
Desarrollo e implementación de una
formulación utilizando la teoría de

mezclas serie/paralelo para la
modelización de estructuras navales de
materiales compuestos sometidas bajo

cargas cíclicas

Joel Jurado Granados

Supervisor: Dr. Xavier Martinez Garcia

Co-supervisor: Dr. Daniel Di Capua

Facultat Nautica de Barcelona
Polytechnic University of Catalonia

This dissertation is submitted for the degree of
Doctor of Philosophy



ii

FNB March 2021



Development of a numerical model for simulating composite
naval structures subjected to cyclic loads, using the

serial/parallel mixing theory

Joel Jurado Granados





A mis padres...





In a race, the quickest runner can never overtake the slowest, since the pursuer must first
reach the point whence the pursued started, so that the slower must always hold a lead.

—Zeno’s paradox, as recounted by Aristotle, Physics VI:9, 239b15.
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Resumen

La tesis que se presenta tiene como objetivo desarrollar una metodología numérica con la
que llevar a cabo la simulación de estructuras navales de materiales compuestos sometidas a
cargas cíclicas. La simulación pretende predecir la vida a fatiga de la estructura, así como
la obtención de los mecanismos de fallo que se producen. El medio con el que se pretende
alcanzar dicho hito, es mediante el acoplamiento de la teoría de mezclas serie/paralelo y un
modelo de daño de fatiga. Para ello, el trabajo sigue las siguientes fases.

Primero, se ha realizado un estudio del estado del arte sobre los distintos mecanismos de
fallo producidos en los materiales compuestos y su interacción entre ellos. Además, también
se estudia el comportamiento de distintos tipos de refuerzo y resinas, por si solos, sometidos
a cargas cíclicas. Esta parte sirve para conocer los mecanismos que se deben predecir y bajo
qué condiciones se producen, así como identificar los factores que deben afectar al modelo
de fatiga. El estado del arte concluye con un análisis de los métodos de predicción de la
fatiga en materiales compuestos que existen actualmente.

En segundo lugar se presenta la teoría de mezclas serie-paralelo, que se utilizará para
caracterizar el comportamiento de los materiales compuestos, y se propone un procedimiento
numérico para calibrar las propiedades de la matriz y las fibras, con el fin de simular
los distintos mecanismos de fallo de los materiales compuestos bajo cargas estáticas. El
procedimiento propone los ensayos experimentales a realizar y qué parámetros de cada
material se obtienen de ellos. Con este método, se consigue caracterizar los parámetros de
los modelos constitutivos usados, sin necesidad de pre-definir el fallo del compuesto.

En tercer lugar, se presenta el modelo de fatiga utilizado y se describe como acoplar la
teoría de mezclas serie/paralelo con dicho modelo. El modelo de fatiga modifica la ecuación
constitutiva de los componentes, mientras que la teoría de mezclas serie/paralelo actúa de
gestor de ecuaciones constitutivas. Se muestra que para poder realizar un análisis de fatiga de
forma satisfactoria, se deben calibrar adecuadamente los modelos de fatiga de los materiales
constitutivos, asumiendo que el comportamiento a fatiga de los laminados unidireccionales
está dominado por el comportamiento de la fibra en la dirección de las mismas, y por el
comportamiento de la matriz en direcciones perpendiculares. Dicho método se demuestra
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válido para dos sistemas de materiales compuestos diferentes: un laminado tipo cross-ply de
carbono/epoxi, y otro de laminados de ángulos balanceados de vidrio/poliéster.

Finalmente, la metodología presentada en la tesis se aplica a dos estructuras navales:
una pequeña sección de un buque porta-contenedores y una hélice flexible. En ambas
simulaciones se obtienen los diferentes mecanismos de fallo por los que falla cada una de
las estructuras, así como el material componente que falla y la lámina correspondiente. Por
último, el conocimiento aprendido se aprovecha para proponer un método simplificado que
permita predecir la vida a fatiga de una estructura de compuesto sometida a cargas cíclicas.
De esta manera, con un análisis cuasi-estático de las cargas máximas a las que se someten
los materiales constituyentes y comparándolas con sus propias curvas SN, se puede verificar
si la estructura presentará inicio de fallo por fatiga.



Abstract

The main goal of this thesis is the development of a numerical methodology for simulating
the performance of composite naval structures subjected to cyclic loads. The procedure
proposed is expected to predict the fatigue life of composite structures, as well their fatigue
failure mechanisms. This will be achieved by coupling the serial/parallel mixing theory and
a fatigue damage model. This work is described through the following steps.

In first place, a state-of-the art study has been carried out in order to identify the failure
mechanisms of composites due to fatigue, and the different parameters that have an impact
in this failure. This knowledge is required in order to define the most adequate constitutive
model for fibre and matrix materials. The review uses a constituent materials point of view,
thus fatigue performance of fibres and resins as bulk materials are analysed. As well as it is
also analysed their role in each failure mechanism. This section also looks into the different
models that exist nowadays to predict fatigue failure in composite materials.

Secondly this work presents the serial/parallel mixing theory and a numerical procedure
for calibrating the mechanical properties of fibres and matrix, in order to predict the failure
mechanisms of composites subjected to static loads. The procedure defines the experimental
tests that should be conducted and the material parameters that must be obtained from them.
With the proposed approach it is possible to predict the failure of the composite from the
mechanical performance of the constituent materials, without pre-defining the expected
failure mechanisms that takes place.

Afterwards this work presents the fatigue model used and how this is coupled with the
serial/parallel mixing theory. The fatigue model modifies the constitutive equation of each one
of the composite components, while the rule of mixtures acts as a constitutive law manager. A
new procedure to calibrate the fatigue models of fibre and matrix is presented. This assumes
that the fatigue behaviour of unidirectional laminates is driven by the reinforcement in fibre
direction, while the resin defines the material fatigue performance in the perpendicular
directions. This methodology is validated for two different composite systems: a carbon
epoxy cross-ply laminate and glass/polyester balanced angle-ply laminate.

Finally, the numerical procedures presented are used to predict the fatigue performance
of two naval structures: a small section of a container ship and a flexible composite blade
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of a marine propeller. The two analyses obtain the failure mechanisms of both structures,
as well as the ply or plies that fail and the constituent material causing the failure. One of
the fatigue analyses conducted is used afterwards to propose a simplified method capable of
predicting the fatigue onset in the structure, only by applying a quasi-static analysis. This
method is based on comparing the maximum equivalent stress in the components with its
associated SN fatigue curve.
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Chapter 1

Introduction

1.1 Motivation and background

This work is focused on advanced composites, understanding them as man-made composites
with long, highly stiff fibres embedded in a low-density polymer resin. The matrix protects
the fibres from external agents, and more importantly, from transmission of external loads
to the fibres. The great advantage of composites is that their properties can be designed
by combining different materials, different material participation and different orientations.
This implies the existence of an infinite number of combinations that can be a solution for a
specific problem.

The combination of materials of different nature makes it possible to obtain unimaginable
properties. For instance, a rocket nozzle must be light and capable of resisting high loads
and temperatures. The combination of carbon fibres, which are light and strong, in a ceramic
matrix, which has high temperature resistance, fulfils these requirements. Another good
example is the hull of a mine-hunter ship, which must be light and resistant to corrosion
and has a low magnetic signature. In this case, the combination of glass fibres embedded
in epoxy resin provides the optimum solution. The new challenge with composites lies in
finding the best possible material combination for a specific purpose. In order to face this
challenge, the composite designer needs a good understanding of the features of constituent
materials for composites.

As important as having a sound grasp of materials is to have adequate analysis tools
for predicting material performance. These tools must be able to characterise all physics
of the composite, including thermal performance and mechanical failure. Since the initial
Mixing Theory proposed by Truesdell and Toupin [228] in 1960, several increasingly sophis-
ticated formulations and numerical procedures have been put forward to predict composite
performance accurately. Most of these formulations and procedures look into a specific
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composite feature, such as zero cohesion elements to characterise fatigue [230] or multi-scale
procedures to account for complex composite architectures [167, 244, 129].

Following the same approach, this work focuses on fatigue performance of composites,
and more specifically, on numerical analysis and prediction of this failure mode. Although
it has been demonstrated that composites have improved fatigue performance compared to
other materials such as metallic alloys, this phenomenon is important, especially in some
engineering applications. This is the case of naval and marine structures due to the cyclic
nature of the most severe load they are subjected to, i.e. waves.

Therefore, this dissertation has been motivated by the need of numerical tools to accurately
characterise the response of marine structures made of composite materials. These tools
will allow engineers to optimise their designs in order to make lighter and safer composite
structures.

1.1.1 Composites in naval applications

The most extended use of composites in naval applications is the manufacture of small
leisure boats. Marine FRPs are a good solution owing to their cost, manufacturing process
and weight, in comparison with their metal counterparts. Composites have also found their
way into other naval applications, such as racing sail boats, ships , oil and gas industry,
and offshore renewable energies. This is due to not only the low weight of polymeric
composites, but also to their resistance to sea water, and hence corrosion. Compared with
other non-corrosion solutions, such as stainless steel, or aluminium or nickel-aluminium
bronze, polymeric composites are better candidates for use in marine structures because of
their stiffness, strength and weight. In marine applications, once the problem of corrosion is
solved, the only long-term performance issue is fatigue.

Leisure boats and racing sail boats

Marine composites are most widely used in leisure boat and racing sail boat applications.
Almost each small motor boat or sail boat is made of FRP composites. The most common
composite is glass/epoxy due to their good mechanical properties and moisture resistance,
although cheaper resin systems such as vinylester or polyester systems can also be found.
In the leisure industry, carbon fibre reinforced polymers (CFRP) composites are mainly
restricted to a few yachts, given that such material is unaffordable for small owners, for
whom the reduction in weight is not worth its high cost. In the case of large yachts, only
a few large yachts, such as 48M Supersport of Palmer Johnson or the Majesty 175 of
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Majesty Yachts, were built of composites. The reason is that CFRP composites have a strong
competitor in terms of cost for large yachts, i.e. aluminium.

By contrast, CFRP composites are extensively used in racing sail boats due to their better
mechanical properties and the reduction in weight. The importance of weight reduction is
related to these boats’ sailing system. Current sail boats for professional sailing competitions
are designed to be capable of literally flying over the water. With less volume submerged,
there is less drag resistance. This is achieved with hydrofoils, which sustain the weight of
the boat just as the wings sustain the weight of the airplane. Lighter sail boats are easier
to sustain. Contrary to leisure ones, competition boats have no limit regarding costs, so
expensive materials are chosen if higher sailing speeds can be achieved. In this field, the
main aspect is the reduction of weight at all cost whereas in the leisure industry cost is the
most important factor.

Small boats are designed applying large scantlings. The reason for this criterion is the
lack of a global framework for the prediction of failure mechanisms and their interaction
in composite materials. As a result, design guidelines of regulatory institutions are based
on experimental campaigns and high safety factors. In the case of racing boats, there is a
commitment between structural strength and aero-hydrodynamic efficiency. For instance,
the rigging must be capable of supporting the mast and sails in strong wind conditions while
having the smallest cross section possible to minimise the associated aerodynamic resistance
[171]. As a consequence, the composite structure must work just below its ultimate limit.
A good understanding and prediction of composite performance is mandatory to fulfill this
requirement.

Ships

The use of composites in shipbuilding is mainly restricted to military ships, such as mine
hunters, corvettes or patrol boats. Mine hunters require a low magnetic signature to avoid
possible activation of marine mines and safely deactivate them. The Visby class corvettes of
the Swedish navy are an example of the stealth war. Modern anti-ship weapons have enough
power to destroy any ship. Thus, currently survival depends on not being discovered by the
enemy. Composites fulfill this requirement because they reduce magnetic signature against
radar, acoustic signature against sonar and hydrophones, and heat signature against infrared
detection.

Patrol boats are used to guard the shore in order to capture contraband traffickers. Since
trafficker gangs use small light fast boats in shallow waters, the coastguard navy needs very
fast ships with low draft. The reduction in draft is obtained by reducing the total weight of
the patrol boat , building them in composite materials.
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Fig. 1.1 Luna Rossa team of America’s Cup 2021. The sail boat is flying above the water
level thanks to hydrofoils and the CFRP manufacturing. Obtained from [43].

The modern industry uses composites in specific structural components of large ships,
such as propellers, superstructures (e.g. in the Swift 141 super yacht), tween decks or radar
masts [153, 98]. Furthermore, composite bonded patches have been proved as an excellent
solution in the repair of ship structures [64]. However, a commercial ship’s hull entirely
made of composites has not been built yet, mainly due to the combustibility of FRPs, which
is restricted by the International Maritime Organization (IMO).

However, fire is not the only issue in the shipbuilding industry. Large ships are marine
artefacts that require a high investment. Consequently, ship owners need high confidence in
the ship designs. It therefore becomes essential to develop tools capable of predicting the
behaviour of composites subjected to complex stresses and their possible failures modes, or
to propose standardised methodologies for characterising composite materials.

Oil and gas

The application of composites for the building of large offshore structures and platforms is
not established yet. Currently, this kind of structures are still made of metals. This is due
to a lack of building infrastructures adapted to composites, for example large composite
shipyards, and the well documented performance of metals and their effective fire protection
in comparison to composites. Nevertheless, composites have been introduced in non-primary
elements, such as handrails, gratings and stairways made of glass/phenolic composites for
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(a)

(b)

Fig. 1.2 (a) Bonded flexible marine hoses. Obtained from [246]. (b) Structure detail of
marine hose.

better fire safety. In subsea systems, phenolic composites are used to isolate thermal systems,
such as pipelines, or to isolate electrically other devices.

The widest use of composites in oil and gas is in the manufacture of pipelines, risers and
pressure vessels. In this field, composites have proved to be a perfect solution. As depth
operations proceed, pipeline weight increases. Composites are a lighter, resilient solution.
In addition, composites are less prone to fatigue or corrosion, leading to lower maintenance
costs. An example of application of composites in pipeline systems can be seen in Figure 1.2,
which shows the disposition of bonded flexible marine hoses for oil transfer from platform to
shuttle tankers at the sea surface. These devices are made of GFRP, vulcanised rubber and
steel.

Oil and gas platforms are expensive and in constant operation, and their benefits depend
on cost reduction, especially maintenance costs. Hence, the creation of tools capable of
predicting and identifying possible failure mechanisms (especially long-term ones) is of great
help to design reliable offshore pipelines.

Offshore marine renewable energy

Offshore marine renewable energy devices include offshore wind turbines and tide turbines.
Both solutions inherit, to some extent, the onshore wind turbine and oil and gas industry
technology. The main application of composites in these fields is the manufacture of blades
(see Figure 1.3 for an example of tide turbine blades), which should be as light as possible.
Less weight means higher energy absorption capacity for wind and tide turbines, and conse-
quently the use of composites is almost mandatory. Moreover, blades are subjected to large
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Fig. 1.3 Composite blades of the model O2 of Orbital Marine Power. Obtained from [164].

cyclic loads for long periods. Therefore, these structures must be resilient to corrosion and
fatigue, and have high stiffness and low density.

Wind and tide turbine blade designs are similar because tide turbines have inherited the
wind turbine technology [124]. Given that both designs are similar, the expected failures are
similar too. Usually, the common failure in composite blades is the fatigue failure of the
connection between the blade root and the hub [121]. For this reason, fatigue has become the
design driver for wind [217] and tide [73] turbine blades. It is important to predict not only
the expected fatigue life, but also the degradation of mechanical properties, such as stiffness.
For instance, loss of stiffness may cause the blade to collide with the structure [217].

