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lation, enabling the acquisition of full-field displacement data from the visible faces of a
vibrating cubic material sample. The latter is placed in a vacuum chamber, loaded with a seis-
mic mass and excited uniaxially. The observability and relevance of the three-dimensional
displacement field is assessed by means of a numerical simulation. A homogenised fully
anisotropic model is used, implemented using the finite element method. Thus, a set of mate-
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1. Introduction

A major challenge in modelling the dynamic behaviour of poroelastic media is the choice of a constitutive model relying
on experimentally observable parameters. A significant number of models for porous media exist [1], where the choice for a
particular framework is dictated by the type of porous material or the experimental conditions under consideration. In the
present work, the focus is the experimental characterisation of the viscoelastic properties of the solid phase, or frame, of open-
cell foams.

In the absence of a fluid, open-cell foams behave as viscoelastic solids [2-5], which arises as a special case in the Biot mod-
elling framework [6-8]. Previous work by the team of the authors has dealt with investigating the characterisation of open-cell
foams by placing these in a vacuum chamber [9,10,19],. An inverse method is used therein and provides a macroscopic esti-
mation of the anisotropic Hooke matrix, anelastic relaxation properties and orientation of the natural material coordinates. The
chosen experimental setup consisted of placing the sample between a shaker foundation and a seismic mass, the experimental
data consisting of transfer functions obtained by laser Doppler vibrometry.

Laser vibrometry is common as a non-contact measurement method of relatively low complexity for accessing the dynamic
viscoelastic behaviour of poroelastic media [11,12]. However, the characteristic strut thickness of an open cell foam is several

* Corresponding author.
E-mail address: manzari@kth.se (L. Manzari).

https://doi.org/10.1016/j.jsv.2020.115244
0022-460X/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.jsv.2020.115244
http://www.sciencedirect.com/science/journal/
http://www.elsevier.com/locate/jsvi
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsv.2020.115244&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:manzari@kth.se
https://doi.org/10.1016/j.jsv.2020.115244
http://creativecommons.org/licenses/by/4.0/

2 L. Manzari et al. / Journal of Sound and Vibration 474 (2020) 115244

20 mm

—
20 mm <1 seismic mass
-rh

1.6 mm

— material sample

20 mm z

moving foundation

. ..
4.85mm uniaxial shaker

----- — — (shaking in the z-direction)

Fig. 1. Schematic representation of the proposed setup. The velocity at points ry and r, is scanned by the laser vibrometer as a stationarity check. The camera systems
measures the three-dimensional displacement u(r) = (u,, u,, u,) ata set of points r = (x,y,z) on the front face. The (, y, z) coordinate system is centred on one of the lower
corners of the sample.

times smaller than the typical beam spot diameter of a laser Doppler vibrometer [13-15]. This results in the measured velocity
being a local average within the volume of focus of the laser, whose depth increases with porosity, possibly contributing to
uncertainties observed in previous inter-laboratory tests [11]. Furthermore, an underlying limitation of the above methods is
the lack of observability of shear motion in the material under the chosen loading configurations, as pointed out for instance in
Ref. [10].

In the present paper full-field displacement data is obtained by means of three-dimensional dynamic digital image correla-
tion, using two high-speed cameras. A similar setup to that in Ref. [10] is used, including a vibrating base and a seismic mass.
Observations of the dynamic deformation of a melamine foam are provided and then compared to numerical simulations based
on previously obtained parameter values for the same material using a set of single-point measurements.

The central motivation for the experimental approach developed here is that a larger amount of data (i.e. the three-
dimensional displacement field of the four exposed sides of the sample and the foundation) will enable an over-determination
of the parameter search procedure, thus reducing its complexity and therefore potentially limiting the appearance of local min-
ima. The numerical method used herein is capable of replicating the experiment, thus providing a framework for effectively
increasing the number of equations to solve, while keeping the number of unknown parameters unaltered, thus rendering the
model inversion procedure more robust.

The paper is organised as follows. The experimental setup is described in Section 2. The material model and its numerical
implementation are presented in Section 3. Section 4 defines the transfer functions used for numerical design exploration and
results are shown in Section 5.

