-
ments of water-loaded shells with circular cross section, ei-
ther void or liquid filled, can be found in the literature.'>'* In
these references, the material parameters were estimated by
exploiting analytic relations with either the dispersion curves
of the supported elastic waves or the periodicity of their time
echoes. However, the identification of the elastic wave reso-
nance modes in the spectral form function of the object can
be nontrivial in the case of interference among closely
spaced resonance modes, especially when the materials are
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dissipative, and, hence, many resonance modes are too weak
to be detected. Moreover, the inversion methods based on the
detection and identification in the time domain of a number
of subsequent echoes for each wave are not applicable to
dissipative media, for which only one echo per wave type is
generally detectable. In these cases, a model-based approach
exploiting the times of arrival of a few echoes is more widely
applicable. However, being less accurate than resonance
mode identification or estimation of echo periodicity, this
wave analysis cannot be used to directly invert the param-
eters, but only to limit the search space.

Following a parametric study16 conducted on thin-
walled, totally filled spherical shells, with the purpose of
investigating the effect of different fillers, acoustic measure-
ments were performed on a fiberglass spherical shell filled
with a low-shear-speed epoxy resin. Preliminary measure-
ments were conducted also on the void shell before filling
and on a solid sphere of the same material as the interior. The
objects were selected to be simple enough to be treated by
currently available modeling techniques, but realistic enough
to give a first insight into the physics of the elastic waves
present in such material combinations. The shell material is
fiberglass consisting of layers of randomly distributed (hence
approximately isotropic) “MAT” fiber. Acoustic data are in
the range of 15-100 kHz, roughly corresponding to a ka
range of 4-26 (with k being the water wave number and a
the object radius), which is suitable for the excitation of a
number of elastic waves. At these frequencies, a layer of
randomly distributed fiber is assumed to be approximately
isotropic and homogeneous, and sound is assumed to propa-
gate in a multilayered composite shell as if it consisted of an
homogeneous material. The same hypothesis can be made
for the epoxy-resin filler, where air microbubbles can be
trapped during manufacturing. Consequently, an analytical
modeling tool is expected to be suitable to realistically pre-
dict the scattering response of a resin-filled fiberglass shell in
a ka range of 4-26."% In this bandwidth, the elastic scattering
component is expected to be significant despite the wave
damping due to material dissipation.

The preliminary measurements of the solid resin sphere
and of the void fiberglass shell were conducted to achieve,
through acoustic inversion, an estimate of the constituent
material parameters, namely of shear and compressional
sound speeds and their attenuations.

Given the parameter estimates of the constituent materi-
als, the measurement of the resin-filled fiberglass shell aimed
to verify whether the elastic waves predicted by analytical
models were detectable and to check its general structural
health. It was also addressed to investigate whether perfect
contact at the filler—shell interface (as assumed in past simu-
lation studies'®) was achieved during manufacturing. This
analysis revealed inhomogeneities of the interior (in particu-
lar an extended air pocket having a quasisymmetric annular
shape), which were later confirmed by x-ray CT scan and
high-frequency ultrasound spot measurements. The air
pocket was presumably caused by a local detachment of the
resin filler from the shell during the solidification process.
Estimation of the geometry of the main air pocket was useful
for obtaining a more accurate model of the object. The AXIS-
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FIG. 1. Schematics of the main steps of the manufacturing process of the
fiberglass shell. (a) Two-dimensional projection of a spherical surface ac-
cording to the Monge method; (b) building of the first layer of the shell by
positioning the spindle-shaped fiber patches (dark gray) over a glass mother
shell (white); and (c) positioning of the next layer of patches (light gray)
according to an orthogonal orientation with respect to the previous one.

CAT modeling tool recently developed at NURC'” was used
to generate the backscattering response of the filled spherical
shell, including the air pocket.

The paper is organized as follows. Section II provides
details on the manufacturing of the spherical objects, on the
tank facility, and on the experiments conducted. The theoret-
ical background for elastic wave analysis is briefly described
in Sec. III, and the acoustic data are discussed in Sec. IV,
along with the inversion results. A detailed analysis of the
resin-filled fiberglass shell is reported in Sec. V, including
additional NDT measurements and results of the model-data
comparison. Conclusions are presented in Sec. VI.

Il. DESCRIPTION OF THE SPHERICAL OBJECTS AND
OF THE MEASUREMENT SETUP

The manufacturing constraints on the shell were: (i) to
have approximately uniform thickness (within 0.5 mm over a
wall thickness of 2.5 mm) and uniform radius curvature
(within 1.5 mm over a nominal outer radius of 62.5 mm),
and (ii) to have a material as homogeneous and isotropic as
possible along the surface and through the wall thickness. To
achieve this, a MAT random fiber (namely, MAT 300) was
used, cut in a set of spindle-shaped patches according to the
planar representation of a hemispherical surface obtained
through the Monge method (or method of double orthogonal
projections), as shown in Fig. 1(a). Figures 1(b) and 1(c)
describe how each spherical layer of fiber was built by mo-
saicking the set of spindles over a thin glass shell in order to
reconstruct a spherical surface by totally covering it without
overlapping. At each layer, the orientation of the patches was
changed [see Fig. 1(c)], in order to minimize the effect of
joints at the sides of the patches themselves. After the solidi-
fication of the first layer, the mother glass shell was broken
and extracted from the interior through a small hole. The
sphericity was checked for layer after layer while the matrix
was still liquid; at the end of the process, the sphericity was
ensured by polishing. The percentage of glass with respect to
resin was kept around 50%.
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FIG. 2. Geometry of the tank measurement setup (not to scale).