1.1.2 Composite materials used in naval applications

Types of fibres

The spectrum of fibres used for marine applications is narrow, mostly glass and carbon fibres.
Aramid fibres are not common due to their moisture absorption capacity. Fibres can be
arranged as long fibres for high performance of structure, or in a mat format, such as in
leisure boats. Mat format is an arrangement of arranging fibres in random direction with
which a quasi-isotropic performance is achieved, but the effectiveness of the laminate is



1.1 Motivation and background 7

reduced. The two most common typed of fibres are briefly described in the next paragraphs,
and their main mechanical properties are summarised in Table 1.1.

Carbon fibres: A high-tech material used on structural elements requiring high load-
bearing capacity. The use of carbon fibres allows the weight of the structure to be reduced
due to their high stiffness and strength. Furthermore, carbon fibres have high temperature
resistance and corrosion resistance, and because of their slightly electrical conductivity, they
must be isolated from metals with lower galvanic potential, such as aluminium or steel.
Their main disadvantage is the high manufacturing cost in comparison with many other fibre
materials.

Glass fibres: The most widely used material in engineering, and especially in the marine
field. The reason for their success is the low production cost and acceptable mechanical
properties. In addition, glass fibres have good resistance against chemical agents. Glass
fibres can be classified into three groups: E-Glass, R-Glass and S-Glass. The most common
in marine structures is E-Glass fibres, which do not degrade in contact with water. S-Glass
fibres have better mechanical properties but are more expensive. R-Glass fibres are not very
common in naval engineering. Their main feature is slightly electrical conductivity.

Types of matrices

The main function of a matrix is to transfer loads to fibres and protect them from external
elements, such as corrosive agents, UV rays or impacts. This is accomplished by embedding
the fibres in the polymer resin. Since this work focuses on Polymer Matrix Composites
(PMC), the matrix materials described are polymer resins. Polymers are made up of large
chains of organic molecules. Many different polymer components can be obtained due to
the combination possibilities of carbon atoms. Polymers can be classified according to the
length of the molecule chains as thermoset polymers and thermoplastic polymers. Thermoset
matrices are obtained by an irreversible chemical process of a resin to a cross-linked polymer
matrix [12]. This process is known as curing and is conducted using catalysts. The catalytic
additive triggers the reaction of small polymer molecules into larger polymer molecules.
The result is a polymer matrix with strong chain connections, and thus good mechanical
properties. Thermoset resin has low viscosity in its liquid form, making fibre impregnation
easier. What is more, these resins remain solid if the temperature increases, although high
degradation occurs if the glass transition temperature is reached. The most usual thermoset
resins are polyester, vinyl ester and epoxy resins. They are briefly described in the next
paragraph, and their main mechanical properties are summarised in Table 1.1.
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Polyester: The cheapest resins. They have good resistance against chemical agents and
UV rays, and low moisture absorption, which help protect fibres efficiently. On the other
hand, their mechanical properties are lower than those of other resin systems.

Vinyl ester: The properties and features of vinyl ester resins are between polyester and
epoxy resins. Therefore, vinyl ester are more expensive than polyester resins, but cheaper
than epoxy resins. On the other hand, vinyl ester resins have better mechanical properties
than polyester, but lower mechanical properties than epoxy resins.

Epoxy: The best thermoset resin system in terms of mechanical properties, but a highest
cost too. Despite this, these systems are widely used in many engineering fields due to their
versatility. They are a good adhesive for laminates because of the low shrink effect and
accept different manufacturing solutions, such as resin transfer moulding (RTM), filament
winding, pultrusion or prepreg.

Thermoplastics: This kind of polymers does not require any chemical reaction. The
polymer is melted by heating and solidified by cooling. This process can be repeated infinitely.
Thus, the thermoplastics can be re-used, recycled or repaired, are easy to store and, more
importantly, they can be welded. Thermoplastics typically have high viscosity, rendering
them unsuitable for the impregnation process. On the other hand, thermoplastics allow the use
of welding techniques in conjunction with automatic technologies for manufacturing, such
as Automated Fibre Placement (AFP) or Automated Tape Placement (ATP). Thermoplastics
are not yet common in the marine industry because they are more expensive than thermoset
solutions. On the contrary, they are widely used for aeronautical applications, especially
polyether ether ketone (PEEK), whose mechanical properties are similar to those of the best
epoxies.

1.1.3 Composite performance and failure modes

As previously stated, in order to use composite materials properly, it is necessary to have a
good understanding of their performance and failure modes.

Composite materials are highly anisotropic, meaning that their mechanical properties
(elastic stiffness, strength, Poisson coefficient. . . ) depend on the orientation along the
material. Thus, a composite can have both high longitudinal tensile strength and poor
transverse tensile strength. The anisotropic behaviour implies that the response of composite
structures could be more complex than metal counterpart. Consequently, apply the same
design concepts to a composite structure as it was made of steel will lead to an inefficient
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Table 1.1 Mechanical properties of common constituents. Obtained from [12].

Typical properties of fibres.
fibre Young modulus (GPa) Tensile strength (MPa) Density (g/cc)

Glass 72 3450 2.5
Carbon 294 5880 1.8

Typical properties of matrices.
Matrix Young modulus (GPa) Tensile strength (MPa) Density (g/cc)

Polyester 3.4 55 1.1
Vinyl ester 3.4 83 1.1
Epoxy 4.0 100 1.3
Thermoplastic (PEEK) 3.7 93 1.3

structure. The key to designing a good, efficient composite structure lies in understanding the
performance, manufacturing processes and characteristics of composites, as well as having a
deep knowledge of the loads the structure will be subjected to.

Advanced composites are usually manufactured by stacking plies, also known as layers.
A single layer, i.e. a thin sheet of fibres with the same orientation and embedded in the resin
system, is the simplest way of introducing composites. The composite becomes thicker by
stacking each individual ply, which can have the same or different fibre direction. What
is known as a composite laminate is thus obtained. The combination of these different
ply directions is the stacking sequence, which describes the number and orientation of
layers. A large number of plies in a same direction means that the composite will work
better in that direction, although its properties will be reduced in the rest. For instance, a
unidirectional (UD) laminate, where each layer is oriented in the same direction, has only one
stacking sequence. Other examples are multi-directional (MD) laminates, which can have
any combination of stacking sequences, e.g. [0m/±45n/90o]s. Here, the sub-index denoted
as s means a symmetric sequence, and the sub-indexes m,n and o mean the number of layers
in that direction. Usually, the direction 0◦ is the reference orientation, which indicates the
main loading direction. The more different directions in the composite architecture, the less
anisotropic the composite laminate, which results in a quasi-isotropic performance. This
way, the composite structure will perform better when subjected to different load directions
whereas it will be less efficient when subjected to a specific load direction.

Composite laminates have different failure modes that can interact between them, making
failure difficult to predict. One of the reasons for their complex behaviour is the microstruc-
ture of composites, i.e. laminates are formed by stacked plies with different orientations,
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and each ply is made of two different materials which are embedded together. Hence, the
interaction between plies, individual behaviour of each constituent material, and interaction
between the reinforcement and the matrix will govern the global performance of the whole
composite. A first classification of the failure modes of laminates can be made considering
these factors.

The first failure mode group is defined by the interaction between plies, i.e. delamination.
Delamination consists of a flat crack separating two adjacent plies that prevents the transfer
of shear load between the two plies. This failure is usually due to poor interlayer bonding
or strength [127, 237], excessive shear stress in the laminate [242] or transverse cracks in
the matrix [42, 239, 184]. Delamination causes a decrease of laminate stiffness and effective
strength in the material [237, 216, 38].

Another failure mode group can be defined by failure of the constituent materials, namely
the fibre and the matrix. The two most frequent failure types are fibre failure and matrix
cracking. Many authors, such as Rosen [188], Sanders et al. [193] and Daniel [48], have
observed fibre breakage to occur in laminates loaded parallel to the fibre direction. Fibre
breakage is related to the ultimate strength of fibres (the load-bearing element of the laminate)
and leads to catastrophic failure of the laminate. This type of failure is observed in composite
laminates in which load is parallel to fibres in at least one of the plies. Another failure
mechanism is fibre buckling , where the compressive strength is lower than the tensile
strength in composite laminates loaded parallel to the fibre direction. This failure mode
suggests that, under bending loads, the first fibres that break are those under compressive
stresses [189, 144]. Matrix cracking is related to matrix strength and independent of ply
orientation. It can appear in the form of transverse cracks or cracks parallel to the fibre
direction [134, 100, 93]. These cracks are usually the first sign of damage in the laminate
[155], although they do not mean an imminent collapse of the structure. However, they
can cause a reduction of laminate stiffness and can prompt other failure modes, such as
delamination.

Finally, a failure mode group involving the interface between the fibre and the matrix
can be defined. The failure of this interface leads to a situation in which loads are not
transferred between constituent materials. Performance can vary depending on the strength
of the interface [223]. If the interface bonding is weak, matrix cracks and fibre pull-out will
occur quite easily. On the other hand, strong bonding will delay the appearance of matrix
cracks but lead to catastrophic failure caused by fibre fracture.

Fatigue is probably one of the less studied composite failure modes. There may be
two reasons for this. First, fatigue in composites has not been considered a major problem
because the material response is better than that of traditional materials. Second, fatigue is a
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very complex failure mode that cannot be predicted until other failure mechanisms are fully
understood.

Fatigue failure occurs in structures subjected to cyclic loads for long periods of time. It is
a brittle failure and appears for stress levels lower than the elastic threshold. It usually takes
place in structural details as these are the locations with larger stress concentrations. The
failure of a structural detail can propagate, leading to failure of the whole structure.

Historically, this phenomenon has been well studied for metals. The first research was
conducted by Wöhler on railway industry [227]. Wöhler observed that fatigue failure is
caused by a growing crack that nucleates from microcracks produced by cyclic loads over
the atomic microstructure.

Composite materials are more advantageous in long-term over traditional materials
because they have better fatigue performance than other materials such as metals [46]. This
makes composites a better candidate for use in structures subjected to cyclic loads for long
time periods, such as ships, wind turbines, or offshore structures. Notwithstanding, fatigue
in composites is considerably more complex to assess than in metals, mainly due to their
heterogeneous architecture. This implies high anisotropy of the material and the appearance
of several failure mechanisms, such as delamination, fibre breakage or matrix cracking,
which can interact between them. The potential benefits of composites over metals led to
an increase in their use in primary structures of military airplanes in the ‘80s [187]. As a
result, experimental campaigns focused on studying the fatigue behaviour of composites were
conducted [236]. The first attempts to study fatigue in composites and identify their failure
mechanisms were made by Hahn and Kim [68], Reifsnider [185] and Dally and Broutman
[47].

Experimental campaigns on composites are mandatory to understand their performance
and identify their failure mechanisms. Consequently, their mechanical properties, potential
applications, advantages and weaknesses can be characterised and identified, thus increasing
their reliability. Reliability is necessary for the growing use of composites because it is
directly related to the confidence in the product. The lack of reliability, in other words,
uncertainty, is one of the biggest hindrances to the use of composites because it involves the
application of higher scantling in composite designs, making the structure heavier. That is
why uncertainty decreases the potential benefits of composites, which is building lightweight
structures. For that reason, the author of this work believes that current efforts in composites
must focus on reducing uncertainty in composite structures.

One of the reasons for uncertainty in composites is that criteria for metals are applied.
According to Vassilopoulos [236], "methods already developed and validated for the fatigue
life modeling and prediction of conventional materials cannot be directly applied to composite
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materials. Moreover, the large number of different material configurations resulting from
the multitude of fibres, matrices, manufacturing methods, lamination stacking sequences,
etc. makes the development of a commonly accepted method to cover all these variances
difficult". There exists an almost infinite number of combinations of composite materials, and
a general framework may be out of reach, considering as much different constituent materials
as polymer matrix, metal matrix, ceramic matrix composites, elastomeric composites, short
fibre-reinforced polymers and nano–composites [236].

Nevertheless, these difficulties can be overcome if a correct approach to composites
is applied by restricting the study. The study of composites should be focused on what
two constituents are used. For instance, the mechanical properties of a thermoset resin
depend on the post-cure temperature, as a consequence, two composites with the same
resin system but different curing time are different materials. Another example would be
analysing two composite systems with the same reinforcement, but different matrix. Both
embedded reinforcements should be treated as different materials, given that each one may
have different fibre-matrix interface, or sizing of fibres.

Generally speaking, composite laminates should not be treated as a single material, but
as a combination of different plies of two or more constituent materials. In line with this
idea, it cannot be said that a UD0◦ glass/epoxy is a different material from a UD90◦ with
the same glass/epoxy system. The only difference between them is the loading direction,
not the material. Consequently, the characterisation of the first case should be valid for the
second one. Another good example is a cross-ply [0/90]s laminate and an angle-ply balanced
laminate of [±45]s. These laminates have different static strength, fatigue behaviour and
failure mechanisms. But, in fact, both composite materials are exactly the same. The only
variable that has changed is the load direction. A good prediction model should predict both
cases. Otherwise, the model is characterising the loading condition of that specific composite
laminate, instead of the composite itself.

One method to reduce uncertainty in composite structures is to develop numerical tools
capable of predicting their performance, especially their non-linear performance in the short
and long term. These tools will help to decide better solutions for a specific problem, reducing
the scantling applied. Additionally, the non-linear analysis of composites helps to identify
possible failures that can arise in the structure. Most important, it could even help to decide
which failures are permissible and which lead to catastrophic consequences. Another major
question is to consider the meaning of failure in composite structure. For instance, a riser
is a vertical metal-lined pipeline used for fluid transport made of composite material. The
composite part bears the loads and the inner liner prevents leakage. Hence, this type of
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structure allows composite damage as matrix cracking, but not as fibre failure. Therefore, the
definition of failure in each composite solution is key to the success of composites.

Any kind of structure that is subjected to cyclic loads is prompt to fail by fatigue [236].
Predicting the fatigue behaviour of composites is mandatory to design reliable composite
structures. Consequently, it is necessary to have a vast knowledge of the materials and a
deep understanding of the composite failure mechanisms and the strategies to simulate them.
These items are described below.

1.1.4 Simulation of composites

Throughout the history of composites, several models have been developed to predict their
mechanical performance. A first approach consists in analysing the composite at lami-
nate level, e.g., Classical Laminate Theory (CLT) [12]. This method is able to predict
displacements, strains and stresses, assuming thin laminates and elastic materials. The main
advantages of the model are its simplicity, it can account for the anisotropic properties of the
laminate, and it can be coupled with different failure criteria. These failure criteria are based
on relations between several parameters at a ply level, such as strains or stresses. Among the
most well-known failure criteria are maximum stress/strain criteria and quadratic Tsai-Hill
and Tsai-Wu, which can be found in the review of Soden et al. [211]. Furthermore, the recent
research on the development of failure criteria leads to the improvement of the traditional
methods and to evaluate them for new material systems [66, 37, 114].

The main drawback of failure criteria methods is that only the initiation of damage or
failure in the material can be obtained. As a result, the entire process of damage and degrada-
tion cannot be predicted, becoming this approach practically useless for fatigue analysis. In
addition, this approach leads to overestimating the required scantlings in composite struc-
tures, being too much conservative, not fulfilling the necessities and advantages of composite
materials.

