W
it iy, "
—~T

e
2
iy

RE.PUBLIC@POLIMI
Research Publications at Politecnico di Milano

Post-Print

This is the accepted version of:

A. Parrinello, G.L. Ghiringhelli

Evaluation of Damping Loss Factor of Flat Laminates by Sound Transmission
Journal of Sound and Vibration, Vol. 424, 2018, p. 112-119
doi:10.1016/j.jsv.2018.03.017

The final publication is available at https://doi.org/10.1016/].jsv.2018.03.017

Access to the published version may require subscription.

When citing this work, cite the original published paper.

Permanent link to this version
http://hdl.handle.net/11311/1049602




Evaluation of Damping Loss Factor of Flat Laminates
by Sound Transmission

A. Parrinello*, G. L. Ghiringhelli

Dipartimento di Scienze e Tecnologie Aerospaziali, Politecnico di Milano
Via La Masa 34, 20156 Milano, Italy

Abstract

A novel approach to investigate and evaluate the damping loss factor of a
planar multilayered structure is presented. A statistical analysis reveals the
connection between the damping properties of the structure and the trans-
mission of sound through the thickness of its laterally infinite counterpart.
The obtained expression for the panel loss factor involves all the derivatives
of the transmission and reflection coefficients of the layered structure with
respect each layer damping. The properties of the fluid for which the sound
transmission is evaluated are chosen to fulfil the hypotheses on the basis of
the statistical formulation. A transfer matrix approach is used to compute
the required transmission and reflection coefficients, making it possible to
deal with structures having arbitrary stratifications of different layers and
also granting high efficiency in a wide frequency range. Comparison with
alternative formulations and measurements demonstrates the effectiveness of

the proposed methodology.
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1. Introduction

Passive damping treatments are widely used in engineering applications
to reduce noise radiation, the amplitude of vibrations and the risk of fa-
tigue failure. In particular, viscoelastic laminates have found application in
many areas of structural acoustics due to the high damping levels that can
be attained when the cross-sectional properties of the laminate are appropri-
ately chosen. A key requirement for determining the optimal cross-sectional
properties of a given laminate is an accurate model of its dynamics.

Typically, at low frequencies, a finite element (FE) model provides a good
description of the structural-acoustic behavior of the laminate. A Modal
Strain Energy (MSE) analysis on the FE model can provide the loss factor of
the structure in terms of the strain energy field of each mode [1]. At higher
frequencies, the wavelengths of interest become small with respect to the lat-
eral dimensions of the laminate and then the FE approach becomes impracti-
cal. Indeed, Statistical Energy Analysis (SEA) [2] is a more suitable method
for estimating the high-frequency responses of a structure under acoustic or
mechanical excitation. In order to model a subsystem in SEA, it is necessary
to determine the dispersion properties and the Damping Loss Factor (DLF)
of each propagating wave type of the subsystem. An approach for evaluating
the DLF of a structure is to simplify a real world component down to an
equivalent 3-layer beam or plate system. This was first suggested by Ross,

Kerwin, Ungar (RKU) [3, 4, 5], involving a fourth order differential equation
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for a uniform beam under free-wave propagation with the sandwich construc-
tion of the 3-layer laminate system represented as an equivalent, frequency
dependent, complex stiffness. Several authors have described extensions to
RKU analysis by involving different displacement fields to characterize the
response of more general laminates [6, 7]. Typically, the assumption of a
low-order displacement field is required in order to reduce analytical com-
plexity. While simplified analytical models can provide physical insights
into the behavior of certain laminates, the assumed displacement fields can
often restrict the types of laminates that can be modeled. Numerical meth-
ods to investigate the damping of laminated panels have been developed by
several authors [8, 9, 10, 11, 12, 13]. By exploiting a plane wave expansion,
the power dissipated by an isotropic poroelastic media within semi-infinite
multilayered systems under arbitrary excitation has also been assessed [14].
The loss factor of more general laminates can be explored by involving a one-
dimensional FE mesh to describe the cross sectional deformation of a linear
viscoelastic laminate, also including a three-dimensional displacement field
within the laminate [15]. However, the model is computationally expensive
due to the inversion of large matrices as a result of an increasing number of
elements in the cross sectional thickness. Regardless of the model adopted
to describe the cross sectional deformation, a dispersion problem must be
solved by determining, at a specific frequency, w, and for a specific direction
of propagation, a finite number of complex wavenumbers, £, related to the
free waves traveling in the structure. The solution of the dispersion prob-
lem at discrete frequencies for a specific direction of propagation leads to a

