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“The feeling of awed wonder that science can give us is one of
the highest experiences of which the human psyche is capable.
It is a deep aesthetic passion to rank with the finest that music
and poetry can deliver. It is truly one of the things that make
life worth living and it does so, if anything, more effectively if it
convinces us that the time we have for living is quite finite.”

Richard Dawkins, Unweaving the Rainbow: Science, Delusion and
the Appetite for Wonder.
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Abstract
Nowadays vehicle design paradigm influences not only the effectiveness of the

different means of transport, but also the environment and economy in a critical way.
The assessment of the consequences that design choices have on society at large
are necessary to understand the limits of the methods and techniques currently
employed. One of the mechanisms set in motion is the planned obsolescence of
products and services. This has affected vehicle design paradigm in such a way that
the variety in the market has shadowed the primary function of vehicle systems: the
transport of persons and goods. Amongst the consequences of the expansion of such
market is the exponential rise on combustion emissions to the atmosphere, which
has become a great hindrance for humans health and survival of ecosystems. The
development of evaluation tools for such consequences and their piloting mechanisms
is needed so as to implement an ECO2 (Ecological and Economical) vehicle design
paradigm. Moreover, the multifunctional design paradigm that drives aeronautical
and vehicle engineering is an ever-growing demand of smart materials and structures,
able to fulfil multiple requirements in an effective way. The understanding of certain
phenomena intrinsic to the introduction of novel materials has found certain limits
due to the complexity of the models needed. This work presents as a first step
an assessment of the causes and consequences of the vehicle exponential market
growth based on the analysis of the planned obsolescence within. Furthermore,
a method for the acoustic response analysis of multilayered structures including
anisotropic poroelastic materials is introduced. The methodology consists in a
plane wave approach as a base for introducing the complex mechanic and acoustic
equations governing anisotropic homogeneous media, e.g. open-celled foams, into an
alternative mathematical tool manipulating physical wave amplitudes propagation
within the studied media. In addition, this method is coupled to a power partitioning
and energetic assessment tool so as to understand the phenomena present in complex
multilayered designs.

Keywords: vehicle design, planned obsolescence, anisotropy, porous materials,
sound absorbing materials, acoustic modelling, power balance, energy assessment,
dissipated power.
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Sammanfattning
I dagens samhälle påverkar det sätt fordon konstrueras påinte bara de olika

fordonsslagens effektivitet utan det har ocksåett avgörande inflytande påmiljön
och ekonomin. För att uppskatta begränsningarna i de olika metoder och
tekniker som för närvarande används samt hur de inverkar påsamhället som
helhet, behövs bedömningar av dess konsekvenser. En mekanism som har
införts är det planerade åldrandet av produkter och tjänster. Denna mekanism
har påverkat det sätt fordon konstrueras påtill den grad att fordonets primära
funktion, dvs att transportera personer och gods, har hamnat i skuggan av
urvalet påmarknaden. Bland konsekvenserna av att fordonsmarknaden expanderar
återfinns de exponentiellt växande utsläppen av förbränningsavgaser i atmosfären,
som har blivit ett stort hinder för människohälsan och ekosystemens överlevnad.
Utvecklingen av verktyg för bedömning av sådana konsekvenser samt dess styrande
mekanismer behövs för att kunna införa ett ECO2 (Ekologiskt och Ekonomiskt)
sätt att konstruera fordon. Vidare såleder det multifunktionella tänkandet som
driver dagens fordonskonstruktioner till en ständigt växande efterfrågan påsmarta
material och konstruktioner som kan uppfylla flera olika krav påett effektivt sätt.
Den komplexitet som krävs för att modellera införandet av nya material leder till
en begränsning av förståelsen av vissa fenomen som uppkommer av införandet av
de nya materialen. Baserad påen analys av det planerade åldrandet presenteras i
denna avhandling först en bedömning av de orsaker och konsekvenser som kommer av
fordonsmarknadens exponentiella ökning. Vidare introduceras en metod för akustisk
responsanalys av flerlager-strukturer inklusive anisotropiska poroelastiska material.
Metoden grundar sig i ett planvågs-baserat tillvägagångssätt att introducera de
komplexa mekaniska och akustiska ekvationerna som styr anisotropiska homogena
medier, exempelvis skumplast med öppna celler, i ett alternativt matematiskt
verktyg som manipulerar utbredningen av vågamplituder i det studerade mediet.
Denna metod är dessutom kopplad till ett bedömningsverktyg för effektdelning för
att förståde fenomen som finns i komplexa flerlager-konstruktioner.
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Part 1

