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A B S T R A C T   

This paper proposes a framework for the estimation of the transport and elastic properties of open-cell poroelastic media based on sound absorption measurements. The sought properties are the Biot-Johnson-Champoux-Allard model parameters, namely five transport parameters, two elastic properties and the mass density, as well as the sample thickness. The methodology relies on a multi-observation approach, consisting in combining multiple independent measurements into a single dataset, with the aim of over-determining the problem. In the present work, a poroelastic sample is placed in an impedance tube and tested in two loading conditions, namely in a rigid-backing configuration and coupled to a resonant expansion chamber. Given the non- monotonic nature of the experimental data, an incremental parameter estimation procedure is used in order to guide the model parameters towards the global solution without terminating at local minima. A statistical inversion approach is also discussed, providing refined point estimates, uncertainty ranges and parameter correlations. The methodology is applied to the characterisa-tion of a sample of melamine foam and provides estimates of all nine parameters with compact uncertainty ranges. It is shown that the model parameters are retrieved with a lower uncertainty in the multi-observation case, as compared with a single-observation case. The method proposed here does not require prior knowledge of the thickness or any of the properties of the sample, and can be carried out with a standard two-microphone impedance tube.   

1. Introduction 

The estimation of material and geometrical properties of mechanical and acoustical systems is central to many areas of engineering, 
yet numerous methodological challenges exist. One such example, of particular interest here, is the measurement of transport and 
elastic properties of poroelastic media. These materials exhibit intricate and complex fluid–structure interactions related to visco- 
thermal exchanges and visco-elastic energy dissipation, and as a result are often modelled with a large number of parameters. The 
estimation of a complete set of these parameters, which consistently and coherently satisfy a comprehensive constitutive model, has 
been a topic of increasing interest, for instance for its use in simulation tools, as computational power has grown over the last decades. 
* Corresponding author. 

E-mail addresses: jacques.cuenca@siemens.com (J. Cuenca), pege@kth.se (P. Göransson), laurent.deryck@siemens.com (L. De Ryck), timo. 
lahivaara@uef.fi (T. Lähivaara).  

Contents lists available at ScienceDirect 

Mechanical Systems and Signal Processing 
journal homepage: www.elsevier.com/locate/ymssp 

https://doi.org/10.1016/j.ymssp.2021.108186 Received 6 November 2020; Accepted 22 June 2021   

2/13 J. Cuenca (jacques.cuenca@siemens.com) Statistical characterisation of foams ,



Introduction Model and setup Inverse problem Numerical tests Experiments Closing remarks

Previous work

Experimental data
1 2

1 2

1000 2000 3000 4000
0

0.2

0.4

0.6

0.8

1

α
(-
)

f (Hz)

Statistical inversion result

22.5 23 23.5 24 24.5

h (mm)

11 12 13 14

ρ (kg·m−3)

0.92 0.94 0.96 0.98

φ (-)

18 19 20 21 22

σ (kN·s·m−4)

1.05 1.1 1.15 1.2 1.25 1.3

α∞ (-)

80 100 120 140

Λ (µm)

140 150 160 170 180 190

Λ′ (µm)

180 200 220 240

E (kPa)

3 4 5 6 7

η (%)

2/13 J. Cuenca (jacques.cuenca@siemens.com) Statistical characterisation of foams ,



Introduction Model and setup Inverse problem Numerical tests Experiments Closing remarks

Previous work

Experimental data
1 2

1 2

1000 2000 3000 4000
0

0.2

0.4

0.6

0.8

1

α
(-
)

f (Hz)

Statistical inversion result

22.5 23 23.5 24 24.5

h (mm)

11 12 13 14

ρ (kg·m−3)

0.92 0.94 0.96 0.98

φ (-)

18 19 20 21 22

σ (kN·s·m−4)

1.05 1.1 1.15 1.2 1.25 1.3

α∞ (-)

80 100 120 140

Λ (µm)

140 150 160 170 180 190

Λ′ (µm)

180 200 220 240

E (kPa)

3 4 5 6 7

η (%)

2/13 J. Cuenca (jacques.cuenca@siemens.com) Statistical characterisation of foams ,



Introduction Model and setup Inverse problem Numerical tests Experiments Closing remarks

Motivation and goal

Motivation

More equations for the same unknowns

↓
Less uncertainty

Idea

Combine measurement data from
different frequency ranges

1 2

Low frequency sound absorption
(φ, α∞,Λ,Λ′, κ0, κ

′
0)

source receiver

Ultrasound transmission
(α∞,Λ)

100 101 102 103 104 105 106

Frequency (Hz)

3/13 J. Cuenca (jacques.cuenca@siemens.com) Statistical characterisation of foams ,



