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Abstract

The present-day challenges in the transport industry, steered by the in-
creasing environmental awareness, necessitate manufacturers to take measures
to reduce emissions related to the movements of goods and humans. In par-
ticular, the measures aiming at a reduced mass or higher load capacity to
increase fuel efficiency, generally deteriorate the noise and vibration insula-
tion properties of their products. In order to comply with the regulations and
customer demands, modern vehicles increasingly move towards a multifunc-
tional integrated design approach, if possible for all subcomponents involved.
Such a multifunctional design approach is an iterative process, evaluating the
proposed solutions in every stage, and is therefore best performed in a virtual
testing environment.

Poroelastic materials are interesting to include in a multifunctional design,
offering reasonably good vibro-acoustic insulation properties at a low weight
penalty. These materials can also be combined in multilayer arrangements to
further enhance the overall performance.

In order to achieve an accurate modelling of the vibro-acoustic behaviour
of poroelastic materials, the input data describing the material properties
should be of a high quality. Two characteristics inherent to these materials
encumber a precise characterisation with traditional techniques. Poro-elastic
aggregates are anelastic due to the constituent material used, and anisotropic
as a consequence of the production process. Characterisation techniques al-
lowing for an accurate determination of the material properties need to take
these intrinsic characteristics into account.

The objective in this thesis is to enable the characterisation of a constitu-
tive material model for poroelastic materials which is as general as possible,
and includes the inherent material anelasticity and anisotropy. For this pur-
pose, a set of advanced characterisation techniques has been developed to
characterise the anisotropic flow resistivity tensor and the anisotropic dy-
namic Hooke’s tensor.

These advanced characterisation techniques are based on an inverse esti-
mation procedure, used consistently throughout the work, and includes both
experiments and numerical predictions. The property to characterise is iso-
lated in a specially designed set-up such that it can be modelled by physics
solely involving this property. The obtained experimental and numerical data
then serve as the input to an optimisation, which returns the material prop-
erties for which the difference between both is as small as possible. These
methods have been successfully applied to melamine foam, which is found
to be both anisotropic and anelastic, confirming the need for such advanced
characterisation techniques.
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Sammanfattning

Framtidens lösningar för ett hållbart transportsystem står inför stora ut-
maningar, inte minst de som drivs av en ökande miljömedvetenhet. För att
möta dessa, söker fordonstillverkare världen över, efter nya tekniska lösningar
som kan bidra till att minska utsläppen av till exempel växthusgaser. Speciellt
de åtgärder som syftar till att minska vikten försämrar buller- och vibrations-
isoleringsegenskaperna i dessa typer av produkter. För att möta skärpta krav
inom lagstiftningen och från olika kundkategorier, prövas inom utvecklingen
av moderna fordon olika former av multifunktionella designstrategier. Denna
typ av integrerade lösningar tas ofta fram i iterativa processer, där de tänk-
bara koncepten behöver utvärderas i varje steg av designprocessen. För att
rationellt kunna hantera olika varianter måste dessa typer av designstudier
utföras med datormodeller.

Poroelastiska material är intressanta i en multifunktionell design då de
erbjuder en tillfredställande vibro-akustisk isoleringsförmåga till en låg vikt.
Dessa material kan dessutom kombineras i flera lager för att ytterligare för-
bättra den totala prestandan.

En korrekt modellering av det vibro-akustiska beteendet av poroelastiska
material kräver materialdata av hög kvalitet. Två inneboende egenskaper för-
svårar karaktärisering med traditionella tekniker. Poroelastiska aggregat är
anelastiska på grund av de polymera material som används i tillverkningen,
och är anisotropiska som en konsekvens av produktionprocessen. Karaktärise-
ringsmetoder som tillåter en noggrann bestämning av materialegenskaperna
måste därför ta hänsyn till dessa egenskaper.

Målsättningen i denna avhandling är att göra det möjligt att karaktä-
risera en konstitutiv materialmodell för poroelastiska material, vilken är så
allmän som möjligt, och som omfattar den inneboende anelasticiteten och
anisotropin. En uppsättning avancerade tekniker har därför utvecklats för att
karaktärisera den anisotropa flöderesistivitets tensorn och den dynamiska ani-
sotropa Hooke’s tensorn.

Karaktäriseringsmetoderna är baserade på invers estimering, som används
konsekvent i hela arbetet, och kombinerar både experimentella och numeris-
ka data och metoder. Egenskapen som söks studeras i en specialdesignad
uppställning sådan att fysiken kan modelleras och mätas enbart i termer av
denna egenskap. De experimentella och numeriska data som erhållits fungerar
sedan som indata till en optimering, som returnerar de materialegenskaper
för vilka skillnaden mellan experimentella och numeriska data är så liten som
möjligt. Dessa metoder har framgångsrikt tillämpats för ett melaminskum,
som befinns vara anisotropt och anelastiskt, vilket bekräftar behovet av de
avancerade karaktäriseringsmetoder som studerats här.
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Samenvatting

De transportindustrie staat voor een aantal belangrijke uitdagingen in de
nabije toekomst. Dit komt voornamelijk door een toenemend milieubewust-
zijn. De hoeveelheid geproduceerde broeikasgassen moet drastisch omlaag en
dit noopt de bedrijven tot ingrijpende maatregelen. De fabrikanten maken
in de resulterende ontwerpen vaak stijve, lichtgewicht structuren, maar deze
hebben veelal een negatief effect op het vibro-akoestische gedrag van hun pro-
ducten. Om toch te kunnen beantwoorden aan het verwachtingspatroon van
de klant en tevens te voldoen aan de wetgeving, moet er worden overgegaan
tot een geïntegreerde benadering van het ontwerp, zodat het de vereiste func-
tionaliteiten combineert. In een dergelijke multifunctionele aanpak moet het
ontwerp geëvalueerd worden tijdens elke stap van het ontwerpproces. Dit ge-
beurt best aan de hand van computermodellen, omdat het bouwen en testen
van een prototype in elke fase van de procedure te duur is en teveel tijd vergt.

Voor een goede vibro-akoestische performantie in een multifunctioneel
ontwerp, kunnen poro-elastische materialen bepalend zijn, omdat ze lichter
zijn dan de meeste alternatieven. Deze materialen bestaan namelijk uit een
poreuze vaste fase verzadigd met een vloeistof- of gasfase, bijvoorbeeld lucht.
Naast de visco-elastiche demping in de vaste fase leidt de wisselwerking tussen
de vaste fase en de vloeistof- of gasfase tot energiedissipatie omwille van ther-
mische en viskeuze demping. Door verschillende poro-elastische materialen te
combineren in een gelaagde ordening, kan de vibro-akoestische performantie
van het gehele ontwerp ingrijpend verbeteren.

Om deze materialen te kunnen gebruiken in computermodellen, moeten er
nauwkeurige gegevens beschikbaar zijn omtrent de eigenschappen van het ma-
teriaal. Traditionele karakterisatiemethodes om de materiaaleigenschappen
te bepalen verschaffen vaak niet de nodige precisie. Poro-elastische materia-
len hebben namelijk twee intrinsieke kenmerken die het meten bemoeilijken.
Enerzijds zijn ze anelastisch, ten gevolge van het gebruikte materiaal voor
de vaste fase en anderzijds zijn ze anisotroop door het productieproces. Een
nauwkeurige methode om de materiaaleigenschappen te meten moet hiermee
dus rekening houden.

De doelstelling van deze thesis is de karakterisatie van een zo algemeen
mogelijk constitutief model van het poro-elastisch materiaal, met betrekking
tot de anelasticiteit en de anisotropie, mogelijk te maken. De focus ligt op
twee eigenschappen van het materiaal die een grote invloed hebben op het dy-
namisch gedrag in verscheidene toepassingen. Vooreerst is dit de stromings-
weerstand die bepalend is voor het akoestisch gedrag van het materiaal en
ten tweede de frequentie-afhankelijke elastische, of anelastische, eigenschap-
pen, die van groot belang zijn voor het trillingsgedrag.

In de uitgewerkte meettechnieken wordt een procedure toegepast van in-
verse schatting, die als een rode draad doorheen de thesis gehanteerd wordt.
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Een dergelijke procedure kombineert zowel experimentele als numerieke tech-
nieken. De te karakteriseren eigenschap wordt geïsoleerd in een hiertoe speci-
aal ontworpen meetopstelling, waardoor deze kan gemodelleerd worden door
fysische wetten te gebruiken die enkel betrekking hebben op de eigenschap
in kwestie. De experimentele en numerieke data die aldus verkregen worden,
vormen de input voor een optimalisatie, waarbij het verschil tussen beiden ge-
minimaliseerd wordt, met de materiaaleigenschappen als veranderlijken. De
bekomen waarden kunnen dan beschouwd worden als de eigenschappen van
het materiaal. De ontwikkelde methodes zijn met succes toegepast op mela-
mine schuim voor het bepalen van de stromingsweerstand en de elasticiteit.
Deze metingen tonen aan dat dit materiaal wel degelijk anisotroop en anelas-
tisch is en bevestigen nogmaals dat deze intrinsieke kenmerken van poro-
elastische materialen niet buiten beschouwing mogen gelaten worden bij het
meten van de materiaaleigenschappen en het gebruik ervan in simulaties.
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Executive Summary





Chapter 1

Introduction

1.1 Challenges facing the transport industry

Our society is facing a number of serious challenges in the decades to come. With
an increasing urbanisation, some of these will have a substantial impact on the
transport industry. The increased environmental awareness and the impact of global
warming have been dominating the public discussion for several years. Greenhouse
gas (GHG) emissions are generally accepted as one of the major causes of global
warming, resulting in an aim of the European Union (EU) to reduce the overall
GHG emissions by 8% in the period 1990-2010. Although this goal has been reached
(reduction of 11%), there still is a lot of work to be done in the transport sector,
as an increase of 20% is reported over the past 20 years, while the other sectors
reduced their emissions by 15%, according to the European Commission [26]. In
addition, the share of the GHG emissions in the EU by the transport sector has
increased from 11 to 16 % over the last 20 years. It is clear that a significant effort is
required to invert this trend, which justifies the tremendous investments in research
in this area.

The increasingly stringent regulations on the GHG emissions produced by the
transport industry have forced the manufacturers to increase the fuel efficiency of
their products. Reducing the structural mass of the vehicle is an efficient manner
to achieve this ambition and thus understandably a high priority. A lower environ-
mental impact may also be realised by increasing the load capacity of the individual
vehicles, e.g by reducing the wall thickness of the vehicles allowing for extra seating
in a train or plane. Introducing such measures often has unfavourable consequences
related to safety and comfort, in which Noise, Vibration and Harshness (NVH) plays
an important role. As an example, reducing the mass or increasing the load ca-
pacity may be achieved by the introduction of stiff lightweight structures, often
resulting in strongly reduced noise and vibration insulation properties. Both cus-
tomer demands and more restrictive regulations on environmental pollution as well
as increased safety and comfort criteria, which include a reduction of noise emis-
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4 CHAPTER 1. INTRODUCTION

sion levels, impose several, and often conflicting, requirements. Satisfying these is
a challenging task for manufacturers of transport vehicles [10, 45, 48, 61].