Overview and Summary





CHAPTER 1

Introduction

1.1 Motivation
In the past decades, anthropogenic pollution has been assessed as the main cause

for extreme climate change. On-road pollution being accounted1 in some populated
areas for over 50% of VOC(a) and NOx

(b) emissions, the need for evaluating all the
aspects in which aeronautical and vehicle design affects society and environment is
crucial.

The paradigm of vehicle design has then grown to inherently affect not only
the socio-economical development of society at large, but also the ecosystems with
which it interacts. Thus, vehicle industry has to deal with the hindrances of legal
requirements (regarding gas emissions and recyclability) whilst meeting up the
challenge of designing systems based on multifunctionality, packaging limitations,
minimal energy consumption and reduced ecological impact.

To meet up its objectives, vehicle designers and manufacturers have included
tools to address the technical difficulties at stake. From an ECO2 (ecological
and economical) perspective, the incorporation of Life Cycle Analysis or Design
for Environment methods to the vehicle design processes has been thoroughly
studied2? ,3. They aim to take into account an environmental impact projection
of production and use of vehicles so as to minimise ecological repercussion. On
a materials and structures perspective, the use of multilayered systems (so-called
sandwich panels) in vehicle designs has enabled the development of solutions
for conserving a set of functional performances whilst reducing the weight, and
therefore decreasing the energy consumption of the vehicle.4–10. They were first
used in aeronautical applications, then in vas areas ranging from road and rail
vehicle engineering, naval architecture to modern building design. The design
of such multifunctional structures presents a complex compromise between the
materials chosen, the topological arrangements, and the balance between weight
and packaging. Thus, as the complexity of such systems increases, there is a
need for accurate modelling tools with relevant measures of their performance. In
applications where these structures are part of the load carrying system, they are
generally composed of face-sheets connected via a core, commonly made out of
porous foams or fibrous materials4–10.

(a)Volatile Organic Compound
(b)Nitrogen Oxides
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Figure 1.1.1. Microscopic picture of a melamine foam (x20).

In order to reduce the weight of multilayered structures, foams and fibrous
materials have been given considerable interest both from a manufacturing,
characterisation and modelling perspectives11,12. The physical models are mostly
based on the works by Lord Rayleigh13, and continued in the important frame
work developed by Zwikker and Kosten14, and Biot15. In the past decades, the
these physical models have been thoroughly developed, and are summarised in the
literature16.

The modelling methods developed can be divided into either semi-analytical
or numerical discretised approaches. Semi-analytical methods require light
computational loads which enables fast and precise analysis of simplified geometries
and structures. They are often used in engineering applications. The finite-element
method17–19 is a discretised approach that is widely used for its accuracy, and allows
the analysis of complex structures and geometries.

However, certain aspects of the manufacturing process of poroelastic materials
affect the regularity of the microstructure of the media, see Fig. 1.1.1. This causes a
directional dependence in the material properties. The anisotropic nature of foams
and fibres has been subject to rigorous studies20–27.

As anisotropic material properties are included to models, the response of
systems becomes increasingly complex to predict, rendering previous engineering
modelling void. This was first discussed by Allard et al.28. Therefore, finite-element
method19,29–32 evolved to solve complex structures including anisotropic media.
Nonetheless the intrinsic computational load limitations of the method remained
present. As for the plane wave semi-analytical models33,34, the limitations tended
to be more of mathematical nature.

Considering the latter, there is a need for further computational models allowing
a detailed analysis of the intrinsic physical mechanisms. As an example, the works
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by Lind Nordgren et al.35 studied the importance of the relative alignment in
a sandwich panel composed of two porous layers. The authors found a strong
correlation between the orientation of the layers and the vibro-acoustic response,
with a different parametric dependence for low and medium frequencies. To further
the understanding, the authors suggested an analysis involving the power balances
upheld in the respective layers, taking into account both conservative and dissipative
parts.

