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Introduction: anisotropy in porous materials

Anisotropy:

Isotropic models are OK in most airborne applications

Isotropic models are NOT OK when the material is excited by vibrations

Effect of orientation:
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Figure 3: Normal incidence response of the multilayered structure as a function of frequency 3(a) for 3
different rotations around the angle ↵, and 3(b) for 3 different rotations around the angle .

4 Results & Discussions

The transmission loss is shown in Figure 3 for three different rotations of the porous material as a function of
frequency. The rotations have been performed either through the angle ↵ (Figure 3(a)) or through the angle
(Figure 3(b)). For low frequencies (between 500 Hz and 900 Hz) a frequency shift of the mass-spring-mass
resonance may be observed, resulting in a substantial shift of the transmission loss in this region. For example
a difference of nearly 30 dB at 900 Hz may be seen when comparing  = 0 and  = ⇡/2. In addition, a new
resonance and a corresponding anti-resonance appear at low frequencies for the configuration ↵ = ⇡/4 or
 = ⇡/4. In following also translates into a difference on transmission loss for a single frequency between
two configurations. Further analysis shows that the variations of the Hooke’s matrix of the porous material
as a function of the angle  are more important compared to the variations as a function of the angle ↵ (see
Appendix A). This is reflected on the difference in the amplitudes of both the resonant and anti-resonant
behaviour of the multilayered structure between the two rotation angles. Thus in the following, results
obtained from a rotation through the angle  will be investigated in some more detail.

As a performance measure, the results obtained from simulations using the closest isotropic equivalent will
be used. As may be seen on Figure 3(b), the closest isotropic equivalent shows a relative equivalent behaviour
to the results from  = ⇡/4, which is understandable as the coefficient Ĉ33 takes a value very close to the
Young modulus of the closest isotropic equivalent for that particular angle of rotation. As a result of the
invariance of the isotropic coefficients with respect to the rotations of the porous layers, the anisotropic
model predicts important differences on the acoustic response with respect to the closest isotropic equivalent
(see Appendix A). Furthermore, it is essential to note that on practical engineering purposes, the mechanical
values used are those measured by classic methods assuming isotropicity of the material. These methods
of measurements will effectively evaluate the mechanical behaviour on only one direction of the anisotropic
material, which will depend on the manufacturing process of the foam and the location of the measured
sample on the production bulk. The characterization and modeling of the anisotropicity of the porous foams
are therefore of clear importance for engineering purposes.

The low frequency shift between the different rotations can be explained through the dependence of the
stiffness of the porous layer on the z direction. As observed in Figure 4, the shifts of the equivalent mass-

spring-mass system resonance correlates with the evolution of the term f() =

q

Ĉ33(), where Ĉ33() is
the coefficient of the porous Hooke’s law that relates the compressional stress zz and the strain ✏zz .

(See poster by Juan Pablo Parra)

⇒ Need for characterisation techniques (topic of this talk)

Future = place the materials in their optimal orientation using minimum weight
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The transmission loss is shown in Figure 3 for three different rotations of the porous material as a function of
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As a performance measure, the results obtained from simulations using the closest isotropic equivalent will
be used. As may be seen on Figure 3(b), the closest isotropic equivalent shows a relative equivalent behaviour
to the results from  = ⇡/4, which is understandable as the coefficient Ĉ33 takes a value very close to the
Young modulus of the closest isotropic equivalent for that particular angle of rotation. As a result of the
invariance of the isotropic coefficients with respect to the rotations of the porous layers, the anisotropic
model predicts important differences on the acoustic response with respect to the closest isotropic equivalent
(see Appendix A). Furthermore, it is essential to note that on practical engineering purposes, the mechanical
values used are those measured by classic methods assuming isotropicity of the material. These methods
of measurements will effectively evaluate the mechanical behaviour on only one direction of the anisotropic
material, which will depend on the manufacturing process of the foam and the location of the measured
sample on the production bulk. The characterization and modeling of the anisotropicity of the porous foams
are therefore of clear importance for engineering purposes.
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Model of the frame
Characterisation of the frame Model of anisotropic open-cell foams

Stress-strain relations in Biot’s theory for the solid frame (s) and the fluid (f ):
σ

(s)
ij = Hijklε

(s)
kl + Qiju

(f )
k,k

σ
(f )
ij =

(
Qklε

(s)
kl + Ru

(f )
k,k

)
δij

Hijkl stiffness matrix of the frame

Qij solid-fluid dilatation coupling

R fluid compressibility modulus

Two possibilities for measuring Hijkl :

Dynamic tests in vacuo:

σ = H ε

Static tests:

σ = C ε

H: Full frequency-dependent stiffness matrix (elastic and anelastic effects)

C: Fully-relaxed elastic part of the stiffness matrix
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H: Full frequency-dependent stiffness matrix (elastic and anelastic effects)

C: Fully-relaxed elastic part of the stiffness matrix
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Model of the frame
Characterisation of the frame Viscoelastic behaviour

Relaxation test for a melamine foam
(time domain)

[Guastavino & Göransson 2005]

Modelling possibilities:

