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Abstract

The prediction of the acoustic performance of multi-layered structures involving porous materials now
classically relies on the use of Biot’s theory for the modelling of the porous medium. In particular, it is of
prime importance to correctly assess the mechanical parameters of the porous skeleton ‘‘in vacuum’’.
However, measurements of these parameters ‘‘in vacuum’’ conditions comprises some problems so that
they are commonly carried out in ambient conditions assuming that the response of the porous material is
not influenced by its fluid phase and solely determined by the parameters of its solid phase. The purpose of
this work is to investigate the conditions when a mechanically excited porous material exhibits indeed an
‘‘in vacuum’’ behaviour. The comparison between the air-saturated and the ‘‘in vacuum’’ models is carried
out both in the case of impedance infinite models and taking into account finite lateral dimensions of the
porous sample. It is shown that a model accounting for finite dimensions of the porous samples must be
considered in order that Biot’s and ‘‘in vacuum’’ models yield identical mechanical responses. More
precisely, a ‘‘poroelastic’’ shape factor defined as the ratio of the volume of the porous sample to the area of
its free lateral sides is introduced to quantify the mismatch between the two models. For small values of this
parameter, the mechanical response of the porous material calculated using Biot’s model is similar to the
one predicted using the ‘‘in vacuum’’ model. For higher values, the responses calculated by the two models
exhibit noticeable differences. The corresponding limiting value of the poroelastic shape factor is shown to
depend on the flow resistivity together with the thickness of the porous sample.
r 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Porous materials are widely used as passive elements involved in noise reduction systems. They
are often employed in automotive, aircraft, building and several other industries. Currently, each
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industrial solution requires a deep engineering working, which always includes the prediction of
the efficiency of this solution. Finite-element methods are an efficient tool to simulate
transmission loss, sound absorption efficiency and damping properties of porous materials at
low frequencies [1–5]. Biot’s model is commonly used in finite-element formulation of porous
layers. This model requires a correct assessment of the material parameters. The acoustical
parameters, such as porosity, flow resistivity, geometrical tortuosity, viscous and thermal
characteristic lengths can be determined by direct [6] or indirect methods [7,8]. Other important
characteristics of porous material parameters are the mechanical ones, which include complex
Young’s modulus and the Poisson ratio. The goal of this paper is to discuss some limitations of
the measurement of the mechanical parameters of isotropic porous media via dynamic
compression tests. Several other methods allowing for an extraction of the mechanical parameters
of porous media are available but they will not be considered here. One can mention for instance
the identification of these parameters from an analysis of pseudo-Rayleigh waves [9], from
measurements of the vibration behaviour of a plate coupled with the porous layer [10] or from
transmission loss measurements [11].

Currently, two principal types of dynamic compression test methods are used for E-modulus
measurements. Both types utilize mechanical excitation of the porous medium and are used
in the low-frequency range. The first category referred to as resonances methods (or
transfer function methods) allows for an estimation of the mechanical parameters at discrete
frequencies (resonance frequencies). In this case the porous layer combined with an additional
mass is assumed to behave as a mass–spring system [12,13], and the complex Young’s modulus is
determined by the parameters of the resonance (resonance frequency, thickness of resonance
curve). Also, there are techniques based on the resonance behaviour, which provide a continuous
dependency of Young’s modulus on the frequency [14]. The second category referred to as non-
resonances methods, among which the ones called ‘‘direct dynamic’’, or ‘‘quasi-static’’ if they
operate in the low-frequency range, yields a continuous dependency of mechanical parameters on
the frequency [15,16]. These methods comprise some difficulties related, for example, to the
necessity of an additional static load. Both types of measurement methods rely on the same
assumptions, e.g., the fluid phase of the porous material is usually assumed to play a negligible
role in the low-frequency range [15] (typically frequencies below 50Hz) so that the material can be
considered in ‘‘in vacuum’’ conditions [15]. In this case, it is only described by the characteristics
of its skeleton, namely by complex Young’s modulus, the Poisson ratio, and density. Although
Biot’s model uses mechanical parameters of the porous skeleton ‘‘in vacuum’’, a real measurement
of these parameters ‘‘in vacuum’’ induces some problems, e.g., the reduction of temperature of the
porous frame in vacuum, which changes the properties of the frame. Moreover, there are some
types of foams, the skeleton of which can be completely destroyed under vacuum conditions. In
order to avoid these issues, experimenters carry out the measurements of mechanical Biot’s
parameters under ambient conditions and considering the porous medium as a viscoelastic
material.

