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The wide use of porous materials in vibro-acoustics led up to study a novel material that can exhibit interesting
behaviours for vibro-acoustics applications, and possibly improve the efficiency of performances. This paper is
focused on the analysis of absorbing foams, which are rendered auxetic (Negative Poisson’s ratio) thanks to a
specific forming process. It first illustrates the efficiency of auxetic foams compared to melamine samples using
experimental results. Then a study is conducted in order to improve the identification of mechanical and coupling
modelling parameters for the considered auxetic transverse isotropic foam. The method associates a preliminary
parameters sensitivity analysis with an optimization study. A global sensitivity analysis of the outputs of interest is
performed using the Fast technique in order to estimate the first-order and total effects of the numerous parameters
of the model. The results of the analysis are then used to perform the optimal identification of the parameters by
readjusting finite elements analyses results over experimental data. The results and benefits of the preliminary use
of parameters sensitivity analysis associated with optimization are finally presented.

1 Introduction

Porous materials are widely used in vibro-acoustics for
many reasons. Their low cost and good performances in
terms of noise attenuation or energy impact dissipation, jus-
tify its use in many sectors like transports and building. In
this paper we focus on the characterization of an auxetic
foam, which exhibits a negative Poisson’s ratio. This kind of
material raised some interest in the scientific community for
potential engineering and sound management applications
due to their unconventional mechanical and acoustic prop-
erties. Theses unusual acoustic absorption properties can
be observed particularity at lower frequencies compared to
conventional open cell foams [1]. The particular hinge-like
structure of auxetic materials justify theirs negative Poisson’s
ratio. Such materials are expected to have mechanical prop-
erties such as high energy absorption and fracture resistance
been able to be used for a variety of applications (personal
protection clothing, packing material, robust shock absorb-
ing material, sponge mops and filtration). The isotropic the-
ory allows the use of Poisson’s ratio between -1 and 0,5.
Some auxetic configurations reach a Poisson’s ratio value
less than -1.

In this work we try to identify some mechanicals and
acoustic foam parameters values including the Poisson’s ra-
tio for conventional melamine foam and isotropic transverse
auxetic foam. The models used to describe the behaviours of
porous materials require knowledge of many parameters. In
general, 5 to 9 parameters are used in the most popular mod-
els like Johnson-Allard and Biot-Allard[2, 3]. These mod-
els have provided to generations of researchers the frame-
work for the constitutive poroelasticity equations, describ-
ing in particular the stress wave propagation coupling a fluid
phase with a solid phase in poroelastics solids at low and
high frequencies [4, 5]. Equations of motion for anisotropic
poroelastic media are also available in the litterature [6, 8].
These models can be used in analytical analyses for simple
cases or in finite element models for more complex cases.

Therefore, the difficulty to determine experimentally these
parameters led us to seek a way to identify their values with
satisfactory accuracy to drive some design studies. Our hope
is that with a quite simple method of characterization, we
could be able to take the necessary information for the practi-
cal utilisation of this material in models, noise controls stud-
ies and other kind of studies that require knowledge of the
parameters.

Based on Johnson-Allard theory [2, 3] we use a model
to obtain absorption coefficient and acoustic impedance for
foams. With this model, we can compare the values obtained
with experimental data measured in a Kundt tube in order to
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update the parameters’ values. A model and some experi-
mental measurements were made for auxetic foam and non-
auxetic foam (melamine) to allow us to compare both mate-
rials. Then a sensitivity analysis using the FAST method [9]
was done with the purpose of facilitating the optimization
of parameters identification by readjusting analytical results
over experimental data.

2 Open porous media model descrip-
tion:

The porous media are described as the superposition of
two media, namely a fluid part and a solid part. Small per-
turbations and small fluid evolutions are assumed. The solid
skeleton forms a continuous network of interconnected pores
saturated by the fluid phase and respecting Hook’s law of
linear-elasticity. An elementary volume is considered and the
elementary part occupied by the fluid part is called porosity
(¢), which is one of the coupling parameters studied here.
The other coupling parameters from the Biot theory [4, 5]
are resistivity (o), tortuosity (@), viscous and thermal char-
acteristic length (A and A’), while the mechanical parame-
ters are Young’s modulus (E), Poisson’s ration (v), loss fac-
tor () and frame density (p). When the porous structure is
anisotropic the description has to take it into acount [7] and a
general time domain mixed displacement-pressure formula-
tion for acoustic anisotropic open porous media is available
in the literature [8]. In this work, we use a displacement for-
mulation adapted for transversally isotropic poroelastic me-
dia [2] for the description of the behaviour of the PU-PE sam-
ples.