2. Data acquisition

This section presents the general aspects of the experimental setup and data acquisition procedure proposed in the present
work. The development of the test rig and its components is thoroughly described in Ref. [ 16], along with a flow-chart describing
the measurement procedure. Guidelines for the use of a laser vibrometer for choosing suitable excitation levels are also provided
therein, based on a real-time estimation of the dynamic strain experienced by the sample in the direction of the excitation.
Note that in the present work the per-frequency, laser-aided autoranging has not been performed. For completeness, a brief
description of the measurement procedure is given in schematic form in Algorithm 2.1. A detailed description of the derivation
of transfer functions from the measured displacement fields is given in Ref. [17].

2.1. Experimental setup

A schematic representation of the proposed setup is given in Fig. 1.

The experimental setup consists of a vertical electrodynamic shaker on top of which a rigid foundation supports the material
sample under consideration, depicted in Fig. 2 (a). A seismic mass of 1.73 g is placed on top of the sample in order to enforce
resonant features in the motion within a low frequency range [12]. A pair of high-speed cameras placed outside the vacuum
chamber records the sample and the foundation through a transparent poly(methyl methacrylate) window (see Fig. 2 (b)). The
acquisition is performed sequentially on one face of the sample at a time. A rotation stage supporting the shaker assembly allows
for a controlled rotation of the setup while avoiding to open the chamber, thus preserving stable vacuum conditions across
acquisitions. The pressure in the vacuum chamber is automatically kept below a set threshold by a microcontroller. The latter is
also responsible for turning on the lighting unit only for the camera acquisition time, so as to reduce thermal perturbations.
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Fig. 2. Detailed and global views of the setup. (a) Inner view of the vacuum chamber with sample mounted on the shaker (in turn mounted on a motorised rotation base),
calibration plate suspended from motorised translation rail. (b) Outer view of the setup during a measurement where the light, high-speed cameras and laser vibrometer
are visible.

The shaker is excited with a monochromatic (i.e. single frequency, sinusoidal) signal. The frequencies of interest are vis-
ited in a random sequence in order to minimise the perturbation of a given observation with material relaxation processes at
previously excited neighbouring frequencies. The data acquisition process is automatic, thus maximising the repeatability and
reproducibility of the tests.

Algorithm 1 Brief description of the measurement procedure.

begin

randomize list of frequencies of interest;

place sample on shaker in vacuum chamber;

close vacuum chamber;

pull vacuum;

for each face of the sample do

rotate shaker such that the face being imaged is visible to both cameras;
for each frequency in list of frequencies do

turn on signal generator at frequency of interest;

wait 2s for sample to reach steady state;

turn on illumination unit;

wait 2 for lighting conditions to be stable;

send trigger to the cameras;

acquire video and voltage sent to the shaker power amplifier;
turn off illumination unit and signal generator;

move video from camera RAM to permanent storage;

2.1.1. Equipment used, recording parameters, DIC parameters

For the results presented in this paper, two Phantom v1612 high-speed cameras equipped with AF Micro-Nikkor 200 mm
f/AD IF-ED lenses stepped down to f/32 have been used, capturing 50 stereo frames per frequency with an exposure time of
240y s at arate of 4000 fps. A useable area of interest of ~#23.8 X 29.7 mm has been imaged with a 12 bit monochromatic sensor
at a resolution of 640 x 800px.

The calibration of the system has been performed using the proprietary software LaVision Davis 8.3, using an ad-hoc distor-
tion model (described in Ref. [23]) implemented in Davis as a “3rd order polynomial model” [21]. The RMS of the reprojection
error after calibration is 0.077px. The DIC has also been performed in Davis, using an iterative least-squares matching algorithm
(see Ref. [22]) with a window size of 19 X 19px and a 4px step size.

2.2. Data processing

Due to the specific configuration of the present setup, the displacement fields produced by digital image correlation are not
useable in their raw form. Indeed, specular reflections on the foam struts may cause the algorithm to fail locally and therefore
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Fig. 3. Vertical displacement of a subset of the foundation, as computed by the DIC algorithm using 50 frames. An initial guess for a best fitting cosine is performed using
a Fast Fourier Transform to estimate frequency and phase, the standard deviation as an estimator of the amplitude and the mean value as an estimator of the offset. Such
guess is fed to a non-linear optimisation algorithm, and the best fitting cosine is found.

linear interpolation in time is used whenever such failures cause momentary loss of information. In addition, the coordinates
at which the data is obtained are relative to the initial view of the calibration plate. Therefore, a transformation is applied in
order for the reference coordinate system to be that of the rigid foundation at rest. This is performed for every frame by applying
principal component analysis (PCA) to the height map of the foundation, assumed non-deformable [17].