1.2 Objectives
This thesis addresses two main objectives.
First, to present the assessment of the current vehicle design paradigm and its

consequences. In Chapter 2, the focus is set on the planned obsolescence mechanisms,
which reflect the fact that products and services are designed and manufactured to
become obsolete after a certain time of use (by breaking, requiring upgrades, etc.) in
order to encourage the offer-demand dynamism of markets. A analysis is offered on
the inclusion of such mechanisms in the vehicle design paradigm since the 1920’s, and
the repercussions it has had on the new economical and ecological design processes
up to today.

The second objective deals with the development of methods capable of assessing
the influence of the anisotropy of materials, mainly poroelastic materials, on the
acoustic and mechanic behaviour of multilayered structures. Chapter 3 introduces
the extension of a recursive method for the modelling of sound transmission through
multilayered structures to the inclusion of anisotropic sound absorbing materials.
The method is then used to derive a tool for the conservative and dissipated power
partitioning and energetic balances within the structures (and layers composing it).
In order to illustrate these computational tools, they are applied to a multilayered
system with an anisotropic porous core.
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CHAPTER 2

On the ECO2 design paradigm:
Defining the concept of legal obsolescence trigger
spiral and its influence on current vehicle design

2.1 On planned Obsolescence
The origin of the planned obsolescence theory is attributed to Alfred

Sloan (1875-1966), former C.E.O. of General Motors (GM). Nevertheless, the
establishment of it as an economic theory was further attributed to Bernard London.
After launching his revolutionary method of production, and thereby reducing
vehicle prices considerably, Henry Ford (1863-1947), former CEO of Ford Motor
Company (FMC), based his whole business plan on the production of one single
vehicle model. On October 1st 1908 the Model T was introduced. By the mid 1920s,
more than half of the world’s automobiles were nearly identical Model T cars. To
battle FMC’s success, A. Sloan introduced a business model based on a variety of
vehicle models, appealing for the first time to the sense of "style". The spectrum of
models released by General Motors included the 1923 SUPERIOR Utility Coupe,
offering a rear compartment instead of two extra seats; and the 1928 Buick Color
Harmonies, introducing painted vehicles in the market.

In 1930, the Great Depression sank all markets, including the vehicle market,
into a virtually non-existing demand. A better production control put GM in a
better position than other vehicle companies to face the financial tide in 1930. In
his memoirs, A. Sloan explains: "What accounts for this exceptional record [of paying
dividends throughout the 1930s] in a period in which many durable-goods producers
failed or came close to bankruptcy? ... I think that the story I have told shows
that we had simply learned how to react quickly. This was perhaps the greatest
payoff of our system of financial and operating controls."36 In conclusion, thanks
to their limited and controlled production and a varied inventory, A. Sloan had
made possible the survival of GM during the decade of the depression. A similar
production and inventory control method brought also H. Ford to the other side of
the 1930s. By 1927, FMC’s stability allowed them to shut down production for the
retooling necessary to introduce the Model A to the market.

What differentiated the massive difference of dividends of the two companies,
putting GM largely on top of FMC?

Anthony P. O’Brien explains37 that the main issue was that H. Ford based all his
business on the massive production of the Model T, a "reliable model at a continually
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falling price". When the Model T’s popularity was at its peak around 1924, it sold
six times more than Chevrolets, its first line competitor on the low-price market.
However, by 1927 its popularity had dropped in a way that H. Ford thought it
sentenced to be abandoned. In contrast, Sloan had early introduced a large diversity
of models. GM had altered drastically the nature of the automobile market by
introducing the concept of style and car design.

It was then the first time a product offer induced "trend", its selling point being
defined not only by its fundamental functionality.