Issues related to the NVH behaviour of a product are historically addressed in a
final stage of production, in a test driven product development approach, including
a large amount of vehicle prototypes to assess the performance. At this point, the
design can no longer be changed to solve emerging problems, as it would be too
costly [20]. The numerous demands which are set on modern vehicles require a
multifunctional design approach for all components of the product. A multifunc-
tional product is designed to fulfil several functions or tasks, and is a best possible
choice of trade-offs between the imposed requirements and constraints. Obviously,
this is an iterative process where the proposed solutions must be evaluated in ev-
ery phase. Performing these tests on real size prototypes would be a very costly
exercise, exposing a clear need for virtual testing environments [10, 45, 61].

1.2 Multifunctional design in a virtual environment

The evaluation of real applications in a virtual environment requires three building
blocks, as shown in Figure 1.1. Each of these is indispensable for designing high per-
formance applications, not only on the level of the application as a whole, but also
for each of the components. It is also on component level that the multifunctional
approach should be initiated, in order for the application to meet the necessary
requirements. Two examples of multifunctional design may be found in [10, 45] for
the roof of a passenger car and in [61] for the car body of a railway vehicle. A mul-
tifunctional solution for these types of structures often includes sandwich materials,
which are constructed from two thin sheets of strong material attached to a softer
core material, creating a light and stiff structure. The softer core may consist of
a combination of multiple layers of different poroelastic and viscoelastic materials.
The combination of the properties of each such individual layer can be merged to
possibly result in an improved overall performance. The design of multilayered ma-
terials is an expensive and time consuming task, requiring knowledge of previously
successful combinations, engineering experience and extensive testing. Also here, a
virtual testing environment is of utmost importance.

From a multifunctional point of view, poroelastic materials are interesting as
they are lightweight and have good acoustic and thermal insulation properties. In
addition, these materials have the potential to be engineered for specific purposes.
At a microscopic level, they can be tailored to achieve an enhanced performance at
the component level. In [45], it is shown that small alterations of the microscopic
geometrical material properties of poroelastic materials can have a significant im-
pact on the acoustic and dynamic response of multilayered configurations including
these materials. For example, if the material is anisotropic, the angular orientation
of its properties in individual layers may be important for the overall vibro-acoustic
behaviour of a multilayered panel. Ultimately, this would require design starting
with the chemicals involved in the production of poroelastic materials at molecular
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Figure 1.1: Three indispensable components for modelling real applications.

level, such that the following foam engineering chain may be completely controlled:
Foam chemistry - Foam processing - Foam cell micromechanics - Macroscopic static
& dynamic properties - End application performance [33].

1.3 A need for advanced characterisation methods

In order to establish the connection between the last two links in the foam engineer-
ing chain, the three building blocks in Figure 1.1 must be available for an accurate
modelling of the poroelastic material behaviour. A model which accurately rep-
resents the physics in poroelastic materials, the Biot theory, has been established
over the past decades, and is presented in Chapter 2. The development of numerical
techniques to predict the behaviour of these materials in vibro-acoustic applications
has been subject to extensive research during this time as well. At present, different
approaches may be found in the literature using different sets of variables to model
the behaviour of poroelastic materials [1, 18]. Among these, numerical prediction
techniques with hierarchical finite elements have shown to be computationally effi-
cient for solving models involving poroelastic materials, although they are not yet
widely implemented. In order to model and solve models including poroelastic ma-
terials with commercial software, assumptions are often necessary, e.g. by reducing
the problem to a one dimensional case; or by simplifying the problem geometry or
modelled physics, e.g. an equivalent fluid representation. Material isotropy is an
often made assumption as well, although formulations for anisotropic poroelastic
materials that relax this limitation exist [37].
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The major challenge in accurately modelling poroelastic materials is the char-
acterisation of its properties. The measurement of the macroscopic properties,
defined in the Biot model, is not straightforward due to the presence of two inter-
acting material phases, complicating the characterisation of the dynamic properties
of the material. Another difficulty is the presence of anisotropy in the material.
The manufacturing process of poroelastic materials often (if not always) induces a
certain degree of anisotropy in the material. An often made assumption to simplify
the estimation of the properties is that the poroelastic material may be considered
isotropic. At present, the consequences of neglecting the anisotropy in the mod-
elling of poroelastic materials are not yet fully understood, partially due to a lack
of methods to characterise the anisotropy.

In order to fully discover the potential of poroelastic materials, there is a need
for advanced characterisation methods, to obtain a full constitutive material model,
which may be used in the modelling of real applications. Such a material model
should capture the anisotropy and viscoelasticity present in the material. Once
these properties can be accurately measured, their influence in real applications
can be studied, opening the possibility to iterate within the foam engineering chain
and to design multifunctional poroelastic materials which are optimised within
multilayered panels for specific acoustic and dynamic requirements.

1.4 Research objective and achievements

The objective in this dissertation is to contribute to obtaining a constitutive mate-
rial model for poroelastic materials which is as general as possible, and which allows
for an accurate modelling of the material behaviour, using the numerical prediction
techniques in combination with an adequate model of the governing physics.

In a first attempt to achieve the objective, the focus is on properties which
are relevant in predicting the behaviour of poroelastic materials. The importance
of the flow resistivity is well established as one of the properties dominating the
acoustic behaviour of poroelastic materials. The influence of the dynamic Young’s
modulus is less obvious, and therefore its influence is explicitly shown for poroelastic
materials under structural excitation, stressing the need to take into account the
frequency dependence of the elastic properties.

The material anisotropy is another important feature of poroelastic materials
which must be considered. Concurrently, no standard measurements methods are
available to assess the material properties from an anisotropic point of view, and
therefore new characterisation methods must be designed. The approach taken is
in line with the presentation in Figure 1.1, but seen from a different perspective.
Given that a real material is available, it can be used to measure its behaviour at a
small cost, compared to doing this for a full-scale prototype. A model, giving a good
representation of the physical object and its conditions, is solved with numerical
prediction techniques, with the aim to correctly predict the material behaviour
measured. The variables required to accomplish useful prediction outcome are
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the material properties. A key element in this process is that the measured data
to which the predicted data must be correlated is of high quality, to assure that
the properties estimated represent the material physics to a satisfactory degree of
accuracy.

A full modelling of the poroelastic material with the Biot theory introduces
many unknowns, and therefore the properties studied here are isolated in that
their behaviour in a certain measurement set-up may be described by principles
only considering the relevant property. For the estimation of flow resistivity, this
is Darcy’s law, describing the flow of a fluid through a poroelastic medium. For
estimation of the dynamic stiffness properties, the augmented Hooke’s law is used,
relating stresses and strains in viscoelastic materials.

The process to obtain the relevant material properties is an iterative one, in
which the physical model is solved for multiple possible sets of parameters until the
measured data is accurately fitted. This iterative process must be guided by an
optimisation technique, which minimises the difference between the predicted and
the measured data. The solutions for each iteration are calculated with numerical
prediction techniques, where it must be ascertained that the numerical errors are
kept to a minimal level.

The combination of a controllable measurement set-up; a model governing the
physics involved; and numerical prediction and optimisation techniques, provides
a basis to characterise the material properties. The contribution in this thesis is
to develop these elements into characterisation methods providing the input for a
constitutive material model. A consistent approach is adopted in this dissertation
to estimate the material properties, and is discussed in Chapter 3. This approach
is first verified for each property using artificial materials with different degrees of
anisotropy, in order to detect possible flaws before application to real materials.

An important aspect in this dissertation is the application of the characterisation
methods developed to real materials. Two materials were tested in this work, one
being a fibrous wool, which is transversely isotropic, the other a melamine foam
of which the anisotropy is well established [33, 40]. The study of real materials
unavoidably introduces uncertainties related to the experiment itself.

1.5 Structure of the dissertation

The work presented in this thesis contributes to a more accurate modelling of
poroelastic materials by proposing advanced methods for their characterisation. In
this dissertation, the first part gives a summary of the scientific context for the
thesis and provides a framework in which the different papers are connected. The
second part consists of the papers in which the scientific contributions are presented
in detail.
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Part I

Chapter 2 provides an introduction to the modelling of poroelastic materials, be-
ginning with the Biot theory which provides a model of the physics in poroelastic
materials. The anisotropy of the material parameters and the frequency dependence
of the stiffness properties are treated with additional attention. Subsequently, the
numerical techniques available for predicting the behaviour of poroelastic materials
are briefly discussed. The major part of the contributions in this dissertation is
discussed in Chapter 3, dealing with the characterisation of anisotropic poroelastic
materials. Starting from an overview of methods currently used for characterisa-
tion, the approach which is common through the different methods is introduced,
succeeded by a summarising description and a discussion of the characterisation
for each specific property studied. Chapter 4 summarises the appended papers.
Chapter 5 concludes the work and some ideas for future research are suggested.

Part II

The core of this thesis consists of five papers, which contain the key scientific
contributions in the thesis. The majority of the work was performed at KTH. The
work presented in paper B was the result of a collaboration between the partners
in the joint supervision. The measurements were performed during the time spent
at KU Leuven, and the numerical predictions have been performed at KTH.

Paper A discusses the characterisation of the anisotropic flow resistivity tensor
of poroelastic materials, a property which has a large influence on the acoustical
material behaviour. The method of inverse estimation has largely been tested and
verified in the work leading up to this paper, and has subsequently been used
for the characterisation of the stiffness properties of poroelastic materials in the
following papers. First, Paper B explicitly shows the need to take into account the
anelasticity of poroelastic materials. Paper C then discusses the characterisation
of the dynamic anisotropic stiffness properties of a poroelastic material, taking into
account both the material anisotropy and anelasticity. In order to complete the
characterisation of the stiffness properties, Paper D and Paper E treat a method
for the characterisation of the fully relaxed anisotropic elastic properties.

• Paper A discusses the characterisation of the anisotropic flow resistivity
tensor of poroelastic materials and the method is applied to glass wool and
melamine foam.

• Paper B shows the importance of an accurate characterisation of the frequency-
dependent material properties of poroelastic materials. Measurements are
correlated to predictions, and good correlation is achieved when accounting
for the anelasticity of the tested materials.

• Paper C discusses the characterisation of the dynamic stiffness properties of
a poroelastic material, taking into account both the material anisotropy and
anelasticity and the method is applied to a melamine foam.
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• Paper D gives a proof of concept for a method to characterise the fully
relaxed anisotropic elastic properties of a poroelastic material.

• Paper E discusses and extends the method for characterisation of the fully
relaxed anisotropic elastic properties of a poroelastic material to be used for
real materials, and the method is applied to a melamine foam.