Introduction Model and setup Inverse problem Numerical tests Experiments Closing remarks

Motivation and goal

Motivation

More equations for the same unknowns

↓
Less uncertainty

Idea

Combine measurement data from
different frequency ranges

1 2

Low frequency sound absorption
(φ, α∞,Λ,Λ′, κ0, κ

′
0)

source receiver

Ultrasound transmission
(α∞,Λ)

100 101 102 103 104 105 106

Frequency (Hz)

3/13 J. Cuenca (jacques.cuenca@siemens.com) Statistical characterisation of foams ,



Introduction Model and setup Inverse problem Numerical tests Experiments Closing remarks

Motivation and goal

Motivation

More equations for the same unknowns

↓
Less uncertainty

Idea

Combine measurement data from
different frequency ranges

1 2

Low frequency sound absorption
(φ, α∞,Λ,Λ′, κ0, κ

′
0)

source receiver

Ultrasound transmission
(α∞,Λ)

100 101 102 103 104 105 106

Frequency (Hz)

3/13 J. Cuenca (jacques.cuenca@siemens.com) Statistical characterisation of foams ,



1 Model and setup

2 Inverse problem

3 Numerical tests

4 Experiments

5 Closing remarks

,



1 Model and setup

2 Inverse problem

3 Numerical tests

4 Experiments

5 Closing remarks

,



Introduction Model and setup Inverse problem Numerical tests Experiments Closing remarks

Model and setup

Porous material model Unknowns
Johnson-Champoux-Allard-Lafarge model
e.g. with log-normal pore-size distribution parameterisation∗

ξ = e(σs log 2)2
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x = {φ, s̄, σs}

Experimental setups Measurement data

Sound absorption in tube
1 2

0 1 2 3 4
0

0.2

0.4

0.6

0.8

1

α
m
ea
s (
f

)

f (kHz)

Sound absorption coefficient

αmeas(ω)

Ultrasound transmission

source receiver

200 400 600 800 1000
0

0.1

0.2

0.3

0.4

0.5

f (kHz)

τ
m
ea
s (
f
) Transmitted signal spectrum

τmeas(ω)

∗ Horoshenkov, Hurrell, Groby. JASA 145 (2019) 2512

4/13 J. Cuenca (jacques.cuenca@siemens.com) Statistical characterisation of foams ,



Introduction Model and setup Inverse problem Numerical tests Experiments Closing remarks

Model and setup

Porous material model Unknowns
Johnson-Champoux-Allard-Lafarge model
e.g. with log-normal pore-size distribution parameterisation∗

ξ = e(σs log 2)2

α∞ = ξ4

Λ = s̄ξ−5/2

Λ′ = s̄ξ3/2

κ0 = s̄2φ
8α∞ ξ−6

κ′0 = s̄2φ
8α∞ ξ6

x = {φ, s̄, σs}

Experimental setups Measurement data

Sound absorption in tube
1 2

0 1 2 3 4
0

0.2

0.4

0.6

0.8

1

α
m
ea
s (
f

)

f (kHz)

Sound absorption coefficient

αmeas(ω)

Ultrasound transmission

source receiver

200 400 600 800 1000
0

0.1

0.2

0.3

0.4

0.5

f (kHz)

τ
m
ea
s (
f
) Transmitted signal spectrum

τmeas(ω)

∗ Horoshenkov, Hurrell, Groby. JASA 145 (2019) 2512

4/13 J. Cuenca (jacques.cuenca@siemens.com) Statistical characterisation of foams ,



Introduction Model and setup Inverse problem Numerical tests Experiments Closing remarks

Model and setup

Porous material model Unknowns
Johnson-Champoux-Allard-Lafarge model
e.g. with log-normal pore-size distribution parameterisation∗

ξ = e(σs log 2)2

α∞ = ξ4

Λ = s̄ξ−5/2

Λ′ = s̄ξ3/2

κ0 = s̄2φ
8α∞ ξ−6

κ′0 = s̄2φ
8α∞ ξ6

x = {φ, s̄, σs}

Experimental setups Measurement data

Sound absorption in tube
1 2

0 1 2 3 4
0

0.2

0.4

0.6

0.8

1

α
m
ea
s (
f

)

f (kHz)

Sound absorption coefficient

αmeas(ω)

Ultrasound transmission

source receiver

200 400 600 800 1000
0

0.1

0.2

0.3

0.4

0.5

f (kHz)

τ
m
ea
s (
f
) Transmitted signal spectrum

τmeas(ω)

∗ Horoshenkov, Hurrell, Groby. JASA 145 (2019) 2512

4/13 J. Cuenca (jacques.cuenca@siemens.com) Statistical characterisation of foams ,