In 1932, Bernard London, a real state agent, saw a possibility of economic
reactivation for U.S.A. over the depression. His plan is based on the inclusion of
the "trends" concept to a range of products that could be modified by technology.
"Modern technology and the whole adventure of applying creative science to business
have so tremendously increased the productivity of our factories and our fields that
the essential economic problem has become one of organizing buyers rather than of
stimulating production."38

"Briefly stated, the essence of my plan for accomplishing these
much-to-be-desired-ends is to chart the obsolesce of capital and consumption
goods at the time of their production. I would have the Government assign a
lease of life to shoes and homes and machines, to all products of manufacture,
mining and agriculture, when they are first created, and they would be sold and
used within the term of their existence definitely known by the consumer. After
the allotted time had expired, these things would be legally "dead" and would be
controlled by the duly appointed governmental agency and destroyed if there is
widespread unemployment. New products would constantly be pouring forth from
the factories and marketplaces, to take the place of the obsolete, and the wheels
of industry would be kept going and employment regularised and assured for the
masses."38 As proposed by B. London, a rudimentary form of planned obsolescence
is suggested. Diverging though from A. Sloan’s initial idea, he establishes a legal
trigger and control. It is then up to the state to declare a product model illegal
for use, rendering it obsolete, hence obliging consumers to renew a purchase on a
frequent basis.

Over the last century, economy has been based on A. Sloan and B. London’s
principles, ensuring a constantly increasing demand. Furthermore, a whole range of
practices to decree a product obsolete has been developed. J. Guiltinan39 defines
the objective of planned obsolescence as being "to stimulate replacement buying
by consumers" by two different methods: physical obsolescence and technological
obsolescence. The first category implies that a product has been designed to
physically obsolete after a period of time. This has been a frequent practice on
home appliances40. Some of the mechanisms on which this type of obsolescence
is yielded are the limited functional life design, the design for limited repair, and
the design aesthetics that lead to reduce the owner’s satisfaction41. The second
category implies that a product has been designed to become obsolete as soon as a
newer technology is brought onto the market. Some of the design mechanisms that
pilot this type of obsolescence are the design for fashion (like mobile telephones and
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Figure 2.2.1. Number of cars produced in the world from 1999 to 2011.
[Source: International Organization for Motor Manufacturers (OICA)]

multimedia players), and the design for functional enhancement through adding or
upgrading product features.

2.2 Legal obsolescence trigger spiral
Planned Obsolescence is presented in vehicle design through most, if not all,

of the previously cited methods. Additionally, as proposed by B. London, vehicle
industry has been subjected to a legal obsolescence trigger. Most of the features in
current vehicles have been bound to adapt to ever evolving norms and legislation.
For example, looking at the history of the 3-point seatbelt, it was not until the
Society of Automotive Engineers (SAE) issued a standard for U.S. seat belts in
1961? that slowly, state by state, and country by country, safety requirements for
new vehicles began to be established. This was 2 years after Volvo introduced the
system in front seats as a standard in Sweden. The classic 2-point waist seat belts
systems were ruled out from the market, and manufacturers were forced to equip
themselves with the required technology for manufacturing the systems. The legal
trigger affected not only the end product but also the manufacturing technology. The
same phenomenon can be seen with the "new" concern for vehicle manufacturers in
general: the ecological impact.

Moreover, the size of the car park has not ceased to increased, as shown in
Fig. 2.2.1. This translates onto a direct effect on polluting emissions, as the large
majority of these cars are equipped with combustion engines. In order to address the
pollution problem this trend creates, legislations have been put into place. These
address, amongst other things, the amount of CO2 in grams per kilometre emitted
by cars. In Europe, there have been several incentives to progressively reduce the
average CO2 emission per passenger car42.

9



Figure 2.2.2. Average CO2 emissions per car in Europe from 2003 to
2012, and projections to 2015?

Another way of seeing this worldwide incentive is from the obsolescence-trigger
point of view. As seen in Fig. 2.2.2, after negotiations with the car industry the
European Commission for Mobility and Transport set for 2015 a target of 130g/km
of CO2. Hence, the car manufacturers have implemented new technologies in order
to meet that objective. By analysing in parallel B. London’s plan, it can be observed
that once the 2015 target is achieved, the manufacturers will have to face in 2020
a the target of 95g/km of CO2. All the technological improvement, manufacturing
upgrading and facilities refurbishments would have to be rethought in a way that
it is the most effective for evolution if a complete obsolescence is to be avoided.
One might say then that a possible solution for this particular subject is to set all
objectives to a 95g/km of CO2 policy from the beginning, fixing a technological aim
that will not be affected by the legal obsolescence triggers. Nevertheless this cannot
be seen as pragmatic as it does not solve the conundrum of legal spirals in other
features of the vehicle. In the case of the reduction of CO2 emissions, an objective
can be quantified and measured directly on the technological adaptation, which is
not the case, for example, of crash safety features.

