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This paper presents a method for the mechanical characterization of isotropic foams at low frequency. The objective of this
study is to determine the Young’s modulus, the Poisson’s ratio, and the loss factor of commercially available foam plates. The
method is applied on porous samples having square and circular sections. The main idea of this work is to perform quasi-static
compres-sion tests of a single foam sample followed by two juxtaposed samples having the same dimen-sions. The load and
displacement measurements lead to a direct extraction of the elastic constants by means of normalized stiffness and normalized

stiffness ratio which depend on Poisson’s ratio and shape factor. The normalized stiffness is calculated by the finite element

method for different Poisson ratios. The no-slip boundary conditions imposed by the loading rigid plates create interfa-ces with
a complex strain distribution. Beforehand, compression tests were performed by means of a standard tensile machine in order
to determine the appropriate pre-compression rate for quasi-static tests.

I. INTRODUCTION

Sound propagation in open cell foams can be described

by the phenomenological Biot theory1,2 which requires the

knowledge of the viscoelastic properties of the solid phase.

The concept of complex modulus is widely used in acoustics

to characterize the dynamic elastic and damping properties

of solid materials in the linear range. However, numerous

works propose more adapted approaches like the fractional

derivatives model3 and a monograph is also dedicated to the

fractional calculation in viscoelasticity.4

To characterize the viscoelastic properties of acoustic

foams, only a few experimental techniques are available in

the literature including non-resonant techniques,5–7 standing

wave resonance of a longitudinally excited rod with end

mass,8,9 or mass-spring resonance.10 All these methods are

suited for measurements in a narrow frequency range. An

extension of these measurement techniques for a wider fre-

quency range has been made using theoretical modeling of

foams viscoelastic behavior,11 through the frequency-

temperature superposition principle,12 or by means of acous-

tic excitations.13,14

Due to the manufacturing process, porous materials,

such as foamed polymers, exhibit highly anisotropic elastic

properties. In the rising direction, non-regular cell geometry

is induced which, in general, leads to highly directive cell ori-

entations. Since Biot’s contribution,15 numerous works were

reported in the literature on the anisotropy of geo-materi-

als.16,17 However, the acoustic materials studied after the Biot-

Johnson-Allard theory2 benefit especially from numerical

investigations.18,19 More recently, Cuenca and Goransson20

present a numerical methodology for the inverse estimation of

the elastic and anelastic parameters of orthotropic porous sam-

ple having a cubic form. Experimentally, strength and stiffness

are found to be higher in the direction of the elongated

cells.21–23 In particular, Guastavino and G€oransson21 and

Guastavino24 reported a mapping of the three-dimensional

full-field displacement and showed a complex strain on the

four free faces due to foam anisotropy and the boundary condi-

tions; a methodology for identification of general orthotropic

elastic models of porous foams is proposed. The lack of experi-

mental investigations for accessing viscoelastic properties of

anisotropic polymeric foams is connected to problems of

measurements and to the nature of these materials. Some

works perform an experimental investigation on anisotropic

tortuosity,25 flow resistivity,22,26,27 and introduce shear modu-

lus in two planes.28 The present contribution is focused on

selected isotropic samples.

In the work by Mariez et al.5 a cubic foam sample is

compressed between two horizontal rigid plates. The Young

modulus E and the Poisson’s ratio t are adjusted using a

static finite element model of the test setup to match the

measured mechanical impedance. This method requires the
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measure of the lateral displacement of one vertical face cen-

ter by a laser vibrometer. The method described in the pres-

ent paper does not require the laser vibrometer; instead, the

stiffness in compression is measured in two configurations:

One brick-shaped sample having a square section and two

juxtaposed identical samples. The calculations were per-

formed for some shape factors and Poisson’s ratios (0 to

0.48 by 0.005 step). The shape factor is defined as the side of

the square section to the thickness ratio. The main approach

to test two identical samples on top of each other gives a

straightforward access to E and t by means of the introduc-

tion of the normalized stiffness ratio. The extraction of these

elastic constants is simpler than the procedure by Langlois

et al.7 which uses polynomial relations for cylindrical sam-

ples. The investigation of cubic samples has allowed the

selection of quasi-isotropic foam samples.