Thus, it is of prime importance to compare the ‘‘in vacuum’’ and poroelastic descriptions of a
porous material. Taking into account that the parameters of the porous medium are determined
as input data to numerical prediction tools, the goal of this work is to examine analytically the
conditions and limits, for which air-saturated porous materials described by a complete Biot’s
model and an ‘‘in vacuum’’ model behave in the same way.
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The paper is organized as follows. To compare the poroelastic and ‘‘in vacuum’’ models of a
porous medium, the equations of the impedance of a structure classically used for measurement of
mechanical parameters are established. Normally, this structure consists of the porous medium
backed by a hard wall and mechanically excited. This mechanical excitation is simulated by an
oscillating impervious lightweight screen, which transfers the mechanical excitation to the
skeleton of the porous material. Then, the same system is analyzed in the case of a porous sample
with finite lateral dimensions and with a mass atop (such a structure is also widely used for
measurements of mechanical parameters). The conditions, which influence the ‘‘in vacuum’’ and
poroelastic behaviours of the porous material, such as the sample dimensions and frequency
range, are examined.

2. Theory

Considering the measurement systems intended for the determination of the mechanical
parameters of porous materials (see Fig. 1), one can observe several common elements for all
existing set-ups. In the case of transfer function methods (one type of resonance method), the
porous material is placed between a vibrating base (1) and an additional mass (3), see Fig. 1(a). In
the case of resonance methods with excitation through mass by non-contact excitation (5), it is
located between a motionless rigid frame (4) and an additional mass (3), see Fig. 1(b). And finally,
in the case of a direct dynamic method, the porous sample is placed between a motionless frame
(4) and a vibrating base (1), (Fig. 1(c)). Thus, all the methods rely on a mechanical excitation of
the porous sample, which is placed between two impervious screens, and two methods suppose an
additional mass atop the porous layer. Therefore, to compare the behaviours of Biot’s and ‘‘in
vacuum’’ models of the porous material, it is necessary to present the analytical equations for the
impedance of a porous and an ‘‘in vacuum’’ layer backed by a rigid wall, covered by an additional
mass and excited mechanically.

2.1. Displacement excitation of an air-saturated porous material backed by an impervious rigid wall

First, consider the determination of the impedance of an air-saturated porous sample excited
mechanically.
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Fig. 1. Principal types of measurements set-ups.
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Physically, such type of excitation can be observed in the case of a light-weight
impervious screen attached to the porous layer. This screen represents a field of displace-
ments acting onto the porous material by transferring the stresses and velocities to the frame
and to the air in the material. The excitation is applied in the normal direction to the surface
of porous layer. The normal direction of excitation means an absence of Biot’s shear wave.
Thus, according to Biot’s theory, two incident and two reflected compressional waves
should propagate in the direction normal to the rigid wall. The derivation of the characteristic
impedance is inspired by Ref. [17] for a normal incidence plane wave. The difference is just
in the type of excitation to which the porous material is submitted, that is velocity instead
of pressure. Fig. 2 shows the porous material backed by the rigid wall and excited normally
to its surface. The x-component of the total stress vector acting on the porous material is
given by

stot
xxðxÞ ¼ �ZcV ðxÞ; ð1Þ

where Zc is the characteristic impedance of the structure and V denotes the total velocity of the
porous material (or the velocity of the impervious screen).

Fig. 2 shows the incident and reflected waves (indexes i and r) and normal stresses in the
material (superscripts s and f refer to solid and fluid). For all the fields a e jot temporal
dependency is assumed.

If x denotes the direction of wave propagation, the stresses in the porous material, the normal
velocities of the frame ’us and the velocity of the air in the pores ’uf are given by [17]

ss
xx ¼ �Zs

1ðV
i
1e

�jd1x � Vr
1e

jd1xÞ � Zs
2ðV

i
2e

�jd2x � Vr
2e

jd2xÞ; ð2Þ

sf
xx ¼ �fZ

f
1m1ðV

i
1e

�jd1x � Vr
1e

�jd1xÞ � fZ
f
2m2ðV

i
2e

�jd2x � Vr
2e

�jd2xÞ; ð3Þ

’us ¼ ðVi
1e

�jd1x þ Vr
1e

jd1xÞ þ ðVi
2e

�jd2x þ Vr
2e

jd2xÞ; ð4Þ

’uf ¼ m1ðV
i
1e

�jd1x þ Vr
1e

jd1xÞ þ m2ðV
i
2e

�jd2x þ Vr
2e

jd2xÞ; ð5Þ
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Fig. 2. Impervious screen coupled to a porous layer backed by a rigid wall.
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where Zs
1;Z

s
2;Z

f
1 and Z

f
2 are the characteristic impedances of the solid phase and the fluid phase

determined by [17]