A legal obsolescence trigger spiral on any vehicle feature has a direct influence on
the holistic approach of transportation systems, from the technological research to
the ecosystems on which the transport infrastructures rely and the society it serves.
In a case scenario where the obsolescence legal trigger spiral is not addressed (the
current state of affairs), most of the research time and funding is put on an effort to
enable technology that allows the CO2 limitation objective to be met. This allows
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Figure 2.2.3. Retail price and CO2 emissions for a new car normalised
by the price and emissions in 200343

a definition of new vehicle designs that can be either adapted or not to the current
transport system (from an infrastructure and/or manufacture point of view). In
the case in which an adaptation must me made, new costs would be brought up
into the transport system. Nevertheless, as the premise of finite use by the effect
of a future legal trigger implies, this cost is not definitive as it might increase by
the adaptation of a new technology onto the refurbished system. Even though
the buying cost for new vehicles with the upgrade in technology does not seem to
increase (Fig. 2.2.3), the risk of a future legal obsolescence trigger is high. This
can add costs for adaptation of new technologies, as has already happened with the
establishment of catalytic converters or 3-point seatbelts. From an ecological point
of view, this state of affairs does not take into account manufacturing impact (which
can become a future legal obsolescence trigger), and sometimes neglects long life
impact of technology (like the lack of recyclability of electric engines for cars). This
affects the society at large and all ecosystems in the planet.
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CHAPTER 3

Tools for acoustic design of multilayered structures

This chapter presents an alternative approach to predict the acoustic response of
homogeneous media, including anisotropic anelastic porous materials. This response
is evaluated in terms of transmission loss, but can be also assessed in terms of
reflection or absorption coefficient in a boundary condition configuration. This
method, together with the post-processing of the conservative and dissipative powers
in the material domain, have been applied to a multilayered system including full
anisotropic properties of an open-cell foam obtained from measurements25–27. The
governing equations are briefly reviewed together with the expressions derived for
the computation of the individual powers in the interior of a layer as a part of the
multilayer configuration. The influence of the inherent anisotropy of sound absorbing
materials on the acoustic response and the corresponding power balances of a
multilayered structure are shown. In order to illustrate the principles that control
the acoustic behaviour, a gradual rotation of the anisotropy is investigated. In the
following brief summary overview of the proposed solution and the power calculation
approaches, most of the detailed mathematical considerations are omitted and may
be found in the appended publications.

3.1 Acoustic response assessment
3.1.1 Formal approach

To support the discussions of the present work, a conventional multilayered
panel is used as an example, see Fig. 3.1.1, having two isotropic, solid aluminium
face-sheets, which are attached to a single core layer of a fluid-saturated porous
melamine layer.

To model all the physical fields within each of the layers, a plane wave approach
is adopted. Thus, all dependent variables may be expanded in terms of plane waves,
assuming a semi-infinite configuration, and a harmonic excitation at the circular
frequency ω. The scalar physical fields χ̂ may then be written in the following form,

χ̂(x, y, z, t) = χ(z)eı(ωt−kxx−kyy). (3.1.1)
The cartesian coordinate system is defined in Fig. 3.1.1. The spatial dependence
with respect to x and y is common to all fields and imposed by the source. In the
following, this dependence is not explicitly written in order to simplify the notations.
In Eq. (3.1.1), χ(z) denotes the amplitude of a generic physical field, kx and ky
describe the wavenumber of the plane wave exciting the structure.
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Figure 3.1.1. Multilayered setup

By gathering all the amplitudes χ(z) in a vector w(z), the system of governing
equations of the individual homogeneous layers can be rewritten as a first order
algebraic system on w(z):M− ıkxAx − ıkyAy︸ ︷︷ ︸

R

+Az
∂

∂z

 w(z) = 0. (3.1.2)

The ensemble of physical fields can be separated into two sets,

w(z) =

 s′(z)

s(z)

 . (3.1.3)

where s(z) is the set of physical field that appear in the boundary of a layer, or
interface conditions between two layers. It is commonly referred to as the state
vector. s′(z) is the vector composed of the remaining field amplitudes.