The motion of the foam is quantified by exploiting the fact that the excitation is monochromatic. Indeed, a pure sinusoid
is fitted to every displacement time series, as the solution of an optimisation problem where the parameters to be found are
its amplitude, frequency, phase and offset, as illustrated in Fig. 3 for an example of duration comparable to that of a typical
measurement. The optimisation problem is formulated as a nonlinear least-squares problem with bounds on the amplitude,
frequency, phase and offset variables. The initial guesses for the frequency and phase are the result of a discrete Fourier trans-
form. The initial guess for the bias is computed as the arithmetic mean of the values, and the initial guess for the amplitude as

their variance multiplied by \/5 The solution of the optimisation problem is carried out in a python-based environment, using
the implementation in Ref. [20]. As a consequence, computing transfer functions reduces to a complex division of the phasors
expressing the motion of the sample with the phasors representing the motion of the foundation. This also allows to reject data
points that are deemed of low quality, i.e. data points whose estimated frequency deviates significantly from the excitation
frequency.

3. Model of the material
3.1. Constitutive equation

The constitutive laws for fluid-saturated porous materials may be derived as a special case of Biot’s equations for anisotropic
porous materials including a solid and a fluid phase [8]. The solid and fluid phases are assumed independent and spatially
homogeneous at scales of wavelengths much larger than the pore size. For a porous material under vacuum conditions with
zero pressure, Hooke’s law can be used to provide a causal representation of the stiffness matrix of the materials with a linear
superposition of an elastic part, accounting for the frequency-independent fully-relaxed state of the material, and an anelastic
part, accounting for frequency-dependent reversible viscoelastic deformation. This has been used in the past in order to estimate
various properties of the frame of porous materials without the influence of air [2,4,5,10]. The simplified fractional derivative
approach in Ref. [10] is used here. The constitutive equation of the anisotropic materials in the frequency domain is thus given
by

oi(w) = Hj(w)gj(w), (1)
with

0 =011 033 033 613 013 031", (2)

€ =[e1) £ £33 2615 2613 2€3]", (3)

where ¢ is a vector containing the stresses associated to the strain state expressed in the vector € for a material described by
a frequency-dependent stiffness matrix H, ® = 2zf being the circular frequency. The strain and stress tensors are symmetric,
as such they are represented in Eqs. (2) and (3) as six-element vectors, the subscripts 1, 2, 3 identifying respectively directions
x,y,z[24].

The components of the frequency-dependent stiffness matrix are given by

B; (iw/p)*
W = G T G
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where C; denotes the components of the fully-relaxed stiffness matrix, « is the fractional derivative order, f is the relaxation
frequency in rad-s~!. The stiffness matrix provides a model of the deformation of the material as a superposition of its fully
relaxed state and a complex frequency-dependent relaxation phenomenon. In general, a given material may present different
types of anisotropy in the elastic and anelastic phenomena. However, both phenomena share the same microstructural geometry
and therefore it is here assumed that the elastic and anelastic parts of the stiffness matrix are collinear,

where b is a real scalar constant. Then the final form of the stiffness matrix is [10]

(@) = C. b (iw/p)*
Hy(®) = G; (1 +3 +(iw/ﬂ)a> \ (6)
Hjj(w) = Hg‘) + ng), (7)

where ng) and H;.’) are respectively the real and imaginary parts of the complex Hooke’s matrix H(w).