ZS
1 ¼ ðP þ Qm1Þ

d1
o
; ð6Þ

ZS
2 ¼ ðP þ Qm2Þ

d2
o
; ð7Þ

Z
f
1 ¼ ðR þ ðQ

m1
ÞÞ

d1
fo

; ð8Þ

Z
f
2 ¼ ðR þ ðQ

m2
ÞÞ

d2
fo

; ð9Þ

d1; d2 are the wavenumbers of Biot’s compressional waves, determined by equations

d21 ¼
o2

2ðPR � Q2Þ
½P *r22 þ R *r11 � 2Q *r12 �

ffiffiffiffi
D

p
�; ð10Þ

d22 ¼
o2

2ðPR � Q2Þ
½P *r22 þ R *r11 � 2Q *r12 þ

ffiffiffiffi
D

p
�; ð11Þ

where D is given by

D ¼ ðP *r22 þ R *r11 � 2Q *r12Þ
2 � 4ðPR � Q2Þð *r11 *r22 � *r2

12Þ; ð12Þ

m1;m2 are given by [17]

mi ¼
ðPd2i � o2 *r11Þ

ðo2 *r12 � Qd2i Þ
; i ¼ 1; 2; ð13Þ

f is the porosity of the porous material.
The poroelastic coefficients ðP;Q;RÞ are expressed as

P ¼
4

3
N þ Kb þ

ð1� fÞ2

f
Kf ; ð14Þ

Q ¼ Kf ð1� fÞ; ð15Þ

R ¼ fKf ; ð16Þ

where N is the shear modulus of the frame, Kb is the bulk modulus of the frame, and Kf is the bulk
modulus of the fluid inside the porous material.

The effective Biot’s densities ( *r11; *r12; *r22) see Ref. [17], are

*r11 ¼ r1 þ ra � jsf2GðoÞ
o

; ð17Þ

*r12 ¼ �ra þ jsf2GðoÞ
o

; ð18Þ

*r22 ¼ fr0 þ ra � jsf2GðoÞ
o

; ð19Þ
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where r1 is the density of the frame, r0 is the density of the air, s is the flow resistivity of the
porous material. The quantities ra and GðoÞ are given by

ra ¼ r0fðaN � 1Þ; ð20Þ

GðoÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

4ja2
N
Zr0o

s2L2f2
;

s
ð21Þ

where aN is the geometrical tortuosity, Z is the viscosity of the interstitial fluid, and L is the
viscous characteristic length determined by

L ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
4aNZ
sf

s
: ð22Þ

Thus, having the equations of the stresses and velocities (Eqs. (2)–(5)), one can then consider the
boundary conditions (see Fig. 2). At the rigid wall (x ¼ 0) the latter read ’uf ð0Þ ¼ ’usð0Þ ¼ 0; which
leads to

Vi
1 ¼ �Vr

1 and Vi
2 ¼ �Vr

2; ð23Þ

At x ¼ �t; the impervious screen is attached to the porous layer and boundary conditions are
given by (taking into account the nullity of the normal flux and the continuity of the solid and
screen displacements at the screen–porous interface):

’um ¼ ð1� fÞ’us þ f’uf ; ð24Þ

fð’us � ’uf Þ � n ¼ 0; ð25Þ

where n denotes the outward normal to the surface and ’um ¼ ’um � n refers to the screen velocity.
The combination of Eqs. (24) and (25) leads to

’um ¼ n � ’us; ð26Þ

and to

’um ¼ ’us ¼ ’uf at x ¼ �t ð27Þ

The total stress (stot
xx ¼ stot:n) in the porous material at x ¼ �t (normal to the interface) is related

to the normal force applied by the screen onto the porous sample and the corresponding
excitation area S:

stot
xx ¼ �

F

S
; ð28Þ

Force F can also be written as

F ¼ Zmech ’u
m; ð29Þ
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where Zmech is the mechanical impedance of the porous layer, (Zmech ¼ ZcS). The total stress is
given by

stot
xx ¼ ss

xx þ s f
xx; ð30Þ

and Eqs. (28) and (29) lead to

stot
xx ¼ �

Zmech ’u
m

S
; ð31Þ

Recalling Eqs. (2) and (3), the total stress in the porous layer can be expressed as a function of
characteristic impedances of Biot’s compressional waves:

stot
xx ¼ � ’umZc ¼ �2ðZs

1 þ m1Z
f
1Þcosðd1lÞVi

1 � 2ðZs
2 þ m2Z

f
2Þcosðd2lÞVi

2: ð32Þ

In addition, Eqs. (4) and (5) can be rewritten as

’um ¼ 2j sinðd1lÞVi
1 þ 2j sinðd2lÞVi

2; ð33Þ

’um ¼ 2jm1 sinðd1lÞVi
1 þ 2jm2 sinðd2lÞVi

2: ð34Þ

The system of Eqs. (32)–(34) is an homogeneous system which has a non-trivial solution
( ’um;Vi

1;V
i
2) if

Zc �2ðZs
1 þ m1Z

f
1Þcosðd1lÞ �2ðZs

2 þ m2Z
f
2Þcosðd2lÞ

1 �2j sinðd1lÞ �2j sinðd2lÞ

1 �2jm1 sinðd1lÞ �2jm2 sinðd2lÞ

�������
������� ¼ 0; ð35Þ

that is, if

Zc ¼ j
½ðZs

2 þ m2Z
f
2Þcotðd2lÞð1� m1Þ � ðZs

1 þ m1Z
f
1Þcotðd1lÞð1� m2Þ�

ðm1 � m2Þ
: ð36Þ

Thus, Eq. (37) allows one to calculate the characteristic impedance of the porous layer backed by
a rigid wall and excited mechanically.