In this formulation, the displacements of interest are the
frame displacement u® and the fluid-discharged displacement
vector w = ¢ (uf - us) where u/ is the fluid displacement.
Using ¢ = —div w, the total stress components are given by:
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o, =2Gey ©6)
where ¢;; is the strain component defined by
eij = 1/2(0ut /0x; + 0u'/dx;). @)

The A, F, G, C and G’ coefficients are the stiffness coeffi-
cients and for the isotropic case we have G = G’, F = A, C =
(A + G). Using engineering notations[7], the Young moduli
are denoted by E,, Ey, E; and can be rewritten £, = E, = E,
E. = E’ for isotropic transverse foams. The Poisson’s ratio
are denoted as vy, v;y, v, and satisfy the relations vy, = v et
Voy = Vo = V.
The total stress is defined by the relation between the frame
stress tensor (o-fj) and the fluid phase stress tensor (o-l’;):
7=+l ®
The wave stress-strain relations in first representation of the
Biot theory can be written with Eq. (9) and Eq. (10) :

dos. 0o, oo, 2 (i i f
Xi bid L 5wt + !
f
doy; Bo{i 6;0‘2 = —w? (ﬁi u +p u?) (10)
Ox dy 9z T
where ) )
Py = dpo — Py (n
Py = p1 =Py 12

In these equations pg and p; are respectively the densities of
air and frame in the vacuum and ,5’S 7 is a parameter depending
on the nature and the geometry of the porous medium and the
density of the fluid [2].

3 Sensitivity analysis

The sensitivities of the parameters on the acoustic perfor-
mance of porous materials depend on the frequency and the
nature of the material. The FAST Method (Fourier Analysis
Sensitivity Test) is a global sensitivity analysis method based
on variance decomposition [9]. The method estimates the
portion of variance due to one parameter alone (first order)
or in cooperation with others (other orders) on the absorption
coefficient and acoustic impedance which are frequency de-
pendent. The total sensitivity indices are defined as the sum
of all partial order indices and represent the total sensitivity
including all coupling effects between parameters. Following
former studies [10] we have applied an analysis of sensitivity
for the melamine foam. The study has a huge importance to
decide the strategies for model updating. The results will be
shown in section 5.1.

4 Optimisation

The optimization problem consists in minimizing a func-
tion G by choosing input parameters values from an allowed
set and computing the value of the function. The function
G allows us to update the computed values in order to find
the best value of parameters associated to the Biot model in
order to fit the experimental data obtained in the Kundt tube
for (acoustic impedance and absorption coefficient).
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The weighted cost function G for n tests on Ny frequency
samples is:

Ny
G =) wigw) (13)
i=1
where
_lew)—a.W)|  |Z(w) - Z, (W)
gw) = ' e ) ‘ * ’ Z.w) (1
and .
a, = 1 Z a®. (15)
n i=1

The optimization has been performed with the fonction fmin-
con” (Find minimum of constrained nonlinear multivariable)

from the software Matlab [11]. The optimal identification of

the parameters is made by readjusting finite elements analy-

ses results over experimental data.

5 Method implementation

We have first implemented the identification technique
for melamine isotropic foam before trying to apply it for aux-
etic isotropic transverse foam.

5.1 Melamine foam

Based on values found in the literature we have defined
the limits for the analysis as shown in Table 1 in order to
apply the sensitivity analysis using the FAST method. The
analysis has been performed for the mechanicals parameters
E, v, p, nn and the coupling parameters @, o, @, A, A'.

Coupling parameters:
Parameters Unit Lower bounds | Upper bounds
(0] [-] 0.98 0.99
o [N.s.m™*] 9000 11000
oo [-] 1 1.03
A [um] 80 100
A [um] 100 300
Mechanicals parameters
Parameters Unit Lower bounds | Upper bounds
E [kPa] 100 300
v [-] 0.14 0.45
P [Kgm™3] 8.5 14.5
i [%] 5 15

Table 1: Bounds for Melamine poroelastic foam sensitivity

analysis

The results of the analysis are presented in Figure 1 for
mechanical parameters and in Figure 2 for coupling param-
eters. The Sensitivity indices are represented by S I for First
order indices and S 7'/ for Total indices.