k — w dispersion diagram where dispersion curves must be identified. Then,
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the damping loss factor, n;, for the i-th curve can be evaluated by means of
the related eigenvectors. However, the number of curves and their intersec-
tions rapidly grow with the frequency, making it more difficult to identify
the curves. An alternative approach is to use an exact description of the
through-thickness deformation of a laminate by means of a Transfer Matrix
Method (TMM) [16]. The characteristic equation that describes free-wave
propagation in a laminate can take the form of a nonlinear transcendental
eigenvalue problem [17]. However, the computational burden and robustness
of the root-tracking algorithms employed to determine dispersion solutions
limit the usefulness of the approach.

The scope of this work consists in defining the DLF of a planar structure,
averaged among all dispersion curves, by avoiding both the solution of the
dispersion problem and the modal approach. We are avoiding the solution of
a dispersion problem because i) identify dispersion curves at high frequency
could be prohibitive and ii) take into account the damping of all the prop-
agating waves may be impractical. On the other hand, we are discarding
the modal approach because i) it could be computationally prohibitive even
at relatively low frequencies and ii) materials characterized by frequency de-
pendent properties cannot be easily taken into account. A theory producing
the DLF of a multilayered planar structure and overcoming the limitations of
the above discussed approaches is proposed. A statistical analysis reveals the
connection between the damping properties of the structure and the trans-
mission of sound through the thickness of its laterally infinite counterpart.
The incident diffuse acoustic field prescribed by the statistical approach to

evaluate the sound transmission ensures the excitation of all the propagating
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waves contributing to the damping of the medium, thus providing a mean
loss factor for the structure. A TMM is used to evaluate the required trans-
mission and reflection coefficients, making it possible to deal efficiently with
structures having generic stratifications, possibly including in-plane periodic
layers [18]. The wave approach on the basis of the TMM also avoids the
need to set a specific kinematic model for the laminate, thus yielding high
accuracy.

The DLF of a multilayered planar structure is derived in Section 2 by
means of a statistical analysis on the sound transmission through the thick-
ness of the structure. A number of applications are then discussed and com-

pared with alternative formulations and measurements.

2. Layered Systems

Let us consider a layered structure in which the i-th layer is characterized
by hysteretic damping through the loss factor n;(w). The time-averaged
power dissipated by the i-th layer, II;, when the structure is subjected to

harmonic excitation at angular frequency w, can be expressed as [2]

where F; is the time-averaged total energy stored in the layer. The DLF of the
layered structure, n5(w), concerns the overall time-averaged power dissipated
by the structure, Ilg;, when a diffuse reverberant field exists within it, and
can be expressed as [2]

_ Hgiss ZzNzl Ein;

- 2
RSN (2)

ns(w)
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where the total dissipated power, Ilgi, is the sum of the power dissipated
by the N layers in the medium, and the total panel energy, FE, is the sum
of the energies in all layers. We propose to derive the total energy stored in
each layer of a planar structure, F;, by means of the transmission and reflec-
tion coefficients of the laterally infinite counterpart of the structure. Such a
purpose draws legitimacy from the idea that the phenomenon of sound trans-
mission through the thickness of the structure hides and carries the very same
information as the dispersion problem for the medium. Such information are
exposed by means of a statistical analysis of the sound transmission through
the structure. The adopted statistical approach is here reliable at any fre-

quency since an infinite extent is considered for the structure.