Instead of defining a failure threshold, it is possible to use non-linear constitutive models
based on thermodynamic principles, to obtain the performance of the composite. For example,
Maimí et al. [137, 138] proposed a continuum mechanics model to account for different
lamina failure modes, which is based on the LARC models previously developed by Davila
et al. [50], Pinho et al. [176]. In addition, a fracture mechanics approach is used in order to
follow the evolution of several failure modes in composites, such as delamination or crack
densities [15]. Ladevèze et al. [117] proposed to model a single layer and interface as two
meso-constituents and assumed that the fracture of the material is only described by means
of delamination and through-thickness cracks. Matzenmiller et al. [149] introduced internal
variables to describe the evolution of the damage state, using a thermodynamic approach.
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Williams et al. [241] used plane-stress continuum damage mechanics to predict impact
damage growth. Barbero and Lonetti [14], Barbero et al. [13] presented a model based on a
combination of two constituent- level models and an interphase model, decomposing the state
variables by micromechanics. The research line is still open and prove of it are the work done
by several recent authors. Such as Skovsgaard and Jensen [210, 209], who proposed a three-
dimensional constitutive model able to predict strain localization of composites, including
kink band formation, The model is based on constitutive relations for the constituents and
is formulated using nominal stress rates and velocity gradients, which implies that can be
used in finite strain regime. O’Shea et al. [165] used a strain energy function capable of
modeling compressible orthotropic materials under large deformations. O’Shea validated
the formulation through analysis of single family fibre-reinforced composites and biological
tissues under large tensile and shear deformations. Staber et al. [214] also developed a
hyper-elastic model for composites but using a stochastic approach.

A different approach is based on obtaining the composite performance by means of its
constituent materials. This approach has the advantage of considering different phenomena
related to constituent materials and obtaining a more realistic outcome, given that composites
are heterogeneous materials. Following this approach, there are two models that are worthy of
mention: numerical multi-scale models and the use of the Rule of Mixtures as a constitutive
law manager. Both are described in the following.

Multi-scales models define a two-scale context: global scale and micro-scale. The global
scale, or macroscale, solves the global response of the composite structure, considering
the composite as a homogenous material. The micro-scale is solved on a Representative
Volume Element (RVE) which is defined to characterize the internal micro-structure of the
composite. The main advantage of this approach is that it considers all micro-structural
phenomena and material interactions that occur in the composite, for instance fibre-matrix
debonding, fibre buckling, fibre kinkband formation, matrix degradation, thermal effects, and
performance of woven-type composites, among others. Nevertheless, multi-scale models are
extremely costly in terms of computational time and memory, making the study of complex
composite structures almost unaffordable. The use of multi-scale procedures for the analysis
of composite materials is found in the work of Otero et al. [167] who presented a two-scale
homogenization procedure to analyze three dimension composite structures. Chen et al. [36]
proposed a viscoelastic model for fibre-reinforced composites undergoing finite deformations,
in a homogenization framework. Representative volume element (RVE) models for unit
cells of the composite were used to perform numerical simulations based on the proposed
constitutive model. Liu et al. [129] used the mechanics of structure genome (MSG) as a
multi-scale and multi-physics approach for constitutive modeling of composite structures,
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with the aim of capture the pointwise temperature load on weave laminates. As has been
previously stated, and proved in Otero et al. [168], one of the main drawbacks of multi-scale
procedures is their computational cost. For this reason, several efforts have been made
to reduce the computational requirements of these analysis, especially when the material
becomes non-linear. With this purpose, Otero et al. [166] developed a non-linear strategy to
minimize the times in which the RVE has to be analyzed, and Zaghi et al. [244] proposed the
construction of a discrete constitutive law based on an off-line analysis of the RVE.

The Classical Rule of Mixtures (RoM) was initially proposed by Truesdell and Toupin
[228]. It obtains the composite performance by the sum of the contributions of each con-
stituent material, proportionally to their volumetric participation. Car et al. [29, 30] used the
classic RoM of Trusdell and Toupin and applied a thermodynamic approach, treating the
classical RoM as a constitutive law manager, and hence taking into account the non-linear
performance of the composite by means of the non-linear behaviour of the constituent materi-
als. Later, Rastellini et al. [183] obtained a more realistic formulation, named Serial/Parallel
Mixing Theory (S/P RoM). The main advantages of S/P RoM are that the model takes into
account the anisotropic behaviour of laminates, and therefore materials can be simulated with
any constitutive equation and many failure modes of the composite can be predicted. The
formulation is designed to take into account the anisotropy of laminates, independently of the
fibre volume content or fibre orientation. Hence, once the fibre and matrix characterization
is made, the formulation can obtain the non-linear performance of any composite material,
regarding its loading direction, stacking sequence or fibre content, which reduces the number
of tests to be done to obtain the laminate mechanical properties. The validity of the S/P
RoM to accurately characterize different composite failure modes has been already proved in
several publications. Initial analyses where focused in the characterization of fibre and matrix
failure [183]. Afterwards, the formulation has been used to predict composite delamination
in Martínez et al. [145], Martinez et al. [147], delamination after impact in Pérez et al. [172],
and enhanced to simulate fibre buckling in Martinez and Oller [144]. More recently, it has
proved its capacity to predict the failure due to compression around composite holes in Solis
et al. [212]. Another feature of this formulation that gives a clear advantage compared with
multi-scale models is its computational cost. S/P RoM solves the laminate and constituents
equations at each Gauss point, and hence, solving a micro-model is not required to obtain the
non-linear performance.

The importance of having an accurate tool capable of predicting the different failure
mechanisms in composite laminates is the first step in order to obtain their fatigue behaviour.
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1.2 Objectives of this work

Objective of this work can be summarized as the improvement of the serial/parallel mixing
theory, by using a correct characterization of the constituent materials in order to obtain their
life prediction and failure mechanisms, subjected to cyclic loads.

In order to fulfill this main objective, secondary objected must be achieved first:

1. Study and identify the fatigue behaviour of composite materials.

2. Identify the variables involved in the different failure mechanisms in composites, under
static and cyclic loads.

3. Develop a framework in which the composite formulation is capable of obtaining
different failure mechanisms of composites under static loads, without any pre-defined
condition.

4. Propose a constitutive model in order to obtain the fatigue performance of fibres and
matrix embedded between them. The model must be valid for different stacking
sequences and loading conditions.

5. Apply the developed approach to marine composite structures, such as flexible com-
posite blade propellers.

6. Use the numerical results in the simulation of marine structures in order to propose a
simplified method capable of verifying the fatigue life of marine structures, by means
of an analytical model.

1.3 Outline

The arrangement of this thesis follows the same structure of the papers published and those
under review. The sequence of each chapter leads to the fulfillment of the simulation of
marine naval structures subjected to cyclic loads.

CHAPTER 2: This chapter conducts an extensive review of fatigue in composites, both
experimentally and numerically. The aim of this chapter is to identify which factors are
important in order to take into account fatigue and identify the failure mechanisms arisen.
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CHAPTER 3: This chapter introduces the serial/parallel mixing theory formulation, and
the constitutive models used. Besides, a calibration procedure is developed in order to
characterize the compounding materials. The proposed approach is validated by predicting
the failure mechanisms of two different composite systems, glass/epoxy and glass/vinylester,
subjected to tensile, flexure and shear loading.

CHAPTER 4: A numerical model is proposed in order to obtain the fatigue behaviour
of composites, by characterizing the fatigue behaviour of the compounding materials. The
validation is conducted on two composite systems, a cross-ply carbon epoxy laminate, and a
family of angle-ply glass/polyester laminates.

CHAPTER 5: In this chapter, the numerical strategy is applied in order to solve a marine
problem: fatigue in a flexible composite blade propeller. A description of this device and its
advantages are described. An early blade design is proposed against static and cyclic loads.
Finally, a simple methodology is proposed in order to asses fatigue in composite structures,
from an analytical point of view.

CHAPTER 6: In this chapter are described the final remarks of this work, among them the
conclusions, publications, original work and future research lines.





Chapter 2

Fatigue in composite materials

This chapter studies the experimental behavior of composites under cyclic loading, defining
fatigue concepts, fatigue failure mechanisms, factors involved on fatigue and brief review of
the fatigue numerical models for composites.

The intention is identifying the failure mechanisms of composites in fatigue and how the
different factors affect it, in order to propose a fatigue constitutive model for fibre and matrix.
Besides, it is expected that this chapter would help as a guideline for anyone that wants to be
introduced in fatigue in composites. The review uses a constituent materials point of view,
thus fatigue performance of fibres and resins are analyzed, as well as their role in each failure
mechanisms. In addition, different variables that may affect fatigue behavior are described.

Fatigue behavior of composites differ to metals [19]. In metals, fatigue is produced by a
growing crack that nucleates from initial micro-cracks produced by the cyclic load over the
metal atomic micro-structure.

Normally Wholer is considered as the father of the study of fatigue, although many
researchers started before [198]. His work helped to understand the phenomenon of fatigue,
who observed that structural components of the railway failed under cyclic loads below their
elastic limit. A more general definition of fatigue can be found in the ASTM E1823 standard
[11] as:

The process of permanent, progressive and localized structural change which occurs to a
material point subjected to strains and stresses of variable amplitudes which produces cracks
which lead to total failure after a certain number of cycles.

Depending on structure of the composite material, manufacture process, or details of
the structural component, the material will have more or less flaws, which act as a stress
concentration. From a micro scale view, these flaws cause that a lot of internal energy of the
material is spent to readjust the internal structure of the material by each cyclic load, as a
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consequence, material inter atomic planes suffer non-linear behavior, and this irreversible
process allows the nucleation of micro-cracks.

Thus, one may say that composites suffer fatigue process, in the sense that an irreversible
and progressive process exists, despite of a localized structural change produced by a crack.
Although phenomenon is quite different than in metals, the behavior of composites under
cyclic loads may be included as a fatigue process, or at least as an irreversible and progressive
degradation of the material due to cyclic loading.

In this chapter, a review of the failure mechanisms of composite laminates subjected to
cyclic loading, as well as the models to predict their fatigue behavior are described.

2.1 Experimental assessment of the fatigue performance of
composites

2.1.1 Fatigue in constituent materials

The influence of constituent materials in fatigue behavior of composite laminates was studied
by Konur and Matthews [116] and proved extensively in the numerous testing campaigns
conducted to composites. For instance, Hartwig et al. [75, 76] observed different failure
patterns in composites with different resin systems but same reinforcement. Therefore, the
analysis of the fatigue behavior of bulk constituent materials is interesting, from the point of
view of the approach proposed in this thesis. Thus, the study of bundle fibres not embedded,
and polymer resins not reinforced, are described in the next paragraphs.

Matrices

Polymer matrix are resins with a complex molecular structure. The configuration of the
polymer molecules defines the behavior of the polymer. Given that a great number of
configurations can be obtained, polymers represent a huge materials family. However,
the number of polymers used for composites is limited. The polymers most used are
epoxy, polyester, vinylester and PEEK. Polymers used in composites can be classified as
thermosetting and thermoplastic polymers. This classification is used to specify their fatigue
failure mechanisms.

In general terms, fatigue failure of polymers occurs as a mechanically dominated mech-
anism or thermally dominated mechanism [41, 194, 123]. In the first mode, nucleation of
damage and its subsequent growth arise in the form of crazes, micro-cracks and ultimately
large cracks responsible for specimen failure, in contrast with metals. Tests conducted to
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polymers suggested that the relation between stress and log(N) is linear in the mechanically
dominated behavior. This linear behavior is also seen in composite laminates, in what is
called characteristic damage state. In the second mode, the hysteric heating affects due to
the surface temperature increase in the surface of the resin. This behavior is related once the
glassy point of the polymer is reached.

Thermoset resins: These polymer resins are obtained by an irreversible chemical reaction,
known as curing process. This curing process implies a cross-linked between polymer chains
of the original polymer, building a chain network [12]. As a result, these materials tend to
have higher mechanical properties compared with other polymers. The fatigue behavior of
thermosetting polymers have been studied by several authors, such as Broutman and Gaggar
[23], Lorenzo and Hahn [132], Nagasawa et al. [154] and Tao and Xia [224].

Broutman conducted fatigue tests in epoxy (Epon 828) and polyester (Paraplex P43)
specimens subjected to stress ratio R =−1, studying the influence of temperature increase in
the material surface and the effect of cyclic frequency. The results obtained by Broutman
shown that both materials have monotonic decreasing fatigue lives, resembling the fatigue
curves for metals.

For both materials, the temperature increased in function of the number of cycles. A
quick rise in temperature is obtained prior to failure, on the contrary with those samples
that did not fail, which their temperature were stable after a slight temperature increment.
Broutman suggested that the increment of temperature is attributed to hysteresis loss in the
material.

Another interesting observation conducted by Broutman was that temperature rise of a
specimen influences the fatigue life, by lowering static properties of the material. In order
to study this influence, fatigue tests were carried out with air cooling. The results shown
an increment on fatigue life of the materials, demonstrating the influence of temperature
increment on fatigue life. In addition, Broutman studied the increment of temperature in
function of testing frequency, resulting that a higher testing frequency implied a higher
increment on the temperature surface for a same load level.

Consequently, Broutman affirmed that fatigue life is quite sensitive to testing frequency.
This is explained by the failure of specimens at very low frequency, resulting in no incre-
ment in temperature. However, Broutman did not studied the fatigue life in function of
testing frequency, while a cooling agent is applied. Therefore, the influence of the testing
frequency in fatigue life is in the range of thermally dominated fatigue mechanism, rather
than mechanically dominated.
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Boutman also studied static fatigue, concluding that it is non-dependent of time. This
conclusion is based on specimens subjected to static bending stresses for a time which far
exceeded the time to failure under the cyclic stress. These results shown that specimens
subjected to static bending stresses did not break in this time period. Given that there was no
temperature rise of the specimen during these tests, it was thought that the failure could be
time dependent at the higher temperatures which occur during the cyclic fatigue tests. As a
consequence, specimens were heated during a static fatigue test to the temperatures which
actually occurred in the cyclic fatigue test at that particular stress level. The results indicated
that no failure occurred even after periods of time equivalent to 80 times the time periods in
the cyclic fatigue test.

Thus, it can be confirmed that the fatigue of the epoxy and polyester resins is truly cycle
dependent and not time dependent. In other words, the cyclic stress produces a cyclic crack
growth which leads to fracture. This affirmation is reinforced by fractographic analysis
conducted by Broutman, showing that cracks growth from flaws in the materials, as metals
do, and advanced leaving striations.

Lorenzo and Hahn [132] studied the effect of ductility on fatigue behavior of epoxy resins.
They tested two different epoxies under tension-tension fatigue: a ductile Epon 815/Versamid
140 and a brittle Epon 828/Epon Z. They found that although failure modes were different,
the normalized stress-life relations were similar for both epoxies. The authors found that
in all specimens a unique fatigue crack arose an led to the final failure of the specimen, as
the same manner than metals. However, on those specimens of brittle resin, the failure was
sudden without warning and crack growth was less stable. Fatigue cracks nucleated on the
external surfaces of the specimen, where stress-concentrations are more prone to appear.

Nagasawa[154] studied the nucleation of cracks on neat epoxy resin under rotary-bending
fatigue. These cracks started from the surface of the specimen, instead of appearing from
flaws. Nagasawa suggested that the final failure of the specimen is linked with the apparition
of cracks, due to the time between these cracks are observed and their final failure. Nagasawa
defined a process of two steps, consisting in a reversible and an irreversible step. These
affirmations are based on that the researcher loaded specimens until their 80% of their life and
then left them to rest one night, for finally loaded again. The process of loading-unloading
was repeated several times and the samples did not fail. Similar results were obtained by
Broutman and Gaggar [23] regarding uninterrupted tests. Nagasawa concluded that the
nucleation of a fatal crack and its propagation would occur just an instant before the visible
failure of the specimen.