The epoxy resin used as a solid filler was originally
liquid; in order to maintain an isothermal chemical reaction
during the curing process, it was cast layer by layer in about
five steps, given the sphere size, each layer needing a pre-
defined time to solidify. In order to build an uncoated solid
sphere the resin was cast into a thin-walled glass spherical
shell, which was broken and removed at the end of the pro-
cess. A final smoothing ensured the sphericity also around
the shell filling hole. The same step-by-step casting proce-
dure was adopted to fill the fiberglass shell through a small
hole (about 5 mm diameter) in the shell itself, which was
closed at the end with some resin.

The measurements were conducted in the NURC tank,
which is 4.5 m X3 mX 2.3 m, has steel walls and bottom,
and is filled with fresh water. For suspension, the objects
were placed in a thin nylon wire net, fixed to the object by
several resin drops (having a maximum diameter of about
10 mm and an average maximum thickness of about
0.5 mm). Whereas the filled objects were suspended through
a thin nylon wire, as shown in Fig. 2, the hollow, buoyant
shell was connected through a nylon wire to a lead weight
placed on the floor of the tank. The source (Reson TC2138)
was located at midwater at one end of the tank. Although its
sensitivity is roughly flat between 40 and 100 kHz, the high
signal-to-noise ratio made it possible to obtain useful data
from about 15 to 100 kHz. The receiver was an omnidirec-
tional hydrophone with a roughly flat response between 1
and 300 kHz. As shown in Fig. 2, it was located on the
transmission axis between transmitter and target in such a
way as to minimize the surface and bottom interference. This
constraint made it necessary to locate the object at about
1.1 m from the transducer and at about 0.6 m from the hy-
drophone, which are distances theoretically insufficient to
guarantee a plane wave insonification at frequencies lower
than 50 kHz (roughly corresponding to ka=13), and a far
field measurement of the object scattering at frequencies
lower than 57 kHz (ka=15). In the modeling phase of this
study, the incident field is approximated by a plane wave for
simplicity, while the actual distance between object and re-
ceiver is taken into account. Model-data comparison results
follow, which show that the plane wave approximation is
applicable. The directionality of the source (having 30° of
beamwidth null to null at 50 kHz and sidelobes —20 dB
down) allowed the complete illumination of a target without
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strong interferences with the tank boundaries and the water
surface. The residual reverberation was mitigated by sub-
tracting a coherent average of 20 pings of scattering from the
tank boundaries. Data were coherently averaged over 20
pings and equalized in the spectral domain by using the di-
rect measurement of the transmitted pulse on the same hy-
drophone. The target strength data were Hamming windowed
before applying an inverse Fourier transform in order to get
a smooth time response.

lll. ELASTIC SCATTERING THEORY FOR LOW-
SHEAR-SPEED MATERIAL SPHERICAL SHELLS

The theoretical basis for the interpretation of the scatter-
ing measurements derives from wave analysis applied to
simulated far-field backscattering by fluid-loaded spheres in-
sonified by a plane wave in the free field. The most general
case considered is scattering by a solid-filled spherical shell
made of possibly lossy materials. The analytical scattering
model uses a standard expansion18 for the scattered field P,
into a partial wave series at range r and angle 6,

P(r.0) = > "(2n + Da,h\V(kr)P,(cos(0- 6,,0)). (1)
n=0

where £, are the outgoing spherical Hankel functions, P, are
the Legendre polynomials, 6,,. is the angle of the incident
plane wave, and a, are the coefficients to be determined.
These coefficients, and the coefficients of the field expansion
in the solid layers of the sphere, are determined by applying
the appropriate continuity conditions at the interfaces. In par-
ticular, the model assumes perfect contact at the filler—shell
interface. It is convenient to determine the coefficients a, by
Cramer’s rule, from which

a,=B,/D,, (2)

where B, and D, are two determinants, the elements of
which are reported for example by Veksler'® for a solid
sphere, by Kargl er al. " for a void spherical shell, and can be
computed for a solid-filled shell in a way similar to what is
reported in these references. The backscattered field is ob-
tained by imposing (6-6,,.)= in Eq. (1).

Wave analysis consists in the identification of the elastic
waves supported by the scatterer, and in the study of their
properties in terms of phase (and group) speed dispersion
curves, and attenuation. This is achieved by studying the
modal coefficients a, as the wave number k, and, hence, the
frequency f, varies. For a given n, the /th maximum of q,
locates the nth-order resonance frequency of the /th elastic
wave, fi The corresponding wave phase speed is computed
by

cf)h = 27Tfia/(n +1/2), (3)
and its group speed can be approximated by7
cfb, ~27(fl - f_)a. (4)

The attenuation of the wave modes as frequency varies is
studied through the Sommerfeld—Watson transformation.”’ A
numerical method, developed for solid spheres by Williams
et al.*' and for void spherical shells by Kargl et al.” and
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TABLE I. Material parameters.

c, (mis) ¢, (m/s)  a, (AB/N)  a (dB/N)  p (kg/m?)
Water 1490 0 1000
Fiberglass 3500 1560 0.3 0.7 1530
Epoxy resin 3000 1550 0.8 1.8 1845
Steel 5950 3240 0 0 7700

working under free field conditions, has been extended here
to lossy materials and applied to give an indication of the
damping of the supported elastic waves due to both radiation
and material absorption. The method, for a fixed ka value,
solves

D (ka) =0, (5)

where D is the denominator of Eq. (2), after replacing the
real modal order n! with its complex version

V=n+if, (6)

according to the Sommerfeld—Watson method. The complex
modal order v is the unknown of the equation. Its imaginary
part B represents the damping of the elastic wave when it
propagates along a circular arcpath corresponding to a unit
central angle. It includes radiation damping and material ab-
sorption. Because it is based on an extension of the geomet-
ric diffraction theory to elastic phenomena,zo this approach is
valid for mid to high-ka values; in this study it is applied for
a minimum ka of 5.