2.1. Statistical Approach

Sound transmission through the thickness of a planar structure can be
investigated by placing the structure between two rooms. In the context of
SEA, two energy paths can be identified between the rooms. The first one
links the rooms without involving the resonance of the interposed wall, and
depends only on the specific mass of the wall, the so-called non-resonant
path. A second path treats the interposed structure as a subsystem, so
involving its strain energy, the so-called reverberant path. The non-resonant
path is therefore neglected in the following since it is not sensitive to the
panel properties we are looking for, i.e. the energy field within the panel.
The conditions under which such a choice may be effective are investigated
afterwards (Section 2.2).

Focusing on the reverberant path, the power balance of a panel perturbed
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by incident acoustic power, Il;,., can be expressed as

N
Htra(w77717 o 777N) + Href(wa 7717 CE anN) + an(wy Eu/r/l) = Hinc ) (3)

i=1
where the transmitted power, Il,,, and the reflected power, 11, depend on
the damping of all layers. Therefore, the power balance for the panel, Eq. (3),

can be written in normalized form:

Ta(w, n) + ra(w,n) + ZEM =1, (4)

inc
¢ =1

where 74 = Iy /Il is the power transmission factor, ry = I/l is the
power reflection factor and vector n collects the damping factors. In the
following analysis each layer energy, FEj;, is evaluated assuming a laminate
with null damping. In other words, the dynamics of the structure is evaluated
by employing the kinematics related to the undamped counterpart of the
structure. This assumption implies that the cross sectional displacement field
of a given propagating wave is not significantly sensitive to the damping. It
should be noted that this assumption is implicit in previous studies which
assume a fixed displacement field for the cross section that is independent
of damping, e.g. RKU and MSE. Therefore, by linearizing Eq. (4) around
the undamped condition, n = 0, with respect to each layer damping, n;, and
invoking the conservative power balance (74|, _q + 74l,_o = 1), we obtain the

following set of N uncoupled equations:
g O w M OE,
5 : d d Ez J o

Since Eq. (5) has to hold for any arbitrary damping perturbation, d7;, the

~0. (5)

n=0
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desired expression for the energy of the ¢-th layer of the panel is obtained:

1_Iinc a a
Ei=- (Td+ Td) . (6)
w \On; i),
Finally, the expression for the ensemble average DLF, Eq. (2), becomes
Zf\i Fin;
Ns = N+ ) (7)
dim Fi
where
o, d or d)
F; = + 8
<a772 8771 n=0 ( )

is the frequency dependent loss function for the i-th layer.

2.2. Weak coupling and non-resonant path

The expression for the ensemble average DLF, Eq. (7), is derived under
i) the hypothesis of negligibility of the non-resonant path in the power trans-
mission and ii) the SEA hypothesis concerning the weak coupling between
subsystems [19] (7;; < min(7;,7;)). The only way to fulfil these hypothe-
ses is to properly choose the properties of the fluid for which the sound
transmission is evaluated. In particular, the non-resonant path in the sound
transmission is related to the mass-law contribution, which is predominant
below the acoustic coincidence. Moreover, a strong coupling between the two
semi-infinite fluids (rooms) is due to coincidence phenomena. As a result,
moving the coincidence region to low frequencies, well below the frequency
range of interest, ensures both a negligibility of the non-resonant contribu-
tion to the sound transmission and a weak coupling between the rooms. To
this end, the speed of sound, ¢, must be small enough to fulfil the above
discussed hypotheses at the minimum frequency at which the DLF is de-
sired. Additionally, it can be observed that for a diffuse field at a given