Other authors who studied the fatigue performance of neat epoxy resin are Tao and Xia
[224, 225], who studied the influence of the mean stress and stress amplitude. Uniaxial
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fatigue tests were conducted to strain range control. Tao found for all tests a decreasing
of the mean stress applied on the sample, what clearly means a reduction of the stiffness
of the material and hence the apparition of damage for each cycle [224]. In other study,
Tao observed the evolution of the loss of stiffness of the material, as well as the evolution
of the hysteresis loop [225]. Fractographic analysis was applied in order to identify the
mechanism of crack initiation and propagation, finding that the crack appeared on flaws
inside the material and the presence of perpendicular striations to the direction of the crack
propagation.

Thermoplastic resins: Opposite to thermoset polymers, thermoplastic resins do not require
a chemical reaction. Instead of it, the polymer is melted by heat in order to be used in the
infusion process of the laminate. Once the infusion is completed, the resin solidifies again,
obtaining the solid previous crystalline structure [12]. Thermoplastics studies are fewer
than thermoset resins. However, recent research is motivated due to the increased use of
such plastics on industry, specifically aeronautical industry, and their capability to be joint
by welding techniques. The fatigue performance of thermoplastics has been studied by
Lesser [122, 123], Shrestha et al. [206, 205], Mellott and Fatemi [150], Ramkumar and
Gnanamoorthy [182], Zhou and Mallick [247] and Li et al. [125].

Lesser [122, 123] conducted fatigue tests on polyacetal and nylon6,6 thermoplastics in
order to elucidate the mechanisms of fatigue which govern the fatigue life in engineering
thermoplastics. Lesser obtained and compared the S/N curves for both materials, which
clearly showed two regions depending on the stress level: named thermally dominated region
and mechanically dominated region. The thermally dominated region belongs to the higher
stress level, while the mechanically dominated region belongs to the lower stress levels.
Lesser highlighted that polyacetal resin has better fatigue resistance than nylon6,6 in the
thermally dominated region. On the contrary, nylon performed better than polyacetal in the
mechanically dominated region. Lesser found that the reason behind this behavior is that the
fatigue life in the mechanically dominated regions are not due to the materials resistance to
crack growth alone and that their resistance to crack initiation time plays a dominant role
[122].

Mellott and Fatemi [150] studied the effect of temperature, thickness, mold flow, fre-
quency and mean stress in fatigue performance of two types of polypropylene (PP) polymers.
The temperatures studied were room temperature, cryogenic temperature and high tempera-
ture. Mellot found that testing frequency has quite influence in fatigue life, increasing the
specimens temperature. Besides, Mellot observed that fatigue life decreased clearly for those



24 Fatigue in composite materials

specimens tested at high temperature, while those specimens that were tested at cryogenic
temperature obtained an increment of fatigue life.

Shrestha et al. [206, 205] studied the fatigue behavior of poly-ether-ether-ketone (PEEK)
under uni-axial strain-controlled cyclic loading with various mean strains. The results of the
study shown two fatigue stages, crack nucleation and crack growth. Regarding the nucleation
of cracks, not melted particles and void-like defects were found as the main reason of crack
initiation.

Modulus drop of polyamide6 and polyamide6 nanocomposite at room temperature was
studied by Ramkumar and Gnanamoorthy [182]. These two polymers were tested using
iso-cyclic stress strain curves. The author defined a dynamic modulus as Edyn =

∆σ

∆ε
, where

∆σ and ∆ε are stress and strain amplitude, correspondingly. Final results state that the use
of nano-particles improves the fatigue performance of the material, both final strength and
stiffness dropping.

Li et al. [125] studied the evolution of mechanical properties of amorphous polycarbonate
(PC) by applying cyclic loading. Li recorded the surface temperature of the samples in
function of the number of cycles and stress amplitude, observing that a higher stress amplitude
implied higher surface temperature. Nevertheless, the surface temperature stabilized in all
samples and are quite similar for all stress amplitudes. As a result of the increment of
surface temperature, the specimens lost fatigue stiffness. Once the fatigue tests stopped,
loading-unloading tests were done. These tests showed systematic changes in the mechanical
properties, such as a decrease of the total and residual energies, residual strain and yield
strain, while the yield stress was maintained. One of the conclusions obtained by Li is
that the changes in the material are due to fatigue damage, as it is demonstrated by strain
measurements performed after the fatigue loading of the samples.

Zhou and Mallick [247] conducted tensile and fatigue tension-tension tests to polypropy-
lene resin. The effect of the injection flow direction was studied in terms of static, fatigue and
fractographic analysis. Besides, the samples were tested at different testing frequencies. The
results shown that fatigue life of the polypropylene was anisotropic. Those specimens loaded
parallel to injection flow direction had higher fatigue strength than those loaded normal to
injection flow direction. Finally, fatigue failure was observed in specimens tested at low
frequencies, whereas those specimens tested at high frequencies shown thermal failure, in
the form of softening and necking of the samples, even material melting.

Fibres

fibres are the reinforcement agent of the matrix, providing most of the stiffness and strength
to the composite. fibres are embedded within the matrix. fibres are manufactured as long
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threads, implying that exists very low presence of flaws in the final result and a preferential
orientation of molecules along the fibre direction. As a consequence, fibres have better
mechanical properties than their bulk material, even though the presence of a few flaws in
the material may lead to possible fatigue failure.

The most common fibre materials are: glass, carbon, and polymer fibres. Each one has its
own properties, such as stiffness, strength, bending strength, maximum strain, fracture energy,
or even performance, such as corrosion resistance, electrical conduction, etc. However, they
all have in common their brittleness. Therefore, fibres usually have linear strain-stress
behavior until their fracture.

Kerr et al. [110] made a brew review of the main failure mechanisms arisen in single
fibres subjected to fatigue loading. Kerr compared different fibre materials, such as polymeric,
carbon, metallic and ceramic fibres. In the case of nylon and polyester fibres, the failure arose
from buckling of fibre chains on the surface, followed by axial splitting and fibre fracture,
while for aramid fibres the failure came from splitting along ordered axial fibrils. In the case
of carbon fibres, Kerr did not highlight any failure mechanism, mainly due to the high fatigue
strength of them. In the case of metallic fibres, the fatigue failure mechanism was similar
than those observed on the bulk material. Finally, for ceramic fibres, there is a clear fatigue
crack initiation process, followed by stable crack growth and fast fracture.

However, fibres are not embedded as a single fibre embedded on the resin, but a group of
fibres are bound. Hence, fatigue of fibre bundles, instead of single fibres, should be studied
in order to understand how fibres influence the composite fatigue behavior. One of the first
researchers who studied the fatigue performance of fibre bundles was Phoenix [175], who
used stochastic models to model the fatigue behavior of fibre bundles. This approach is in
line with how other fibre bundles parameters are obtained, such as stiffness or static strength.
Nevertheless, a pure stochastic fatigue model would imply to assume that fibre failure has no
dependence with the number of cycles. One suggested hypothesis by Phoenix is that a few
fibres break at the very first cycles because they are below the statistical mean strength. In
addition, breakage of fibres cause a redistribution of the stress in the fibre bundle.

From the point of view of reliability of the data, bundle tests are preferred to single fibre
test. Single fibre tests imply more scatter data due to the statistic distribution of the strength
in each fibre, as well as more complex testing equipment and methods, such as the need
to effective fix the fibre and not allow its slipping. Besides, a huge number of specimens
have to be tested in order to obtain enough data. On the other hand, bundle tests have a
narrower scatter band and they are easier to conduct, although the phenomenon of friction
damage between fibres is brought to light [10]. One disadvantage in common between single
fibre and fibre bundle tests is that only tension-tension tests can be conducted, given that
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compression loads would lead to buckling of the specimens and misunderstanding of the
data. As a consequence, fibre bundle tests are more difficult to conduct than neat-resin tests,
in order to obtain suitable data [1].

fibre material has an important influence on the fatigue behavior of the composite, as
Konur and Matthews [116] highlights. This influence can be seen in on-axis UD tests on
laminates, given that fibres are the load-bearing element on the longitudinal loaded laminates.
Therefore, fibre bundle tests should be compared with their on-axis UD tests, as it did
Mandell et al. [140]. Differences in fatigue behavior between different fibre materials may be
observed, in the same manner than differences exist between fatigue behavior of UD0◦ with
different fibre materials, such as composites reinforced with carbon fibres have an almost flat
curve in their S/N graphs in contrast than composites reinforced with glass fibres. On the
next paragraph, a deeper analysis of fatigue performance of fibre materials is conducted.

Carbon fibres: There is a missagreement between diferent researchers’ results regarding
if carbon fibres do suffer cyclic degradation. On one hand, researchers such as Bunsell and
Somer [26], Gamstedt et al. [56] and Farquhar et al. [54], among others, affirm that carbon
fibre bundles do not suffer fatigue behavior. Such affirmations are based on the almost flat
S/N curves of this material. On the other hand, tests of researchers such as Zhou and Mallick
[248], Zhou et al. [245, 249] and Mandell et al. [140] showed a decreased of the strength in
carbon fibre bundles, as well as stiffness reduction. The stiffness reduction is shown as an
increment of the applied strain, whereas the applied stress is constant. Indeed, one could
affirm that carbon fibres suffer from fatigue effect but this effect is too low compared with
other materials or even other type of fibres. The required stress level in order to obtain some
fatigue effect in carbon fibres is high, around 80% of the static strength. This high load levels
are common in UD0◦ fatigue tests, in order to obtain the laminate failure. Contrary to fibre
bundles, high load levels in D0◦, such as the common applied to CFRP, may lead to static
failure of the matrix, as a consequence, a possible misunderstanding of the failure. Besides,
fatigue tests usually define run-out once the test reaches 106 cycles, while some carbon fibres
have an excellent fatigue strength, and consequently they may require ultra high cycle fatigue
tests. For instance, Bunsell and Somer [26] found only a 2% of loss in strength of T3000
carbon fibres after 107 cycles.

Song et al. [213] studied T-T fatigue and static behavior of carbon fibre bundles. The
results shown that the length of fibre bundle has an influence on static strength, which is
represented by a two parameter Weibull distribution. The reason is because the probability of
the presence of flaws in the fibres increase with the length of the fibres, hence, those flaws
make decrease the mechanical properties of the bundle. On the other hand, the fatigue tests
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shown an abnormal tendency: the residual strength is increased first and decreased later
as the increase of cyclic number. This behavior is seen in both stress levels, at 80% and
87% level of the static strength. Song suggests as a possible reason the stress state for each
monofilaments is more uniform in the fatigue test than in the static test. It must be mentioned
that an important reduction of the fibre bundle stiffness is observed from the residual strength
tests at different stress levels, although in Song work is not studied or mentioned.

Carbon fibres can be treated as a linear elastic material due to brittle failure mode.
Research done by Zhou et al. [249] states that the effect of strain rate on static behavior on
carbon fibre bundles with no consequence as a result. So carbon is not a visco-elastic or
creep sensitive material. Zhou et al. [245] used a two parameters Weibull distribution to
characterize the fatigue strength distribution of carbon fibres. A numerical model, based on
Monte Carlo simulation, was also established to predict the load-controlled fatigue failure
process of fibre bundles.

Glass fibres: The main difference between carbon and glass fibres is their mechanical
properties. Glass fibres have a lower tensile strength and modulus, as well as glass fibres
are more sensitive to cyclic loading. On the other hand, glass fibres accept a higher strain
level compared with carbon fibres. Regarding fatigue behavior, Zhou and Mallick [248]
studied the fatigue behavior of E-Glass fibre bundle by a strain-controlled fatigue test in
the maximum strain range of 0.60% up to 1.30%. Glass fibre bundle shown a few loss of
their fatigue strength and at the end of the life starts a high loss of it, at the range between
102 and 104 cycles. It means, referring to the static test, between 25% and 50% of the static
strength. From the conclusions of this test and from the words explained above, it could
say that glass fibres suffer fatigue phenomenon at low stress level. Although most of their
life the performance is almost flat, suffer a quick loss of their fatigue strength for the final
cycles. This behavior is seen in many on-axis UD laminates, where at the end of the laminate
life is observed a quick reduction of the fatigue strength until its failure. It must be recalled
that Zhou tests specimens fail at too earlier cycle number with low load compared with UD
laminates.

Mandell was one of the first pioneers to study fatigue behavior of glass fibre bundles. He
concludes that the dominant failure mechanism of fibre bundles was surface damage to the
fibres resulting from a fretting type of contact [140]. Recalling the work made by Mandell,
the slope of residual strength in those fibre bundle was about 10% of ultimate tensile strength
per 101 cycles, in contrast with the 3%−5% of the single fibre tests. Mandell et al. [140]
compared the slope of the fibre bundle tests with the slope of UD laminates of the same fibre
type and they observed that the ratio of slope was so close between them. It can be said then
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that fatigue degradation in on-axis UD laminates is related with the fatigue degradation of
impregnated strands, due to the fibre-fibre contact.

Results of Zhou and Mallick [248] show a higher rate of fatigue degradation compared
with results of Mandell et al. [140]. Abdin et al. [1] suggest that this behavior could be due
to the higher stress ratio of Zhou tests or to the significantly higher number of fibre between
bundle tests (3000 versus 30), what agrees with the Mandell hypotheses that fatigue damage
in fibre bundle is related with fibre-fibre interaction.

Finally, Qian et al. [180] compares fatigue behavior between single glass fibre and glass
fibre bundles. He observed that for the low cycle range fibre bundles have more fatigue
strength. Conversely, in the high cycle range is the fibre bundle which have a higher fatigue
strength. However, Qian remembers that a deeper fatigue tests is necessary.

Other fibre materials According to Bunsell and Hearle [27], synthetic polymeric fibres
suffer fatigue phenomenon. Mandell et al. [143] studied the fatigue performance of polyester
and nylon fibres, both individual fibre and fibre yarns, in order to obtain a deeper knowledge
of the fatigue performance of synthetic marine ropes. His studies shown that this kind
of fibres have a great dependence of creep failure. In the study, cumulative failure strain
appeared in both materials. Besides, Mandell conducted cyclic loading and time loading
tests, showing that in both cases the time to failure was very close one to each other.

Konopasek and Hearle [115] studied Kevlar®fibres bundles to cyclic loads. In the analysis,
the author conducted static, fatigue and creep tests, and fractographic observation of the
samples. During the fatigue tests, reduction of the stiffness of the coupons was not observed
until its failure, as opposite to test done on nylon fibres. In addition, the creep test did not
show any appreciable plastic deformation or creep, as well as the absence of significant
viscoelastic or plastic deformation. The fracture morphology showed that failure is not the
result of fracture across the axis of orientation but of splitting along the axis. This axial
splitting will derive from any discontinuity, such as a surface flaw, which must give rise to
shear stresses [115].

2.1.2 Failure mechanisms in composites under cyclic loading

Unidirectional (UD) laminates

The simplest approach to understand failure mechanisms in laminates is studying the fatigue
behavior of a UD laminate, given that ply interaction does not exist. Many studies show that
different failure performance exist in fatigue in UD laminates depending on fibre orientation
[222]. Two types of loading conditions can be found: First one is loading direction is parallel
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to fibres, this is to say, on-axis loading. Second, loading direction is not aligned to fibres,
that is, off-axis loading.