The elastic and static compression is simulated by the fi-

nite element method in Sec. II: Calculations of normalized

stiffness and normalized stiffness ratio have been performed

for parallelepipedic and cylindrical samples. Section III is

focused on the mechanical behavior of the foams in static

compression by means of a standard tensile machine; an ex-

perimental procedure was developed for analyzing the load-

displacement curves, the spatial dispersion of the stiffness,

and the validation of the sample juxtaposition method.

Finally, quasi-static characterization results at a chosen fre-

quency are presented and discussed with some recommenda-

tions in Sec. IV.

II. FINITE ELEMENT SIMULATION OF STATIC
COMPRESSION

Static and quasi-static compression tests are performed

in Sec. II A on parallelepipedic and cylindrical samples as

shown in Fig. 1 where F and v represent the measured load

and displacement. The stiffness K defined by

K ¼ F=v; (1)

is dependent on Young modulus and Poisson’s ratio for a

given sample. This section is devoted to the finite element

simulation of these tests for extracting the elastic constants

of investigated foams.

A. Parallelepipedic samples

For parallelepipedic samples having a square section

(A¼ L2) and a thickness h the shape factor s is defined as

L/h. The stiffness Ks, defined by Eq. (1) for a shape factor s,

depends on the elastic constants and the sample dimensions

and can be written as5,6

Ks ¼
EA

h
ksðtÞ ¼

EA

L=s
ksðtÞ; (2)

where ks is the normalized stiffness.

For a half parallelepipedic sample (with the thickness

and the shape factor equal to h/2 and 2s, respectively), the

stiffness is defined by the following equation:

K2s ¼
EA

L=2s
k2sðtÞ; (3)

where k2s is the normalized stiffness. Finite element simula-

tions are performed in order to compute the normalized stiff-

ness for different combinations of Poisson’s ratio and shape

factor.

By using Eqs. (2) and (3) the normalized stiffness ratio

as, defined as ks/k2s, can be obtained in the following form:

asðtÞ ¼
ks

k2s
¼

2Ks

K2s

; (4)

where the ratio Ks /K2s is only dependent on Poisson’s ratio.

The normalized stiffness ks and the ratio asðtÞ are plotted in

Figs. 2 and 3. It can be observed that ks values are close to 1

for low Poisson’s ratio; in this case the simulation confirms

that the sample does not bulge sideways as observed by laser

vibrometer measurements in a previous study.5

The function asðtÞ plotted in Fig. 3 gives a straightfor-

ward access to E and t in the following way. In this method,

the two elastic constants are easily calculated in two steps:

(1) The normalized stiffness ratio as gives t by using the

data in Fig. 3;

(2) the t value calculated above yields ks through Fig. 2 and

then the Young’s modulus is determined from the meas-

ured stiffness and Eq. (2) as

E ¼
Ks

sLksðtÞ
: (5)

FIG. 1. Sample in static compression.

FIG. 2. (Color online) Numerical stiffness as a function of Poisson’s ratio

for various shape ratios of parallelepipedic samples.
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This procedure is summarized in Fig. 4. Using the asðtÞ
curve, the measured value a¼Ks/K2s is related to the

corresponding value b of t [Eq. (4)] and then the value c

of the normalized stiffness k is obtained. Finally, the

measured stiffness Ks and Eq. (5) allow the determina-

tion of E. This extraction method of elastic constants

allows displaying the errors of measurements according

to the shape factor s; for instance, we can reduce the

error Dt with samples having a large s.

B. Cylindrical samples

The method developed for brick-shaped samples can be

extended to disk-shaped samples with the shape factor s

defined as D/h, where D is the sample diameter. Then Eq.

(2) takes the same form

Ks ¼
EA

D=s
k0sðtÞ: (6)

Similarly we can numerically compute a new normalized

stiffness k0s and stiffness ratio a
0
s as explained above for

parallelepipedic samples. Therefore the experimental values

of Ks and K2s can be used to calculate first t through a
0
s as

a
0
sðtÞ ¼

k0s
k02s

¼
2Ks

K2s

; (7)

and second E using Eq. (6).

The normalized stiffness and the normalized stiffness

ratio (Fig. 5) are calculated for the shape factors of the sam-

ples tested in Sec. IV.