2.2. Displacement (velocity) excitation of a porous material backed by an impervious rigid wall in
vacuum

The porous material is now considered to be ‘‘in vacuum’’. In general, the material in this
situation can be considered as a homogenous viscoelastic one, but one could find it interesting to
derive an impedance equation starting from Biot’s model. Thus, the porous material ‘‘in vacuum’’
is characterized by the absence of air in the pores, and for a normal excitation, only one
compressional wave propagates in the frame. So, the equation of motion for the solid phase is
classically given by Allard [17].

r2js þ o2 *r11

P
js ¼ 0; ð37Þ

where *r11 is the dynamic density of the solid frame. In the case of a vacuum it reduces to the
density of the solid frame.
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js is a scalar potential, such that us ¼ rjs with

d2 ¼ o2 *r11

P
; ð38Þ

where the elastic coefficient P reduces to [17]

P ¼
4

3
N þ Kb ¼

2Nð1� nÞ
ð1� 2nÞ

: ð39Þ

In Eq. (39), N denotes the shear modulus, Kb ¼ ½2Nðnþ 1Þ=3ð1� 2nÞ�; and n is the Poisson ratio.
The characteristic impedance of the compressional wave in vacuum condition (Q ¼ 0) is then

given by

Zs ¼ P
d
o
¼

ffiffiffiffiffiffiffiffiffiffi
*r11P

p
: ð40Þ

The mechanical impedance of the porous layer in vacuum can be obtained from the stress tensor
ss

xx and the skeleton velocity ’us:

ss
xx ¼ �ZsðVie�jdx � Vre jdxÞ; ð41Þ

’us ¼ ðVie�jdx þ Vre jdxÞ: ð42Þ

Considering boundary conditions ’usð0Þ ¼ 0 and ’um ¼ ’usð�tÞ; the mechanical impedance reads

Zmech ¼
F

’um
¼

ss
xxð�tÞS
’usð�tÞ

¼
�2jZs ’umS sinðdtÞ

2 ’um cosðdtÞ
¼ �j

ZsS

tanðdtÞ
: ð43Þ

Using the relation Zmech ¼ Zc;vacS; the characteristic impedance of the porous layer in vacuum
Zc;vac reads

Zc;vac ¼ �j
Zs

tanðdtÞ
: ð44Þ

2.3. Behaviour of a porous material with a mass ontop

Taking into account that the system consisting of a porous layer backed by an impervious rigid
wall and covered by an additional mass is frequently used as a resonance measurement system,
such a system can also be analyzed.

The total mechanical impedance of the system shown in Figs. 1(a) and (b) in the case of its
excitation through the mass is given by

F

’x
¼ Zmec;tot ¼ Zm þ Zp; ð45Þ

where ’x is the mass velocity, F is the exciting force, Zmec;tot is the mechanical impedance of the
total system, Zm is the impedance of additional mass, Zm ¼ joMadd ; where Madd refers to as an
added mass, Zp is the mechanical impedance of the porous sample. Note that Zp ¼ Zmech for ‘‘in
vacuum’’ conditions, where Zmech is determined by Eq. (43). Zp ¼ ZcS in the case of air-saturated
porous material, where Zc is determined by Eq. (36), and S is the contact area between the mass
and the porous material.
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2.4. Finite-element model of the porous material

The prediction of the behaviour of a finite-dimension porous sample requires a numerical
description. A finite-element model has been selected here. It is based on the mixed displacement-
pressure poroelastic formulation developed by Atalla et al. [5]. The calculations have been
performed using a commercial software which relies on this formulation [18]. The finite-dimension
porous sample is supposed to be excited in a mechanical way (displacement excitation) using a
weightless impervious screen. The chosen structure is depicted in Fig. 3. In this figure, (1)
corresponds to the weightless exciting piston, (2) denotes the porous material, and (3) the rigid
base. The excitation through a weightless piston is equivalent to an imposed displacement applied
on the porous layer. It is supposed that the piston does not influence any parameters of the
system, it just transforms a sound pressure into a vibration velocity acting on the porous material.

In the following, when considering the air-saturated model, the porous sample is discretized
using linear poroelastic hexahedral eight noded elements with four degrees of freedom per node
(three solid displacements, interstitial pressure). The finite-element modelling of the material ‘‘in
vacuum’’ utilizes linear ‘‘solid’’ hexahedral eight noded elements. In the configuration of the
porous layer with a mass atop, the mass has been discretized with linear septum (surface element
without stiffness) four noded elements.