Chapter 2

Modelling of poroelastic materials

2.1 Introduction

A poroelastic material is a heterogeneous material consisting of a solid matrix
(solid phase or frame) constituted of a visco-elastic material, saturated with a
fluid or gas. The solid phase is a connected space, forming a network of cells
that are filled with the interstitial fluid. Poroelastic materials with a connected
interstitial fluid are referred to as open-cell, and vice versa. The focus in this thesis
being on the characterisation of poroelastic materials in a vibro-acoustic context,
this interstitial fluid is air. Figure 2.1 shows the skeleton of different poroelastic
materials. The existence of both the solid and the fluid phase in the material, and
the interaction between both as a consequence of induced vibrations, give rise to
different dissipation mechanisms. Energy is dissipated through structural damping
in the frame, and through the thermal and viscous interaction between the frame
and the saturating air.

The first reference work on the behaviour of poroelastic materials was pub-
lished by Zwikker and Kösten [63], who were the first to obtain coupled equations
of motion for poroelastic materials. The next substantial work in this field was
by Biot [7, 8], defining an overall framework for describing wave propagation in
poroelastic materials. This framework is valid to describe the behaviour of poroe-
lastic media in multiple fields, including acoustics, geophysics (poroelastic rock)
and biomechanics (bones). Improved models describing the frequency dependence
of the fluid properties, as a consequence of the interaction with the frame, were de-
veloped by Stinson et al. [57], Johnson et al. [41] and Champoux et al. [15]. The
last two publications describe a semi-phenomenological model, referred to as the
Johnson-Champoux-Allard (JCA) model. A discussion on later models providing
a more precise description of the physical behaviour in the material may be found
in [1, Chap. 5].

The combination of the Biot model and the JCA model, generally called the
“Biot theory”, provides an adequate description of the physics of poroelastic ma-

11
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(a) Melamine foam [33]. (b) Glass wool [33].

(c) Packaging foam. (Picture courtesy of J.
Cuenca)

Figure 2.1: Microscopic photographies of poroelastic materials.
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terials. The Biot theory gives the material behaviour in terms of spatially av-
eraged measurable macroscopic quantities, resulting from a homogenisation of the
micro-level field variables, describing the fluid-structure interaction between the two
material phases at a microscopic level. The interaction phenomena occurring at mi-
croscopic level are as such represented by coupling parameters on the macroscopic
level. It has been shown that this approach is justified as long as the wavelength in
the poroelastic medium is several orders of magnitude larger than the characteristic
dimensions of the pores in the poroelastic material [1, 30, 49].

The behaviour of poroelastic materials is often assumed to be isotropic and ho-
mogeneous. These materials are produced in large blocks, e.g. in moulds in case of
foams, and are then post-processed in a shape and size dependent on the applica-
tion. It is therefore very unlikely that the behaviour of these industrial poroelastic
materials is uniform within the entire produced material block, due to effects of
gravity, friction near the walls, etc. This variation in material properties may be
described by homogeneity and anisotropy. Physically, both concepts are linked to
each other, as the anisotropy is rooted in the inhomogeneity of the material at a
microscopic level. However, in a modelling context, anisotropy and inhomogeneity
are two distinct concepts [55]. Homogeneity refers to the variation of material prop-
erties with position. Anisotropy on the other hand is the variation of the properties
with direction at one point in the material. Throughout this dissertation, it is as-
sumed that the material sample studied is homogeneous, and that non-uniformity
of the material properties is solely due to anisotropy [62].

The current chapter introduces the Biot theory for anisotropic poroelastic mate-
rials. Special attention is given to the anisotropy and the frequency dependence of
the elastic properties. The numerical modelling of anisotropic poroelastic materials
is briefly introduced.

2.2 Biot theory for anisotropic poroelastic materials

2.2.1 Biot’s (us,uf) formulation

The anisotropic expressions presented here for the equations of motion and the
constitutive equations are given in [37], both in terms of the solid and fluid dis-
placement (us,uf), and the solid displacement and fluid pressure (us, p). Other
isotropic representations of the Biot theory exist, and may be found in [1, 18].
The theory will be introduced here using the solid and fluid displacement as vari-
ables. It is assumed that the material constituting the solid frame is linearly elastic
and isotropic, such that the anisotropy of the poroelastic material results from the
geometry of the skeleton at microscopic level [37].

For a harmonic time dependence ejωt; where j2 = −1 is the imaginary unit,
ω = 2πf is the angular frequency and t is time; the equations of momentum can
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be expressed in tensor notation as [9, 37]:

−ω2ρ1u
s
j − (ω2ρa

ij − jωbij(ω))(us
j − uf

j) = σs
ij,j , (2.1)

−ω2ρ2u
f
j − (ω2ρa

ij − jωbij(ω))(uf
j − us

j) = σf
ij,j , (2.2)

with σs
ij and σf

ij the Cauchy stress tensors for the frame and fluid phase respectively.
The first terms on the left and right hand side of Eq. (2.1) (Eq. (2.2) respectively)
relate the divergence of the solid (fluid) phase stress to the inertia of the solid
(fluid) phase, similar to what may be written for an elastic solid (ideal fluid). The
parameter ρ1 (ρ2) is herein the bulk mass density of the solid (fluid) phase. The
additional terms in the equations are related to the coupling between both phases.
These dynamic coupling mechanisms are directly proportional to the relative motion
between the two phases, and account for the viscous and inertial effects in the
material and the subsequent losses.

The complex-valued second-order viscous drag tensor bij(ω) accounts for the
viscous drag force and the viscous losses, resulting from the viscosity of the fluid
and the relative velocity between both phases. At low frequencies, the viscous skin
depth, which is the approximate thickness of the layer of air close to the frame where
the effects of viscosity are significant, is large compared to the pore dimensions of
the material. The viscous dissipation in the material will then be higher than
at high frequencies, where the viscous skin depth is small compared to the pore
dimensions. The low frequency viscous dissipation is modelled by the static flow
resistivity σst

ik and the transition from low to high frequency behaviour by a viscous
relaxation function Bkj(ω), φ being the porosity, as

bij(ω) = φ2σst
ikBkj(ω). (2.3)

The real valued second-order tensor ρa
ij accounts for the inertial coupling between

both phases. As mentioned in the introduction, the system of equations (2.1)–(2.2)
is valid for spatially averaged quantities. In such an approach, the microscopic
velocity of the fluid through the pores is not equal to the spatially averaged velocity
of the fluid, as a result of the complex geometrical structure of the material at
microscopic level. These geometrical effects appear as an inertial coupling term, to
quantify the inertial force on the solid resulting from an acceleration of the fluid
and vice versa. This interaction solely depends on the geometry of the frame, and
is independent of the frequency. It is modelled with a concept known as tortuosity,
αij , gathering the effects related to pore geometry, δij being the Kronecker’s delta,

ρa
ij = ρ2(αij − δij). (2.4)

The stresses in the material are related to the displacements in the material by
the constitutive relations for a poroelastic material, given by Biot [9, 37]:

σs
ij = Cijkl(ω)εkl +Qij(ω)θfδij , (2.5)
σf
ij = R(ω)θfδij +Qkl(ω)εklδij , (2.6)
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where the fluid dilatation is given by the divergence of the fluid displacement

θf = uf
k,k, (2.7)

and the solid frame strain by the Cauchy strain tensor

εkl = 1
2(us

k,l + us
l,k). (2.8)

As in Eqs. (2.1)–(2.2), the equations for an elastic solid or an ideal fluid can
be recognised. Additional terms appear in the equations due to the dynamic
coupling between both phases. The fourth-order tensor Cijkl(ω) = Ĉijkl(ω) +
Qij(ω)Qkl(ω)/R(ω) is the Hooke’s tensor for the homogenised solid frame at zero
fluid dilation, while Ĉijkl(ω) is the Hooke’s tensor at zero acoustic pressure in the
pores. The properties of the solid frame material may be frequency-dependent,
which is an important aspect in the current work. The coefficient R(ω) is the bulk
modulus of the interstitial fluid, and Qij(ω) is a second-order tensor represent-
ing dilatational coupling, introducing the dependence of the fluid stress on frame
dilatation and vice versa.

In the present work, open-cell poroelastic foams are studied, where the satu-
rating fluid is air. Hence the bulk modulus of the solid constituent of which the
frame is made can be assumed to be much larger than the bulk modulus of the
poroelastic material and the saturating fluid. The coefficient R(ω) and the tensor
Qij(ω), which reduces to a diagonal tensor, are then related to the bulk modulus
of the saturating fluid Kf(ω) as:

R(ω) = φKf(ω), (2.9)
Qij(ω) = (1− φ)Kf(ω)δij . (2.10)

The transition from low to high frequency of the compressibility modulus Kf(ω)
is governed by the thermal interaction between the solid and the fluid phase. The
heat conduction due to expansion and compression of the fluid is assumed to be
isothermal at low frequencies, while adiabatic at high frequencies. The intermediate
frequency range is governed by a thermal relaxation function α′(ω), γ being the
ratio of specific heats and P0 the ambient mean pressure,

Kf(ω) = γP0
γ − (γ − 1)α′(ω)−1 . (2.11)

For a detailed description of the coefficients which govern the frequency dependence
of the bulk modulus, the reader is referred to [1, 44, 63].

In [1], the wave equations for an isotropic poroelastic material are derived; one
dilatational wave equation describing the propagation of two compressional waves,
and one rotational wave equation for the propagation of one shear wave in the
frame. The wave number and the ratios µi of fluid over solid displacement for each
wave can analytically be computed, the latter indicating the preferential phase in
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which the wave propagates. For a detailed and comprehensive derivation of these
quantities, the reader is referred to [1].

The Biot theory thus predicts the existence of three waves in an isotropic poroe-
lastic medium, two compressional waves and one shear wave. The shear wave prop-
agates predominantly in the solid phase. The compressional waves propagate in
the fluid and solid phase simultaneously, although with a different phase velocity.
The compressional wave with highest propagation velocity is referred to as the fast
wave, the other one as the slow wave. All three waves may be strongly coupled
or uncoupled in the frequency range of interest, the coupling having a strong in-
fluence on the behaviour of the poroelastic material. As an example, the real and
imaginary part of the wave number, and the modulus and phase of the fluid over
solid displacement ratio of the material, are shown in paper B for two isotropic
materials. For these materials, the fast wave has lower damping and tends towards
in-phase motion of fluid and solid and the slow wave has higher damping and tends
towards out-of-phase motion of fluid and solid.

Bulk parameters characterising the macroscopic behaviour

For a description of the fluid behaviour in a poroelastic material, the following five
parameters in the JCA model are related to the geometry, topology and interfaces
of the material:

• Porosity φ [-], is the fraction of interconnected pore fluid volume to the total
bulk volume of the poroelastic material. The porosity in open-cell poroelastic
materials used in acoustics is usually larger than 0.95.

• Static flow resistivity σst
ij [Nsm−4], represented by a second-order tensor, is a

measure for the resistance of the material to an airflow through the material.
It is defined as the pressure drop per unit length of material and per unit
velocity of the airflow through the material. It governs the low frequency
viscous effects in the poroelastic material. The flow resistivity is one very
important quantity in the modelling of poroelastic materials, and needs to
be measured with good accuracy. Note that this parameter depends on the
saturating fluid, as opposed to the static viscous permeability which only
depends on the micro-geometry of the frame.