On-axis loading Under these loading condition, a general tension stress state occurs, in
which fibres and matrix are subjected to the same strain. Curtis [45] and Gamstedt et al.
[56], Gamstedt and Talreja [59], Gamstedt [57], Gamstedt and Östlund [58] conducted
tensile fatigue test to GFRP and CFRP of different matrix systems, and studied the nucleation
and propagation of damage in the coupons. The catastrophic failure of the coupons was
due to the fibre failure, although previously matrix cracking was observed. In fact, both
researchers appreciate a different failure mode depending on the bonding of the interface.
Those composites with a weak interface failed as a brush-like manner, being matrix crack
parallel and along fibres. On the other hand, those with a strong interface failed as a brittle
manner, where matrix cracks are perpendicular to fibres. This behavior is repeated in other
studies, such as Sembokuya et al. [199] and Taheri-Behrooz et al. [218]. In both studies is
shown that micro-cracks in the matrix nucleate from fibre breaks or other flaws, and growth
until failure in each cycle.

Han and Hwang [71] proposed a three phase failure mechanism for UD laminates. In
the first stage micro-cracks are formed in the matrix or the interface of fibre-matrix without
appreciable stiffness loss. In the second stage, micro-cracks grow in a steady manner, meeting
other micro-cracks, what is the main spending life of the laminate and. Finally, in the third
stage, fibre failure (fibre breakage or fibre pull-out) grow in an unstable manner, leading to
the ultimate failure of the laminate. Han conducted failure analysis in a microscope and the
results revealed that nucleation of cracks were at the surface of the fibre and their propagation
was to to the other side where resin is attached to the fibre.

Shih and Ebert [202] conducted fatigue tests in oriented fibreglass-reinforced polymer
matrix composites using four-point bending. Matrix cracking caused fibre breaking as a
result of either crack propagation or over-stressing. Fractographic observations showed fibre
breaks and the associated delaminated matrix cracks along fibre. The fatigue failure sequence
was found to be independent of the interface conditions as long as the fatigue failure mode
was of the flexural tensile type. fibre ridging, transverse matrix cracking, longitudinal matrix
cracking along the fibre (interfacial debonding), fibre breaking and local delamination were
identified as the initial stage of the flexural fatigue failure mechanism, namely ’nucleation
and growth of superficial damage’. The load-carrying capacity dropped only a few percent
by the end of this stage. Macroscopic fibre bundle breaking and extensive delamination were
the subsequent stages in the fatigue failure mechanism.
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Off-axis loading The most usual off-axis loading condition tested is the UD90◦ laminate.
In this condition, both constituent materials are subjected to the same tension stress. Contrary
to UD0◦, fibres do not have the role of load-bearing material. Instead, matrix and the fibre-
matrix interface take this role, as a consequence, the strength of the laminate in the transverse
direction is weaker than in the longitudinal direction. Despite of the worse mechanical
properties, the motivation to study such direction is because of composite laminates are
stacked in different directions, included at 90◦, therefore its study is worthwhile.

Many authors have studied the fatigue behavior of UD90◦, such as Taheri-Behrooz et al.
[218], Kawai et al. [108], Kawai and Suda [106], Kawai and Maki [103], Kawai and Saito
[105], Petermann and Plumtree [174], Mohammadi and Fazlali [151], Varvani-Farahani et al.
[234], Varvani-Farahani and Shirazi [235], Shirazi and Varvani-Farahani [203] among others.
Either of glass or carbon system, the failure is clear and simple: it is a straight transverse
crack along all the width of the sample, without no fibre damage visible. Therefore, in this
loading condition, fibres are not playing any big role.

In general, fatigue results for off-axis orientations [135, 136, 108, 107, 101, 105] are
similar than 90◦ case. Instead of obtaining a transverse crack, the crack follows fibres
direction, splitting the coupon in two pieces. Ma observed the fracture behavior on static and
fatigue tests. On one hand, interface between fibre and matrix for the static tests maintained
intact. On the other hand, the interface exhibited some damage in the fatigue tests, even for
load levels below the assumed fatigue limit. This damage was cracks along the fibre-matrix
interface. A similar behavior is also seen in more complex laminates containing ±45◦ plies,
such as in Adam and Horst [4].

Multidirectional (MD) laminates

Except some specific structures made of UD laminates, such as helicopter blades [52], most
of the composite structures are made of stacked plies oriented in different directions, also
known as multi-directional (MD) laminates. Given that structures are subjected to complex
load combinations rather than uniaxial loading, the objective of MD is reinforcing more
than just one loading direction. Of course, it is at the expense of lowering the mechanical
properties of the main direction.

MD laminates can be obtained by the combination of multiple directions, consequently,
the number of options can be large. Nevertheless, manufacturers and designers tend to use
some typical combinations, such as cross-ply laminates [0/90], balanced angle-ply laminates
[±θ ] and quasi-isotropic laminates [0/±45/90], being this last option the most common
stacking sequence in composite structures. The fact that composites have several stacked
plies involves an interaction between them. The main consequence is the apparition of
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delamination as a failure mechanism. Delamination can be defined as the propagation of a
crack between layers in a laminate due to excessive interlaminar shear; and/or bifurcation of
matrix cracks following the least resistant path to grow [12]. Delamination can occur in the
early stage of the fatigue life. The consequence of delamination is a reduction of the capacity
to transfer shear loads. Thus, [199] suggests that delamination is the primary mechanism of
the fatigue fracture for the quasi-isotropic laminates. However, delamination is not the only
failure mechanism in MD laminates and does not mean the total collapse of the material.

Usually, the failure process starts with matrix cracking, mainly initiating at free edges of
the weakest ply [223]. Commonly, transverse cracks in the 90◦ ply, otherwise, the ply closest
to 90◦ value. After their initiation, they can grow in two directions, through width or through
thickness. These cracks may arise delamination between laminates, what cause a non-transfer
of shear loads between plies and finally, composite fails when the main load-bearing ply fails,
usually 0◦ ply. This behavior is known from many studies, specially for thick specimens
[2, 3, 22, 69].

There is a common agreement between the research community in describing the damage
process of composite laminates as a three stages approach [234, 235, 4]. This approach can
be either applied to UD0◦ and MD laminates, although it is not applied to UD90◦ [218]. The
first stage describes a fast reduction of laminate stiffness, coinciding in MD laminates with a
fast apparition of transverse cracks in the matrix. The second stage belongs to a stabilization
process, in which the rate of cracks is decreases, known as Characteristic Damage State
(CDS) [148, 186, 78, 223]. Many authors observed this behavior, such as Boniface and Ogin
[22], Adam and Horst [2], Shen et al. [201], Xiong and Shenoi [243], Ogin et al. [159], Ogin
and Smith [158], Ogin et al. [160], Berthelot [21], Takeda et al. [221, 220], Harrison and
Bader [74], Taheri-Behrooz et al. [218], Sembokuya et al. [199], Himmel and Bach [80].

Although most of the papers cited study epoxy-based MD composites, other type of
resin-systems have been studied, such as thermoplastic resins [118, 119, 79, 44, 25]. Both
resin systems have the same stiffness pattern, a fast reduction of stiffness due to matrix
cracking, a long life in characteristic damage state, and finally the collapse of the composite
by means of failing the 0◦ ply.

Apart from describing the failure process, different researchers have proposed an expla-
nation to it. For instance, Talreja and Singh [223] explains that the precursor of transverse
cracks in the matrix is fibre-matrix debonding in off-axis plies. This debonding between both
constituents is caused by a strain magnification in the matrix between two fibres. According
to Hahn and Lorenzo [69], longitudinal splitting in 0◦ ply appears due to Poisson effect.
This explained as the transverse stiffness is not the same between 0◦ and 90◦ plies, hence
longitudinal cracks appear in the 0◦ ply, which is the one that tends to transversely deform
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greater. Sembokuya et al. [199] studied the delamination performance of quasi-isotropic.
At the same number of cycles, the stress required to start delamination is lower than the
fatigue fracture stress for the same stress ratio. The delamination occurred in the early stage
of the fatigue life. Thus, Sembokuya affirms that delamination is the primary mechanism
of the fatigue fracture for the quasi-isotropic laminates. Tomita et al. [226] studied flexure
bending fatigue behavior on cross-ply and quasi-isotropic CF/Epoxy laminates. The failure
mechanism on cross-ply laminate was that fatigue cracks initiated by fibre breakage of the 0◦

ply and interfacial fracture of 90◦ ply and epoxy resin. Tomita emphasizes in the fact that
this performance appears independently of the composite. Tomita concludes that the fatigue
limit of cross-ply composites should be related with the compressive stress of the 0◦ ply. On
the other hand, delamination in quasi-isotropic laminates occurred due to the Poisson’s ratio
of ±45◦ layers are higher than that the one of the 0◦ or 90◦ plies.

2.1.3 Main parameters defining the fatigue performance of composites

The different failure mechanisms in composite laminates subjected to cyclic loads have been
described. The aim of a numerical model is predicting such failures, as well as fatigue life of
the composite material. For this reason, fatigue behavior of constituent materials should be
properly characterized, and moreover, possible influential factors should be identified. There
are typical factors that may have an effect on the fatigue performance of marine structures,
such as mean stress, temperature, and humidity [133]. Other factors may have a direct impact
on composites, or even they are under discussion in the research community, such as long
term, or frequency. In the next paragraphs, such factors are discussed in order to identify the
most proper constitutive model for the constituent materials.

Stress level

There are different approaches to asses stress influence in fatigue. For instance, mean stress
σmean = (σmin +σmax)/2, stress ratio R = σmin/σmax, stress amplitude ∆σ = σmax −σmin ,
or maximum stress applied σmax. In a similar manner than metals, fatigue strength or fatigue
life of composites is lower at higher stress levels, and vice versa, their fatigue life is higher at
lower stress levels.

Hosoi et al. [88, 89, 90] studied the influence of stress level with transverse matrix cracks
and delamination. It was observed that delamination grew before, or simultaneously with,
transverse crack propagation at low stress levels, while at higher stress levels, the transverse
cracks propagated in the specimen width direction before the delamination growth. Besides,
Hosoi observed no damage propagation nor initiation at very low stress levels, indicating
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a possible fatigue endurance limit in the tested quasi-isotropic laminates, [0/± 45/90].
Sembokuya et al. [199] compared the behavior of tension-tension fatigue tests with mode I
delamination fatigue crack propagation tests in CF/epoxy laminates. Besides, he studied the
effect of the stress ratio on fatigue behavior. Sembokuya observed that the contribution of the
maximum stress in both tests was almost the same. Brunbauer and Pinter [24] investigated
the effects of mean stress and fibre volume content on fatigue failure mechanisms in CFRP,
and she considered that higher stress amplitudes usually intensify but not change the observed
damage mechanisms. Roundi et al. [190] conducted fatigue tests in four cross-ply laminates
of glass/epoxy, studying the effect of the stacking sequence. The stacked sequence used were
[02/902], [902/02], [03/90] and [903/0]. Not visible change in the failure mechanism was
viewed depending on stacking sequence, although the laminate [03/90] had higher fatigue
strength due to the higher participation of [0◦] ply. Roundi observed that damage in the form
of delamination and fibre rupture starts when specimens are near its the rupture limit.

Typical stress ratios used in the fatigue tests are R = 0.10, R = 0.50, R = 1, R = 0,
R =−1 and R = 10, meaning that values between 0 ≤ R ≤ 1 belong to tension-tension test,
values between −∞ ≤ R < 0 belong to tension-compression tests, while values between
1 < R ≤ ∞ belong to pure compression tests. Those stress ratios closer to zero means lower
stress amplitude and hence, higher fatigue life. This performance is observed on the work of
most of all authors who studied stress ratio influence, and for all them the performance of the
composite is the same. In those cases that compression component is applied, the composite
suffer lower fatigue life. Although neat-resins tend to be more stronger to compression
loads than tensile loads, on composite laminates tensile properties usually are higher than
compression properties [12]. This behavior is explained by means of the presence of fibres,
which have a poorer compression performance than tensile behavior [12]. The tension-tension
versus tension-compression fatigue results can be observed in the studies of Brunbauer and
Pinter [24], Kawai and Koizumi [102] and Sembokuya et al. [199].

An interesting approach of the influence of stress level in fatigue failure of composites
is conducted by Talreja [222], who describes S-N curves of laminates in function of initial
maximum strain, instead of maximum stress, in order to describe the so-called fatigue life
diagram. These diagrams are used to interpret the fatigue mechanisms and their relative roles
in the failure of the laminate [236]. Talreja plotted the maximum strain of UD0◦ laminates
made of the same fibre/matrix system, but different fibre content. The result showed that all
fatigue data were in-line, proving that the failure for UD0◦ laminates is driven by the stress
state of the constituent materials, contrary to the stress state of the laminate itself. Another
interpretation of the results conducted by Talreja is that fibres do not suffer cyclic degradation.
On the contrary, Tarleja affirms that fibres failure follows a probabilistic distribution. This
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assumption is based on the scatter band for high strain levels in UD0◦ laminates. However,
the assumptions are mainly based on carbon laminates fatigue results, and consequently,
these types of fibres have high fatigue strength. In addition, the same Talreja affirms that
the statistical distribution is not valid for glass fibre laminates [222]. A possible explanation
to cyclic performance at high load levels in UD0◦ is that the strain level applied is higher
than the elastic strain threshold of the matrix, as well as very close to fibres elastic threshold.
As a result, there is a coupling between cyclic degradation of fibres and quasi-static non-
linear performance of matrix. Consequently, both behavior should be taken into account
in the numerical model, and by the test design. One should bear in mind that fatigue is a
phenomenon occurring below the elastic limit, but if the matrix in the laminate is cracking,
then the composite has reached its elastic limit.

As a whole, composite laminates subjected to cyclic loads experience damage growth,
and their mechanical properties, such as strength and stiffness, monotonically decrease.
Consequently, similar strategies used as in metals can be applied. For instance, the definition
of S-N curves, involving lower fatigue life if stress level increases.

Very High Cycle Fatigue (VHCF)

In many fatigue tests, it is considered that a sample did not fail when it survived 106 cycles,
in other words, that testing is considered run-out. The truth is that composite structures are
thought to work for values up to 108 cycles, examples are wind turbines which should work
for almost 20 or even 30 years without stop. Although a big effort have been made to study
the high cycle fatigue behavior (HCF, up to 107 cycles) of composites, less research have
conducted to study the behavior of very high cycle fatigue behavior (VHCF, up to 108 cycles)
of composites, and only a few for gigacycle fatigue (GCF, up to 109). The main reason is
due to the high time-cost for obtaining tests results. For understanding, a 108 cycles test
takes about 116 days at a frequency of 10 Hz. Therefore, if several laminates under different
load levels have to be studied, the results would be obtained in a few years, not months.
Consequently, an effort has been conducted in order to achieve higher testing frequencies, in
order to reduce the testing time.

Gude et al. [67] studied a test methods to study composites under VHCF range, using a
shaker based shearing force free bending test stand and a specifically produced specimen.
The tests could be done at a load cycle range up to f = 180 Hz. There are two phenomenon
to be mentioned in VHCF: frequency test and temperature rise. Those authors that studied
high cycle range in composites requires high testing frequency, and consequently, they
found that a rise in the surface temperature appears in the coupons. The influence of the
loading frequency on polymers is important in the sense that some polymers experience a
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visco-elastic behavior [49, 77, 181]. Regarding this topic, there have been a long discussion
in the research community, which is described in more detail in the next sections.