The Hooke’s matrix must be positive definite according to the second law of thermodynamics, thus the real part of the
Hooke’s matrix must satisfy the following constraints [18],

H®P >0, i=1,...,6, (8)
n
gH®) -1<0, j=1,...4, (9)
et >0,
det(H®) > 0 (10)
b>0, a>0, p>0. (11)
with
®12 ®12 ®12
g = (y3) g = (15 g = (#h)" (12)
R ’ R ’ R ’
Hay Has Hy Has 1122
R R @
81=81+% +g3—2%. (13)
H11H22H33

10
4
= > 3
e 2
N
-10 0 10
' [mm]
(b)

Fig. 4. (a) Finite element mesh of the system and (b) magnitude of the PCA-corrected displacement in the z direction, expressed in the coordinate system (x’,y’,z’) relative
to the initial view of the calibration plate and normalised with respect to the average displacement of the foundation in the same direction. The position of the nodal
points of the numerical model are overlaid to the rectified face of the sample. The coordinate values on the axes are in millimetres, while the normalised amplitude is
dimensionless.
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3.2. Finite element model

Fig. 4a shows the finite element mesh used for the simulation model. The foundation and the seismic mass are considered
rigid and therefore they are modelled by two and one element layers, respectively. The material sample is modelled using
20 x 20 x 20 quadratic hexahedral solid elements and continuity is assumed at the interface with the foundation and with
the seismic mass. Convergence has been verified through a successive evaluation of four different mesh refinements; 10, 15, 20,
30 elements along each side of the cubic sample; for the highest frequency of interest here, i.e. 360 Hz.

A set of displacements on the four observable surfaces, denoted x_, x,, y_, and y ., are extracted from the experimental setup
and used as the target transfer functions. These transfer functions are simulated at the same positions in the numerical model
in order to build the objective function for the inverse problem, as detailed in the next section.

4. Design exploration

The anisotropic model has 21 material properties and 3 anelastic parameters to be inversely estimated, assuming material
symmetries in Eq. (4), which are gathered in the form

X =[Cyq Gy Gy Gy Gyz Ca3 Cry Coy G4 Cay Cis Cos Cas Cus Css Crg Cop Cag Cap Cog Cog b @ Bl (14)
1.00
~ 0.75
E
[}
& 0.50
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LS & ¢
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= i
& ; -0.75
0 20 =100
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Fig. 5. Experimentally measured transfer functions at 205 Hz. Levels are normalised to the maximum displacement value within each individual face plot. (a) real and (b)
imaginary part.
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Hence, the model has a 24-dimensional parameter space X. The model thus allows to simulate a set of transfer functions
Uy (X, @y, 1)

uz(a)ns 1'0) ’
where n € [1,N] denote a set of selected frequencies, p € [1,P] are the points on the surface of the material where the
transfer functions are evaluated and m € [x,y, z] denote the direction of the displacement field at the selected points. A unit

input displacement is prescribed at the foundation in the numerical model.
Accordingly, the experimentally acquired transfer functions are denoted

TF,, (X, @, 1) = (15)

(exp)
TEExP) _ Um @y, 1)
m o (@n:Tp) = (exp) )
u; (wn’ 1‘0)

5. Results
To show the increased resolving power of the presented observation method, selected experimentally measured transfer

functions (Eq. (16)) are shown in Figs. 5-7 for the locations at the nodal points of the numerical model. The choice of the
observation frequencies is arbitrary, and does not necessarily correspond to natural frequencies of the sample nor the setup.
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Fig. 6. Transfer functions at 225 Hz, otherwise same caption as in Fig. 5.
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Fig. 7. Transfer functions at 345 Hz, otherwise same caption as in Fig. 5.

Note that the ranges are chosen such that the highest value in any point on a subplot, i.e. a face of the cube, is normalised to
unity. This choice was made in order to appreciate local spatial variations of each of the fields as such, at the expense of relative
information across the different displacement components. Absent points indicate locations where no reliable estimate could
be obtained based on the proposed method for processing the DIC data, see Sect. 2.2.

The in-plane deformations are well identified for the two lower frequencies, Figs. 5 and 6, while some points are missing
in the 345 Hz results, Fig. 7. This is most probably due to the excitation level being too low at this latter frequency, due to
the amplitude of the signal driving the power amplifier (thus the shaker) being constant for all frequencies.The out-of-plane
displacements; see e.g. Fig. 5a, first row, first and third columns; or second row, second and fourth columns; etc.; are rather
uniform over the faces of the cubic sample, even though some points artificially appear to distort the fields in the presentation
format chosen here.One of the open questions for the present work, is whether temporal information contained in a spectrum of
a few points may be exchanged for spatial information at a few frequencies with comparable or better suitability for a parameter
estimation procedure. For all three frequencies shown here, the data obtained confirm that the spatial variation is well captured,
indeed showing the expected deformation patterns of a material having elastic properties which are directionally dependent.
Perhaps the most prominent indication of this, in the present data, may be the in-plane deformations in Fig. 7a, first row, second
and fourth columns; or Fig. 7b third row.