8
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frequency, w, the modulus of the projection of the incident wave on the in-
terface, ky = \/k2+k2 = wsin(f)/c, where 0 defines the wave elevation,
spans as 0 < k; < w/c. As a consequence, the speed of sound, ¢, must be
set as small as possible to ensure the excitation of all the propagating waves
contributing to the energy field within the medium. Moreover, the limit of
the mechanical impedance of a thin plate can be expressed in terms of its
mass per unit area, m, and flexural rigidity, B, as [16]

B 4 -4
lim Zp = jw Iim (m — ﬁ) _ _ngBSIH (9) (9)

c—0 c—0 U.)2 C4 ’

where the panel mass and, consequently, the non-resonant contribution dis-
appear. Instead, the choice of the fluid density, p, is less critical. In fact, a
low speed of sound of the surrounding fluid yields to Z = pc < Z,, so grant-
ing a weak coupling between the structure and the fluid and, consequently,
between the rooms, regardless of the chosen density, p. The expression for

the loss functions, Eq. (8), can therefore be modified as

aTd(wa Ps C) + ard<w7 Ps C)
on; o

Fi(w) = lim

c—0

) Vp e RT (10)
n=0

where the limit ensures fulfilment of the hypotheses involved to derive Eq. (7)

in the frequency range of interest.

2.3. FEvaluation of the transmission and reflection coefficients

The diffuse transmission factor, 7., and reflection factor, r4, can be de-
fined by expressing the diffuse acoustic field in the reverberant room as a
combination of plane waves traveling in all the possible directions [16]. At
a given frequency, w, each plane wave impinging upon the flat structure is

defined by its amplitude, I, azimuth, «, and elevation, 7/2 — #. Both a

9
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transmitted wave and a reflected wave therefore propagate from the medium
and their amplitudes, T and R, depend on the properties of the barrier. As-
suming a complete (0 < 6 < 7/2, 0 < a < 27) and unitary (I =1V 6,«)
diffuse field, the classical expressions for the power transmission and reflec-

tion factors [16] can be simplified as

-/ ) / T(w.0,0) cos(0) sin(6)ddda . (1)

and
2

/ / R(w, 0, )] cos(0) sin(6)ddda . (12)
A practical and efficient tool for evaluating the transmission and reflec-
tion coefficients, T and R, of planar, stratified media is the TMM. This
approach easily allows for multilayers made from a combination of elastic,
porous and fluid layers. It assumes the multilayer of infinite extent and uses
a representation of plane wave propagation in different media in terms of
transfer matrices. The transfer matrix of a layered medium is obtained from
the transfer matrices of individual layers by imposing continuity conditions
at interfaces. Enforcing the impedance condition of the surrounding fluid, at
both the excitation and the termination sides, allows calculation of the trans-
mission coefficient, T', and the reflection coefficient, R. This methodology is
explained in detail in chapter 11 of Ref. [16]. In the frame of linear vibro-
acoustics, the wave approach on the basis of the TMM provides accuracy and
efficiency in defining the sound transmission through planar structures with
infinite extent, flat interfaces and homogeneous layers. However, the last two
limitations can be overcome by involving a FE model for the periodic unit

cell of each heterogeneous layer [18].

10
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Even though the TMM is exact from a mathematical point of view, some
researchers found divergences in its results for high frequencies and/or large
layer thicknesses. The reason of this divergence has been ascribed to a bad
numerical evaluation of the involved exponential terms because of the finite
arithmetic. An alternative approach to determine the acoustic reflection
and transmission coefficients of multilayered panels which avoids exponential
terms is proposed in Ref. [20]. However, since no numerical issues were found
for the treated laminates in the frequency range explored, the standard TMM

[16] was used in the present work.