1 Model and setup

2 Inverse problem

3 Numerical tests

4 Experiments

5 Closing remarks

,



Introduction Model and setup Inverse problem Numerical tests Experiments Closing remarks

Statistical model

αmeas(ω) = α(ω, x) + ε(σε) +

τmeas(ω) = τ(ω, x) + µ(σµ) +

measurement model error

(Gaussian)

x: unknown parameters
σε2: unknown error variance

σµ2: unknown error variance

P(x): uniform prior

Likelihood:

P(αmeas|x) = Pε
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exp
(
− 1

2
εTΓ−1

ε ε
)

√
(2π)M det(Γε)

P(τmeas|x) = Pµ
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exp
(
− 1

2
µTΓ−1

µ µ
)

√
(2π)N det(Γµ)

Posterior:

⇒ P(x|αmeas, τmeas)
Posterior

∝ P(αmeas|x)P(τmeas|x)
Likelihood

P(x)
Prior

∝
exp
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−
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m=1|α
meas
m −αm(x)|2
2σ2
ε

−
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n=1|τ
meas
n −τn(x)|2
2σ2
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√

(2πσ2
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Solution strategy

Posterior

P(x|αmeas
, τ

meas) =

exp

(
−
∑M

m=1|αmeas
m −αm(x)|2
2σ2
ε

−
∑N

n=1|τmeas
n −τn(x)|2
2σ2
µ

)
√

(2πσ2
εσ

2
µ)(M+N)

P(x)

0. Initial estimate

Deterministic solution using differential evolution†

x(init) = arg min
x:P(x)

(
M∑

m=1

∣∣αmeas
m − αm(x)

∣∣2 , N∑
n=1

∣∣τmeas
n − τn(x)

∣∣2)

1. Sampling of the posterior

Metropolis-Hastings algorithm with adaptive proposal∗

⇒ Markov chain = approximation of target distribution

Unknowns

x = {φ, s̄, σs , σε, σµ}

(Hyperparameters σε and σµ have uniform
hyperpriors)

2. Post-processing

Point estimates, e.g.:

• Maximum a posteriori estimate x(MAP)

• Conditional mean estimate x(CM)

• Median estimate x(med)

Uncertainty ranges:

• Credible intervals (e.g. 95%)

† Storn and Price. J Global Optim 11 (1997) 341-359

∗ Haario, Saksman, Tamminen. Bernoulli 7 (2001) 223-242
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n − τn(x)

∣∣2)

1. Sampling of the posterior

Metropolis-Hastings algorithm with adaptive proposal∗

⇒ Markov chain = approximation of target distribution

Unknowns

x = {φ, s̄, σs , σε, σµ}

(Hyperparameters σε and σµ have uniform
hyperpriors)

2. Post-processing

Point estimates, e.g.:

• Maximum a posteriori estimate x(MAP)

• Conditional mean estimate x(CM)

• Median estimate x(med)

Uncertainty ranges:

• Credible intervals (e.g. 95%)

† Storn and Price. J Global Optim 11 (1997) 341-359
∗ Haario, Saksman, Tamminen. Bernoulli 7 (2001) 223-242
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Numerical example 1: compatible model

Simulated material (thickness = 40 mm)
Johnson-Champoux-Allard-Lafarge equivalent fluid
φ α∞ Λ Λ′/Λ κ0 κ′0
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Pore-size distribution model parameters
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Numerical example 2: incompatible model

Simulated material (thickness = 40 mm)
Johnson-Champoux-Allard-Lafarge equivalent fluid
φ α∞ Λ Λ′/Λ κ0 κ′0

0.95 1.9 100µm 2.1 0.5 · 10−9m2 4 · 10−9m2

Unknowns
Pore-size distribution model parameters

x = {φ, s̄, σs}
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Pareto front

Example 1

0 0.05 0.1 0.15
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M∑
m=1

|αmeas
m − αm(x)|2

N ∑ n
=
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|τ
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s

n
−
τ n
(x
)|2

Model is compatible with data

Example 2
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=
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−
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Model is incompatible with both datasets
simultaneously
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Setups

Sound absorption measurement Measured data for a sample of melamine foam
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Preliminary experimental results

Tested material
Melamine foam
Thickness = 50 mm (impedance tube)
Thickness = 50 mm (ultrasound)

Results
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Closing remarks

Different datasets allow to look at the
inverse problem from different angles
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More experimental data

reduces parameter
correlation

may introduce
non-uniqueness

Future work

• Characterisation of individual samples
⇒ circumvent inhomogeneity

• Multi-objective Bayesian approach for
the design of locally-resonant media:

Objective vs. subjective criteria
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