These results give the possibility of testing different up-
dating strategies. In a first simulation (Simulation 1) we op-
timized all parameters together, while in a second updating
process (Simulation 2) we optimised only the most sensitive
parameters (A’, v, E, p) assuming for the others parameters
an average value considering Table 1. For Simulation 3 some



23-27 April 2012, Nantes, France

Proceedings of the Acoustics 2012 Nantes Conference

0.8

0.6

0.4

[Real (2)]

0.2

—-O

0.8

0.6

0.4

[Imag (2)]

0.2

O

0.8

0.6

[a]

0.4

0.2

-8l
—TsI

Q
0

a)
[
[
[
1R

~
7

s

Y

\

A
1
1

~d

~

N

|
‘,
-
=

~

1000

2000 O

1000

2000 O

1000

2000 O

1000

2000

Frequency (Hz)

Figure 1: Mechanicals parameters sensitivity analysis results for Melamine foam.
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Figure 2: Coupling parameters sensitivity analysis results for Melamine foam.
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less sensitive parameters (@, 0, A) are added in the optimi-
sation after the optimisation of the more important param-
eters maintaining only the less sensitive parameters (¢, 1)
defined by average values. Finally in the last updating strat-
egy (Simulation 4) we optimized all parameters in groups of
equivalent sensitivity, starting from the higher to the lowest
values of indices.

The optimization analysis results are presented in Table 2.
The four simulations gave satisfactory results compared with

Simulation
Parameters
1 2 3 4
A'[um] 168 177 177 177
E[kPa] 213 207 207 207
v[-] 0,302 | 0,299 | 0.299 | 0.299
p[Kgm™3] 14,5 14,5 14,5 14,5
@oo[-] 1 1 1 1
o[N.s.m™] 11000 | 10000 | 11000 | 11000
Afum] 99.9 89,9 91,4 91,4
nl%] 0,138 | 0,100 | 0,100 | 0,056
D[-] 0,990 | 0,985 | 0,985 | 0,990

Table 2: Results of model updating for Melamine foam

experimental data. We had better results for Simulations 1
and 4. Comparing the results of Simulation 1 given in Fig-
ures 3 and 5 with those of Simulation 4 (Figures 4 and 6)
we can see that the performances are very close, therefore,
the Simulation 4 took about 40% less computing time than
Simulation 1.

Simulation 1
1 T T

bsorption Coefficient

Analytic
—Mean

! I I
800 1000 1200

Frequency (Hz)

I I
400 600 1400 1600

Figure 3: Absorption coefficient for a melamine sample
(Simulation 1)

5.2 Auxetic foam

The transversally isotropic auxetic poroelastic media stud-
ied is obtained from a conventional open cell polyurethane-
polyethylene (PU-PE) foam which acquires auxetics proper-
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Figure 4: Absorption coefficient for a melamine sample
(Simulation 4)

Simulation 1
350 T T

300
® 250
e

N 200F

1501
10SOO 800 1000
Frequency (Hz)

1000 T T

Analytic
L —Mean i
—Max
—Min

. . . , . .
400 600 800 1000 1200 1400 1600
Frequency (Hz)

Analytic
—Mean
—Max
—Min

. . . .
400 600 1200 1400 1600

=
T

|
o
S
S

Z imaginary
1

Figure 5: Acoustic impedance for a melamine sample
(Simulation 1)

ties thanks to a specific process. It presents interesting prop-
erties compared with a melamine foam like we can see in
Figure 7, in particular in the low frequency range.

A dynamic mechanical analysis (DMA) technique has
been used to obtain reference values of Young’s moduli E, E’
of the material. An optical method based on Digital Image
Correlation (DIC) that employs tracking and image registra-
tion techniques for accurate 2D measurements of changes in
images gave us also a approximate value of Poisson coeffi-
cients v and v'. Adding this information with those presents
in literature we could define bounds limits for our sensitivity
analysis and optimization identification study. The consid-
ered values are shown in Table 3.