• Tortuosity αij [-], represented by a second-order tensor, is a measure for the
deviation of the actual path which is followed by an acoustic wave compared
to the direct path in the poroelastic medium. It is an intrinsic property of the
geometry of the poroelastic frame. It governs the inertial coupling between
the solid and the fluid phase, since it accounts for the apparent increase in
the fluid mass density of the saturating fluid. The minimum value for the
tortuosity is equal to 1.
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• Viscous characteristic length Λij [m], represented by a second-order tensor, is
a measure for the average radius of the smaller pores in the poroelastic ma-
terial, where the viscous losses dominate over the thermal losses. It provides
a correction in the viscous relaxation function Bkj(ω), describing the viscous
dissipation effects at medium and high frequencies.

• Thermal characteristic length Λ’ [m], is a measure for the average radius of
the larger pores in the poroelastic material, where the thermal losses dom-
inate the viscous losses. It provides a correction in the thermal relaxation
function α′(ω), describing the thermal dissipation effects at medium and high
frequencies.

It should be noted that simpler models may be used for an accurate modelling
of the material behaviour, which do not require knowledge of each of these param-
eters. The choice to use the JCA model or a simpler model must be made for each
application.

The remaining parameters are related to the properties of the solid frame, being
the bulk mass density ρ1 [kg/m3] of the poroelastic material, and the frequency-
dependent Hooke’s tensor of the solid frame, which is a fourth-order tensor.

2.2.2 Anisotropy of the material properties
Static flow resistivity, tortuosity and viscous characteristic length

The static flow resistivity, tortuosity and viscous characteristic length are given by
second-order tensors in the anisotropic Biot theory. These tensors are symmetric
and positive definite, as a consequence of the theorem of energy conservation [56,
60]. A full anisotropic symmetric second-order tensor is represented by a 3 × 3
matrix with 6 independent elements

Σan =

 Σ11 Σ12 Σ13
Σ22 Σ23

(sym) Σ33

 . (2.12)

An eigenvalue decomposition of this anisotropic tensor displays the principal direc-
tions and the principal values of the tensor. For the second-order tensors considered,
there always exists at least one coordinate system in which the tensor can be written
as an orthotropic tensor with 3 independent and strictly positive elements Σi,

Σor =

 Σ1 0 0
Σ2 0

(sym) Σ3

 . (2.13)

By multiplying the orthotropic tensor with an appropriate transformation matrix,
e.g. the matrix with the eigenvectors of Σan as columns, the anisotropic tensor may
be obtained. The coordinate system in which the anisotropic tensor is given by
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an orthotropic tensor, is the natural coordinate system for this tensor. With the
transformation, the orthotropic tensor is represented as an anisotropic tensor in
any orthonormal coordinate system different from the natural coordinate system.
If every possible coordinate system is a natural coordinate system for a particular
tensor, the material properties are independent of direction, and the property is
isotropic, i.e. Σ1 = Σ2 = Σ3.

In some materials, the properties are not invariant for just any rotation, but they
are invariant for rotations around one single axis. In fibrous wool for instance, a
material which is built out of layers of randomly oriented fibres, it may be assumed
that within the plane of layers, the properties are equal. In the direction normal to
this plane of layers, the properties can be different. Such a material is transversely
isotropic, e.g. if the plane of layers contains axes 1 and 2, Σ1 = Σ2 6= Σ3.

Hooke’s tensor

The anisotropy in the Hooke’s tensor cannot always be represented by an or-
thotropic tensor. Orthotropy is then one of the possible material symmetries, and
several others exist. For a complete overview of the different symmetries of the
Hooke’s tensor, the reader is referred to the books by Carcione [13], Jones [42] and
Slawinski [55].

The Hooke’s tensor can be written as a 6 × 6 matrix, due to the symmetry
of the Cauchy stress and strain tensors, σij and εkl, introduced earlier. Using the
Voigt notation to represent the single column stress and strain matrices, the general
anisotropic Hooke’s law, represented with twenty-one independent entries for the
Hooke’s matrix, is written as

σ11
σ22
σ33
σ23
σ31
σ12

 =


C11 C12 C13 C14 C15 C16

C22 C23 C24 C25 C26
C33 C34 C35 C36

C44 C45 C46
(sym) C55 C56

C66




ε11
ε22
ε33
2ε23
2ε31
2ε12

 . (2.14)

If there exist three mutually perpendicular symmetry planes for the elastic prop-
erties of the material, the Hooke’s matrix is described by nine independent coeffi-
cients, giving the Hooke’s matrix in its natural coordinate system as

Hor =


C11 C12 C13 0 0 0

C22 C23 0 0 0
C33 0 0 0

C44 0 0
(sym) C55 0

C66

 . (2.15)

In contrast to the anisotropic stiffness matrix, there is no interaction between
normal stresses and shearing strains, between shearing stresses and normal strains
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and between shearing stresses and shearing strains. The orthotropic representation
also has the benefit that it can be written in terms of engineering constants such as
Young’s moduli, Poisson ratios and shear moduli, which have more obvious physical
interpretations [42],

Hor =



1
E1

−ν21
E2

−ν31
E3

0 0 0

−ν12
E1

1
E2

−ν32
E3

0 0 0

−ν13
E1

−ν23
E2

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



−1

, (2.16)

where Ei is the Young’s modulus along axis i, νij is the Poisson ratios for transverse
strain in the j direction when loaded in the i direction, and Gij is the shear modulus
in plane (i, j). Recall that the stiffness matrix is symmetric, thus reducing the
number of independent parameters to nine, since

−νij
Ei

= −νji
Ej
. (2.17)

The Hooke’s matrix must be positive definite due to thermodynamic principles
and the following restrictions on the engineering constants apply [42]:

Em ≥ 0, m = 1, 2, 3,
Gkl ≥ 0, k, l = 1, 2, 3,

ν2
kl <

Ek
El
, k, l = 1, 2, 3,

1− ν12ν21 − ν23ν32 − ν31ν13 > 2ν21ν32ν13.

(2.18)

A transversely isotropic material may be considered as a special case of or-
thotropy, with one plane in which the material properties are equal in all directions,
and different in the direction normal to this plane. In this case, the stiffness matrix
has five independent entries,

Htrans =



C11 C12 C13 0 0 0
C11 C13 0 0 0

C33 0 0 0
C44 0 0

(sym) C44 0
(C11 − C12)

2


. (2.19)
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In an isotropic material, the properties are independent of direction, i.e. E1 =
E2 = E3 = E, ν21 = ν32 = ν31 = ν and G23 = G31 = G12 = G. In addition, the
Young’s modulus and the shear modulus are directly related,

G = E

2(1 + ν) , (2.20)

and the constraints in Eq. (2.18) define a strict range for the Poisson ratio, i.e.
−1 < ν < 0.5. Note that this restriction is only relevant for isotropic materials.
The Hooke’s matrix for an isotropic material is thus defined by two independent
entries, given here for completeness,

Hiso =



C11 C12 C12 0 0 0
C11 C12 0 0 0

C11 0 0 0
(C11−C12)

2 0 0
(sym) (C11−C12)

2 0
(C11−C12)

2


. (2.21)

2.2.3 Frequency dependence of the solid frame properties
The solid frame in open-cell poroelastic materials used in acoustic applications is
often an elastomer, thus exhibiting visco-elastic behaviour at room temperature.
These materials are capable of both energy storage and dissipation of energy under
load, and have a so-called “memory” since the current deformation depends on the
stress history. The linear relationship between stress and strain is dependent on
the time history of the input [28].

The visco-elastic behaviour of solids may be written as a superposition of elas-
tic, frequency-independent and anelastic, frequency-dependent contributions. Sim-
ple examples of such a separation are the Kelvin-Voigt model, Maxwell model
and Zener model [28]. Several more complex forms of the parametrisation exist
as well. Dovstam introduced a discrete multiple-process augmented Hooke’s law
(AHL) [22, 23, 24], and described the equivalence of the different parametrisations,
the fractional derivative approach being one of them [4, 11, 24, 52].

The anisotropic dynamic Hooke’s matrix may be written as

Hij(ω) = H
(0)
ij +H∆

ij (ω), (2.22)

where H(0)
ij is equivalent to a constant, real, symmetric and positive generalised

Hooke’s law material matrix, defined by (fully) relaxed elastic constants, andH∆
ij (ω)

contains the complex, frequency-dependent anelastic properties. This separation
was motivated by Biot [6] who introduced the concept of hidden thermodynamic
variables, and described the dynamic elastic moduli of the solid as a superposition
of elastic and anelastic contributions. Note that these matrices may be completely
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Figure 2.2: Frequency dependence of the solid frame properties for an isotropic
poroelastic foam.

independent, and each can in the general case belong to a different group of material
symmetry. Therefore, they should in principle be characterised independently.

An example of a frequency dependent Young’s modulus and loss factor for an
isotropic poroelastic material, described by the augmented Hooke’s law, is shown in
Figure 2.2. At low frequency, the loss factor is close to zero and the Young’s Mod-
ulus equals the static value. As frequency increases, the Young’s modulus strictly
increases and stabilises at a high frequency asymptotic value, for this material up
to 10 times the static value. The loss factor on the other hand reaches a maximum
and approaches zero at high frequencies.
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2.2.4 Simplified models for poroelastic materials
Depending on the boundary conditions, it is under certain conditions possible to
neglect the effects of elastic deformation of the frame, and the poroelastic material
may then be modelled as an equivalent fluid [1, 21, 29]. In the equivalent fluid
representation of the poroelastic material, one (compressional) wave is propagating
in the material, and the propagation equation is a Helmholtz equation,

p,jj + δ2
eqp = 0, (2.23)

where p is the acoustic pressure and δeq is the wave number for the propagating
wave. Depending on the type of material, the frame can be considered as rigid
or limp, each characterised by a proper wave number δeq. The equivalent fluid
rigid frame model is based on the assumption that the frame is motionless, i.e.
us
i = 0. Eq. (2.23) may then be found by inserting the direct relation between fluid

stress and fluid dilatation from Eq. (2.6) into Eq. (2.2). The viscous, inertial and
thermal coupling due to the geometry of the material are accounted for, in contrast
to the elasticity or mass of the solid frame. In the equivalent fluid limp frame
model, it is assumed that the solid frame of the material does not store any energy
when deformed, resulting in a simple relation us

i = f(uf
i) between solid and fluid

displacement. Entering this relation in Eq. (2.2) leads to Eq. (2.23). In addition
to the viscous, inertial and thermal coupling, this model accounts for the acoustic
inertia due to the mass of the poroelastic material, yet neglects the elasticity of the
solid frame. A comprehensive derivation of these two simplified models from the
Biot theory is given in [21, 29].