Hefner and Marston® proposed an alternative approxi-
mated formula for the damping factor of the elastic waves
supported by solid spheres made of lossy materials:

ka
:81 = ﬂ{ossless + ')/( i ext 1/2> > (7)
Cpp/€

where B 15 the radiation damping factor that derives
from the solution of Eq. (5) with real wave numbers. The
symbol ¥ represents the imaginary part of the complex wave
number of the /th wave supported by a water-loaded elastic
half-space having the same properties as the dissipative ma-
terial of the sphere. This is an alternative to solving Eq. (5)
with complex bulk speeds, and is particularly interesting
when the quality factor of a wave becomes too low due to
material dissipation to allow the exact method to converge.
Here the exact method is applied, except where otherwise
indicated.

The analysis is performed over a ka range (ka<150)
much broader than what could be measured in the tank, with
the purpose of making the theoretical study more complete,
by including a large set of elastic waves and giving an idea
of their asymptotic behavior, and, hence, of their general
nature. The wave analysis is first applied to the components
of the solid-filled shell of interest, namely (i) a void spherical
shell made of fiberglass and (ii) a solid sphere made of the
same epoxy resin as the filler. This helps in understanding
the basic physical phenomena involved. The values of the
material parameters used for the simulations are listed in
Table I. The sound speed ¢ of the loading water was mea-
sured in the tank during the experiments. The values chosen
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for the material parameters are those estimated from the
acoustic inversion of the fiberglass (for the external casing)
and of the epoxy resin (for the solid filler), as presented in
Sec. IV. The speed values are similar, but the attenuations are
much bigger in the resin than in the fiberglass. One can no-
tice that the values of the shear speed are supersonic, but
very close to the sound speed in water. In a previous para-
metric study,16 the shear speed turned out to be the parameter
that mostly influences the classification of a material in terms
of its elastic behavior. In particular, it is customary23 to clas-
sify a material as plasticlike if its shear speed is subsonic
with respect to loading water and its density is close to the
water density and as metal-like if its shear speed is super-
sonic and its density much higher than the water density. In
fact, it would be preferable to classify as plasticlike a mate-
rial having the Rayleigh speed subsonic (even if its shear
speed is supersonic), since it has been shown'® to support the
Scholte—Stoneley wave as a plastic material does.** For ma-
terial classification purposes the Rayleigh speed considered
is the speed of the Rayleigh wave supported by a free half-
space. For plastic materials, both compressional and shear
waves are generally highly damped.

The materials used in this experimental work fall within
the category of plasticlike materials, since their shear speed
is slightly supersonic, but their Rayleigh speed is subsonic.
Furthermore, both the compressional and shear waves are
significantly damped, and the density is close to water den-
sity, compared to the density of metal-like materials.

Figure 3(a) shows the wave analysis of the void shell
with thickness d=0.04a in terms of phase speed dispersion
curves (upper plot) and damping factor B (lower plot) of the
waves supported by the structure. The sphere geometry is the
nominal geometry of the fiberglass shell measured in the
tank, i.e., outer radius equal to 62.5 mm, and wall thickness
2.5 mm. For comparison, Fig. 3(b) shows similar results for
a void steel shell of the same size and thickness (see Table 1
for the steel properties). The differences between the disper-
sion curves for the two materials are evident. In plastic
shells, the Aj,_ Lamb-type wave is not supported, and the
so-called coincidence frequency™"" does not exist. The other
Lamb-type waves exist in both cases, but with very different
asymptotic behaviors. As they are shear in nature, in plastic
the S, and all the A Lamb-type waves tend relatively rapidly
to the shear speed, which is generally slightly supersonic or
subsonic. In metal, they are known to tend to the Rayleigh
speed value in the mid to high-ka range and, at very high ka,
to tend asymptotically to the bulk shear speed. For this rea-
son, for example, in plastic the speed of the A, wave varies
rapidly at low ka, then exponentially decays toward the ma-
terial’s low shear speed and becomes almost nondispersive;
in metal, beyond the coincidence frequency, it increases with
frequency and is highly dispersive. In the fiberglass shell, the
only wave that significantly contributes to scattering, and for
which the damping factor can be computed, is the S, wave.
The other waves predicted are so highly attenuated that they
cannot be detected at all over the bandwidth. The damping
curves are shown for 8<<3.5, since for B values even just
slightly larger than 1, the resonance modes cannot be de-
tected in the target response. In steel, the S, wave, being
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FIG. 3. (Color online) Wave analysis
applied to a void, thin-walled shell
made of fiberglass (a) and of steel (b).
The upper plots show the phase speeds
of the supported waves, as predicted
by analytical modal analysis; the dash-
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nally introduced by Kargl et al. (Ref.
19). The numerical method is not able
to estimate the damping factor of some
of the waves due to their high attenu-
ation. Their excitation is predicted by
the theoretical scattering model, but
they cannot be observed. The dot
markers localize the resonance modes
of each wave.
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almost nondissipative in nature, has a very low damping fac-
tor, which remains almost flat over the whole bandwidth; in
fiberglass, its damping rapidly increases due to intrinsic ma-
terial dissipation. As is well known,” the Ap, and A,_ waves
in steel exchange their nature around the coincidence fre-
quency, which is located here around ka=30, depending on
the shell-wall thickness and the material parameters.27