III. STATIC COMPRESSION TESTS

The parallelepipedic samples were usually cut with a

high speed rotating sharp blade. We obtain a nicer cutting

with the water jet technique and a good parallelism of the

loading surfaces. The plates are covered with sandpaper to

prevent radial sliding at the sample-plate interfaces.

Preliminary compression tests were performed by means

of a standard tensile machine where the crosshead speed was

fixed at 10mm/min. The objectives of these measurements

were to study the mechanical behavior of the sample during

loading and to select foam with properties close to that of a

quasi-isotropic material. Furthermore, the validity of the

sample superposition is investigated. As indicated below, the

measured load and the crosshead displacement used for cal-

culating the stiffness K [Eq. (1)] are denoted as F and v,

respectively.

A. Evolution of the stiffness K

In static loading, the typical load-displacement curves

plotted in Fig. 6 exhibit a first zone I where the slope (dF/dv)

is increasing and a second zone II having a linear elastic

behavior. The no-slip boundary conditions imposed by the

rigid plates during the beginning of the loading create inter-

faces with a complex strain distribution and shear stress

where the collapse of the cells is followed by a static com-

pression. In a deformation mapping study, Guastavino and

G€oransson21 have observed a significant large gradient of the

displacement near the loading plate which could confirm the

FIG. 3. (Color online) Normalized stiffness ratio as a function of Poisson’s

ratio for parallelepipedic samples.

FIG. 4. Graphical representation of the procedure to obtain t and E by using

a and k curves (a! b ! c).

FIG. 5. (Color online) Normalized stiffness k0s, k
0
2s, and stiffness ratio a

0
s

(dotted line) for cylindrical samples (s¼ 1.1).
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interface zones mentioned above. For cube (40mm side) and

half cube samples, the width of the zone is 0.36mm (Fig. 6)

then the thickness for each interface can be estimated as less

than 0.18mm. The first zone is governed by the interface

process and presents an increase of the slope. The second

zone corresponds to the compression state in the whole sam-

ple. The pre-strain rate must be chosen in this zone for

quasi-static tests.

B. Isotropic foams

Open-cell foams exhibit a quasi-axisymmetrical behav-

ior22,24 and the rising direction during the foaming process,

named longitudinal direction, is orthogonal to the transverse

isotropic plane.

As mentioned above, the cubic geometry allows us to

check the isotropy or the degree of anisotropy by comparing

the stiffness in the three directions. The commercially avail-

able plates are generally cut in the transverse plane defined

here by T1 and T2 directions; the third rising direction is

denoted as L. Four foams having a cubic geometry (40mm

side) were tested in their three orthogonal directions for

measuring KT1, KT2, and KL. The selected foam has relative

stiffness values of 100, 104, and 112, respectively, in the

three directions; the assumption of isotropy involves 12%

deviation for KL while it can reach 80% for some foam.

C. Foam plate homogeneity

For characterizing the acoustic material, the approach

presented in this paper requires two samples having the

same dimensions. For a better knowledge of spatial disper-

sion of the foam plate properties, a static stiffness evaluation

has been performed on both series of about 10 samples with

the following dimensions: 80� 80� 20 mm3 and 40� 40

� 20 mm3. The resulting dispersions in the first and second

series are 6% and 9%, respectively; as expected, the standard

deviation is smaller for the large size samples.

D. Validation of sample juxtaposition method

As mentioned before shear stress arises from the no-slip

conditions at the loading surfaces. The absence of shear

stress in the horizontal plane of symmetry of the samples is

the basic property suggesting testing two juxtaposed samples

(Fig. 7). Here, we attempt to show the validation of the pro-

posed method for two shape factors (s¼ 1 and s¼ 2). First

we compare the stiffness of the entire cubic samples cut in

foam plate with thickness 40mm and of two juxtaposed half

cubes (40� 40� 20 mm3). Second, this comparison is made

also for another whole sample (80� 80� 40 mm3) and two

juxtaposed half samples (80� 80� 20 mm3).

All tests on the whole samples and on two half samples

give similar results with standard deviation in the range

obtained in Sec. III C. The method described above is

applied in Sec. IV to identical samples cut from the same

foam plate; the stiffness measurements are performed on two

juxtaposed samples and on one sample.