3. Infinite approach: comparison between ‘‘air-saturated’’ and ‘‘in vacuum’’ conditions

The comparisons have first been performed with materials whose acoustic and mechanical
parameters have been determined experimentally. In order to cover a large panel of situations
corresponding to different behaviours of porous materials, the influence of the skeleton stiffness
together with the frequency range where the resonance occurs (medium, low or high) have been
investigated by varying Young’s modulus or adding a mass atop the porous sample.

The first step of this investigation deals with the comparison of poroelastic and ‘‘in vacuum’’
models in the case of a ‘‘fibrous’’ material (the Poisson ratio is close to 0). The characteristics of
this material referred to as material A are presented in Table 1. The comparison between the two
models has been carried out in terms of characteristic impedance calculated from Eqs. (36) and
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(44), (see Fig. 4). The resonances of the material ‘‘in vacuum’’ (solid part), corresponding to the
minima of impedance curves are clearly seen. In the case of the material ‘‘in vacuum’’, these
frequencies correspond to 1

4
of wavelength resonance of skeleton given by

fres ¼
n

4t

ffiffiffiffiffiffiffi
P

*r11

s
; n ¼ 1; 2; 3y : ð46Þ

Fig. 4 exhibits differences between the two models in terms of amplitude and position of the
resonance frequencies. Note that there is a mismatch between resonance frequencies of the air-
saturated and ‘‘in vacuum’’ models. This effect is shown more clearly seen in Fig. 5, which
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Table 1

Properties of material A

Density (bulk) r (kg/m3) 100

Porosity f 0.985

Flow resistivity s (Ns/m4) 46503

Geometrical tortuosity aN 1.004

Viscous characteristic length L (m) 3.5
 10�5

Thermal characteristic length L’ (m) 4.3
 10�5

Young’s modulus E (kPa) 170

Loss factor Z 0.23

The Poisson ratio n 0
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Fig. 4. Modulus of the impedance of porous material A calculated using ‘‘air-saturated’’ and ‘‘in vacuum’’ models.
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presents a zoom of Fig. 4 in the frequency range of the first resonance. Next simulation has been
made to estimate the effect of increasing Young’s modulus on the behaviour of the impedance
curves. Fig. 6 displays the impedance moduli calculated respectively with a value of Young’s
modulus 170 kPa (a) and 600 kPa (b). It is seen that the difference between the impedance of air-
saturated material and ‘‘in vacuum’’ material reduces with increasing Young’s modulus. Thus, if
the skeleton of porous material becomes stiffer, the influence of the air’s stiffness on the total
stiffness of the material decreases. However, even in the stiffer case (600 kPa) discrepancies occur
between the two impedance curves. Similar trends are observed in the case of a foamed porous
material (see Fig. 7), whose characteristics are displayed in Table 2. Finally, Fig. 8 displays the
moduli of the impedance of material A in the case of a high Young’s modulus (5000 kPa). It is
seen that the impedance of the air-saturated material is very similar to the ‘‘in vacuum’’ one, but it
is important to highlight that this magnitude is unrealistic for porous materials used for acoustic
purposes and described by Biot’s model.

The next step of the study is to observe the behaviour of the material in the low-frequency
range, in the case of low-frequency resonance. There are several possibilities to obtain a low-
frequency resonance (in the case of realistic characteristics of porous material), such as the
increase of the thickness of the sample, and the decrease (realistically) of Young’s modulus of the
porous material. In order to avoid unrealistic low values of Young’s modulus, a good way is also
to use a system made up of a porous material with a mass atop. Moreover, one can recall that this
set-up is the typical structure for resonance measurement, as it is shown in Fig. 1. Taking into
account that resonance is characterized by an increase of amplitude, the following results are
presented in terms of admittance (A), defined as the inverse of impedance, A ¼ 1=Z: Fig. 9 shows
the admittance calculated for a sample of thickness 28mm and made up of material A. The Young
modulus was reduced to 40 kPa (a) and 80 kPa (b), with a mass atop equal to 0.020 kg. It is seen
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that Biot’s air-saturated model exhibits a very different behaviour from the ‘‘in vacuum’’ model.
The resonance frequencies observed are located between 50 and 120Hz.

The further reduction of the resonant frequency of the system obtained by increasing
the thickness of porous layer to 100 and 200mm also does not reveal any coincidence between
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‘‘in vacuum’’ and poroelastic models, see Figs. 10a and b. The resonance has been
obtained around 50Hz, and the difference between resonance frequencies in both ‘‘in vacuum’’
and poroelastic models is approximately 10Hz. Therefore, no agreement was obtained between
the dynamic behaviours of ‘‘air-saturated’’ and ‘‘in vacuum’’ conditions in the low-frequency
range.
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Previous results indicated that there are no realistic conditions (frequency range, stiffness of
skeleton), where the behaviour of the impedance of air-saturated material matches the ‘‘in
vacuum’’ one. The conclusion is that if the dynamical behaviour of a porous material is described
by an infinite (impedance) approach, the ‘‘in vacuum’’ model cannot be used in place of Biot’s
model.