The second basic case is a water-loaded solid sphere,
either made of epoxy resin as measured in the tank [Fig.
4(a)] or, for reference, made of steel [Fig. 4(b)]. The phase
speed dispersion curves and the attenuation factor are pre-
dicted for the waves supported by solid spheres of outer ra-
dius 60 mm, which is the nominal outer radius of the mea-
sured solid sphere. The dashed lines connecting modes of the
dispersion curves of some Whispering—Gallery waves indi-
cate that the modes in between are missing due to their ex-
tremely high attenuation. The subsonic Scholte—Stoneley
wave is excited only in the plasticlike sphere, and is expected
to dominate the response at ka <30, beyond which its damp-
ing starts to increase. Its dispersion curve asymptotically
tends to the Scholte—Stoneley speed computed for a water-
loaded half-space and shows that the wave is nondispersive
for ka>10. The Whispering—Gallery waves of longitudinal
type asymptotically tend to the material compressional
speed; the Whispering—Gallery waves of transverse type and
the Rayleigh wave tend to the shear speed. Although the
Rayleigh speed in a free half-space made with the same resin
is predicted to be subsonic (cx= 1400 m/s), the Rayleigh
wave in the water-loaded resin sphere is slightly supersonic.
In the steel sphere, the compressional speed is so high that
the longitudinal waves are not included in the dispersion plot
of Fig. 4(b). Their modes interfere so strongly with the trans-
versal Whispering—Gallery wave modes that they are very

100 150

ka

difficult to identify and analyze. For this reason, the damping
factor of the first-order longitudinal Whispering—Gallery
wave is predicted by the approximated method proposed by
Hefner and Marston.”” The Whispering—Gallery waves and
the Scholte—Stoneley wave are almost nondissipative in na-
ture. Their strong damping in the resin sphere is mostly
caused by material attenuation: At mid to high-ka values, the
slope of the damping curves changes and tends to the damp-
ing they would respectively have if they traveled in a water-
loaded half-space of the same resin as the sphere.22 Studies
on the Rayleigh wave at solid—fluid interfaces™ showed that
it is leaky in metals, as confirmed by the trend of its damping
factor for steel, but it is unleaky in plastics. This cannot be
confirmed by the analysis in this paper, since, for the epoxy-
resin sphere, its damping factor cannot be evaluated.

The effect of a fiberglass, thin-walled shell coating a
resin solid sphere is weak,l6 if the contact at the interface is
perfect (i.e., continuity is satisfied for all the components of
stress and displacement). This is due to the thin walls and the
very similar properties of the two materials. In this case the
shell is practically transparent, especially at low to mid-ka.
For this reason a complete wave analysis is not reported for
the resin-filled fiberglass shell. The dominating waves scat-
tered by the solid-filled shell are the same as predicted by a
solid sphere of the same size made of the filler material.'®
The filler-borne Whispering—Gallery waves of longitudinal
and transverse types are unaffected by the shell over the
entire bandwidth.

In a coated sphere, the Scholte—Stoneley and the Ray-
leigh surface waves travel at the interface between two sol-
ids, and not, as for the solid sphere, at the interface between
the solid and water. However, with the combination of the
two materials investigated and a shell sufficiently thin, this
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FIG. 4. (Color online) Wave analysis applied to a solid sphere made of an epoxy resin (a) and with steel (b). The upper plots show the phase speed dispersion
curves of the supported waves, as predicted by analytical modal analysis. The dash-dotted line indicates the sound speed in the loading fluid. The lower plot
shows the waves’ damping factor. All the curves with closed circles in the upper plots refer to Whispering—Gallery waves of transverse type (labeled as
WG-T), all the curves with open circles refer to the Whispering—Gallery waves of longitudinal type (WG-L). Only the first-order waves of the two types are
labeled as they are the only ones contributing to backscattering. For the same reason, the damping factor is computed only for these two waves. The label R

stands for Rayleigh wave and the label SS for Scholte—Stoneley.

has shown not to affect their properties. In particular, Fig. 5
shows the phase and group speed dispersion curves predicted
for the Scholte—Stoneley and Rayleigh waves in the case of
the fiberglass-coated and uncoated solid resin sphere studied
in Fig. 4. It should be noticed that in this case the Scholte—

(a) Phase speed
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FIG. 5. (Color online) Phase (a) and group (b) speed dispersion curves of
the Scholte-Stoneley and Rayleigh waves predicted for a solid resin sphere
either uncoated or coated by a thin fiberglass shell (d=4%a). The dash-
dotted line indicates the sound speed in the loading fluid. Perfect contact is
assumed between the shell and the filler in the coated sphere. Due to the
similar properties between the two materials and the thin walls of the casing
the two waves are predicted to be negligibly affected by the presence of the
shell.

Stoneley wave is expected to provide a strong contribution to
the object response, while the Rayleigh wave is expected not
to be seen. For other material combinations, theoretical and
experimental studies®® demonstrated that both waves can si-
multaneously propagate, and that they can simultaneously be
observed. Under conditions of perfect bonding, the damping
factor of the Scholte—Stoneley wave is negligibly affected by
coating, and, hence, it is not reported here. If the contact is
not perfect, the Scholte—Stoneley wave was found to undergo
strong attenuation and dispersion, depending on the type of
contact. The bonding types most commonly studied in the
literature are the pure transverse slip,29 and those boundary
conditions characterized by discontinuity of either
tangential30 or radial, or both displacements.31

Acoustic inversion procedure. The block diagram in
Fig. 6 describes the inversion procedure applied to estimate
the target material parameters either for a void shell or for a
solid sphere. As suggested by previous investigations16 and
by the theoretical considerations presented earlier, this ap-
proach could be applied also to a completely filled, thin-
walled shell in order to estimate the properties of the filler
material. The approach can be easily extended to specimen
of cylindrical shape having length significantly bigger than
the radius.
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The core of the approach is an analytical modeling tool
for scattering by a free-field, fluid-loaded sphere based on
Eq. (1). Hence, the materials are assumed to be homoge-
neous and isotropic, and the hypothesis of plane wave in-
sonification is applied. Measurement geometry (i.e., sphere
radius and thickness, and receiver position), loading fluid,
and material density should be a priori known. Precision in
the knowledge of the sphere’s thickness and radius curvature
should be on the order of about five-hundredths of a wave-
length. This tolerance is generally achieved in standard
manufacturing processes which are based upon the addition
of successive layers of fiber, starting from a mother shape.
Such processes are customarily implemented by specialized
companies, such as those operating in the construction of
high-end sail and motor yachts. The simulator must also be
fed with a value for each of the unknown parameters. A
range of possible values for each parameter is forecast based
on the analysis of the measured scattered data, from which
the time of arrival of each wave echo can be estimated. The
delay At of the mth echo of the wave [ with respect to the
time of arrival of the front echo is related to the group and
phase speed of the wave (ng and ci,h respectively) as
follows:"”