Add damping as a complex stiffness, e.g. E = E0 · (1− iη) (not causal)

Hypothesis of causality ⇒ there must be a constitutive model

Causal parameterisations (equivalent to each other):

Discrete superposition of relaxation processes

Continuous superposition of relaxation processes

. . . (go to next page)
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Model of the frame
Characterisation of the frame Viscoelastic behaviour

Fractional differential constitutive equation(
1 +

∂α

∂(t/τ)α

)
σ(t) =

(
C + M

∂α

∂(t/τ)α

)
ε(t)

C fully-relaxed stiffness matrix
M deformation memory
α ∈ ]0, 1] derivative order
τ relaxation time
β relaxation frequency

↓

H(ω) = C +
B · (iω/β)α

1 + (iω/β)α
Laplace transform

↓

H(ω) = C

(
1 +

b (iω/β)α

1 + (iω/β)α

) Hypothesis: collinearity
of elastic and anelastic
contributions (optional)
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Model of the frame
Characterisation of the frame Anisotropy

Stiffness matrix:

H(ω) = C

(
1 +

b (iω/β)α

1 + (iω/β)α

)
Compliance matrix (orthotropic symmetry):

(
C0
)−1

=



1

E1
−
ν12

E1
−
ν13

E1
0 0 0

−
ν21

E2

1

E2
−
ν23

E2
0 0 0

−
ν31

E3
−
ν32

E3

1

E3
0 0 0

0 0 0
1

G23
0 0

0 0 0 0
1

G31
0

0 0 0 0 0
1

G12


Orientation of the natural coordinates:

C = AC0AT A = A(φ1, φ2, φ3)

Physical constraints (positive-definiteness of C0):

Ei > 0 Gij > 0 ν2
ij < Ei/Ej 2

∏
ij

νij < 1−
∑
ij

ν2
ijEj/Ei
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Model of the frame
Characterisation of the frame Parameters to estimate

Set of properties to be estimated:

X =
[
E1 E2 E3 G23 G31 G12 ν21 ν13 ν32 α β b φ1 φ2 φ3

]T

Non-dimensional form:

x =
[
ξ1 ξ2 ξ3 ξ4 ξ5 ξ6 ξ7 ξ8 ξ9 ξ10 ξ11 ξ12 ξ13 ξ14 ξ15

]T

. . . with respect to an arbitrary isotropic material of reference:

X0 =
[
E0 ν α0 β0 b0

]T

The first 9 non-dimensional parameters are the degrees of anisotropy of the material:[
ξ1 ξ2 ξ3

]
=

[
E1 E2 E3

]
E0

;
[
ξ4 ξ5 ξ6

]
=

[
G23 G31 G12

]
G0

;
[
ξ7 ξ8 ξ9

]
=

[
ν21 ν13 ν32

]
ν0
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1 Model of the frame

2 Characterisation of the frame
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Model of the frame
Characterisation of the frame Methods

Review by Jaouen et al. 2008
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Model of the frame
Characterisation of the frame General methodology

x0 =



u
n

k
n

ow
n


↓

x =

[

g
u

es
s

]
↓

Experimental data

d(x)

|——|

Numerical data

Minimisation of
distance d(x)

→
Fitted model

x ' x0

The parameter search is formulated as an optimisation problem:{
min d(x)

s.t. constraints on x
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Model of the frame
Characterisation of the frame

Dynamic measurements
⇒ anelastic properties

—— target; - - - - - model

1. Arbitrary isotropic reference

2. Minimisation of

d(x) = 1+
M∑

m=1

N∑
n=1

∣∣∣∣∣um(ωn, x)− u
(exp)
m (ωn)

u
(exp)
m (ωn)

∣∣∣∣∣
2

100

101

102

0 5 10 15 20 25 30 35

f0(x)

GCMMA iteration number

y
x

x

z

z

y
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f (Hz)

10−1

100
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Model of the frame
Characterisation of the frame Application to melamine

Fitted model

|u
1
|

Φ
[u

1
]

100 150 200 250 300 350 400

f (Hz)

100 150 200 250 300 350 400

f (Hz)

x

y

z

(a)

×10

x

y

z

(b)

π

Measured properties

Property value unit
E1 448 kPa
E2 211 kPa
E3 170 kPa
G23 104 kPa
G31 124 kPa
G12 101 kPa
ν21 0.445 -
ν13 -0.514 -
ν32 0.433 -
β 813 krad/s
α 0.333 -
b 0.296 -
φ1 -0.118 rad
φ2 0.030 rad
φ3 0.131 rad
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Model of the frame
Characterisation of the frame Application to melamine
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Model of the frame
Characterisation of the frame Elastic properties (static)

H(ω) = C +
B · (iω/β)α

1 + (iω/β)α
or H(ω) = C

(
1 +

b (iω/β)α

1 + (iω/β)α

)
Idea Experiment

Guastavino and Göransson 2007

Model

Data = 3D displacements
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Model of the frame
Characterisation of the frame Estimated properties for melamine