The experimentally measured transfer functions are compared with the outcome from a previously obtained model [10],
where the linear elastic Hooke’s matrix for the melamine foam investigated here was shown to be represented by a general
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Fig. 8. Real part of the displacement in z-direction for faces x_ and y, at 205 Hz, (a) from the finite element model (b) from the experimental data.

orthotropic material, as

(42 12 34 008 —055 006 |
22 006 002 -001 -028
76 011 -094 08

c=[c] = 106 Pa, 17
6] 12 001 004 (17)
(sym) 1.1 —-0.04
1.1

and the fractional derivative model, Eq. (4), used to represent the relaxation was found to be
b =0.296, f = 813 krad/s, @ = 0.333. (18)

Using these input data, as a means of assessing the correspondence between the previous experimental campaign and the
currently extracted experimental data, finite element simulations were performed on the same geometry and excitation as in
the test setup. An example of the results obtained is shown in Fig. 8, where the real parts of the displacement fields from the
finite element and the measurements are shown.

From a qualitative point of view the agreement is quite encouraging. Still, the lower sensitivity to shear of the laser-based
measurements becomes apparent when observing the transfer functions as a function of z-coordinate, Fig. 9. Effectively, the
previously employed measurement technique only allowed access to the data points atz = 0 mm and z = 20 mm. The cur-
rently available amount of experimental data is directly comparable with numerical simulations at significantly more locations
in space as compared to a set of single-point observations. As pointed-out in the introduction, the motivation behind such abun-
dance of measurement data is a correspondingly over-determined model inversion procedure. Nevertheless, the purpose of the
current paper being to present the experimental methodology, the expected improvements in terms of estimated parameters
and robustness of the inverse estimation procedure will be evaluated in future work. Similarly, the increased amount of data
may allow for a relaxation of the elastic-anelastic collinearity hypothesis [9,10], thus potentially yielding more truthful material
characterisations in a less constrained manner.

6. Conclusion

The present paper proposes an experimental method for obtaining full-field observations of the dynamic behaviour of
anisotropic open-cell porous materials by means of digital image correlation. In practice, an automated test rig has been devel-
oped and tested on a sample of melamine foam. The experimental procedure allows for the sequential measurement of the
displacement of the four visible faces of the material sample. The displacements are estimated as the best fit of a sinusoidal
function on the digital image correlation time signals, which allows to deal with short acquisition times and to reject measure-
ment points where the signal does not have a causal relation with the excitation. The measurement system is able to resolve
displacements in three dimensions both for the sample and the foundation, thus allowing to extract transfer functions from
within the frames of the camera acquisitions. Furthermore, a principal component analysis is applied to the ensemble of dis-
placement points obtained for the foundation in order to extract the motion of the sample in the coordinate system relative to
the foundation.
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Fig. 9. Comparison of the normalised magnitude of the transfer functions in the z-direction at 205 Hz as obtained from the finite element model and from the experimental
data, as a function of z-coordinate (b), for the set of points highlighted in (a).

A numerical model replicating the setup has been built which allows to reproduce the experimental behaviour of the mate-
rial, based on an augmented Hooke’s law formulation including the anelastic properties of the anisotropic open-cell foam in
vacuum. A fully anisotropic model has been used, thus allowing for exploring the model without symmetry constraints.

A qualitative agreement of the experimental and numerical transfer functions has been observed, with an emphasis of the
importance of an increased resolving power in view of an augmentation of the inverse estimation procedure proposed in Ref.
[10]. In particular, the present method is shown to capture spatial variations in the dynamic deformation field not previously
accessible with measurements relying on a set of single-point observations. It is expected that the abundance of data will reduce
the complexity of a subsequent inverse estimation procedure in terms of limiting the appearance of local minima.
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