1—cos(8) m—6.+mm
a +

!
Al =2 e cé , (8)

where m=0,1,2,... is the number of complete circumnavi-
gations, and @.=arcsin(c™/ ci,h) is the wave coupling angle.
The values of clg and clloh (hence of @) generally vary with
respect to frequency; the frequency value used in Eq. (8) is
the middle frequency of the band. In turn, the phase and the
group speed of a wave varies with the material compres-
sional and/or shear speeds, depending on the nature of the
wave analyzed (as discussed for example by Viktorov®?). The
forecast is more precise, and, hence, the range of possible
values more limited, when nondispersive waves are sup-
ported, as their phase and group speeds do not depend on
frequency. Knowing the kind of material (namely either
metal/stone or plasticlike) helps to predict what kinds of
waves will be excited, and hence helps in the wave identifi-
cation process, which is an essential preliminary phase of the
inversion method. When several elastic waves are excited
(such as in a solid sphere or in a very broadband measure-

Set of optimal
material
parameters

ment), the parameter estimation becomes more precise, due
to redundancy of information. The wave attenuations are
very difficult to predict from data analysis, and, hence, their
possible ranges of values are kept wide.

Given the range of the search domain for each unknown,
a simulated response for each combination of parameters is
computed. The functional given by the difference between
measured and simulated impulse responses in a certain band-
width is minimized to obtain a set of optimal parameters.
Until the minimum achieved exceeds a fixed threshold, the
simulation/minimization process is iterated by feeding the
simulator with a wider range of values for each unknown
parameter. In order to keep the problem size relatively small,
the customary procedure is to invert the compressional and
shear speeds of the material, keeping their respective attenu-
ations fixed to reasonable numbers. Once the two speeds are
estimated, a new inversion procedure is applied to estimate
their attenuations. The two problems can be separated be-
cause the attenuation values affect the amplitudes of the elas-
tic wave echoes, but only negligibly their times of arrival,
which, instead, are directly related to the compressional and
shear speeds of the material.

IV. ACOUSTIC TANK MEASUREMENTS

Preliminary tests of homogeneity of the materials at the
frequencies of interest were conducted by measuring the
backscattering at different aspects of insonification, evalu-
ated with respect to arbitrary zero references, as sketched in
Fig. 7. First, backscattered responses by a void fiberglass
spherical shell (outer radius @=62.5 mm, thickness d
=2.5 mm) and by a solid sphere of epoxy resin (radius a
=60 mm) were measured with the target suspended in mid-
water. In the investigated bandwidth, the shell appeared ho-
mogeneous (Fig. 8 compares measurements at aspects 45°
and 180°). At the two ends of the investigated bandwidth
(i.e., for ka<<7 and ka>?20), discrepancies are possibly due
to the lower SNR level at the extremes of the source band-
width. In the considered bandwidth, only the S, Lamb-type
wave can be detected, as anticipated in Sec. IIl. The expo-
nential decay of the amplitudes of its echoes is evident in the
time responses.
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Figure 9 shows the data comparison of the solid resin
sphere insonified at two different aspects. Although the resin
was cast in a set of steps during the sphere manufacturing, as
described in Sec. II, from the data agreement between differ-
ent aspects of insonification one can deduce that the sphere is
homogeneous in the bandwidth. The orientation of the inter-
faces between adjacent layers of the filling resin with respect
to the direction of insonification is unknown. Wave identifi-
cation can be applied only in the time domain, since the
target strength is dominated by the strong interference be-
tween the specular and the Scholte—Stoneley echoes, which
hides all the resonance modes. The impulse response is
dominated by the first echo of the Scholte—Stoneley wave,
which is expected to be the strongest elastic wave supported
at low- to mid-ka. The first echoes of the first-order
Whispering—Gallery waves of longitudinal and transverse
types, respectively, can be identified. The latter one is very
dispersive in this bandwidth, as predicted by its dispersion
curve in Fig. 4.

The resin-filled shell was measured under the same ge-
ometry at different aspects of insonification. The comparison
of time responses between aspect 35° and 90° is shown in
Fig. 10(a), and between aspects 90° and 215° in Fig. 10(b).
The main elastic wave echoes are identified. The response at
35° shows phase reversal of the front echo. Small differences
in amplitude and phase are related to the various
Whispering—Gallery wave echoes. As in the solid sphere
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FIG. 8. (Color online) Comparison of backscattered response by the void
fiberglass shell at two different aspects: (a) Time impulse response and (b)
target strength. Elastic wave identification is superimposed.
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FIG. 7. Geometry of the measured
spheres and respective insonification
angles: (a) Void fiberglass shell; (b)
solid epoxy-resin sphere; and (c)
resin-filled fiberglass shell. Geometry
is not to scale.