In order to predict the acoustic response of the system, the idea is to apply a
stable recursive method which was developed for isotropic media44, and to extend
it to include anisotropic poroelastic materials. To do so, the aim is then to rewrite
the first order problem in Eq. (3.1.2) terms of s(s), thus eliminating the dependence
on s′(z) in the system of equations. Thus, the following relation is introduced,

∂s(z)
∂z

= −αs(z), (3.1.4)

where, α denotes the variation matrix, in which are reflected the constitutive
relations and equations of motion of the (isotropic or anisotropic) media in question.
This mathematical approach is originally attributed to Stroh45,46. It is important to
note that the anisotropy of the media only affects the variation matrix α, but does
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not influence the interface or boundary conditions. Therefore only the derivation of
the variation matrix is addressed.

The key idea is to express Eq. (3.1.2) is by assessing the generalised unsymmetric
eigenvalue problem associated to R and Az:

Az = Rφλψ, ψ = φ−1, (3.1.5)

where λ = diag{ıδn}, δn being the wavenumber associated with the n-th wave along
the z direction, and φ is the matrix of eigenvectors. The eigenvalues and eigenvectors
matrices can be reordered by the non-zero eigenvalues, subscript e, corresponding
to the waves travelling along the media. An important aspect of this method relies
on the fact the size of the s(z) is equal to two times the number of wave type in the
media. For example, in a fluid layer, there is only one type of wave travelling along
the media (compressional wave, or p-wave). The size of the state vector will be then
2. Thus, all the physical fields describing the fluid layer can be discretised as a sum
of 2 compressional waves, travelling along both directions on the propagation axis.

By rewriting Eq. (3.1.2) on s(z), as,[
Bs Bs′

]  s(z)

s′(z)

 = 0, (3.1.6)

then the introducing the diagonalisation in Eq. (3.1.5) and reorganisation along the
travelling waves, the most formal way of writing the variation matrix α is then,

α = − (ReφeλeψeT)−1 ReT. (3.1.7)

T is the matrix linking the state vector s(z) to the set of all the physical fields
w(z):

w(z) =

 −B−1
s′ Bs

I

 s(z) = Ts(z). (3.1.8)

The expression in Eq. (3.1.7) can be thusly obtained for an arbitrary media,
including fully anisotropic poroelastic media. Due to the analytical nature of
the formulation, the numerical solution can be obtained to an arbitrary degree
of accuracy. The robustness of this derivation is that numerical errors due to
the inversion of the eigenvector matrices are avoided by introducing the left and
right eigenvectors successively. Additionally, analytical errors due to the manual
derivations are circumvented.

3.1.2 Multilayered study case
The general outline of the multilayered system studied is shown in Fig. 3.1.1.

The aluminium face sheets are 1mm thick each, and the porous core is 22mm thick.
In order to demonstrate the influence of the anisotropy of the sound absorbing

material and its relative alignment, a study of the response for various states of
rotation of the porous material reference system has been performed. The relations
governing these rotations may be found in Cuenca et al.27. However, here the
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Figure 3.1.2. Global coordinate system (0, x, y, z) and foam’s material
reference system (0, x′, y, z′′) as defined by rotations through the angle
β.

transformations are applied to rotate the foam’s material coordinate system, as
opposed to rotating the global coordinate system. In the following, the angle β
corresponds to the direct rotation transformations around the (0y) axis. Thus,
through the rotation, the local material coordinate system of the foam becomes
(0, x′, y, z′), as seen in Fig. 3.1.2. In the unrotated state, (0, x′, y, z′) is aligned with
the global coordinate system. This multilayered configuration has been specifically
chosen to induce shear deformation in the poroelastic material and include bonded
interface conditions, i.e. perfect elastic coupling between the isotropic solid face
sheets and the anisotropic porous core medium.

3.1.3 Results
Although the focus of the work up to this point has been set on theory

and method development to perform the investigation required, some preliminary
results are recalled here. A comparison is made with the same multilayered
configuration where the poroelastic core is modelled by an equivalent isotropic
model. This equivalent model was performed by calculating the closest isotropic
equivalent according to Norris? from the anisotropic poroelastic moduli. The results
shown illustrate the influence of material orientation and angle of incidence on the
large-band frequency transmission loss of the overall structure.