Regarding the failure mechanisms, Adam and Horst [2, 3, 4, 5] studied the behavior of
GFRP laminates under loads up to 108 and found that damage mechanisms are the same
for HCF and VHCF. Finally, Cavatorta [35] suggests that it exists a fatigue limit for carbon-
glass/epoxy: around 30% of the static limit, regardless fibre orientation or manufacturing
process.

Recently, Shabani et al. [200] conducted a review on the experimental approaches of
composite fatigue tests for very high cycle and gigacycle fatigue. Shabani focus on the
current challenges, test methods, damage mechanisms in different laminate architectures, as
well as prediction models.

Temperature

Due to its own natural composition, FRP are sensitive to temperature change in the same way
as polymers are sensitive. Then, special consideration should be taken regarding the influence
of the composite temperature for fatigue behavior of composites. Many authors have reported
an increment of temperature due to heat dissipation, which is related with strain energy rate
[200]. In addition, other authors have observed differences in fatigue performance for a same
laminate at different ambient temperatures, such as Kawai et al. [104, 108], Kawai and Suda
[106], Kawai and Taniguchi [107], Kawai and Maki [103], Kawai and Koizumi [102], Kawai
and Honda [101], Kawai and Saito [105], Kawai et al. [109].

Kawai studied the fatigue behavior of CF/epoxy UD laminates at different fibre ori-
entations at room temperature (RT) and at 100◦C [108, 107]. The results seen were that
for higher angle-ply the fatigue strength was lower, following the same path as Young’s
modulus and static strength. He used a normalized form to plot fatigue data, consisting on
fatigue elastic strain range which is defined as ∆εe = ∆σ/E, where ∆σ is the stress range
applied in each cycle and E is the Young’s modulus in the loading direction. The results
showed two differential curves, where the curve belonging to on-axis laminate (it means, 0◦)
was separated from the off-axis data, what suggest that exists different failure mechanisms
between on-axis and off-axis laminates. The point is that for RT and 100◦C temperature
the behavior is similar, with the difference that fatigue strength in the case of 100◦C was
lower than the RT, although the difference was bigger with the off-axis fatigue data, what
involves that fibres are not so sensitive to temperature change than matrix. Kawai suggests
that the reason because CF/epoxy has lower fatigue strength at high temperatures is because
of ductility of the epoxy increase with temperature, what is reported in the work of Kawai
et al. [104], Konur and Matthews [116], and Goel et al. [62].
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Other authors who relate the hysteretic heating and increase of temperature with loss
of fatigue strength are Amiri et al. [8], Goel et al. [62] and Hartwig et al. [76]. Amiri et al.
[8] studied the flexural behavior of CF/polyester [0/90]15 composite under full reversed
stress. Amiri highlights the high lost of fatigue strength life in fully reversed loads cause an
increment of temperature.

Goel et al. [62] found that the temperature rise was much higher in the unreinforced
thermoplastic resin than in the composite. This behavior can be explained by the stress
participation in the reinforced thermoplastic is lower, mainly due to fibres are contributing to
the load bearing capacity of the laminate. Lower stress in the reinforced thermoplastic means
lower hysteretic heating, and hence, lower temperature rise. Although Goel relates the loss
of strength with load frequency, the fact is that appears a temperature rise due to higher load
frequencies. A similar observations were conducted by Himmel [79], Curtis et al. [44] and
Lee and Jen [118], who found that the temperature increment is higher in ±45◦ laminates in
comparison to other ply orientations.

Hartwig et al. [76] studied cryogenic behavior of fatigue laminates for different types
of epoxy and PEEK resins and carbon, glass, ceramic and Kevlar®fibres. Cryogenic tem-
peratures allows a higher load frequency and hence, lower test time. Jen et al. [97], Jen
and Sung [96] studied the response of carbon AS-4/PEEK cross-ply and quasi-isotropic
laminates, in tension-tension fatigue loading. Their results shown that mechanical properties
of the composites degrades with the increasing of ambient temperature, although the author
affirms that the degradation is not important until the ambient temperature is close to glass
temperature of the polymer. Glass temperature point means a softening of thermoplastic
matrix, and consequently, the composite degrades to 80% of their ultimate strength. Finally,
the increment of ambient temperature implies an steeper curve on normalized longitudinal
stiffness versus cycles, what means that fatigue degradation is faster.

Kawai and Taniguchi [107] studied the static and off-axis fatigue behavior of a plain-
woven carbon/epoxy laminate at room temperature and 100◦C under tension-tension load for
different fibre orientations between 0◦ and 90◦ at two load frequencies, 2 Hz and 10 Hz. In
both temperatures, the on-axis fatigue behavior plotted on logarithmic scale is almost a flat
curve, while the off-axis behavior has its typical S-shape and its fatigue limit is lower than
the on-axis fatigue limit. For high temperature condition, fatigue limit is lower regardless
the fibre orientation. The tests revealed that temperature rise on the specimens appeared
depending on the load frequency.

Ambient temperature plays a major role in the fatigue performance, and it should take
a survey that takes this parameter into account. Above all, temperature is critical if glass
transition point is reached.
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Frequency

Many researchers have studied the influence of the load frequency in the fatigue behavior of
composites, or at least have taken into account, since plastic reinforced materials are made
of polymers. Polymer resins may experience visco-elastic behavior, and consequently, the
same dependency is expected from polymer composites. This idea has been affirmed by
several early authors, such as Dao and Dicken [49], Hertzberg et al. [77], Radon and Culver
[181], Kim and Ebert [113], Tsai et al. [229], Curtis et al. [44], Perreux and Joseph [173],
and subsequently it has been re-affirmed by Barron et al. [18], Kharrazi and Sarkani [112],
Nakai and Hiwa [157], among others. However, other authors, such as Apinis [9], Mandell
et al. [142], Hosoi et al. [88, 89, 90], Adam and Horst [2, 3, 4, 5], Goel et al. [62], or Justo
et al. [99], have used another approach. They suggest that high testing frequency is related
with hysteretic heating, and therefore, an increment on temperature. A disagreement between
several studies have been existed during many years, although nowadays, there is a common
agreement in affirming that testing frequency does not affect fatigue behavior as long as
temperature increment is kept low [200], or at least below the glass temperature [2]. Goel
et al. [62] describes a possible reason to explain the frequency sensitivity of some laminates,
as those composites with lower heat conductivity become more sensitive, given that hysteresis
heating takes place at high frequencies, and the sample has not time to dissipate the heat,
increasing its temperature. A similar explanation can be found in thick specimens, contrary
to thin coupons with higher capacity of dissipate the generated heat [44, 200].

Humidity

Some authors have been reported different fatigue performance when composites are tested
under ambient factors, specifically water. This research is motivated by the very common use
of composite materials in the marine industry for decades, as leisure boats, offshore industry
or more recently tidal turbines. Those marine structures made of composites are subjected
to cycle loads for long term. Therefore, it is reasonable the research conducted to study the
influence of water on fatigue behavior.

Gibson et al. [61] tested three resins reinforced by glass fibres and the effect of pre-
exposure to sea water. The matrix systems used were vinyl-ester, phenolic and polyester
resins. In their results, vinyl-ester and phenolic resins shown a lower influence on the fatigue
performance than polyester resins. Siriruk and Penumadu [208] studied carbon/vinyl-ester
±45◦ laminates under tension-tension load and full submerged into water and compared the
results with dry laminates. From his results is concluded a truly degradation of the fatigue
performance of composites exposed in sea water. Siriruk reported a loss up to 80% of the
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total capacity of the material. This increase on degradation is explained by means of water
penetrates into resin micro-cracks or by capillarity of fibre-matrix interface. Then, due to the
fatigue loading, the composite is unable to drain the water which is non-compressible and
push and makes grow the cracks, what dominates the progressive failure mechanism.

Nakada and Miyano [156] studied carbon/vinyl-ester and glass/epoxy laminates under
fatigue loading for marine applications. His results gave similar performance as Siriruk ones,
independently upon fibre type nor fibre volume fraction.

Nakai and Hiwa [157] studied the influence of water absorption in delamination growth
in CF/epoxy laminates. On one hand, Mode I delamination shows a crack growth rate lower
in water than in air. On the other hand, Mode II delamination is not clear the mechanism,
cause different samples gave different growth performance.

As it has been observed, fatigue samples should be tested under wet conditions if the
material is to to be applied in marine applications. Although there is some tests about it,
it is required to conduct more experimental data in order to have enough information for
calibrating the model.

2.2 Numerical models to predict fatigue in composites

The multiple parameters that affect the fatigue performance of composites give an idea of the
complexity of this phenomenon. Consequently, it is out of reach the analysis and prediction
of fatigue failure in composites with just a S-N curve, as it is done with metals. Instead, this
analysis requires the use of simulation methods capable of taking into account all existing
dependencies. According to Barbu et al. [17], in order to meet the needs of composite
structural evaluation, a procedure developed to model accurately composite fatigue failure
must:

1. Consider fatigue damage for each specific constituent material within the composite,
not the fatigue damage of the homogenized composite.

2. Require a minimal input data set for characterization of fatigue behavior.

3. Apply to multiple types of loads and load histories.

4. Apply to any composite laminate layup.

5. Take into account all failure mechanisms and the interaction between them.

Since the first studies conducted by Dally, Hahn and Reifsnider, many efforts have been
done in order to characterize the fatigue behavior of composites, obtaining different strategies
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depending on which failure mechanism was studied. Reviews analyzing the state of the art
of such strategies [51, 240, 6, 236] agreed on defining three different approaches to predict
fatigue of composites: Fatigue Life Models, Phenomenological Models and Progressive
Damage Models. In the following each one of them is briefly explained.

2.2.1 Fatigue life models

Fatigue life models used empirical curves, such as S/N and Goodman diagrams, in order
to propose a failure criteria, similar than the static case. For instance, some authors use
modified Tsai-Hill failure criterion [95], but instead of using static strengths, they use a
strength function that depends on stress ratio and number of cycles to failure. These models
allow to obtain the failure of UD laminates for different ply orientations and failure modes. In
general terms, fatigue life models are delimited to the prediction of fatigue in UD laminates
under uniaxial and biaxial stress, as it is done in the work of Fawaz and Ellyin [55], although
a few of them are able to obtain fatigue lives for complex laminates, such as Jen and Lee
[95, 94], who obtained the fatigue life of quasi-isotropic laminates. Although these models
are able to predict the number of cycles that can be applied to the material before its failure,
they do not take into account damage accumulation and require very large experimental
campaigns to define the parameters required by the model [51].

2.2.2 Phenomenological models

Phenomenological models are based on the definition of mathematical laws to predict the
mechanical degradation of the material in each load cycle. Therefore, these models follow
the evolution of the damage as the load progresses. The two main mechanical properties
taken into account by these models are either stiffness or strength.

Residual strength models

Regarding strength degradation models, they use a function to describe the reduction of the
composite strength due to the cyclic loading. In this case, the composite failure is obtained
when the stress exceeds the predicted strength. In Degrieck and Van Paepegem [51], a
distinction between two different sub-models is made, sudden death models and wear-out
models.

Sudden death models: assume a constant strength until the number of cycles applied to the
material is close to the cycle leading to failure. This approach leads to a drastically loss of the
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strength. These models are in good agreement for those laminates under high stress level and
low cycles, as it is proved by the results reported in literature regarding fatigue experiments
conducted on carbon UD laminates under on-axis loading [111, 248, 245, 249]. The main
problem with sudden death models is that they only provide good results for on-axis loaded
UD laminates, as other laminates, or UD laminates loaded in off-axis direction do not present
the type of failure predicted. Another disadvantage is that the model assumes that there is no
damage until reaching a number of cycles very close of the final life of the laminate.

Wear-out models , that basically state that the strength degradation is a progressive phe-
nomenon, what leads to a monotonically decreasing function. The first wear-out model
was developed by Halpin et al. [70] who defined a power-law equation, as a function of
the stress applied, which gives the current change on residual strength of the material. The
main drawback of this model, compared to the stiffness degradation model, is the amount of
samples required to characterize a fatigue curve for a given laminate architecture. Llobet
et al. [131] developed a stiffness-based model that defines the strength degradation from
the material stiffness evolution due to fatigue. Llobet conducted on-axis tension-tension
tests to UD carbon/epoxy laminates and assumed that the ultimate strain of the laminate is
maintained constant in a fatigue failure. The assumption reduces the experimental efforts to
characterize such laminates, as well as the model is able to capture the stiffness and strength
degradation. Another model is the one used by Barbu et al. [17], who proposed predicting the
fatigue of UD0◦ laminates by defining a strength reduction model applied to the constitutive
laws of the composite constituents. The strength reduction model is based on a fatigue
damage model developed previously for metals by Oller et al. [163] and Barbu et al. [16].
The stresses and strains of the composite constituents are calculated using the Serial/Parallel
Mixing Theory (SP RoM) [145, 65]. This theory is based on the definition of compatibility
equations between the strain and stress tensors of the composite constituent materials.

Residual stiffness models

Residual stiffness models follow the degradation of elastic stiffness of the material with a
scalar damage variable. This model differs from damage progressive models by defining
the damage as a macroscopic property, and not from damage growth mechanism [51]. This
approach has been used by Hwang and Han [92, 91], and Kawai et al. [108]. Hwang
introduced the concept of fatigue modulus, which is defined as the applied stress versus the
degraded strain in the actual load cycle. This fatigue modulus is assumed to follow a power
function. Other authors obtained the damage growth rate in function of strain amplitude [232]
or stress applied [238] divided by (1−d), where d is the current damage state. On the other
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hand, Kawai et al. [108] modified the previous model for off-axis fatigue of unidirectional
carbon fibre-reinforced composites, using a non-dimensional effective stress.

2.2.3 Progressive damage models

Finally, progressive damage models predict the evolution of one or more damage mechanisms,
as crack density or delamination growth. Progressive damage models have a deep background
on fracture mechanics, which makes them a good solution to predict the nucleation, growth
and progression of fatigue failure. According to reviews [51], two different approaches exist:
those predict damage growth and those predict residual mechanical properties.

Damage growth prediction

Several models of the first group make use of tests with some predefined geometry, such
as Schön [197], Pascoe et al. [169], Gong et al. [63], in order to initiate a specific fatigue
damage, such as delamination, on a particular location. Giving that fracture mechanics are
used for this type of models, many authors used terms of fracture mechanics to relate the
damage growth with cyclic loading, such as energy release rate, stress intensity factors or
strain energy release rate, usually making use of a Paris law equation [22, 197, 33].

Mechanical degradation by damage growth

On the other hand, progressive damage models predicting residual mechanical properties
can be based on damage mechanics, thermodynamics, micro-mechanical failure criteria
or specific damage characteristics, such as crack length, number of transverse cracks or
delamination area. Some authors who used this approach are Ogin et al. [159], who related
the stiffness degradation of the laminate with the average crack density and the length of
the cracks; Carswell [34], who used a similar approach to Ogin but but applying it to UD
laminates and length of the matrix cracks to obtain the damage variable; or Poursartip et al.
[177], Poursartip and Beaumont [178] and Beaumont [20], who related the damage with the
delamination area, and with the total available interfacing area between plies.