data, the transversal Whispering—Gallery echo is very disper-
sive. The most significant changes among the different mea-
surements appear in the amplitude, phase, and dispersion of
the first Scholte—Stoneley wave echo. In particular, the
Scholte-Stoneley wave echo is bigger and less dispersed at
35° of insonification, i.e., when the front echo is reversed.
Data at aspect 215° is perfectly in phase with the ones at
aspect 90°, but the Scholte—Stoneley echo has almost disap-
peared and new significant echoes can be seen around
1.35 ms, possibly reflected/diffracted by local, sparse inho-
mogeneities. The phase reversal of the front echo in the data
at aspect 35° suggests the presence of a considerably ex-
tended air bubble or air layer immediately behind the part of
the shell hit by the incident pulse. In the data at aspect 90°
and 215°, the filler appears in contact with the shell in the
illuminated part of the sphere (front), whereas the lower level
of the Scholte—Stoneley wave echo may indicate, as expected
by theory,zg_31 that under these geometries the air pocket is in
the rear part, where this wave travels before its first back
reradiation. Hence, the sphere is evidently neither three-
dimensional (3D) symmetric nor homogeneous, due to the
presence of one or more extended air pockets, which are
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FIG. 9. (Color online) Comparison of backscattered response by the solid
resin sphere at two different aspects: (a) Impulse response and (b) target
strength. Elastic wave analysis is applied to the impulse response: WG-L/T1
represent longitudinal/transverse Whispering—Gallery waves of the first or-
der; SS represents Scholte—Stoneley wave. The strong interference between
the specular echo and the first Scholte—Stoneley wave echo does not allow
the identification of wave resonance modes in the frequency domain.
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FIG. 10. (Color online) Backscattered impulse response by the resin-filled
fiberglass spherical shell at different insonification aspects: Comparison be-
tween angles 35° and 90° (a), and between angles 90° and 215° (b). Wave
analysis is superimposed.

expected to be located at the interface between solid and
shell, as they strongly affect only the Scholte—Stoneley sur-
face wave.

Acoustic inversion of material properties based on
elastic scattering features. Acoustic inversion is applied to
the void shell and the solid sphere in order to estimate the
elastoacoustic parameters of their materials in the studied
frequencies. The inversion methodology used is described in
Sec. III. The material densities are estimated by measuring
the weight and by estimating the volume of the objects. Fig-
ure 11 shows the result of model-data comparison for the
void shell in the time and frequency domains after acoustic
inversion of the material parameters. The inversion results
are indicated in Table 1. The estimation error on the speeds is
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FIG. 11. (Color online) Model-data comparison of backscattering by the
void shell. The analytical model is applied. Data were measured at aspect
180° (see Fig. 8). The plots show the model-data comparison of (a) the
impulse response and (b) the target strength. The model is fed with the
material parameters obtained from the inversion process and listed in Table
I
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FIG. 12. (Color online) Model-data comparison of backscattering by the
resin solid sphere (analytical model is applied): (a) Impulse response and (b)
target strength. The model is fed with the material parameters obtained from
inversion and reported in Table 1.

of the order of *=30 m/s, on the attenuations around
*0.2 dB/\. The disagreement beyond ka=15 is possibly
due to increasing relevance of the fiber structure details as
the frequency increases, which may perturb the propagation
of the S, wave, being shell-borne and surface guided in na-
ture. The relatively high uncertainty of the estimate derives
from the excitation of only one elastic wave in the measured
bandwidth and from the fact that, in this band, its phase
speed derives from a combination of the bulk compressional
and shear speeds of the material. 2

The model-data comparison achieved after acoustic in-
version of the solid sphere data (Fig. 12) shows a generally
good agreement. The inversion results are indicated in Table
I. The estimation error of the two speeds is of the order of
=20 m/s, lower than in the shell case since here more elastic
waves are excited, providing redundant information, hence
more robust estimation. The very good agreement achieved
between model and data suggests that the model approxima-
tion of assuming plane wave insonification is acceptable also
for ka<13. It also seems to suggest that the material is non-
dispersive in the whole bandwidth of interest. The main dis-
crepancy in the time-domain model-data comparison is in
the level of the Scholte—Stoneley surface wave echo arriving
at r=1.3 ms, and corresponding to a mismatch in the target
strength level, mainly at low ka. This is probably due to
partial diffraction (and, hence, leakage) of the wave at the
small protrusions of the suspension system.

The estimated values of the two bulk speeds are in very
close agreement (within a few tens of m/s) with the results
obtained from ultrasonic spot measurements. These measure-
ments were conducted at 2 MHz (for compressional speed
measurement) and at 5 MHz (for shear speed measurement)
on a 10-mm-thick, flat disc specimen made of the same ma-
terial. Nevertheless, this is not sufficient to conclude that the
material is nondispersive over a bandwidth ranging from
100 kHz up to frequencies of the order of 1 MHz, since the
frequency dependence of the phase velocity (and attenuation)
of ultrasonic waves in an epoxy resin was experimentally
shown to depend on the curing process.



NURC Reprint Series

FIG. 13. Sequence of a subset of CT-scan vertical slices of the resin-filled
fiberglass shell (horizontal resolution subsampled to 6.25 mm).

V. DETAILED CHARACTERIZATION OF THE SOLID-
FILLED FIBERGLASS SPHERICAL SHELL

The detection of a considerably sized air layer at the
solid—shell interface of the totally filled sphere induced the
authors to conduct independent measurements aimed to lo-
calize and characterize it.