Normal incidence
As expected, see Fig. 3.1.3a, the relative alignment of the porous layer does

not influence the acoustic behaviour of the overall system, when modelled with
a conventional isotropic sound absorbing core. In contrast, the behaviour of
the anisotropic system is strongly influenced by the orientation of the material
properties, see Fig. 3.1.3b. The impact of the material orientation is seen in the
variation in frequency of the resonances and anti-resonances of the panel. For this
particular material, the transmission loss is symmetric with respect to β = 0rad, and
becomes apparently less damped for relative angles towards π/2. At low frequencies,
anti-resonances form around β = ±π/4. At high frequencies, the transmission loss
is augmented for [−π/4 6 β 6 π/4] and decreases as the relative alignment angle
tends to ∼ π/2.
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(a) Multilayered structure including closest isotropic equivalent poroelastic core

(b) Multilayered structure including anisotropic anelastic porous core

Figure 3.1.3. Acoustic transmission loss of the multilayered structure
excited by a normal incident plane wave, (θ1 = 0 deg and θ2 = 0 deg) as
a function of frequency for rotations around the angle β = [−π/2;π/2]
rad.
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(a) θ1 = 30 deg and θ2 = 0 deg

(b) θ1 = 60 deg and θ2 = 0 deg

Figure 3.1.4. Acoustic transmission loss of the multilayered structure
excited by an oblique incident plane wave as a function of frequency for
rotations around the angle β = [−π/2;π/2] rad.
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Oblique incidence
As the angle of incidence θ1 of the exciting plane wave increases, see Fig. 3.1.4a,

the apparent symmetry of the response with respect to β = 0 rad. is lost. Local
high frequency anti-resonances leads to increased transmission loss of up to 20dB for
narrow frequency bands around [4− 6] kHz. The previously observed low frequency
anti-resonances are not visible anymore.

Finally, with the increase of the angle of incidence, see Fig. 3.1.4b, the overall
transmission loss decreases, in agreement with the behaviour of a system with an
isotropic material core. However, the high frequency narrowband anti-resonances
are augmented, with a difference of up to ∼ 30dB between the best and worst case
results as the material orientation is varied for a particular frequency.

3.2 Calculation of the conservative and dissipative powers
According to the first law of thermodynamics, the following power balances hold

over a cycle, for a material domain Ω,

R{Pext} = R{Pint} , (3.2.1)
I {Pext} = ıωK + I {Pint} , (3.2.2)

where Pext is the mean power input by external sources into the domain, Pint is the
mean power due to internal forces, and K is the mean of the kinetic energy in the
domain. In a dissipative domain, Pext and Pint are both complex valued quantities.
It is this precise dissipative characteristic that has driven the use of highly dissipative
media, like poroelastic materials, on multiple engineering applications.

Similar relations for the energy densities within anisotropic poroelastic media
have been derived by Carcione et al.47,48, enabling investigations of the energy
propagation in complex homogeneous media. While, the work by Carcione was
focussed on free wave propagation applications, the contribution proposed here is
aimed at the modelling of layered systems. Of particular interest is the calculation
of the internal power contributions per surface area in one particular layer, requiring
the integration over a defined domain of finite thickness of the energy densities.

3.2.1 Calculation of quadratic quantities
In order to calculate the internal powers for multiple finite-size layers, a formal

method is presented based on the plane wave solutions previously proposed. The
integral over a finite thickness d of a quadratic quantityW is usually expressed under
the form

W =
d∫

0

f∗(z)g(z)dz. (3.2.3)
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where f(z) and g(z) are the amplitudes of two physical fields in s(z). To calculate
the quadratic term, the state vector is discretised as a sum of waves, as such:

s(z) =
2n∑
k

φek
e−λek

zqk = φee
−λezq (3.2.4)

The vector q corresponds to the amplitudes of the waves travelling along z, φe is
the matrix of eigenvectors associated to the propagating waves within the material
layer. Each row describes the polarisation of the corresponding wave projected on
each physical field. λe is the diagonal matrix whose kth term is equal to ıδk, where
δk is the wave number along the z direction associated with the kth wave.