2.3 Concluding remarks

This chapter has introduced the behaviour of composite materials subjected to cyclic loading.
Composite materials undergo fatigue, as their stiffness and strength degradation is cyclic
dependent. This degradation is also observed in constituent materials as bulk-materials.
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Therefore, fatigue failure in composites is a response to the fatigue failure of constituent ma-
terials. This idea can be explained by studying the fatigue failure mechanisms of composites,
given that composite failure is driven by one of the constituents.

Which constituent material is the cause of the composite failure depends on the loading
direction. By contrast that just one fatigue model for the composite itself, it seems reasonable
proposing two fatigue models for a composite laminate, one for fibre and other for matrix.

The analysis of different factors influencing fatigue performance in composites suggests
that fatigue can be treated as a quasi-static loading instead of a dynamic loading. Conse-
quently, it can be assumed that there is no influence of the testing frequency on the result, as
long as the temperature is kept low. In addition, fatigue can be treated as an irreversible and
progressive process that leads to a monotonically decreasing of the mechanical properties of
the composite. These assumptions are in agreement with the fatigue model introduced in
Chapter 4 and developed by Oller et al. [163].

In the next chapter, the failure mechanisms of composite materials are predicted, being
the precursor of fatigue simulations. Given that cyclic loading leads to the failure of the
composites, the proposed formulation should be capable of predicting them, without pre-
defining the expected failure.



Chapter 3

Failure analysis of composites using
Serial/Parallel Mixing Theory

3.1 Introduction

From the point of view of the design process, structural engineers require to predict the
performance of composite structures. Therefore, they need tools to help them to design
reliable, safe and optimized solutions. One of these tools are numerical models, which are
able to predict the mechanical behaviour of composite materials, including their complex
failure modes, such as delamination, fibre breakage or matrix cracking. This is the first step in
order to predict the fatigue behavior of composite laminates. Consequently, this chapter deals
with the simulation of the fatigue mechanisms of composite materials. Instead of focusing on
one failure, the formulation obtains the non-linear performance of two different composite
systems subjected to different load conditions, such as tensile, shear and bending loading,
without pre-defining the failure of the sample. This is achieved by properly characterize the
constitutive equation of each constituent material. As a result, the composite failure only
depends on the geometry and load conditions.

This chapter is divided in different sections, each one describing the path to predict the
non-linear performance fo lamiantes. In the first section, the Serial/Parallel Mixing theory is
introduced, describing its algorithm and hypotheses. Next, the constitutive models used to
characterize the constituent materials. The next stage is the approach to obtain the material
parameters of the constitutive models from experimental data. Finally, the validation of
the current strategy is presented, with special focusing on the failure modes predicted and
their comparison with the experimental results. This is done for two different composite
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systems, which validates the proposed methodology for obtaining the non-linear performance
of composite laminates.

3.2 Serial/Parallel Mixing Theory

The Classical Rule of Mixtures (RoM) was initially proposed by Truesdell and Toupin [228].
It obtains the composite performance by the sum of the contributions of each constituent
material, proportionally to their volumetric participation. Car et al. [29, 30] used the classic
RoM of Trusdell and Toupin and applied a thermodynamic approach, treating the classical
RoM as a constitutive law manager, and hence taking into account the non-linear performance
of the composite by means of the non-linear behavior of the constituent materials. Later,
Rastellini et al. [183] obtained a more realistic formulation, named Serial/Parallel Mixing
Theory (S/P RoM).

The main advantages of S/P RoM are that the model takes into account the anisotropic
behavior of laminates, and therefore materials can be simulated with any constitutive equation
and many failure modes of the composite can be predicted.

The formulation is designed to take into account the anisotropy of laminates, indepen-
dently of the fibre volume content or fibre orientation. Hence, once the fibre and matrix
characterization is made, the formulation can obtain the non-linear performance of any
composite material, regarding its loading direction, stacking sequence or fibre content, which
reduces the number of tests to be done to obtain the laminate mechanical properties.

The validity of the S/P RoM to accurately characterize different composite failure modes
has been already proved in several publications. Initial analyses where focused in the
characterization of fibre and matrix failure [183]. Afterwards, the formulation has been used
to predict composite delamination in Martínez et al. [145], Martinez et al. [147], delamination
after impact in Pérez et al. [172], as well as the formulation was enhanced to simulate fibre
buckling in Martinez and Oller [144]. And, more recently, it has proved its capacity to predict
the failure due to compression around composite holes in Solis et al. [212].

Another feature of this formulation that gives a clear advantage compared with multi-scale
models is its computational cost. S/P RoM solves the laminate and constituents equations at
each Gauss point, and hence, solving a micro-model is not required to obtain the non-linear
performance.

Given the capability of S/P RoM to predict different failure modes for composites by only
analyzing the failure modes of their components and its lower computational cost compared
with other models, the Serial/Parallel Mixing Theory approach is the one followed and
described in this work.
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3.2.1 Classical approaches of RoM

These are the hypotheses in which the classical approaches of rule of mixtures formulations
are based:

1. Each infinitesimal volume of the composite contains a finite number of components.

2. The contribution of each component to the composite behavior is proportional to its
volumetric participation.

3. The volume of each component is significantly lower than the volume of the composite.

4. The relation between strain and stress for the composite and its components depends
on the closing equations, these are a parallel behavior or serial behavior.

(a) Parallel behavior: An iso-strain condition for the composite and its constituent
materials is assumed in all the directions. Therefore, the stress and strain tensors
for a composite of n compounding materials are defined by equation (3.1).

c
ε = 1

ε = · · ·= n
ε (3.1a)

c
σ =

n

∑
i=1

(ik · i
σ
)

(3.1b)

(b) Serial behavior: An iso-stress condition for the composite and its constituent
materials is assumed in all the directions. Therefore, the stress and strain tensors
for a composite of n compounding materials are defined by equation (3.2).
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σ = · · ·= n
σ (3.2a)
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ε
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3.2.2 Rule of Mixtures as a constitutive equation manager

In the work of Car et al. [29, 30], the main ideas of the direct RoM theory are introduced
from a thermodynamic point of view. By means of this approach, it is possible to obtain the
non-linear performance of the composite if its constituents are characterized with non-linear
models.

The second hypothesis of the mixing theory states that all components contribute to the
composite proportionally to their volumetric participation. Therefore, the Helmoltz free
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energy of the composite, Ψc, can be obtained as the sum of the free energy of each constituent
material proportional to their volumetric participation, following:

c
Ψ(c

ε,θ ,c β ) =
n

∑
i=1

iki
Ψ(i

ε,θ ,i β ) (3.3)

From the expression of the Helmotz free energy, the expression of the stress of the
composite can be obtained as:
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Although the equations to calculate the composite stress in the direct rule of mixture
formulation in equation (3.1) or by Helmotz expression (3.4) are the same, a big difference
exists between them. Now, the RoM takes the form of a constitutive law manager, and hence,
the non-linear behavior of the constituents can be taken into account. The main advantage
of this strategy is that different constitutive laws can be used for the fibre and matrix. For
example, the user can define the fibre as an elastic material while the matrix can be defined
with an explicit damage constitutive law, resulting in a non-linear behavior of the composite.

3.2.3 Main hypothesis of the S/P rule of mixtures

The S/P Mixing Theory defines two different directions in the composite, giving a more
realistic performance of the laminate, capable of obtaining the anisotropic behavior of the
composite. The first direction is the parallel direction, which is described along the fibre
direction. The second direction is the serial direction, which encompasses all directions
perpendicular and tangential to the fibre

The formulation couples the main assumptions made by the direct and the inverse rule of
mixtures, considering an iso-strain behavior in the parallel direction of the composite, while
an iso-stress performance is considered in the serial direction of the composite.

The formulation is applied at a laminae level, allowing the definition of laminates made
of several plies with a specific stacking sequence. Between the different plies of the laminate,
an iso-strain condition is assumed.

The hypotheses on which this formulation is based are the following:

a) Component materials are deformed with the same strain in the fibre direction.

b) Component materials are loaded with the same stress in all other directions.

c) Each component contribution to the global behavior of the composite is proportional
to its volumetric participation.
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d) The phases in the composite are considered homogeneously distributed.

e) Perfect physical union between components is considered.

3.2.4 Definition of the serial and parallel directions

The micro-structure of composite materials involves different mechanical response in function
of the loading direction. In other words, composite materials are anisotropic materials.
Consequently,this anisotropy has to be taken into account in our numerical model.

Serial/Parallel Mixing Theory takes into account this anisotropy by defining two different
performances of constituent materials depending their loading direction, these are parallel
direction and serial direction. This different behavior due to the response of the constituent
materials is named serial-parallel coupling [183]. The formulation considers that constituent
materials act in parallel in a certain direction, while the remaining directions act in serial
performance. Therefore, each serial and parallel components of the stress and strain tensors
must be defined.

If the reference system is defined based on fibres direction, which is indicated by the
vector e1, the parallel projector tensor of second order, Np, is obtained as:

Np = e1 ⊗ e2 (3.5)

Next, the parallel projector tensor of fourth order, PP, is defined as:

PP = Np ⊗Np (3.6)

And the serial projector tensor, PS as the complement of PP, being I the identity tensor:

PS = I −PP (3.7)

Once the projector tensors of fourth order are defined, the stress and strain tensors can be
decomposed in its parallel and serial components:

εP = PP : ε εS = PS : ε (3.8a)

σP = PP : σ σS = PS : σ (3.8b)

Given that parallel and serial components are complementary, stress and strain tensors
can be written as:

ε = εP + εS σ = σP +σS (3.9)
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These projector tensors allow to decompose the constitutive matrix of the material i in
their parallel and serial terms. Hence, its decomposition is the following:

Ci =

[
Ci SP Ci PS

Ci SP Ci SS

]
(3.10)

Where:

Ci PP = PP : Ci : PP Ci PS = PP : Ci : PS

Ci SP = PS : Ci : PP Ci SS = PS : Ci : PS
(3.11)

3.2.5 Compatibility equations

The compatibility equations define the relation between strain and stress for the constituent
materials, as well as for parallel and serial directions.

Parallel behavior
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Serial behavior
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In addition, the compatibility equations give the equilibrium relation for the S/P RoM,
which is that serial stress tensors for fibre and matrix must be equal.

3.2.6 Algorithm

The Serial/Parallel algorithm to be implemented on a finite element code is introduced next.
The algorithm is defined as a strain-driven problem, given that one of the strain components
of a constituent material is the unknown to be predicted. On the other hand, the current
prediction of the composite strain is the input variable of the algorithm. Basically, the
algorithm has to find a solution for the strain and stress components of each constituent
material that satisfies the compatibility and equilibrium equations, taking into account the
constitutive law of each compounding material.
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Some clarifications have to be done in order to correctly follow the algorithm steps. The
composite algorithm iteration is denoted as K, the iteration for the FE algorithm is denotes
as n.

STEP 1

First, the tangent constitutive tensors, [C]i t , for each constituent materials are evaluated for
the converged step.

Next, the current composite strain increment, [ ∆εc ], is split in its serial and parallel
components by using the projector tensors.

[ ∆ε
c

P ] = PP : [ ∆ε
c ] [ ∆ε

c
S ] = PS : [ ∆ε

c ] (3.14)

Then, the initial prediction of the serial matrix strain increment for the first algorithm
iteration, K = 0, is conducted by the following expressions, in terms of the known variables:

[ ∆ε
m

S ]
0 = A : [ Cf SS : [ ∆ε

c
S ]+ kf · ( Cf SP − Cm

SP) : [ ∆ε
c

P ]] (3.15)

Where, A= ( km · Cf SS + kf · Cm
SS)

−1.

STEP 2

The serial matrix strain tensor is the sum of the increment and the previous serial strain
converged, n−1:

[ ε
m

S ]
0 = [ ε

m
S ]

n−1 +[ ∆ε
m

S ]
0 (3.16)

And the total strain tensor of the matrix is the sum of the parallel and serial contributions:

[ ε
m ]0 = ε

m
P +[ ε

m
S ]

0 (3.17)

The parallel fibre strain is the same than the parallel matrix strain, ε
f

P = εm
P = εc

P . An
the serial term is obtained by:

[ ε
f

S ]
K =

1
kf · [ ε

c
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km · [ ε
m

S ]
K (3.18)

At this point, the strain tensor for fibre is obtained in a similar manner than equations
(3.16) and (3.17). Therefore, both constitutive equations for each compounding material can
be evaluated, obtaining the stress state for each one.

Recalling the iso-strain condition in the serial direction of the laminate, we can verify if
the equilibrium has been reached in the algorithm by obtaining the residue term, [∆σS ]K =
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[ σm
S ]K − [ σ

f
S ]K . The convergence of the algorithm is obtained if the residue is lower than a

tolerance, such as:

[∆σS ]K = [ σ
m

S ]K − [ σ
f

S ]K ≤ tol (3.19)

Where [ σi S ]K = PS : [ σi S ]K , being i = f ,m.

STEP 3A

If the equilibrium is reached, then the strain tensors predicted are correct for fibre and matrix
and all their variables, these are stress tensor and internal variables. Hence, all the variables
are updated in the FE algorithm. Hence, the composite stress can be computed by:

σ
c = kf · σ

f + km · σ
m (3.20)

STEP 3B

In case that the convergence is not reached, a new prediction of the serial matrix strain tensor
is required. The new predction of the unknown is conducted by applying a Newton-Rapshon
scheme, being the residue of the serial stresses the term to be zeroed.

The new prediction of the serial matrix strain is obtained by correcting the initial pre-
diction, using the Jacobean of the residual forces. The Jacobean is obtained by deriving the
residue function with respect the unknown, such as:

J=
∂ [∆σS ]

∂ [ εm
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And the expression to correct the prediction of the unknown is:

[ ε
m

S ]
K+1 = [ ε

m
S ]

K −J−1 : [∆σS ]
K (3.22)

The Jacobean has to be computed using the tangent constitutive tensor for each constituent
material. Consequently, quadratic convergence can be reached in the serial/parallel algorithm.
Nevertheless, an analytical expression for such tangent tensor can be impossible to find,
depending of which constitutive equation is used. As a consequence, the tangent constitutive
tensor is obtained applying a perturbation method, which is briefly explained in the next
section.
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3.2.7 Tangent constitutive tensor

In a non-linear analysis, the tangent stiffness tensor is required to obtain the Jacobian
of the structural problem, required by a Newton–Raphson solution approach. The more
accurate the determination of this tensor, the better will be the convergence of the non-linear
problem. The tangent constitutive tensor depends on the yield surface used to model each
material, which implies that obtaining an analytical expression for it can be in most cases
very difficult, or even impossible. With this aim, a numerical procedure to obtain the tangent
constitutive tensor that can be used for any constitutive law is applied. This procedure is
based on performing a numerical derivation using a perturbation method. A comprehensive
description of this method can be seen in Martinez et al. [146].

Perturbation method

The tangent constitutive tensor, [C]t , is defined as:

σ̇ = Ct : ε̇ (3.23)

Where σ̇ , ε̇ are the rates of stress and strain, respectively. This equation can be used for
isotropic or anisotropic materials, such as:σ̇1
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The stress vector rate can be obtained as the sum of n stress vectors σ̇ j, which are the
product of the j component of the strain vector rate and the j column of the tangent stiffness
tensor.

ct
j =

jσ̇

ε̇ j
=

∂ jσ

∂ε j
(3.25)

The perturbation method consists in defining n perturbations of the strain vector ∂ε j,
to obtain n stress vectors ∂σ j that will be used in equation (3.25) to obtain the numerical
expression of the tangent constitutive tensor. The terms ∂ε j and ∂σ j are obtained as follow:

ε
∗ = ε +∂ε j (3.26a) ∂

j
σ = σ

∗−σ (3.26b)
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Where σ∗ is obtained by solving the constitutive equation of the material for the perturbed
strain ε∗. The magnitude of ∂ε j will drive the result of the tangent constitutive tensor.
Choosing smaller perturbation values will lead to more accuracy and less convergence time.