A. Additional NDT measurements and estimation of
the air-pocket geometry

Confirmation of the presence of an extended thin air
pocket between shell and filler comes from additional inde-
pendent measurements. The x-ray CT scan of the sphere,
performed with a GE Medical Systems multislice scanner at
the Radiology Branch of the Carrara Hospital, has a horizon-
tal resolution of 0.625 mm and reveals the presence of an
extended interlayer of air below the shell, along with sparse
air bubbles of different size, and various small patches of
heterogeneous material (possibly corresponding to small
bubble clouds or blobs of different density) within the filler.
An example of data acquired is given by the sequence of a
subset of CT scan images in Fig. 13. From the analysis of the
slices, it is also possible to check the sphericity of the object
and the uniformity of the shell wall thickness. In the first and
last slices of the sequence, the small gray-scale texture of the
images reveals the composite nature of the shell material;
however, it also appears relatively homogeneous, since no
joint between adjacent fiber patches can be distinguished. A
detailed analysis of one of the most significant slices is pro-
vided in Fig. 14. The image clearly shows the section of two
air pockets which are almost symmetric with respect to an
ideal symmetry axis superimposed on the image. Their thick-
ness is maximum (about 1.5 mm) close to pole P and then
gradually decreases to zero closer to the equator. Visual in-
spection allows also the detection of the interfaces between
the different layers of the casting process, all approximately
perpendicular to the symmetry axis. The application of some
basic image processing procedures allows the 3D reconstruc-
tion of the air pocket, as shown in Fig. 15, where the shell is
rendered as semitransparent and the air bubbles and the air
pocket are opaque. The roughly symmetric annular shape of
the air interlayer is evident. From a slice-by-slice analysis
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FIG. 14. (Color online) Analysis of one significant CT-scan vertical slice.
The image background is black, the shell midgray, the filler light gray. The
air bubbles/pockets appear black or dark gray in the x-ray image. The super-
imposed dotted lines localize the interfaces between adjacent cast layers of
the filling resin. The dashed-dotted arrow shows a virtual axis of symmetry.
The pole P, marked by a cross on the axis of symmetry, roughly corresponds
to the filling hole. The main air-pocket cross sections, roughly symmetric
with respect to the drawn axis, are surrounded by ellipses.

and from the 3D reconstruction it is possible to deduce that
the air pocket was caused by the shrinkage of the inner ma-
terial during the solidification of the fourth casting step. Dur-
ing the following, and last, casting step the resin could not
fill the thin gap as some air remained trapped. The 3D recon-
struction also shows that several big air bubbles remained
trapped during the last casting step very close to the small
hole through which the shell was filled.

In order to better measure the extent of the ring along
the sphere surface, ultrasound scanning was conducted at
5 MHz with a Krautkramer transducer on the surface of the

FIG. 15. (Color online) Three-dimensional reconstruction of the resin-filled
shell from x-ray CT scanning. The sphere shell is confined between two
semitransparent surfaces, while the trapped air is enclosed within opaque
surfaces.
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FIG. 16. (Color online) Ultrasound measurement of the resin-filled shell.
Example of signals in presence and absence of an internal air bubble.

hemisphere where the CT scan localized the air pocket. Fig-
ure 16 compares the time envelope of the signal in the pres-
ence and absence of the air interlayer below the shell wall. A
strong echo is reflected back from the internal interface of
the shell wall only if there is air at the other side; otherwise
the impedance between the shell and filler materials is too
low to give a significant reflection at the interface. Measure-
ments were performed on a grid of points having an approxi-
mate resolution of 5 mm [see Fig. 17(a)]. The 3D map of
points where the internal air was detected is shown in Fig.
17(b). Detection is decided by thresholding the measured
signal in the time window between 0.0512 and 0.053 ms.
The cross labeled with P on the map indicates the pole of the
sphere and corresponds to the pole on the symmetry axis
drawn on the CT-scan image of Fig. 14.
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FIG. 18. (Color online) Model-data comparison of backscattering by the
resin-filled fiberglass shell (impulse response). The analytical model is ap-
plied. On the left-hand side, the impulse response is shown as the insonifi-
cation aspect varies; on the right-hand side, the cartoons show the position
of the annular air pocket at the different aspects of insonification: response
at (a) 35°, (b) 90°, and (c) 215°.

B. Model-data comparison and discussion

Based on the results of the NDT measurements, it is
possible to discuss the acoustic measurements of the
fiberglass-coated resin sphere and their comparison to the
simulation obtained by feeding an ideal analytical model (as-
suming perfect bonded contact at the filler—shell interface)
with the material parameters estimated in Sec. IV (see Fig.
18). The parameters still appear to be valid, as confirmed by
the generally satisfactory agreement in amplitude and phase
of both the longitudinal and transverse Whispering—Gallery
wave echoes. The amplitude and dispersion of the Scholte—

® Airlayer
® Noairlayer

FIG. 17. (Color online) Ultrasound measurement of the resin-filled shell. (a) The hemisphere containing the internal flaw. The grid of dots indicates the points
of ultrasound measurement. The two black circles delimit the area of the air pocket as detected by the ultrasonic measurements (b). At the top of (a) the thin
wire used for suspension can be distinguished. (b) Three-dimensional mapping of the measured points on the sphere surface, where the detection of internal

air is localized.
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Stoneley wave echo strongly depends on the air-pocket loca-
tion with respect to the travel path of the wave itself. As the
wave is subsonic, its generating line is the circumference
drawn on the sphere in the right column of Fig. 18. The first
echo of the wave reradiates back from the sphere at the same
circumferential line after the wave has traveled along the
shell-filler interface around the nonilluminated hemisphere.
Hence, the Scholte—Stoneley wave echo amplitude and shape
deviate from the analytical prediction for the ideal geometry
depending on the insonification angle, i.e., depending on the
degree of interaction with the air pocket. When the air layer
is completely included in the nonilluminated hemisphere
and, hence, its interaction with the wave is total [Fig. 18(b)],
the wave echo almost disappears; when half of the area of
the air pocket interacts with the wave [Fig. 18(a)], the wave
echo is significantly attenuated and dispersed. Finally, Fig.
18(c) shows a situation in which the interaction is very lim-
ited, and, hence, the phase of the Scholte—Stoneley wave is
in good agreement with the ideal expectations, while its am-
plitude is lower than expected, but much higher than in the
other measurements.