4. Modelling of finite-dimensional porous samples

In the previous section, the porous material has been considered as infinite in the lateral
directions. The lateral dimensions have been taken into account through the area of the test
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Table 2

Properties of material B

Density (bulk) r (kg/m3) 28

Porosity f 0.975

Flow resistivity s (Ns/m4) 13904

Geometrical tortuosity aN 1.648

Viscous characteristic length L (m) 7.7
 10�5

Thermal characteristic length L’ (m) 26.0
 10�5

Young’s modulus E (kPa) 170

Loss factor Z 0.08

The Poisson ratio n 0.35
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sample in order to find the mechanical impedance. However the characteristic impedance of the
material was determined for infinite lateral dimensions. The next step of the comparison between
the ‘‘air-saturated’’ material and the material ‘‘in vacuum’’ is done for a three-dimensional porous
sample of fixed size. The poroelastic material is considered to have lateral boundary conditions
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and the goal of this section is to find out how the lateral dimensions of the porous sample
influence its behaviour. Table 1 gives the parameters of material A used in the numerical finite-
element simulations. Considering that given set-ups used for the measurement of mechanical
parameters (see Fig. 1) have free lateral sides, corresponding approximate boundary conditions
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consist in imposing interstitial pressure p to zero. In reality, the porous material can radiate in the
surrounding medium so that the previous boundary condition is only approximate. The
authors are not aware of any published work about the influence on the porous response of
accounting exactly for the radiation condition. This is a topic which deserves the attention of
researchers. Note that all the boundary conditions for the mixed poroelastic formulation are
discussed in Ref. [19].

Fig. 11 shows the admittance modulus of a sample of material A with dimensions
0.041m
 0.041m
 0.027m calculated using the ‘‘air-saturated’’ and the ‘‘in vacuum’’ models
(poroelastic and solid elements, respectively). In both cases, a mesh of 2
 2
 4 elements has been
used in the numerical simulations. For other dimensions, the mesh has been adjusted in order to
ensure the convergence of the solution. An excellent agreement is achieved between the two
models. In particular, the resonance frequencies of both systems coincide. This frequency
corresponds to the one calculated by Eq. (46). The picture also shows a slight difference of
resonance amplitude between the two curves, which shows that the loss factor of the ‘‘air-
saturated’’ material is higher than ‘‘in vacuum’’ one. The concordance of the resonance
frequencies confirms the coincidence of Young’s moduli and a slight difference of the resonance
amplitude demonstrates a small difference of the loss factors. Similar numerical results have been
obtained for other porous materials with the same dimensions.

Consider now the effect of the lateral dimensions of the porous sample on its ‘‘air-saturated’’
and ‘‘in vacuum’’ behaviours. The averaged admittance of the porous samples has then been
calculated for multiple lateral dimensions. In order to synthesize the results, a convenient
parameter which can be named ‘‘poroelastic shape factor’’ has been introduced. It is defined as the
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volume of the porous sample divided by the area of its lateral sides. For a test sample with a
rectangular cross-section it is given by (see Fig. 12)

V

S
¼

abt

2ða þ bÞt
; ð47Þ

where a; b refer to the lateral dimensions and t denotes the thickness.
This parameter characterizes how small the test sample is, or, in other words, how strongly the

boundary conditions influence the behaviour of the test sample as a whole. It is well-known that in
resonant systems the resonance frequency characterizes the stiffness properties, in other words
Young’s modulus of the material. So, one can say that the difference (Df ) between the resonance
frequencies in the case of the finite dimension sample with ‘‘free’’ lateral boundary conditions
(poroelastic model) and in the case of the ‘‘in vacuum’’ model of the porous layer can be a
measure of the well foundedness of using an ‘‘in vacuum’’ model instead of a poroelastic one. If
the lateral dimensions of the sample were so large that the boundary conditions would not
influence the behaviour of the sample, the difference Df would be maximal and equal to the
difference obtained between the ‘‘in vacuum’’ and the ‘‘poroelastic’’ infinite models. If the lateral
dimensions of the sample were so small that the poroelastic sample would behave as an ‘‘in
vacuum’’ one, the difference Df would be zero. Note that Young’s modulus is assumed frequency
independent in the frequency band Df :

Fig. 13 shows the above-mentioned parameter ‘‘Df ’’ versus V=S: It is seen that in the case of
small magnitude of ‘‘poroelastic shape factor’’ (less than 0.02m), the poroelastic model behaves as
the viscoelastic one, then a transient zone is observed. Finally, in the case of large sample (V=S

larger than 0.1m), the same resonance frequency as in the case of the infinite approach is
obtained.