An intuitive approach similar to the equivalent fluid models is an equivalent
solid model. Instead of removing the influence of the solid frame, the influence of
the saturating fluid can be neglected, assuming in vacuo conditions, or a uniform
pressure field inside the poroelastic material. In this case, σf

ij = 0 in Eq. (2.6),
giving a direct relation between the fluid dilatation θf and the solid strain εkl, such
that Eq. (2.5) reduces to the constitutive equation for an isotropic elastic medium.
The poroelastic materials can then be represented by an equivalent solid material,
with two waves propagating in the material, one compressional and one shear wave.
Examples of this approach may be found in [16, 17].

2.3 Numerical modelling of poroelastic materials

A brief introduction is given here on a widely used technique for numerical pre-
diction of the poroelastic material behaviour used in paper B, the finite element
method (FEM). For an extensive overview of the numerical prediction techniques
for poroelastic materials, the reader is referred to the overview paper by Deckers et
al. [18].

The poroelastic material representation given in this chapter considers the solid
and fluid displacement as dependent variables. It is also referred to as the (us,uf)
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formulation. A finite element scheme based on this formulation requires six degrees
of freedom (DOFs) per node for 3D simulations. An alternative and commonly
used formulation in finite element schemes for poroelastic materials is the (us, p)
formulation [3], where the fluid displacement is expressed as a function of the fluid
pore pressure. The solid displacement and the fluid pore pressure are the dependent
variables, resulting in four DOFs per node for 3D simulations. It is this formulation
which is used to predict the response of the steel plate with a poroelastic trim
layer in paper B. Additional formulations for element based approaches for the
modelling of poroelastic materials may be found in [1, 18].

The classical meshing criteria for FE models, given for linear or quadratic ele-
ments, are not sufficient for convergence when predicting the behaviour of poroe-
lastic materials with the Biot theory [16, 54]. More than six linear elements per
wavelength are required, and the waves propagating in the materials have short
wavelengths, see paper B, which results in a very fine meshing of the porous do-
main. A fine mesh combined with a relatively high number of DOFs per node gives
a very high number of total DOFs in the domain. In addition, the bandwidth of
the equation systems tends to be large, as solid 3D elements need to be used. As
the system matrices must be recalculated for each frequency, because the material
parameters are frequency-dependent, this requires a significant computational ef-
fort when using linear or quadratic elements, especially at higher frequencies. A 3D
hierarchical hp-FE approach is thus preferable, in which the basis functions are poly-
nomials of higher orders. The details of such an approach are given in [36, 37, 38].

The equivalent fluid models can be implemented as a conventional fluid, with
frequency-dependent fluid parameters, and only one DOF per node is required,
being the fluid pressure. The equivalent solid material model has three DOFs per
node, and for these materials, a hierarchical hp-FE approach is preferable as well.

Need for modelling with the Biot theory?

This chapter is concluded with a discussion whether a full Biot modelling of the
poroelastic material is required, given the computational load to solve these mod-
els. The equivalent solid or fluid models can be solved with less computational
effort, and should be used when appropriate. In paper B, two different poroelastic
materials A and B are studied and it is shown here that the simplified models are
not sufficient to accurately predict the behaviour of the used materials under the
applied conditions. The response of the steel plate coated with material A or B is
calculated with the limp equivalent fluid and equivalent solid models and compared
to the Biot model. The materials A and B are considered to be isotropic.

The set-up considered is presented in paper B. It comprises a boundary excita-
tion of a plate clamped at the edges. The response measured is the acceleration in
the middle of the plate. The poroelastic material is bonded onto the plate, and in
contact with air on the opposite surface. The results in Figure 2.3 give the response
of the plate with and without poroelastic material A and B, calculated for a static
value of the elastic moduli of the material. For both materials studied here, it shows
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that the limp model accounts only for losses related to the viscous, thermal and
acoustic inertial effects, not including any structural effects. It is obvious that these
structural effects must be included in the model, resulting in a better correlation
between the solid equivalent model and the Biot model. However, certain coupling
effects inherent to poroelastic materials play an important role in the response. For
material A, this is most significant between 200 and 400 Hz, and for material B over
the full frequency range. Thus, for these materials and this type of excitation, it is
important to model these materials with the Biot theory in order for all relevant
material effects to be included.
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(a) Material A
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(b) Material B

Figure 2.3: Plate response (amplitude and phase) for different models of poroelastic
materials, black dotted line: uncoated plate, green dashed line: limp equivalent fluid
model, blue dashed line: equivalent solid model, red dashed line: Biot model.





Chapter 3

Characterisation of anisotropic
poroelastic materials

3.1 Introduction

The discussion in Chapter 1 indicated a need for advanced characterisation meth-
ods for anisotropic poroelastic materials. For most of the direction dependent
properties, there is a lack of standardised measurement methods, partly due to the
anisotropy and frequency dependence of the parameters, encumbering the establish-
ment of a repeatable, well defined measurement procedure. One way to overcome
these complications is by developing characterisation methods which take into ac-
count these inherent material features.

The present chapter begins with an overview of the methods which currently
exist for characterising both the isotropic and anisotropic properties of poroelastic
materials. The approach which is used consistently throughout the work in this
dissertation, enabling the development of advanced characterisation methods, is
discussed next. Subsequently, the methods for the characterisation of the flow
resistivity and elastic properties of poroelastic materials are highlighted, followed
by a discussion on the main advantages and drawbacks for each method. The
chapter concludes with a presentation of the most important results found for a
characterised melamine foam.

3.2 Existing measurement techniques

In this section, a brief overview is given of methods to measure the flow resis-
tivity and stiffness properties of poroelastic materials. An overview of published
measurements methods for the bulk properties of these materials is given by De-
scheemaeker [19], together with the resulting material parameters of several char-
acterised materials. It should be noted that most existing measurement methods
are for the characterisation of assumed isotropic material properties.

27
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A first approach to measure the anisotropy in poroelastic materials is to assume
that the natural coordinate system is aligned with the coordinate system in which
the experiment is conducted and then determine the components of the different
tensors using measurement methods for isotropic media. This technique is applied
by Tarnow for measuring the flow resistivity [59], by Melon et al. for measuring
flow resistivity, tortuosity and viscous characteristic length [47], and by Khurana et
al. for measuring both acoustic and elastic parameters [43]. Other proposed meth-
ods characterise the anisotropic properties by relating theory to experimental data
based on global quantities, e.g. impedance and reflection coefficient. The materi-
als are assumed to be transversely isotropic, and to have their principal directions
aligned with the coordinate system in which the experiments are performed [2, 14].

The measurement methods available for determination of the flow resistivity and
the frequency-dependent elastic parameters of the poroelastic material are briefly
highlighted, as these are the properties studied in the dissertation.

Flow resistivity

The measurement of unidirectional flow resistivity σ1D is established in the Interna-
tional Standard ISO 9053 [39]. A direct airflow method and an alternating airflow
method are prescribed. The direct airflow method is most commonly used to the
knowledge of the author, and is also used in paper A to measure the flow resistivity
in cylindrical material samples. The material sample is inserted in a sample holder
and a unidirectional airflow with velocity V is passed through the test specimen of
thickness t. The flow resistivity may then be calculated from the resulting pressure
drop ∆p as

σ1D = − ∆p
V · t

. (3.1)

The principal flow resistivity values of an anisotropic material may be measured
in this way if the samples are extracted parallel to the principal directions in the
material. However, for real poroelastic materials, it is practically impossible to a
priori know the principal directions with good accuracy, except for fibrous wools,
which are obviously transversely isotropic. Therefore, there is a need for a method
which does not require knowledge on the principal directions.

Frequency-dependent elastic parameters

An extensive overview of the characterisation methods for elastic and damping
properties of poroelastic materials is given by Jaouen et al. [40]. Three groups of
quasistatic and six groups of dynamic methods are discussed, using different loading
types. The quasistatic methods are applicable at a sufficiently low frequency where
inertia effects may be neglected, and the dynamic methods may be used over a
larger frequency range. However, if the experiments are not carried out in vacuum,
there will inevitably be a coupling with the fluid phase which might have an effect
on the estimation of the parameters. Note that several of the reported methods use
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an inverse calculation (with or without numerical models) to obtain the stiffness
parameters.

Most existing characterisation methods assume that the stiffness properties are
constant over the frequency range of interest. It is shown in paper B that the elastic
properties could be frequency-dependent, and thus existing methods would only
provide a snapshot of the elastic properties at a certain frequency. By repeating the
characterisation at different frequencies, the frequency dependence of the material’s
stiffness parameters can be shown, as done by Jaouen et al. [40] for a melamine foam.
Frequency-dependent data of the elastic parameters were obtained by Etchessahar
et al. [25] using the frequency-temperature superposition principle. Measurement
methods to characterise the visco-elastic behaviour of poroelastic materials have
been investigated by Pritz [50, 51], Rice et al. [53], and recently by Barbagallo et
al. [5]. These resonance methods with vibrating base and additional mass, also
referred to as seismic mass experiments, may give unreliable results due to material
anisotropy [40]. The presence of material anisotropy in these measurements was
reported by Göransson et al. [31] and Guastavino et al. [34].

A measurement set-up for characterisation of the elastic parameters of aniso-
tropic cell-foams is discussed by Melon et al. [47] by measuring the displacement on
all material faces resulting from an axial compression. In the proposed method, it is
assumed that the material is transversely isotropic, and that the principal directions
of the material are coinciding with the coordinate system in which the experiments
are performed. The characterisation of the moduli related to shear proved to be
difficult due to the compressional loading applied in the measurements.

As a conclusion, Jaouen et al. indicate four points of attention, underlining the
objectives in this thesis:

• how to characterise the visco-elastic behaviour of isotropic poroelastic mate-
rials,

• how to deal with the influence of the fluid phase,

• how to deal with the boundary conditions inherent to the set-up,

• how to account for material anisotropy.

3.3 Novel methods for characterisation

The focus in this work is on the characterisation of the anisotropic flow resistivity
tensor and the anisotropic dynamic Hooke’s matrix. The latter may be written as
a superposition of a static and a dynamic matrix, Eq. (2.22), and each should be
characterised separately. In the characterisation of these properties, the degree of
anisotropy is assumed to be orthotropy. The flow resistivity tensor may always be
written as an orthotropic tensor in its natural coordinate system. For the Hooke’s
matrix however, this restricts the possible anisotropy as other degrees of anisotropy
are possible, which cannot be represented by an orthotropic tensor.
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Figure 3.1: Representation of the cubic sample with the coordinate system. The
faces are referred to as x−, x+, y−, y+, z− and z+.

Several assumptions are important in the characterisation methods. First of
all, the material properties are presumed to be homogeneous within the material
sample studied, and any deviation from isotropic behaviour will be attributed to
anisotropy. Second, it is assumed that the material is at equilibrium at the be-
ginning of the measurement, and that any time variant effects are negligible. It
will also be assumed that temperature variations due to dissipation during the
measurement are negligible.