Through this projection, Eq. (3.2.3) may be expressed as

W = q∗
 d∫

0

e−λ∗ezΨe−λezdz

 q. (3.2.5)

where Ψ contains the proper linear combination of the eigenvectors in (3.2.4). It is
this matrix that will determine the nature of the computed power or energy.

Using Eq. (3.2.5), the different power contributions may be calculated as long
as the wave amplitudes q are known. These can be extracted from the projection of
the physical fields s(z) on the basis of the waves within the media calculated at the
origin of the layer, i.e. Eq. (3.2.4) at z = 0,

q = φ−1
e ζ, (3.2.6)

where ζ is a matrix easily extractable via the recursive algorithm44 that links the
state vector to the wave amplitudes.

3.2.2 Results
Of special interest in the current work is the investigation of the partial

contribution and dissipation of energy for the deformations occurring in different
specific directions.

As an illustration of the potential held by the proposed methodology, the partial
dissipated powers are calculated for the multilayered system illustrated in Fig. 3.1.1
under a normally incident excitation. The results can be observed in Fig. 3.2.1
for three different relative alignments of the porous core layer as a function of
frequency. Here, the dissipated power related to thermal losses, viscous effects
and structural damping in the solid frame due to compression deformation along
the the propagation direction, σzz, and shear deformation on the (xz) plane, σxz.
The expressions for these powers can be found, in the case for an isotropic sound
absorbing material, in the literature49. These were used as the basis for the
derivation of equivalent expressions for a fully anisotropic poroelastic material (see
appended publications).

It is clear that the low anti-resonance behaviour at β = π/4 rad is governed
by a compression-induced shear deformation in the solid frame. This partial power
dissipation remains to be of importance over the complete frequency range studied,
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but its contribution to the overall dissipated power becomes insignificant for relative
alignments as β 7→ ±π/2 rad. It can then be observed that this compression-shear
motion coupling can influence a mechanic and acoustically performant multilayered
design. Indeed, it has a high impact on the transmission loss of structures including
anisotropic poroelastic materials.
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CHAPTER 4

Conclusion & Discussion

One of the objectives of this thesis was to present the assessment of the
current vehicle design paradigm and its influence on ecosystems and the society
at large. The focus was the consequences of the legal obsolescence triggered by the
evolution of ecological legislations. The first conclusion is that, in order to avoid
legal obsolescence triggers, vehicle engineering must shift its design methodology
in a way that the possibility of encountering a legal boundary is eluded, i.e. a
proactive conceptual design process is to be adopted. This is, altogether, extremely
complicated, as the economical implications of design paradigm changes are very
important. Nevertheless, it is necessary to avoid the strong influence that legal
obsolescence triggers have nowadays on design choices in order to achieve an ECO2

optimal vehicle design paradigm.
Furthermore, the current vehicle design paradigm requires accurate and reliable

methods for assessing the influence of real materials on the overall physical behaviour
of vehicles. These methods must reflect the physics involved in the mechanical and
acoustic behaviour of multilayered structures including real anisotropic media for
lightweighting purposes.

Therefore, a new method for modelling the sound transmission through a
multilayered structure has been proposed and discussed in detail in the appended
papers. The methodology allows the inclusion of any homogeneous media, including
anisotropic anelastic sound absorbing materials. To further the understanding
of the mechanisms triggered by the anisotropicity of the material, a method for
the computation of the acoustic power partitioning has been developed. The
evaluations of the integrals expressing the powers inside the material are calculated
by post-processing the amplitudes of the waves propagating in each layer of material.
By partitioning the individual contributions to the internal power dissipation, the
appearance of particular phenomena and their influence on the overall acoustic
response of the system have been investigated. It has been shown that anisotropicity
has a significant impact on the acoustic transmission response for a wide frequency
range. As an illustrative example, a study of the orientation of the sound absorbing
layer properties vary in a multilayered configuration was performed. Rotating
the material properties relative to the reference coordinate system affects not the
resonant behaviour as compared to predictions using isotropic models, but also
the nature of the phenomena. The presence of deformation-coupling effects in
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anisotropic media clearly alters the dynamic behaviour of multilayered structures
and may possibly be used to tailor the performance of multifunctional designs.
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