Following the steps of the analytical impedance approach, the next phase is to investigate the
behaviour of the finite-dimension porous sample as a function of the frequency zone where the
resonance lies. In other words, does the criterion V=So0:02m depend on the frequency range
where the resonance takes place? Consider first the case where the resonance occurs at low
frequencies. This behaviour has been achieved by adding a mass atop material A. The mass has
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been modelled by a layer of ‘‘septum’’ that is an additional mass without any stiffness (density and
thickness equal to 7800 kg/m3 and 1.66mm, respectively). Fig. 14 shows the corresponding
admittance modulus. A picture resembling Fig. 11 is obtained but the resonance frequency is
lower (around 100Hz instead of 372Hz). The resonance frequencies of the ‘‘air-saturated’’ and
‘‘in vacuum’’ states of the material coincide and a slight difference in resonance amplitude is
observed. Fig. 15 shows ‘‘Df ’’ versus V=S for this low-frequency configuration. The comparison
between Figs. 13 and 15 shows that the reduction of the resonance frequency does not change the
type of behaviour. Thus, the coincidence of resonance frequencies between ‘‘air-saturated’’ and
‘‘in vacuum’’ conditions is also observed below a limiting value of V=S equal to 0.02m.

The behaviour of the porous sample in the high-frequency range has been examined just by
increasing the porous layer Young’s modulus. Table 3 presents the comparison between ‘‘air-
saturated’’ and ‘‘in vacuum’’ resonance frequencies of the system. This simulation has been
carried out for ‘‘small’’ dimensions of sample corresponding to V=S ¼ 0:017m. The increase of
Young’s modulus and, consequently the increase of resonance frequencies, does not lead to any
difference between ‘‘air-saturated’’ and ‘‘in vacuum’’ resonance frequencies. The numerical
analysis of Biot’s and ‘‘in vacuum’’ models of the porous sample of finite dimension exhibit one
criterion based on the shape factor V=S; which tells one when the latter can be used in place of the
former. For the investigated cases, Biot’s poroelastic and ‘‘in vacuum’’ models behave in the same
way for ‘‘small’’ samples characterized by V=So0:02m. This effect can be explained by the small
value of the interstitial pressure in the pores imposed by the lateral boundary conditions. Indeed,
the porous material is modelled as having ‘‘free’’ boundary conditions. This kind of boundary
condition consists of setting the interstitial pressure to 0 at the boundary nodes [19]. This is only
approximate since the acoustic radiation of the lateral sides of the sample in the outer medium is
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Fig. 15. Effect of the V=S parameter on ‘‘Df ’’ for material A with a mass atop.
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neglected. Given the smallness of the samples, the interstitial pressure is uniform and almost zero
so that the compressibility of air contained in the pores does not influence the parameters of the
resonance and that is why the resonance frequency is completely determined by Young’s modulus
of skeleton. In other words, for a real material the air contained in the pores is not constrained
and can escape the pores thereby not modifying the compressibility of the sample.

The resonance behaviour of the sample of the porous material allowed one to estimate its
stiffness or its Young’s modulus. Another important parameter related to the damping properties
of the porous skeleton is the loss factor (Z). In the previous figures, the width of the resonance
curve and the amplitude at resonance are not the same for poroelastic and viscoelastic models,
which means that the loss factor is not the same either. It is known that the total dissipated power
in Biot’s poroelastic model is the sum of three parts: the power dissipated in the skeleton, the
power dissipated through viscous effects, and the power dissipated through compressibility
effects. Fig. 16 displays the ratio of these three types of dissipated powers as a percentage of the
total dissipated power per unit volume, calculated by a finite element approach. As V=S decreases
from 0.14 to 0.03m, the structural part (together with the viscous part) of the dissipated power
decreases (the compressibility effects being negligible for this configuration). As the ‘‘poroelastic
shape factor’’ decreases from 0.03 to 0m, the viscous part of the dissipated power reduces
dramatically, and the structural part increases very fast. For example, if V=S ¼ 0:0095 (lateral
size equal to 0.038
 0.038mm), 97% of the total dissipated energy is dissipated in the skeleton
and one can observe the viscoelastic behaviour of the porous sample. The admittance of this
configuration is shown in Fig. 17. A good agreement between both resonance curves (‘‘air-
saturated’’ and ‘‘in vacuum’’) confirms the ‘‘in vacuum’’ behaviour of an ‘‘air-saturated’’ sample
of the porous material. This allows one to be confident in the estimate of its stiffness (Young’s
modulus) together with its damping properties (loss factor). Summarizing the obtained results one
can say that the ‘‘in vacuum’’ approach can be applied to the poroelastic media in order to assess
Young’s modulus and loss factor if the ‘‘poroelastic shape factor’’ is less than 0.02m. The
above-mentioned conclusions have been obtained in the case of a ‘‘resistive’’ porous material
(45 000Nm�4 s). One can wonder if the same value of the ‘‘poroelastic shape factor’’ is valid for a
low-resistivity porous medium.