Prior to introducing the approach consistently used in this thesis, it is conve-
nient to recur to the general idea depicted in Figure 1.1. A measurement set-up
allowing for an acquisition of high quality data, a model of the physical object and
numerical prediction techniques are the necessary individual elements to be used in
the estimation of the material properties. The goal is to find the material parame-
ters in order for the predicted response to approximate the measured data. A set
of experiments enabling high quality measurements, which also can be accurately
represented by a prediction model, and in which the anisotropy is observable to an
extent that the anisotropic properties can be extracted from it, has been designed
in previous work [33]. The contribution in this dissertation is to develop the tech-
niques for high quality measurements, and to establish the numerical environment
facilitating the estimation of the material properties, ultimately reaching a level
where the methods proposed may be applied to real materials.

In order to get an overall constitutive material model, which is independent of
the loading, excitation, direction of application, sample shape etc., the methods
are developed for cubic material samples with dimensions 0.1 × 0.1 × 0.1 m3, see
Figure 3.1. The idea behind is that they may be used successively in different
measurements, and that one sample can be used for a full characterisation, which
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Figure 3.2: Schematic representation of the overall approach. The dotted lines
represent the corresponding entities in experiment and prediction.

requires measurements in different directions. A cubic sample size is herein ben-
eficial since the reciprocity and symmetry can be used as a quality control of the
measured data.

The discussion below will present each characterisation method from a general
perspective, and the details may be found in paper A for characterisation of the
flow resistivity tensor, in paper C regarding the characterisation of the dynamic
stiffness properties and in paper D and paper E for the characterisation of the
static elastic properties of poroelastic materials.

3.3.1 General concept
Figure 3.2 gives a schematic overview of the procedure consistently used to estimate
the material properties. The material sample is installed in a measurement set-up
and for each property to be characterised, a quantity is identified that can be mea-
sured with conventional instruments, providing the high quality experimental data,
serving as targets in an optimisation procedure. An adequate model to describe
the physics in the measurement set-up is selected, with an initial guess of the ma-
terial parameters, and solved with the commercial finite element software package
COMSOL®. In an inverse estimation procedure, the measured and predicted data
are inserted in an objective function which is to be minimised by varying the model
parameters until the predicted data reaches a satisfactory fit to the experimental
data.
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The optimisation method, which is implemented in MATLAB®, used for the
characterisation methods developed is the Globally Convergent Method of Moving
Asymptotes (GCMMA) [58]. It is a gradient based optimisation technique, using
a conservative approximation of the objective function to choose the direction of
change of the design variables to achieve an improved feasible solution. As the
approximation is conservative, it is guaranteed that the optimal solution returned
is a feasible solution of the problem, with a lower objective value than the previous
iterate. The major benefit of using this method in this work, is that it is well
suited for problems with a large number of parameters and few constraints, and
that it is particularly suitable if the iteration points need to be feasible solutions
to the problem. Furthermore, a strict decrease of the objective function is assured,
generally giving fast convergence.

The objective function for the optimisation is defined as the quadratic difference
between the experimental and numerical data and can be summarised in a general
form as

f0 = 1 +A
∑

∆2, (3.2)

where ∆ expresses the relative or absolute difference between the measured and
predicted quantities. A constant term and a constant factor are introduced for
numerical stability reasons.

The following sections provide short descriptions of each of the experimental
methods developed to obtain the measurable quantities which are the key data in
the inverse estimation. It goes without saying that it is crucial that these mea-
surements are conducted with great care, and some scepticism is always necessary
when interpreting the outcome of the inverse estimation.

3.3.2 Flow resistivity
Approach

It is assumed in this work that the flow resistivity tensor, as defined in the work by
Biot, follows Darcy’s law, giving a relation between the pressure p in the material
and the volume averaged air velocity v,

−∇p = σv. (3.3)

This direct relation between the fluid velocity and the pressure gradient over the
material can be measured with standard equipment. A three dimensional mea-
surement set-up can provide sufficient data to fit a model of the material to these
measured data. Figure 3.3 gives a graphical presentation of the set-up. The exper-
iment involves the recording of the inflow velocity Vin and the pressure difference
∆p over the sample for every inflow-outflow combination, giving a set of 30 pairs
of measurement data. As a consequence of the cubic shape of the sample, half of
these are reciprocal and can serve as a quality control of the acquired data set.

The physics in the numerical model are governed by Darcy’s law together with an
assumed incompressibility condition, ∇ · v = 0. The measured pressure differences
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Figure 3.3: General arrangement of the measurement set-up [32].

serve as the targets in the inverse estimation, and the model is updated until the
difference between the measured and calculated data is minimised, according to Eq.
(3.2). The exact objective function is given in paper A. A detailed explanation of
the measurement and the governing equations may be found in [32].

Discussion

The numerical procedure for inverse estimation of the flow resistivity tensor is
verified in paper A for three artificial material tensors with different degrees of
anisotropy. It is shown that the target tensors are retained with excellent accuracy
and rapid convergence. In addition, robustness, linearity and repeatability of the
method have been examined for a sample of melamine foam.

The optimisation problem is reformulated as compared to the originally pro-
posed method [32] in that the anisotropic flow resistivity tensor is parametrised
by rewriting it in terms of an isotropic material constant multiplied with an aniso-
tropic matrix of scaling constants. An alternative parametrisation, expressing the
anisotropic tensor in terms of its orthotropic equivalent, and a transformation ma-
trix based on three Euler angles, was also considered. In both cases, there are six
parameters to be estimated. The alternative approach did not turn out to be an
improvement, as including rotations in the optimisation problem appeared to result
in a slower convergence of the problem. In the case that the number of parame-
ters to estimate is equal in both parametrisations, the optimisation not including
rotations proves to be computationally beneficial.

The measurement method is validated by comparing the flow resistivity, pre-
dicted for cylindrical samples using the characterised tensors, to measured results
for unidirectional samples according to the ISO 9053 standard [39]. A comparison
of the results for the melamine foam gives a relative error within the measurement
accuracy of the standardised method. The validations for the glass wool samples
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are less successful, and this is most probably related to the boundary conditions
and the sample preparation of the cylindrical glass wool samples, rather than an
artefact of the method. It does however, emphasise the well-known weakness of the
standard method related to sample preparation.

One concern regarding the method is that the flow inside the material may
not be laminar during the experiment. Contrarily to the one-dimensional standard
measurement, the flow velocity in the material is far from uniform. When measuring
cross-directions (e.g. flow from x− to z−), the flow velocity in the enclosed corner
may be higher than in the other corners. Locally the flow could then become
turbulent, which may influence the estimated flow resistivity.

A second concern related to the flow velocity is that the flow velocities used in
the measurements are almost a factor ten higher than what is recommended by the
standard. However, for a material of low flow resistivity, such as the ones measured
in paper A, higher flow velocities are necessary in order to have a minimal mea-
surement error. Although the relation between flow velocity and pressure is still
linear for this region, it is not assured that this is true within the whole material.

A third issue needing further investigation are the boundary conditions at the
material-sample holder interface. The material needs to be placed in the holder
and slightly compressed, such that no leakage occurs. However, this may have an
influence on the measured results, as seen in the repeated test in paper A, where
the material was mounted in two different ways, resulting in a slight difference
between both measurements. The influence of the compression of the material on
the results should be examined further.

Summary

Figure 3.4 presents the interpretations of the different components in the charac-
terisation method for the flow resistivity tensor.

3.3.3 Dynamic Hooke’s matrix
Approach

The dynamic Hooke’s matrix is defined in Eq. (2.14) in its anisotropic form and in
Eq. (2.15) in the orthotropic form which it takes in the material’s natural coordinate
system, where it is defined by nine independent material parameters. In a general
case, it cannot be ascertained that the cubic sample of material has its coordinate
axes aligned with the natural coordinate system of the material. To allow for
a possible deviation in the alignment, a rotation around the three fixed natural
coordinate axes allows to reorient the material relative to its natural coordinate
system. This is done with a transformation using Bond matrices [13]. In the
present work, it is assumed that the natural coordinate system of the material is
independent of frequency [14].

Due to the nature of the quantity to estimate, the measurement method must
involve a dynamic excitation of the material. To remove any coupling effects with
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Figure 3.4: Components in the characterisation method for flow resistivity.

the saturating fluid, allowing for the material to be modelled as an equivalent solid,
the experiments are carried out in vacuum conditions. The measurable quantities
are the displacement, velocity or acceleration of the material and the force inducing
the motion, measured in the frequency domain. The seismic mass measurement,
mentioned in the discussion on existing measurement techniques, is well suited for
this purpose.

The experiment involves preparing the material sample with a seismic plate of
a predetermined mass fastened on top, whereupon the accelerations of the four
corners of the seismic mass are measured in response to a uniform excitation of
the bottom of the material, see Figure 3.5. The mass serves as an indicator of
the force, similar to a mass-spring system excited at its base. The experiment is
repeated for three different material samples in the different coordinate directions.
The acceleration of the excited base and the four corners of the seismic mass are
measured and their transfer functions calculated. These are the targets in the
inverse estimation, in which the difference is minimised between the measured and
simulated transfer functions, evaluated in a discrete number of frequency points.
The exact objective function is given in paper C.

The key in the characterisation of the anisotropic properties is that there exists a
phase difference between the acceleration of the corners of the seismic mass, which
results in a non-uniform motion of the mass [31]. This was seen as a disadvan-
tage when using this method for estimating the isotropic material properties. The
underlying aspect is that the materials are always to a certain degree anisotropic.
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Figure 3.5: Representation of the cubic sample placed between a rigid plate (black)
and a seismic mass (dark grey) with the coordinate system. The acceleration is
measured at the excited bases (ain) and in the four corner points of the seismic
mass (ai, i = 1...4), here given for excitation in z direction.

The optimisation space for the inverse estimation contains the nine entries of
the orthotropic Hooke’s matrix, and three angles to identify the orientation of the
natural coordinate system relative to the coordinate system in which the mate-
rial is measured. This must be extended with parameters defining an appropriate
relaxation function. As one of the possible descriptions of the anelasticity of the
stiffness matrix, the fractional derivative approach is beneficial in the sense that
the model is described with a reduced number of parameters compared to a series
of discrete relaxation functions. In this work, the characterisation of the dynamic
Hooke’s matrix is developed as a standalone characterisation, estimating both the
elastic and anelastic part of the stiffness matrix. In order to reduce the amount of
parameters to estimate, an additional assumption is that the elastic part and the
anelastic part of the Hooke’s matrix are collinear.

The chosen model for estimating the relaxation of the Hooke’s matrix adds three
parameters to the parameter space,

Hij(ω) = H
(0)
ij

(
1 + z(jω/β)α

1 + (jω/β)α

)
, (3.4)

where H(0)
ij describes the fully-relaxed stiffness matrix, z is a real scalar constant,
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β is the relaxation frequency and α is the derivative order in a fractional derivative
model. A detailed description of the fractional derivative model may be found
in [4, 11, 12, 52].

Discussion

The results presented in paper C for a melamine foam are of remarkably good
quality, both for the amplitude and phase. A very good fit is obtained over the
whole frequency range. In this sense the method provides a reliable characterisation
of the material properties. The repeatability and linearity of the experiments have
been examined by measuring the material response with different seismic masses.
Investigations on the robustness of the method are to be included in future publi-
cations.