3. Validation Examples

The derivatives of the transmission and reflection coefficients required
to compute loss functions, F;, are evaluated by means of finite differences.
A perturbing damping factor of 107¢ usually ensures satisfactory precision
and avoids numerical issues. As prescribed by Eq. (10), the speed of sound
of the fluid is reduced starting from a guess, ¢y, until every loss function,
F;, converges in the whole frequency range explored. A fluid density p =
1.225 kgm 3 is used for all applications. At fixed fluid conditions and for each
frequency of interest, w;, N +1 evaluations of the transmission and reflection
coeflicients are needed to evaluate all the loss functions, F;(wj, p,c), where
N is the number of layers. In case of structures characterized by symmetric
stacking, the number of required analyses can be reduced by exploiting the

symmetry of the sound transmission (F; = Fyi1-;).

11
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3.1. Damping of a sandwich panel with soft core

The first application involves a sandwich panel with a 1 mm-thick soft
core (p = 1425 kgm™3, £ = 4.186 MPa, v = 0.495) and aluminum (p = 2700
kgm™3, E = 71 GPa, v = 0.3) 1 mm-thick skins. The configuration is typical
of the application of viscoelastic materials with constraint layer and enables
comparison of the present theory with the RKU method [3] for the evaluation
of damping of a three-layer structure. In the RKU method, the contribution
made by core damping to the total damping of the structure can be evaluated
by setting a unitary core damping and null skin damping. Figures 1 and
2 show the effects of the sound speed, ¢, and the damping perturbation
employed for the finite differences, 7, on the core loss function, Feo., scaled
with respect to Fy, = 2Fgq, + Fiore- A good degree of agreement can be
observed, in the frequency range explored, between the estimation acquired
from the RKU method and the result obtained by means of the proposed
methodology with ¢ = 25 ms™! and 67 = 107%. Higher values of sound
speed prevent convergence at low frequencies, and a damping perturbation
lower than 107% can imply numerical issues, especially at low frequencies.
The value of sound speed which grants the convergence of the DLF at a
specific frequency depends on the stacking properties of the laminate since
it is related to coincidence phenomena. On the contrary, the discussion
about the damping perturbation, d7, has general validity. Therefore, all the

subsequent applications employ a damping perturbation én = 107°.

3.2. Damping of a sandwich panel with honeycomb core

The second application involves a sandwich panel [10] made of aluminum

(p = 2700 kgm ™3, E = 71 GPa, v = 0.3296) with isotropic 0.6 mm-thick

12
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Figure 2: Core contribution to the damping of a sandwich panel (¢ = 25 ms™1)
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skins and a 15 mm-thick honeycomb core made of hexagonal cells with a foil
thickness of 0.0508 mm and a side length of 5.5 mm. The equivalent material
properties for the core are obtained by means of a homogenization technique
[21]. The DLF of the panel is computed according to Eq. (7) for a particular
distribution of damping through thickness. As proposed by Cotoni et al [10],
the internal damping loss factor of the core is kept constant at neore = 2%
while the damping of the skins takes on the values ngins = 1%, 3%, 5%. The
predicted loss factors are shown in Figure 3 as functions of frequency. A
speed of sound ¢ = 40 ms™! grants the convergence of the DLF in the whole
frequency range explored. The results according to Nilsson [22] are plotted as
a reference. They were obtained by substituting the undamped wavenumber
into the expression of the strain energy and taking the ratio of the imaginary
part over the real part. It can be seen that the damping loss factor depends
on which part of the composite undergoes the most deformation. At low fre-
quencies, the wave motion is essentially governed by the extensional motion
of the skins, and the resulting loss factor is close to the skin loss factor. At
high frequencies, the shear of the core governs wave motion, and the damping
loss factor gets close to that of the core. This behavior is ruled by the loss

functions Fyi, and Fiope.