The study will be concluded in a few weeks with a sen-
sitivity analysis and a FE model updating of parameters in
order to identify the parameters’ value for the auxetic foam.

6 Conclusion

Considering differences between the various experimen-
tal data from the Kundt tube, we can conclude that the re-
sults obtained in Simulation 1 and 4 are acceptable for the
melamine sample.

We have identified parameters from simple measures with-
out implementing methodology dedicated to the identifica-
tion for each individual parameter.

A preliminary parameters sensitivity analysis can be used
to pre-organize the optimization in order to reduce calcula-
tion time and consider the cross influence of the parameters.

Auxetic foams present high efficiency and their parame-
ters identification could be done using FE analysis.



23-27 April 2012, Nantes, France

Proceedings of the Acoustics 2012 Nantes Conference

—— Auxetic [5mm]
03 |——Melamine [6mm]
——Melamine [10mm]
c
[
S
@
O
O
c
=
=
O
2]
Q
<
200 400 600 800 1000 1200 1400
Frequency[Hz]
Figure 7: Comparison: Auxetic foam and Melamine foam
Simulation 4 Porous Media, Modelling Sound in Absorbing Materi-
300K als”, Wiley ISBN: 978-0-470-746615-0, (2009)
T’_\g 200 Analytic
N e [3] F. Sgard, "Modélisation par éléments finis des struc-
‘ ‘ ‘ ‘ " tures multi-couches complexes dans le domaine des
200 M0 80 A eney () 0 MO basses fréquences”, Université Claude Bernard Lyon 1,
1000 ‘ ‘ ‘ ‘ Lyon, France, (2002)
>
© L
% ° Analytc [4] M. Biot, “Theory of elastic waves in uid-saturated
5-1000//' :E:ﬁ" porous solid. I. Low frequency range”, Journal of the

860 1600
Frequency (Hz)

1200

1400 1600

Figure 6: Acoustic impedance for a melamine sample
(Simulation 4)

(5]

Acoustical Society of America 28, 168-178 (1956)

M. Biot, "Theory of propagation of elastic waves in
a fluid-saturated porous solid. II. Higher frenquency
range”, Journal of the Acoustical Society of America

28(2), 179-191 (1956)

Parameters U(rfi(zuphnilc))if:fifct;rnsc.ls Upper bounds (6] M. Biot,.”MeChanics Of. d,f’:formation and acqustic prop-
agation in porous media”, Journal of applied physics
o -] 0.70 0.99 33(4), 1482-1489 (1962)
o [N.s.m™%] 1500 200000 ’
X [-] 1 2 [71 A.H.D. Cheng, “Material coefficients of anisotropic
A [am] 5 200 poroelasticity”, Int. J. Rock Mech. Min. Sci. 34, 199-
N [um] 5 400 205 (1997)
Mechanicals parameters o
Parameters Unit Lower bounds | Upper bounds [81] Sj Gorog, R. Panneton, N_’ Atalla, Mlxe.d
E [kPa] 600 1400 dls'placen.lent-pressure forml'llfl’non for. acous.tlc
E [kPa] 5 20 anisotropic open porous media”, J. Applied Physics
” [ 025 035 82(9), 4192-4196 (1997)
4 [-] -0,82 -0.1 [9] A. Saltelli, S. Tarantola, K. Chan ”A quantitative,
P [Kgm~3] 20 34 model independente method for global sensitivity anal-
n [%] 0 25 ysis of model output”, Technometrics 41, 39-56 (1999)
[10] S. Chedly, M. Ichchou, M. Ouisse, M. Collet

Table 3: Bounds for isotropic tranverse auxetic poroelastic

media sensitivity analysis

References

(11]

“Hiérarchisation paramétrique pour les matériaux
poreux en vibroacoustique”, 10éme Congrcs Francais
d’Acoustique, (2010)

Software Matlab, “Find minimum of constrained
nonlinear multivariable fonction”, Version 7.9.0.529,

[1] I. Chekkal, ”Vibro-acoutic properties of auxtetic open
cell PU foams: numerical and experimental study”,
University of Bristol, PhD (2012)

(R2009b)

[2] J. F. Allard and N. Atalla, ”Propagation of sound in

3058