Due to the asymmetry of the sphere interior, attempts to
apply analytical models with different hypotheses of bound-
ary conditions at the filler—shell interface (such as pure trans-
verse slip,29 or discontinuity of one or both displacement
components31) are unsuccessful in properly modeling the
Scholte-Stoneley wave echo since they apply the same
boundary condition at any point of the interface. Only a fully
3D model can provide high-fidelity solutions to this problem,
but it would need an extremely precise knowledge of the size
and distribution of all the main inhomogeneities (air pockets)
and of the actual type of local contact at the interface, which
is hard to measure or estimate, and, hence, is not a practical
approach.

However, the roughly axisymmetric shape of this air
pocket makes it possible to apply the modeling tool
AXISCAT' with the purpose to refine the model-data com-
parison achievable by analytical tools. AXISCAT is a
frequency-domain finite-element model for scattering by axi-
ally symmetric, fluid-loaded structures subject to a nonsym-
metric forcing.

The geometry of the air pocket is modeled from the
NDT measurements as described in the following (see Fig.
19). An equivalent, average width and thickness of the ring is
estimated around the axis of symmetry of the sphere, and
used to model an axisymmetric air pocket. The mesh is dis-
cretized with triangular cubic Lagrange elements of maxi-
mum edge length equal to 1.7 mm. Around the corners of the
air pocket the mesh is refined with element clouds having
edge lengths on the order of 0.1 mm. The result of the
model—data comparison, obtained by feeding the model with
the material parameters inverted in Sec. IV, is shown in Fig.
20, where the data at 90° of aspect are selected. In the time
domain, the agreement for the Scholte—Stoneley wave echo
has much improved with respect to the analytical model re-
sult in terms of both amplitude and initial phase, while the
dispersion of the echo cannot be perfectly modeled. The re-
maining dispersion mismatch is particularly evident in the
frequency domain, where the pattern of peaks/dips character-
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FIG. 19. Model of the resin-filled shell in AXISCAT: An axially symmetric
three-dimensional object is obtained by rotation of the two-dimensional sur-
face around the symmetry axis. The geometry of the air-pocket cross section
is shown in the blow-up.

izing the target strength is very sensitive to the interaction
between the specular and the Scholte—Stoneley echoes. This
mismatch may be due either to a not sufficiently accurate
modeling of the geometry of the air pocket, or to the total
absence in the model of other significantly big air bubbles
(e.g., those ones close to the sphere pole as shown in Fig.
15), but also from the presence of boundary conditions at the
filler—shell interface locally or generally different from the
perfect-contact condition assumed in the model. As men-
tioned earlier, precise knowledge of local contact conditions
is hard to obtain, as they can vary point to point and from
object to object, depending on a series of factors, including
the external temperature during manufacturing, which could
not be precisely controlled. The very good agreement in the
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FIG. 20. (Color online) Model-data comparison of backscattering by the
resin-filled fiberglass shell: (a) Time impulse response and (b) target

strength. The simulation is obtained from AXISCAT. The data are acquired at
the insonification angle of 90°.
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times of arrival of the Whispering—Gallery waves between
model and data suggests not only that the material param-
eters used are correct, but also that the filler material is
acoustically nondispersive in the bandwidth, and, hence, that
the heterogeneities noticed in the CT scan are acoustically
transparent at these frequencies. As predicted by theory, the
fiberglass shell appears practically transparent.

The results of comparison between the model and the
data at the other insonification aspects are not reported here.
At the nominal aspect angles of 35° and 215°, the agreement
is similar, but worse than the result obtained at 90°. The
uncertainty in the orientation of the air pocket with respect to
the direction of insonification is higher. Furthermore, in these
geometries, the role played by the asymmetric parts of the
annular air pocket, which cannot be modeled by AXISCAT,
appears to be more relevant.

VI. CONCLUSIONS

A series of monostatic acoustic scattering measurements
were conducted in a tank on an epoxy-resin-filled fiberglass
spherical shell and its components (filler sphere and void
shell) in the frequency bandwidth 15-100 kHz, correspond-
ing roughly to a ka range of 5-26. The data were analyzed in
terms of elastic waves supported by the structure, and com-
pared to suitable models. Acoustic inversion was applied to
the void fiberglass shell and to the solid resin sphere to esti-
mate the respective material properties. The main advantage
of the proposed inversion approach consists in the possibility
of inverting all the parameters of interest by means of a
single, broadband measurement, due to the curved (in par-
ticular, circular) cross section of the target, and to the broad-
band nature of the measurement itself, which allows the si-
multaneous excitation of all the elastic waves supported
within the bandwidth of interest. Furthermore, no a priori
information is needed except for a precise (on the order of
about five-hundredths of a wavelength) knowledge of the
geometry (sphere radius and thickness).

Model-data comparisons show that the investigated fi-
berglass is nondispersive below ka=17, beyond which the
decay of the S, Lamb-type resonance modes is stronger than
expected, which may imply a further leakage due to diffrac-
tion by the fibers along the wave travel path. The absence of
strong elastic waves prevented possible evaluations of the
dispersiveness of the material beyond ka=17. The epoxy
resin appears to be nondispersive over the whole bandwidth
investigated.

The main NDT result obtained was that an extended air
pocket could be detected in the resin-filled shell by compar-
ing underwater acoustic measurements at various aspects.
The flaw was independently measured by x-ray CT scan and
ultrasound measurements of the object. This study also ex-
poses some of the potential pitfalls associated with the manu-
facturing of simple objects made of composite/plastic mate-
rials. Furthermore, the results show how much the low-
frequency response of an object can change due to material
heterogeneities deriving from manufacturing flaws. Hence,
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this defect was useful to prove the potential of acoustic elas-
tic scattering analysis for SHM applications in the case of
highly lossy, multilayered materials.
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