Dynamic measurement

Property value unit

E1 448 kPa
E2 211 kPa
E3 170 kPa
G23 104 kPa
G31 124 kPa
G12 101 kPa
ν21 0.445 -
ν13 -0.514 -
ν32 0.433 -
β 813 krad/s
α 0.333 -
b 0.296 -
φ1 -0.118 rad
φ2 0.030 rad
φ3 0.131 rad

Static measurement

Property value unit

E1 124.2 kPa
E2 161.8 kPa
E3 219.2 kPa
G23 3234.8 kPa
G31 4203.0 kPa
G12 28.3 kPa
ν21 -0.35 -
ν13 0.35 -
ν32 0.63 -

φ1 0.038 rad
φ2 -0.01 rad
φ3 -0.76 rad
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Conclusion

Static and dynamic measurements give different estimations of the elastic
(fully-relaxed) moduli

⇒ H(ω) = C +
B · (iω/β)α

1 + (iω/β)α

H can be used in numerical tools for anisotropic poroelastic materials

Hörlin and Göransson 2010 (FEM)
Parra et al. 2015 (TMM)

Fractional-derivative model ⇒ few parameters to estimate

We also have the anisotropic flow resistivity tensor:

min

∣∣∣∣∣∣∣∣∣∣∣∣

−

∣∣∣∣∣∣∣∣∣∣∣∣
⇒ R =

 Rxx Rxy Rxz

Ryy Ryz

(sym) Rzz



[Van der Kelen and Göransson 2013]

⇒ Towards a comprehensive characterisation method
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Plane wave approximation 
• Every physical field can be expressed as 

• The variation of the physical fields through a 
layer, described via a state vector S composed of 
state variables, can be approximated as a linear 
combination of the same state variables, 

• The state vector S depends on the material 
model 

Material models 
• Fluid layer 

• Anisotropic solid Layer 

• Anisotropic porous layer

Acoustic Response modelling of Multilayered 
Structures with Anisotropic Porous materials

J.P. Parra Martinez1,2,*, P. Göransson1, O. Dazel2, J. Cuenca1

Motivation 
• Open-cell porous materials are inherently 
anisotropic due to manufacturing processes, 
comprising a highly irregular microscopic 
structure. 
• Need of a method for modelling the influence 
of the inherent mechanical and acoustic 
anisotropy of poroelastic materials on the 
acoustic transmission through multilayered 
structures.

1KTH Royal Institute of Technology, Teknikringen 8, SE10044 Stockholm, Sweden 
2LAUM Université du Maine, UMR CNRS 6613, Avenue Olivier Messiaen, F-72085 Le Mans Cedex France

*jppm@kth.se

Microscopic picture of a melamine foam (x20)

Objectives 
• Create an accurate modelling tool for the 
broadband acous t i c a s ses sment o f 
anisotropic media. 
• Investigate the influence of the relative 
alignment of anisotropic porous materials 
with respect to the general coordinate 
system on the acoustic response of 
multilayered structures.

Introduction

Approach Results

�(r, t) = �̂eı(!t�kr)

@S(z)

@z
= �[↵]S(z)

Fluid layer Solid layer Porous layer

⇢
uf

z (z)
p(z)

�

8
>>>>>><
>>>>>>:

ux(z)
uy(z)
uz(z)
�xz(z)
�yz(z)
�zz(z)

9
>>>>>>=
>>>>>>;

8
>>>>>>>>>><
>>>>>>>>>>:

us
x(z)

us
y(z)

us
z(z)

ut
z(z)

�̂xz(z)
�̂yz(z)
�̂zz(z)
p(z)

9
>>>>>>>>>>=
>>>>>>>>>>;

� = C✏, r · � = �!2⇢u.

r · �̂ = �!2⇢̃su
s � !2⇢̃eq�̃ut,

�rp = �!2⇢̃eq�̃us � !2⇢̃equ
t,

�̂ = Ĥ(!).✏,

p = �K̃eqr.ut.

θ1

−→z

−→x
−→y

Melamine foam

Aluminium sheets

Incident plane wave

θ2

−→x

−→z

−→y
β

β

−→
x′

−→
z′

Setup 
• Isotropic Aluminium facesheets 
• Anisotropic melamine foam

Relative alignment 
• The porous layer is rotated 
with respect to the general 
coordinate system

Normal Incidence 
• Symmetry with respect to β=0 rad. 
• Rotation of the poroelastic material shifts 
resonances and anti-resonances in frequency 
• Increase of transmission loss of the overall 
structure for rotations around β=±π/4 rad.

Oblique Incidence 
• No symmetry plane 
• Rotation of the poroelastic material 
shifts resonances and anti-resonances in 
frequency 
• Dramatic increase of transmission loss in 
mid and high frequencies for particular 
rotations

Conclusion / Quo vadis?
• A broadband plane wave method for 
the acoust i c characte r i sa t ion o f 
multilayered structures composed of 
anisotropic poroelastic materials has been 
successfully implemented. 

• The relative alignment of the porous 
layer has important influence on the 
acoustic transmission through the system. 
• The methodology holds a potential to 
identify the physical phenomena behind 
the resonant behaviour.

p = �K.ruf
z ,

@p

@z
= !2⇢uf

z .
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