Two real low-resistivity materials have been numerically analyzed in order to investigate this
question. Material C has very big dimensions of pores and, consequently, has a very low air flow
resistivity (240Nm�4 s). Material D is typically used in industrial air conditioning systems and has
an air flow resistivity equal to 3500Nm�4 s . For confidentiality reasons the materials properties

ARTICLE IN PRESS

Table 3

Effect of the increase of Young’s modulus on the resonance frequencies—Material A

No. Young’s modulus (kPa) Resonance frequency (Hz)

‘‘In vacuum’’ Poroelastic

1 170 372 372

2 250 453 447

3 300 495 491

4 400 572 568

5 500 640 635
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cannot be provided in this paper. Fig. 18 shows the powers dissipated by the three effects for
material C as a percentage of the total dissipated power per unit volume, calculated by a finite-
element approach. One can observe that 97% of the total power dissipated by skeleton is obtained
in the case of V=S ¼ 0:1m, but material D has the same percentage of structural dissipated energy
if V=S is equal to 0.03. At the same time, the finite-element simulation made for highly resistive
material E (air flow resistivity of 60,000Nm�4 s) indicates that this percentage is achieved for V=S

equal to 0.0065m. Fig. 19 displays the V=S parameter obtained for 97% of total power dissipated
by skeleton as a function of the air flow resistivity. This figure reveals that as the flow resistivity
decreases, the limiting ‘‘poroelastic shape factor’’ increases. In other words the measurements of
mechanical parameters of low-resistivity porous materials can be accomplished using bigger test
samples than for higher-resistivity materials.

For square cross-section samples with a side a, Eq. (47) reduces to a=4; which means that for
these samples the thickness does not influence the magnitude of the ‘‘poroelastic shape factor’’.
Note that in previous simulations the thickness of the porous samples has been kept constant to a
value of 28mm. It is now interesting to investigate the influence of the thickness on the limiting
value of the V=S parameter. Fig. 20 displays the V=S parameter for 97% of the total power
dissipated by skeleton as a function of the thickness of the sample for materials A and D. One can
see a slight augmentation of this limit as the thickness increases but these results indicate a rather
a weak dependence. Indeed, a multiplication of thickness by seven (from 7 to 50mm) only induces

ARTICLE IN PRESS
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Fig. 19. Effect of the air flow resistivity on the limiting value of V=S parameter.

Fig. 20. Effect of the sample thickness on the limiting value V=S parameter.
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a multiplication of the V=S parameter by 1.7. The observations derived from Fig. 20 indicate that
the dependence of the limiting V=S parameter on the thickness is weak in comparison with air
flow resistivity.

5. Conclusions

The purpose of this work was to investigate the conditions when a mechanically excited porous
material exhibits an ‘‘in vacuum’’ behaviour, that is when its response is not influenced by its fluid
phase and completely determined by the parameters of its solid phase. In other words, this paper
examined the conditions under which ‘‘in vacuum’’ and ‘‘air-saturated’’ Biot’s poroelastic models
match. This study is indeed very useful to develop a correct measurement method for complex
Young’s modulus of porous skeleton. Impedance models of poroelastic ‘‘air-saturated’’ and ‘‘in
vacuum’’ materials backed by an impervious rigid wall for the case of mechanical excitation have
been first presented. The results based on these models show that there is no frequency range
where the impedance of the porous material ‘‘in vacuum’’ and the ‘‘air-saturated’’ one coincide. In
other words, poroelastic materials modelled by an impedance analytical model based on Biot’s
theory do not exhibit an ‘‘in vacuum’’ behaviour in their ‘‘normal’’ conditions. This simple model
seems therefore inappropriate to estimate mechanical parameters of porous materials. A
numerical model of the porous material accounting for finite dimension samples has been
proposed to circumvent this issue. A ‘‘poroelastic shape factor’’ has been defined as the ratio of
the volume to the area of the lateral sides of the porous sample considered as having free lateral
boundary conditions. A finite-element analysis allowed one to establish limiting values of the
poroelastic shape factor below which 97% of the total power in the porous medium is dissipated
in the skeleton and the ‘‘in vacuum’’ and ‘‘air-saturated’’ models yield the same impedance. A
possible explanation for this is that the air compressibility does not affect the behaviour of the
skeleton because of the ‘‘free’’ lateral boundary conditions of the sample. Its dynamic behaviour is
then completely determined by the complex Young’s modulus of the skeleton. This conclusion has
been verified in a rather wide frequency range, up to 650Hz by analyzing materials with different
Young’s modulus magnitudes. It has been shown that the limiting values of the poroelastic shape
factor depend on the flow resistivity and the thickness of the tested samples. In particular, an
increase of this limit is achieved as the flow resistivity decreases and as the thickness increases.
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