The measurements of the transfer functions are performed in a vacuum environ-
ment to remove the influence of the saturating fluid. The melamine foam sample
was kept in vacuum conditions for eight hours before measuring the response, since
consecutive measurements in time showed that the variation in the transfer func-
tions measured is negligible if the vacuum conditions are sustained for more than
eight hours. After this settling period, it is assumed that the air in the material
is evacuated and that the material is in a fully relaxed state at the beginning of
the measurement. However, the exact state of the material is not known, nor the
cause of the frequency shift in the response, when the air in the material is evac-
uated. Therefore, the in vacuo conditions should be further examined, preferably
for different materials to come to a general conclusion.

The assumed fractional derivative model leads to a reasonable model in terms
of computational effort for the inverse estimation. Nevertheless, the physics in
the material may be more accurately described with a series of discrete relaxation
functions, which is also easier to interpret. Another assumption is the collinearity
of the fully relaxed Hooke’s matrix and its dynamic counterpart. Both may have
different degrees of symmetry [6, 24]. Furthermore, in the general form of the
augmented Hooke’s law with discrete relaxation processes, the Hooke’s matrices
in each term of the summation are not necessarily collinear, suggesting that each
term in the anelastic Hooke’s matrix in the fractional derivative model may have a
particular relaxation behaviour. Hence, the assumptions made in the model used
here bring some limitations to the captured physical material behaviour.

Three different samples are tested in the different coordinate directions to char-
acterise the material. In particular for melamine, which is easily damaged, it was
found difficult to remove the attached plates without damaging the material. Hence
the possible inhomogeneity of the bulk properties of the material block from which
the samples are cut may be a factor contributing to uncertainties in determining
the anisotropic properties, as each sample will have its specific properties, which are
now characterised as if they were valid for one sample. Note that for stiffer foams,
removing the plates is perhaps not an issue and the experiment can be performed
with a single sample.
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Figure 3.6: Components in the characterisation method for the dynamic elastic
properties.

For melamine foam, regions of reduced stiffness have been reported close to
material discontinuities in static compressibility tests [35]. It is not known whether
these regions also play a role in the dynamic behaviour of the material. This
should be further examined, and ways to take these into account in the model for
the dynamic behaviour need to be developed.

Summary

Figure 3.6 presents the interpretations of the different components in the charac-
terisation method for the dynamic Hooke’s matrix.

3.3.4 Static Hooke’s matrix

Approach

The static Hooke’s matrix H
(0)
ij is the fully relaxed elastic term of the dynamic

Hooke’s matrix as defined in the augmented Hooke’s law, Eq. (2.22). The static
Hooke’s matrix represents the properties of the material at 0 Hz. Therefore a
measurement method was developed, in which the material does not undergo any
dynamic deformations. In addition, if the material is fully relaxed, there is no
pressure variation in the material and it can be considered as an equivalent solid
material.
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Similar to the dynamic Hooke’s matrix, H(0)
ij is defined by 9 independent pa-

rameters in its natural coordinate system. Also here, the material is generally not
measured in its natural coordinate system and a transformation of the Hooke’s
matrix with Bond matrices is necessary.

The measurable quantities for a statically deformed elastic solid are the material
deformations and the force inducing these. The measurement of the displacements
is certainly the most challenging. As the goal is to characterise the anisotropic
material constants, the measurable quantity should be the 3D displacement vector
u = {u, v, w}, measured in multiple directions simultaneously. To achieve this, a
material sample is prepared with a rigid plexiglass plate fastened to the top and
bottom faces, and is compressed on the top face by a fixed displacement da us-
ing a translational device, see Figure 3.7. Subsequently, photographs are taken of
the state of the material before and after compression (including relaxation time)
with charge-coupled device (CCD) cameras. The image-processing software pack-
age GOM ARAMIS® is used to calculate the displacement vector of a number of
points on the material surface. The measurement is repeated in the three coordi-
nate directions using three closely spaced material samples, to obtain a full field
mapping of the displacements. The measured displacements give a 3D representa-
tion of the deformation of all the faces of the material, and serve as the input to the
objective function, minimising the difference between the measured and the calcu-
lated displacements in a discrete number of points. The exact objective function
can be found in paper D and paper E. A detailed explanation of the measurement
method and its challenges is given in [35].

The measured displacements u = {u, v, w} of the faces of the material under
compression, in the three coordinate directions, serve as targets to the inverse
estimation. With this information, as shown in paper D, it is possible to find a
Hooke’s matrix H̃

(0)
ij , normalised with respect to one of the nine elastic moduli.

The parameter space for the inverse estimation thus consists of eight parameters
to determine the normalised Hooke’s matrix in the natural coordinate system plus
three parameters defining the rotations.

A measurement of the force required to compress the material by da provides
the additional information needed to obtain the actual values for the material. This
measurement needs to be done in only one direction, the normalisation constant
CH being determined as the ratio of the force measured in a test on the real sample
and the force predicted for a material with the normalised Hooke’s matrix H̃(0)

ij .
Once this is completed, the material’s Hooke’s matrix is given by

H
(0)
ij = CHH̃

(0)
ij . (3.5)

Discussion

The approach to characterise the static Hooke’s matrix is verified for three artificial
materials with different degrees of anisotropy, assuming that the orthonormal coor-
dinate system is both aligned, paper D, or misaligned, paper E, with the principal



40 CHAPTER 3. CHARACTERISATION OF POROELASTIC MATERIALS

Figure 3.7: Representation of the cubic sample (light grey) placed between two
rigid plates (dark grey) with the coordinate system. The displacement is measured
in a number of points on all faces of the sample, here presented with 81 points on
the y− face for compression in z direction.

directions in the material, all giving excellent accuracy. The method has also been
evaluated for its robustness by introducing various uncertainties in the numerically
measured displacements. The repeatability and linearity of the experiment could
be examined further, e.g. by studying the normalised displacement when repeating
the experiment for different degrees of compression. The linearity of the material
can also be investigated in such a way, by doubling the degree of compression and
then returning to the original value.

The characterisation method has been applied to melamine foam in paper E,
and gives good convergence between the measured and predicted displacements.
However, it is clear that an additional shear measurement must be performed.
This issue appeared to a lesser extent in the validations of the method performed
in paper D, where it was noticed that the inverse estimation is less sensitive to
variations in some of the parameters related to shear motion. The experiment
is focussed on compression of the material, and the shear of the material is not
sufficiently activated. The inverse estimation of the melamine identified this aspect,
as several possible solutions were found as an outcome of the optimisation. The part
of the retained Hooke’s matrix corresponding to the compression of the material is
very similar for all three solutions, indicating a correct estimation of these moduli.
However, the terms accounting for the coupling between the compression and shear,
and for the shear itself, vary considerably. The conclusion is thus that additional
shear tests are necessary to get a single, completely determined Hooke’s matrix for
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the material. One possibility is to use the same methodology, and measure the
displacements on the faces of the material under shear loading.

A complication for the melamine material is the boundary conditions, as re-
ported earlier by Guastavino et al. [35]. The reason for this phenomenon is un-
known. A hypothesis to be verified is that the initial compression of the material
results in local buckling and flattening of the first levels of struts, until the load
is distributed into the deeper layers of cells. Until this phenomenon has been
thoroughly investigated and modelled, simplifying assumptions will need to be in-
troduced. In the current work, a boundary layer is assumed in the form of an
isotropic layer with a stiffness lower than the bulk of the material. This artificial
stiffness EBC and corresponding Poisson ratio νBC of this layer are added as two
additional parameters in the inverse estimation. This approach gives good results,
and the results confirm that the stiffness of these boundary layers is lower than in
the bulk of the material.

As in the characterisation of the dynamic properties, three different material
samples are used in the measurement. To remove the uncertainty introduced due to
inhomogeneities between the samples, a possible alternative would be to use another
means than tape to realise a non-sliding boundary condition, e.g. sandpaper, as
used in the measurements by Melon et al. [40], allowing a single sample to be used
for the characterisation.

A deeper investigation on the relaxation time of the tested material is necessary,
in order for the measurement to be performed after an adequate period of time to
obtain good measured data. For melamine, a first study pointed out that the
relaxation time would be eight hours, although subsequent loading measurements
pointed out that the material has a very long relaxation time (over two weeks).
Conducting the experiment before the material is fully relaxed could give incorrect
measurement data, and hence incorrect results from the inverse estimation. On
the other hand, it is possible that the characterised matrix in the end is minimally
affected. Further research may give directions related to the settling times needed
for this experiment.

Summary

Figure 3.8 presents the interpretations of the different components in the charac-
terisation method for the fully relaxed Hooke’s tensor.

3.4 Characterisation of a melamine foam

The procedure of inverse estimation of the properties, used in the three methods
is based on the same general philosophy and has proven to work well to capture
the anisotropic material behaviour. This chapter is concluded with a discussion
of the most important results found when applying the presented characterisation
methods to a melamine foam.



42 CHAPTER 3. CHARACTERISATION OF POROELASTIC MATERIALS

Figure 3.8: Components in the characterisation method for the fully relaxed elastic
properties.

All three methods have successively been applied to melamine foam. Two blocks
of material were provided by the Department of Physics of KU Leuven, block
A where the rise direction is in the plane normal to the z axis and block B for
which it is aligned with the z axis of the samples. The flow resistivity tensor was
characterised for all seven melamine samples extracted from these blocks. The
dynamic solid frame properties were determined for block B, and the fully relaxed
stiffness properties for block A.

The natural coordinate systems of the characterised flow resistivity tensors and
dynamic Hooke’s matrix are closely aligned with the orthonormal coordinate sys-
tem in which the materials have been measured. Therefore, it is difficult to make
any statements whether the natural coordinate systems for the different material
properties are in some way related.

The results from the characterisation of melamine foam confirm that the ma-
terial’s rise direction has an important influence on the properties of the material.
For the melamine foam tested here, the flow resistivity is highest in the rise direc-
tion. From observations of the fully relaxed and the dynamic Hooke’s matrices, it is
concluded from two different sets of samples, that the stiffness is lowest in the rise
direction. Furthermore, the results suggest that melamine foam is best represented
as an orthotropic material.

The result that the stiffness is lowest in the rise direction does not follow the
predictions in [27]. The cells are usually elongated in the rise direction, and a model
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(a) Gibson model (b) Alternative model

Figure 3.9: Idealised foam unit cell for calculation of the material properties.

for an idealised foam unit cell is proposed as in Figure 3.9a, with edge length ls and
edge thickness ts. If the modulus of the foam is dominated by the bending of the
horizontal edges when loaded in compression, the modulus in the rise direction is
expected to be highest in this direction. However, a possible hypothesis is that, if
the idealised foam unit cell has a shape as in Figure 3.9b, and the vertical struts
are compressed, this might result in a lower stiffness in rise direction. For a real
foam, a combination of the two is most probably the closest to the real material
geometry, see Figure 2.1.