3.3. Damping of laminates with multiple viscoelastic inclusions

The last application involves some of the specimens tested in [23]. The
laminates considered are made of 0.5 mm-thick aluminum plates (p = 2780
kgm ™3, E = 73.1 GPa, v = 0.33) separated by 0.31 mm-thick foils made of
styrene butadiene rubber (p = 1450 kgm™3, v = 0.49). The identification

of the viscoelastic properties of the rubber leads, in the frequency range

14
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Figure 3: Loss factor of a sandwich panel with honeycomb core (1core = 2%)

100-2500 Hz, to the following approximations for the real part of the shear
modulus

R(G) = [2.12821og(f) — 5.5217] MPa. , (13)

and damping

n = [1.8487 log(f) — 5.1500] % . (14)

The DLF measured for three different batches (#15, #9 and #10 with 2,
3 and 5 viscoelastic inclusions respectively [23]) are shown in Figures 4, 5
and 6 along with the results obtained with a General Laminate model [15],
implemented in the ESI VAOne code to predict subsystem properties in the
frame of an SEA, the results obtained in terms of MSE [1], and the results ob-
tained with the proposed methodology (TMM). Comparisons are satisfactory

among all methods, thus proving that boundary effects are negligible.

15
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4. Conclusions

A connection is identified between the sound transmission through the
thickness of a planar layered structure and its DLF. Complex dynamics in-
volved in dissipative mechanisms are assessed by means of a statistical anal-
ysis of the sound transmission. The exposed theory reveals the influence of
each layer on the ensemble average loss factor of a structure. A loss func-
tion in the frequency domain is assigned to each layer, making it possible to
build the DLF of the whole structure once individual damping properties are
assigned to each layer.

Good agreement with respect to the RKU method was observed for a
three-layered structure in terms of the influence of the core damping on the
global damping of the structure. The effects of the speed of sound of the fluid
for which the sound transmission is evaluated and of the damping pertur-
bation employed to evaluate the finite differences have also been addressed.
Results on a sandwich panel with honeycomb core highlight the role of loss
functions in defining the ensemble average loss factor of a layered structure.
The comparison with the DLF measured for some laminates with multiple
viscoelastic inclusions demonstrates the effectiveness of the proposed method-
ology even at low-medium frequencies in the case of complex layouts.

Ultimately, the proposed methodology may represent a reliable tool for
investigating the DLF of a layered structure. In particular, the so-called
loss functions may guide an optimization process for the stacking of a lay-
ered panel, e.g. when the optimal location of a damping material must be
determined. Moreover, the transfer matrix approach adopted for evaluating

the required transmission and reflection coefficients provides efficiency and

17



305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

accuracy.

References

1]

E. E. Ungar, E. M. Kerwin, Loss factors of viscoelastic systems in
terms of energy concepts, J Acoust Soc Am 34 (7) (1962) 954-957.
doi:http://dx.doi.org/10.1121/1.1918227.

R. H. Lyon, R. G. DeJong, Theory and Application of SEA, Butter-
worth, London, 1995.

D. Ross, E. Ungar, E. J. Kerwin, Damping of plate flexural vibrations
by means of viscoelastic laminate, In ASME (Ed.). Structural Damping,
New York, 1959.

E. M. Kerwin, Damping of flexural waves by a constrained
viscoelastic layer, J Acoust Soc Am 31 (7) (1959) 952-962.
doi:http://dx.doi.org/10.1121/1.1907821.

E. E. Ungar, Loss factors of viscoelastically damped beam
structures, J Acoust Soc Am 34 (8) (1962) 1082-1089.
doi:http://dx.doi.org/10.1121/1.1918249.

D. Mead, S. Markus, The forced vibration of a three-layer, damped
sandwich beam with arbitrary boundary conditions, J Sound Vib 10 (2)
(1969) 163 — 175. doi:http://dx.doi.org/10.1016/0022-460X (69)90193-
X,

18



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

[7]

[10]

[11]

[12]

D. Mead, A comparison of some equations for the flexural vibration
of damped sandwich beams, J Sound Vib 83 (3) (1982) 363 — 377.
doi:http://dx.doi.org/10.1016/S0022-460X(82)80099-0.

T. Plagianakos, D. Saravanos, Mechanics and finite elements for the
damped dynamic characteristics of curvilinear laminates and com-
posite shell structures, J Sound Vib 263 (2) (2003) 399 — 414.
doi:https://doi.org/10.1016,/S0022-460X(02)01059-3.