IV. QUASI-STATIC MEASUREMENTS:
RESULTS AND DISCUSSION

This section presents an example of the characterization

procedure using previous normalized stiffness and normal-

ized stiffness ratio defined in Eqs. (2), (3), and (4) for paral-

lelepipedic samples; the same characterization is performed

for cylindrical samples by using Eqs. (6) and (7). Section III

highlighted the heterogeneity and the anisotropy of the

acoustic foams as well as the existence of an interface zone.

The validation of the method of juxtaposition of two samples

and the determination of pre-strain rate are used for quasi-

static tests in the range [0 to 100 Hz] and applied to the

quasi-isotropic foam.

FIG. 6. (Color online) Static compression test for a cube and half cube (dot-

ted line).

FIG. 7. Configuration of whole and

juxtaposed samples in compression.
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The polyurethane (PU) isotropic foam selected in Sec.

III B is characterized in compression with the measurement

setup depicted in Fig. 8 where the bottom plate is submitted

to the harmonic displacement

v ¼ v0 þ v1 sinxt; (8)

where the relative displacement v0/h and the relative ampli-

tude v1/h are fixed at 3% and 0.1%, respectively. In complex

notation the bottom face of the sample has the displacement

v̂ ¼ v0 þ v1e
jxt; (9)

and the complex Young’s modulus Ê takes the form

Ê ¼ Eð1þ jgÞ; (10)

where E and g represent the Young’s modulus and the loss

factor, respectively. The computer-controlled device is

equipped with a displacement sensor.

Brick-shaped and disk-shaped samples are cut from a

PU foam plate being 20mm in thickness; for square (40� 40

or 80� 80) and circular (D¼ 44mm) sections the shape fac-

tors are 2, 4, and 2.2, respectively. The measurements of

identical sample stiffness show some fluctuation (6% to 9%)

due to the foam heterogeneity. The results presented in

Table I give the mean value. The influence of initial strain

and frequency excitation on Young modulus and the relaxa-

tion effects of the polymer are discussed elsewhere.29

One major difficulty for the characterization of mechani-

cal parameters of poroelastic material is the high sensitivity of

these parameters to various experimental conditions. The

quasi-static measurements described at the beginning of this

section have been used in addition to the static investigation

presented in Sec. III. For more accuracy in the experiments,

the sample preparation and the experimental conditions such

as sample cutting and geometrical imperfections and the choice

of initial compression must be taken into account.24,30–32 The

use of the tensile machine is not indispensable but it is neces-

sary to choose a correct initial relative displacement v0/h to

avoid measuring the stiffness in the zone I (Fig. 6). This figure

shows the increase of the slope in zone I and a linear part with

a constant value of slope in zone II where v0 can be chosen.

Knowing that the foams have a transverse isotropy,22 the stiff-

ness measurements on a cubic sample give some information

on the degree of anisotropy and allow the correct evaluations

of the standard deviation. Numerous points approached in this

work, such as anisotropy, heterogeneity, and experimental

details, highlight the necessity of standardization on the char-

acterization of polymeric acoustic foams. The influence of the

coupling with fluid phase was not considered in the study

because it is insignificant at low frequency.33,34

V. CONCLUSION

In this paper, quasi-static measurements of acoustic

foams were performed to determine the elastic properties of

selected isotropic samples. The method uses two identical

brick-shaped or disk-shaped samples cut from commercially

available porous plates. The main originality lies in the devel-

opment of a normalized stiffness ratio for a straightforward

extraction of the Young’s modulus and the Poisson’s ratio.

The developed method, which does not require polynomials

inversion during the characterization process, is a simpler al-

ternative. Preliminary static compression tests by means of a

tensile machine allowed to validate the method of juxtaposi-

tion and to define the experimental conditions for the quasi-

static measurements such as the pre-strain rate determination.

Furthermore this work highlights the spatial dispersion of

foam plate’s properties and the anisotropic behavior of these

porous materials; the use of cubic samples is necessary for

evaluating the degree of anisotropy and estimating the isotropy

approximation. The characterization of anisotropic foams

using the presented method is currently under development.
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