Chapter 4

Summary of contributions

Paper A

Identification of the full anisotropic flow resistivity tensor for multiple
glass wool and melamine foam samples

C. Van der Kelen and P. Göransson

A previously published method for the measurement of the anisotropic flow re-
sistivity tensor is refined, as the optimisation problem is reformulated in terms of
the parameter space and objective function. The computational part of the ap-
proach is subsequently verified for three fictitious materials, exhibiting different
degrees of anisotropy, illustrating the improved accuracy of the method and fast
convergence of the optimisation problem. Next, in an attempt to study the homo-
geneity and the spread under the properties of the material, nine closely spaced
cubic glass wool samples and seven cubic melamine samples are characterised. The
transverse isotropy of the glass wool is disclosed in the measurements, as well as a
significant variation of the flow resistivity properties of the material, in particular
in the stacking direction of the material. The determination of the flow resistiv-
ity of the melamine foam indicates that the rise direction has a large influence on
its properties, as the flow resistivity is highest in this direction for all samples. A
comparison of the measured and predicted flow resistivity of cylindrical samples ex-
tracted from the tested cubic samples, by means of a standardised method confirm
the accuracy with which the method may be used for estimating the flow resistivity
of the material. Finally, the robustness of the method is shown with the material
data for a melamine foam sample.
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Paper B

On the influence of frequency-dependent elastic properties in vibro-
acoustic modelling of poroelastic materials under structural excitation

C. Van der Kelen, P. Göransson, B. Pluymers, W. Desmet

The importance of an accurate characterisation of the elastic properties of the
solid frame of poroelastic materials is discussed. Due to the visco-elastic behaviour
of the polymeric material constituting the solid frame, the stiffness and damping
properties appear to be frequency-dependent. Measurements of a structurally ex-
cited steel panel coated with poroelastic material are compared to predictions by
numerical techniques. Predictions of the poroelastic material behaviour based on
the elastic properties measured at a single frequency show a large discrepancy with
experimental data. A frequency-dependent model based on the augmented Hooke’s
law, derived from thermodynamic principles, is estimated to obtain a remarkably
better correlation, indicating that this model captures the physical behaviour of
the material well, and emphasising the need for characterisation of the dynamic
properties of poroelastic materials.

Paper C

A general methodology for inverse estimation of the elastic and anelastic
properties of anisotropic open-cell poroelastic materials - with applica-
tion to a melamine foam

J. Cuenca, C. Van der Kelen and P. Göransson

The frequency-dependent anisotropic Hooke’s matrix of melamine is charac-
terised with an inverse estimation approach, using the augmented Hooke’s law to
model the elastic and anelastic properties of the material’s solid frame. Among
the possible parametrisations of the dynamic properties of the material, a frac-
tional derivative model was chosen to keep the number of parameters in the inverse
estimation to a minimum, yet allowing for a satisfactory representation of the ma-
terial behaviour. The fully relaxed and frequency-dependent Hooke’s matrices are
assumed collinear, a reasonable first assumption, considerably reducing the num-
ber of parameters to estimate. A coordinate transformation allows for a rotation
of the Hooke’s matrix, orthotropic in its natural coordinate system, but not nec-
essarily so in the coordinate system in which the experiment is conducted. The
experimental set-up providing the target data for the inverse estimation consists
of a cubic poroelastic material sample with an attached mass on top. The foam is
excited uniformly over its base and the ratio of the acceleration measured at the
corner points of the mass over the input acceleration gives four transfer functions
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in the frequency domain, fed as targets to the inverse estimation procedure. The
experiment is repeated in the three coordinate directions to map the anisotropic
behaviour of the material, and is performed in a vacuum environment to remove the
effects of the saturating fluid. The response predicted with the estimated material
Hooke’s matrix gives very good correlation to the measured response for the chosen
model. Alternative parametrisations can be derived from the estimated fractional
derivative model in terms of discrete-process and continuous-spectrum relaxation
models, allowing to compute the time-domain relaxation function of the material.

Paper D

A method for characterisation of the static elastic properties of the
porous frame of orthotropic open-cell foams

C. Van der Kelen, J. Cuenca and P. Göransson

An approach to determine the fully relaxed, static elastic Hooke’s matrix of
poroelastic materials is proposed and verified. The approach involves an inverse
estimation of the Hooke’s matrix for an orthotropic material model. The material
model is updated in an optimisation procedure to obtain a fit between the pre-
dictions and measured target data. The target data comprises the displacement
vector, measured on the faces of a cubic sample of poroelastic material under con-
stant compression. The measurement is repeated in the three coordinate directions
to reveal the material anisotropy. The result of the inverse estimation is a Hooke’s
matrix, normalised by a factor which is to be determined by measuring the force
required to sustain a given compression. To validate the proposed approach, it is
applied to three fictitious materials exhibiting different degrees of anisotropy, for
a wide range of engineering values. The method is found to retain the targeted
Hooke’s matrix with good accuracy.

Paper E

A method for inverse estimation of the static elastic properties of aniso-
tropic poroelastic foams - with application to a melamine foam

C. Van der Kelen, J. Cuenca and P. Göransson

The fully relaxed static elastic Hooke’s matrix of melamine foam is determined.
The application to a real material requires the implementation of additional ele-
ments to the method proposed in paper D. The possible misalignment of the co-
ordinate system in which the experiment is carried out and the natural coordinate
system of the material is accounted for by means of a coordinate transformation
for the Hooke’s matrix with Bond matrices. The inverse estimation is verified at
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this point, showing excellent accuracy in retaining an a priori known Hooke’s ma-
trix of a fictitious material, and the robustness of the method to uncertainties on
the input data is investigated. The layers of reduced stiffness at the constrained
material discontinuities is accounted for by modelling these as isotropic layers. The
inverse estimation of the Hooke’s matrix of a measured melamine foam results in
four possible solutions, all giving good correlation between measured and predicted
response. A closer evaluation of the results reveal that the part of the Hooke’s
matrix related to compression is similar in all solutions, which is thus accurately
estimated. The differences are almost entirely found in the entries related to the
shear and shear-compression coupling of the material. To circumvent this, an ad-
ditional shear test should allow for the determination of one unambiguous Hooke’s
matrix for the material.



Chapter 5

Conclusions and recommendations
for future work

The research objective of this thesis has been to develop techniques for advanced
characterisation of poroelastic materials, which are able to identify the anisotropy
and anelasticity inherently present in these materials. The engineered techniques
should permit to obtain a constitutive material model, and thus enable an accurate
modelling of the material behaviour. The focus has been on two material properties,
both crucial when assessing poroelastic materials, i.e. the anisotropic flow resistivity
tensor, and the anisotropic dynamic Hooke’s tensor.

The research objective has been successfully achieved by establishing a proce-
dure of inverse estimation, including both experiments and numerical predictions.
The property to be characterised is isolated in a specially designed experimental
set-up such that the material behaviour may be modelled by physics only consid-
ering the specific property. For the estimation of the flow resistivity, the physics
in the model are governed by Darcy’s law, and for the estimation of the dynamic
Hooke’s tensor, the augmented Hooke’s law is used. The obtained experimental and
numerical data serve as inputs to an optimisation, which minimises the difference
between both, with the considered material parameters as variables.

The relevance of including anisotropy in the material model is demonstrated
by the characterisation of the anisotropic flow resistivity tensor and the dynamic
Hooke’s tensor of a melamine foam, clearly showing that both properties are non-
isotropic. It is found that the material’s rise direction has a distinct influence
on the material properties, the flow resistivity being highest and the elasticity
lowest in this direction. In addition, the results suggest that the inclusion of the
anelasticity in the elastic properties is significant for a correct representation of the
material behaviour, as illustrated for a structurally excited steel panel coated with
a poroelastic material.

The concept of inverse estimation, used throughout the work, and outlined in
Figure 3.2, has proven to be a viable approach. In designing such a characterisation
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method, it is important to consider the experiments, the numerical predictions and
the optimisation approach simultaneously, as these different aspects of the char-
acterisation methodology are inherently related to each other. Furthermore, some
important prerequisites need to be respected. First of all, experimental data ob-
tained in an appropriate set-up must be of high quality in order to enable a fit
of the material parameters based on these data. Secondly, the model governing
the physics involved must represent the material behaviour in the experiment as
closely as possible, e.g. the boundary layers of reduced stiffness at foam discontinu-
ities need to be taken into account. Finally, it is important to have a well-defined
parameter space in the optimisation procedure. These conditions are fulfilled metic-
ulously in the work presented in this dissertation, as demonstrated by the successful
characterisations achieved for the studied materials properties.

Continuation of this work should focus on efforts to validate the constitutive ma-
terial models characterised with the presented methods. Such a validation has been
carried out for the flow resistivity tensor, using standardised experiments. However,
no standardised measurement methods exist to determine the anisotropic dynamic
elastic properties of poroelastic materials. An alternative to validating the aniso-
tropic properties by direct measurement is to correlate the measured and predicted
global behaviour of the poroelastic material, e.g. in absorption or transmission loss
measurements, or as part of a trim structure.

In the work leading up to this dissertation, there are a number of assumptions
made related to the material sample tested. As an example, the material is assumed
to be homogeneous, which is clearly not always the case as concluded from flow
resistivity measurements performed for fibrous wools. In addition, it is assumed
that the material is at equilibrium at the beginning of the measurement, and time
variant effects and temperature variations due to dissipation are neglected. These
should be investigated further to quantify the degree of uncertainty of the methods.

Once these novel characterisation techniques have been established, all compo-
nents of Figure 1.1 are available for an accurate prediction of the material behaviour.
The first question that should be answered for each specific application and ma-
terial is which model should be selected to represent the material behaviour, and
whether the model should include anisotropy. More complex models require more
complex numerical techniques to be solved and a larger number of parameters to
be estimated, which may be costly, and redundancy should thus be avoided. Ob-
viously, the techniques developed here can assist to develop criteria facilitating the
determination as to whether anisotropy should be included in the model or not.

It has been shown that the anisotropy in poroelastic materials offers interest-
ing opportunities to influence the vibro-acoustic response of multilayered arrange-
ments [46]. A database containing information on the anisotropic properties of a
large number of poroelastic materials would allow to further explore these oppor-
tunities. It would then be possible to gain a deeper understanding of the physics
in the material, e.g. the different dissipation mechanisms involved, and how these
are related to the geometry of the material on the microscopic level.

The connection between more links in the foam engineering chain could then be
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studied, relating Foam chemistry - Foam processing - Foam cell micromechanics -
Macroscopic static & dynamic properties - End application performance [33]. As
an example, it is shown in this thesis that the rise direction of the material, re-
sulting from the production process, has an important influence on the anisotropy
of the material. Control over each step in the process would allow for designing
poroelastic materials with material properties engineered for specific applications.
Other functionalities than the vibro-acoustic performance can be taken into con-
sideration in the design process, eventually allowing for multifunctional solutions
in the transport industry by the introduction of poroelastic materials.
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