P. J. Torvik, B. D. Runyon, Estimating the loss factors of plates with
constrained layer damping treatments, ATAA Journal 45 (7) (2007)
1492-1500. doi:https://doi.org/10.2514/1.24505.

V. Cotoni, R. Langley, P. Shorter, A statistical energy analy-
sis subsystem formulation using finite element and periodic struc-
ture theory, J Sound Vib 318 (4-5) (2008) 1077 — 1108.
doi:http://dx.doi.org/10.1016/j.jsv.2008.04.058.

E. Manconi, B. R. Mace, Estimation of the loss factor of viscoelastic
laminated panels from finite element analysis, J Sound Vib 329 (19)
(2010) 3928 — 3939. doi:https://doi.org/10.1016/j.jsv.2010.04.014.

S.  Ghinet, N. Atalla, Modeling thick composite lam-
inate and  sandwich  structures  with linear  viscoelastic
damping, Comput Struct 89 (15) (2011) 1547 — 1561.
doi:https://doi.org/10.1016/j.compstruc.2010.09.008.

A. Mejdi, N. Atalla, S. Ghinet, Wave spectral finite element model

for the prediction of sound transmission loss and damping of sand-

19



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

[15]

[16]

[17]

18]

[19]

wich panels, Comput Struct 158 (Supplement C) (2015) 251 — 258.
doi:https://doi.org/10.1016/j.compstruc.2015.06.014.

J. P. P. Martinez, O. Dazel, P. Goransson, J. Cuenca, Acoustic analysis
of anisotropic poroelastic multilayered systems, J Appl Phys 119 (8)
(2016) 084907. doi:http://dx.doi.org/10.1063/1.4942443.

P. J. Shorter, Wave propagation and damping in linear vis-
coelastic laminates, J Acoust Soc Am 115 (5) (2004) 1917-1925.
doi:10.1121/1.1689342.

J. F. Allard, N. Atalla, Propagation of Sound in Porous Media: Mod-
elling Sound Absorbing Materials - Second Edition, John Wiley and
Sons, Ltd, Chichester, 2009.

M. J. S. Lowe, Matrix techniques for modeling ultrasonic waves in mul-
tilayered media, Transactions on Ultrasonics, Ferroelectrics and Fre-

quency Control, IEEE 42 (1995) 525 — 542.

A. Parrinello, G. Ghiringhelli, Transfer matrix representation for
periodic planar media, J Sound Vib 371 (2016) 196 - 2009.
doi:http://dx.doi.org/10.1016/j.jsv.2016.02.005.

P. Smith Jr, Statistical models of coupled dynamical systems and the
transition from weak to strong coupling, J Acoust Soc Am 65 (3) (1979)
695-698.

O. Dazel, J.-P. Groby, B. Brouard, C. Potel, A stable method to model
the acoustic response of multilayered structures, J Appl Phys 113 (8)
(2013) 083506. doi:http://dx.doi.org/10.1063/1.4790629.

20



371

372

373

374

375

376

377

378

379

[21] L. J. Gibson, M. F. Ashby, Cellular Solids: structure properties - Second
Edition, Cambridge University Press, New York, 1997.

[22] E. Nilsson, A. C. Nilsson, Prediction and measurement of
some dynamic properties of sandwich structures with honeycomb
and foam cores, J Sound Vib 251 (3) (2002) 409 - 430.
doi:http://dx.doi.org/10.1006/jsvi.2001.4007.

(23] G. L. Ghiringhelli, M. Terraneo, Analytically driven experimental char-
acterisation of damping in viscoelastic materials, Aerosp Sci Technol 40

(2015) 75 — 85. doi:http://dx.doi.org/10.1016/j.ast.2014.10.011.

21



	FronteRivista
	PARRA_OA_01-18senzafront