This strategy is recommended to obtain a good convergence in the S/P RoM algorithm,
as well as it can be used for any constitutive law and yield surface.

3.3 Constitutive models

In the previous section was described the Serial/Parallel Mixing Theory, which can obtain
the non-linear performance of composite laminates by solving the non-linear performance of
its constituent materials. This feature makes the S/P RoM a constitutive equation manager.
Therefore, the constitutive laws of each compounding have to be accurately chosen. The
intention of this section is describing the constitutive laws used to characterize the composite
components.

On one hand, composite materials used to experience cracks once they have reached their
elastic threshold. Cracks can be seen as a loss of stiffness in materials, and this performance
can be accurately described by a damage model. Therefore, the constitutive law used to
characterize the constituent materials is a damage model, which is described in this section.

On the other hand, composite laminates are high anisotropic materials, not only for
their stiffness values, but also for their strength. Hence, this feature has to be included in
some manner in their constitutive equations. The strategy used to take into account the high
anisotropic failure envelope of composites is an anisotropic mapping space strategy, which is
described at the end of this section.

3.3.1 Damage model

As it has been shown, composite materials experiences micro-cracks when they reach tehri
elastic threshold, what can be understood as a loss of material stiffness. This phenomenon
can be simulated in the context of continuum media mechanics by introducing an internal
damage variable. This variable represents the degradation state of the material, relating the
real stress tensor of the solid with an effective stress tensor, as it is shown in 3.1.

In the case of isotropic damage, degradation is independent of the direction, depending
on a scalar parameter, d, being the relation between the real stress tensor and effective stress
tensor as shown by equation (3.27).

σ = (1−d) ·σ0 (3.27)
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Fig. 3.1 Representation of the effective and real stress spaces. Obtained from [161].

where σ is the real stress tensor of the material, σ0 is the effective stress tensor and d is
the scalar damage variable, (0 ≤ d ≤ 1). Of course, the damage parameter is a measure of
the loss of stiffness of the material, expressed in (3.28).

C= (1−d) ·C (3.28)

Finally, the damage criteria distinguish between an elastic state and a damage state by
comparing the stress tensor and threshold damage defined by the following expression:

FD(σ ,d) = f D(σ)−KD(σ ,d)≤ 0 (3.29)

Here, f D(σ) is the stress threshold function and KD(σ ,d) is the damage threshold
function. The performance of the damage threshold function depends on the fracture energy of
the material, G f . The damage model allows one to use different damage threshold functions,
depending on which is the real performance of the material, The damage threshold function
used is an exponential softening behavior, according to Oller [161]. The stress threshold
function is a scalar function based on the norm of principal stresses of the constituent material.

3.3.2 Anisotropic mapping space

This is used in order to obtain the anisotropic performance of the composite strength: i.e:
tensile versus compression, or shear.

The strategy of this theory is to transform the strain and stress parameters of an anisotropic
space of the real material to an equivalent isotropic space. Therefore, isotropic constitutive
models can be applied on this equivalent isotropic space, such as isotropic damage model.
The main advantage of this strategy is that allows to use models for isotropic materials but
applied to highly anisotropic materials, such as composite materials.
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The transformation is conducted by means of two fourth-order tensors. One for the strain
space (Aε

i jkl), and the other for the stress space (Aσ
i jkl). Thus, the transformation relations are

defined by this two tensors as:

ε iso
i j = Aε

i jkl : εani
i j

σ iso
i j = Aσ

i jkl : σani
i j

(3.30)

In Figure 3.2 is shown a representation of the anisotropic mapping space, and the strain
and stress transformations between isotropic and anisotropic spaces. More details of the
formulation can be found on Oller et al. [162] and Pelà et al. [170].
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Fig. 3.2 Anisotropic mapping space representation

3.4 Calibration procedure

S/P Mixing theory requires the definition of the constitutive equations of fibre and matrix,
therefore, the material parameters related with it must be introduced. Material parameters
for an isotropic homogenized material could be easy to obtain, they only have to be tested it.
However, in a composite laminate, the fibres and matrix are embedded one with each other,
consequently they can not be tested separately. Besides, if they could be tested separately,
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their interaction between them and therefore the fibre-matrix interface effect could not be
taken into account.

This section describes the procedure developed to characterize the composite constituents
using the results obtained in experimental campaigns and its hypotheses in which it is based
on. The calibration procedure proposed provides the material data, linear and non-linear,
that will be assigned to the constitutive equations of fibre and matrix, considering that the
information obtained from the experimental campaign corresponds to a given laminae, i.e., a
single layer of a long fibre-reinforced polymer. The current calibration procedure is validated
using experimental results.

Compared to previous works in which the Serial/Parallel mixing theory was used to
predict a specific composite failure mechanism, this work develops a methodology to obtain
the material parameters required by the serial/parallel mixing theory, so it can predict all
common failure modes of composites, using the same material parameters in all numerical
analyses. These material parameters are obtained by means of an experimental campaign
made on unidirectional laminates.

3.4.1 Overview and hypotheses

The material parameters required by this formulation are those of the constituent materials.
Therefore, the testing campaign should focus on obtaining such data. For well-known
materials, most of the data required by the models can be obtained from the product data-
sheet. However, in many cases some parameters are unknown and, in non-common materials
it will be necessary to conduct the complete experimental campaign proposed to obtain them.

Although the data required by the serial–parallel mixing theory corresponds to the com-
posite components, the calibration procedure is defined based on an experimental campaign
conducted on a unidirectional (UD) laminate. There are two main reasons to proceed in this
way. The first one is the difficulty to test certain mechanical properties of the components,
e.g. fibre compression strength; given that fibre bundles will buckle in a compression test.
The second reason is that some material properties are modified when the material is used as
a composite constituent instead of as a bulk material, such as transverse composite tensile
strength, which is lower than the neat-resin tensile strength; as a result of the interface
effect between fibre and matrix. Hence, this coupling effect should be characterized by
the calibration process. As a result, an adequate testing campaign to obtain the material
parameters required by the formulation should look at the composite components, as well as
the laminate itself.

In the first chapter of this thesis, the failure mechanisms of composite laminates were
classified in three main failure groups: failure due to the interaction between plies, to
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constituent materials and due to the fibre-matrix interface. The second group, this is failure
due to constituent materials, gives the idea that to properly obtain such failures, first the
failure of the compounding material should be characterized. Therefore, seems reasonable
that applying rule of mixtures and a correct characterization of the constituents this type
of failure can be obtained by SP RoM. For the other two failure groups, the failure can be
attributed to one of the compounding materials. For instance, an UD0◦ laminate fails once
fibres have reached their ultimate strength, although matrix damage can be observed before.
Another example is delamination, in this case a flat crack in the interface between plies is
arisen. This flat crack advances through matrix reach zones. As a whole, the calibration
procedure proposed is not characterizing the neat-material itself, but characterizing the
compounding materials embedded between them.

Hypotheses

Given that failures can be attributed to one of the compounds, the following hypotheses can
be assumed:

1. The failure of a unidirectional lamina loaded along the fibre direction is fibre-driven.

2. The failure of a unidirectional lamina loaded transversely to the fibre direction is
assumed to be matrix-driven.

3. Shear performance is matrix-driven.

3.4.2 Experimental campaign

This campaign was designed to provide adequate composite material experimental data to
allow a valid calibration of the Serial–Parallel mixing theory. The experimental campaign was
conducted by the University of Limerick (Ireland) in the framework of FibreShip research
project.

The tests have been conducted using two different unidirectional (UD) composite lam-
inates: glass/epoxy and glass vinylester system. The epoxy resin used was SR1125 from
Sicomin. The vinylester resin used was LEO Injection Resin 8500 from BUFA; which is
part of the Saertex LEO®fire retardant composite system. The reinforcement fabrics used in
this study were SAERTEX U-E-996 g/m2 unidirectional (UD) non-crimp glass fabric and
SAERTEX U-E-940 g/m2-LEO UD noncrimp glass fabric. The latter was used only with the
LEO vinylester resin, as it is part of the LEO®composite system.

All laminates were manufactured using vacuum-assisted resin transfer molding (VaRTM)
on a glass tool with a flexible membrane forming the second mold face. Laminates were
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Table 3.1 Physical testing results for composite laminates. Coefficient of variation in paren-
thesis, %.

Resin class Resin / reinforce-
ment

Vf (fibre volume
fraction, %)

Density (g/cm3)

Vinylester LEO system / LEO
UD 940gsm Glass

56 (4.3) 2.233 (1.8)

Epoxy SR1125 / UD 996
gsm Glass

58 (3.0) 2.198 (1.3)

manufactured using a [0◦]2S stacking sequence. Both Sicomin and LEO resin systems
were infused at ambient temperature (approximately 20◦C), following the manufacturers’
instructions with respect to ratios of curing agent, curing and post-curing conditions. Test
coupons were extracted using a water-cooled diamond-coated rotating disc cutter.

The load graphs of the different tests, as well as the images that show the sample failure,
are included in the results of the validation section of this chapter (3.6), to facilitate the
comparison of the numerical and experimental results. The following tests were conducted,

fibre content

Fibre content was determined using a resin burn-off method. The mass of the dry sample
was recorded before and after placing the specimen in a crucible in a furnace at 550◦C for
two hours. This method removes the matrix and leaves only the dry fibres behind. Where
this method was not suitable, e.g. in the case of charring, thickness measurements were used
to determine the fibre volume fraction. The results are shown in Table 3.1.

Density

Density was determined using the water displacement method. The specimen was suspended
from a support and its apparent mass when immersed in de-ionised water at 23◦±2◦C was
recorded. Knowing the dry mass of the specimen and the apparent mass of the support,
the density of the specimen was calculated. Where this method was not suitable, e.g. the
specimen mass was too low, mass and volume measurements were used to calculate the
density. The results are shown in Table 3.1.

Short Beam Shear testing

Short-span three-point bending Short Beam Shear (SBS) tests were conducted under quasi-
static loading conditions in accordance with ISO 14130 to determine the apparent interlaminar
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Table 3.2 Mechanical testing results for composite laminates: ILSS and 3PB results. Coeffi-
cient of variation in parenthesis, %.

System Shear
strength
(MPa)

0◦ flexural
strength
(MPa)

0◦ flexural
modulus
(GPa)

90◦ flexural
strength
(MPa)

90◦ flexural
modulus
(GPa)

Vinylester 44.41 (8.8) 906.9 (3.4) 39.4 (4.6) 157.2 (7.7) 12.5 (5.3)
Epoxy 50.53 (1.7) 929.5 (4.6) 36.69 (4.5) 174.4 (3.3) 13.4 (3.0)

shear strength (ILSS). Tests were performed using a Tinius Olsen Benchtop Tester (Model
25 ST) with a 10kN load-cell (FL04224). Nominal specimen dimensions were 30 mm x 15
mm x 3 mm. Samples were dried for 4 hours at 45◦C prior to testing. A nominal span length
of 15 mm was used, at a testing speed of 1 mm/min. The upper roller diameter was 10 mm
and the diameter of the lower rollers was 4 mm. Five samples were tested for each laminate.
A monotonic load was applied up to the failure of each sample. A fire retardant gel coat was
applied on one of the side of the SBS samples. The results are shown in Table 3.2.

Three-point bending tests

Three-point bending (3PB) tests were performed under quasi-static loading conditions.
Samples were dried for 4 hours at 45◦C prior to testing. The largest possible span length (80
mm) was used, at a testing speed of 1 mm/min. The upper roller diameter was 10 mm and
the lower roller diameter was 4 mm. A pre-load of 20 N was applied. Sample dimensions
were 200 mm x 25 mm, with a target thickness of 3 mm. Flexural strength and flexural
stiffness were obtained with the fibres in the longitudinal direction and in the transverse
direction were obtained. A displacement transducer (Vishay HS25) was used to measure the
displacement of the sample under the load nose. Between three and six samples were tested
for each material system in each direction. The samples were tested with a monotonic load
until failure. The results are shown in Table 3.2.

Tensile

Tensile testing was performed under quasi-static loading conditions. Samples were dried
for 4 hours at 45◦C prior to testing. A testing speed of 6 mm/min was used. Nominal
sample dimensions were 300 mm x 25 mm x 3 mm. Tensile stiffness (Young’s Modulus) was
measured by loading the samples to 60% of failure. During loading, longitudinal deformation
was measured using extensometers (Epsilon 3542) with a 50 mm gauge length. The sample
was then unloaded, extensometers were removed and the tensile strength was established
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Table 3.3 Mechanical testing results for composite laminates: tensile results. Coefficient of
variation in parenthesis, %.

System 0◦ tensile
strength (MPa)

0◦ tensile mod-
ulus (GPa)

90◦ tensile
strength (MPa)

90◦ tensile
modulus (GPa)

Vinylester 723.6 (9.0) 35.5 (5.3) 56.6 (6.5) 12.1 (2.6)
Epoxy 855.8 (5.6) 32.4 (13.6) 66.7 (3.9) 11.0 (2.1)

Table 3.4 Required composite parameters.

Parameter Definition

θ fibre orientation relative to the main loading direction.
Vf fibre volume fraction in each ply, in %.
Vply Ply volume participation on the whole composite.

by loading the samples to failure. Tensile strength and tensile stiffness (Young’s Modulus)
in both the longitudinal and transverse directions were obtained. Between three and five
samples where tested for each system in each direction.

A summary of the results for both systems is given in Table 3.3.

3.4.3 Material parameters required by the numerical model

The constitutive equation and S/P RoM require the definition of material parameters referred
to the composite itself and to the constituent materials. These material parameters are
described in the following paragraphs.

First, at the laminae level, the parameters that define the configuration of the composite
are fibre orientation and fibre volume fraction. These parameters are easily obtained by
testing and measuring the samples, as it has been explained in the previous section. These
parameters are summarized in Table 3.4,showing their values.

Second, one should recall that the formulation used requires the definition of a constitutive
law that will be used to characterize the mechanical behavior of the composite components.
Hence, the parameters that should be obtained by the calibration procedure are those required
by each constitutive law considered for each constituent material. These parameters can be
classified as elastic properties and damage model properties.
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Table 3.5 Required composite parameters.

Parameter Definition

E Young modulus.
ν Poisson coefficient.
G Shear modulus.
σ c

u Compression strength.
σ t

u Tensile strength.
τu Shear strength.
G f Fracture energy.
Constitutive law Kachanov with exponential softening.
Yield criteria Norm of the principal stresses.

Constituent properties

The relevant elastic properties are elastic modulus, Poisson coefficient and shear modulus. In
the current approach, both composite constituents will be considered isotropic in terms of
stiffness. However, the model is able to define anisotropic parameters, in which case it will
be required to define further tests for their correct characterization.

The properties of the damage model for each constituent material depend on the con-
stitutive law used for their characterization. In the current work, both fibre and matrix are
analyzed with a Kachanov explicit damage law [161]. Here it must be stated that although the
calibration process will be conducted for this specific constitutive model, the Serial/Parallel
Mixing theory can use any constitutive damage law or combination of them. For example, a
damage law for the fibre and a plastic model for the matrix.

The list of the material parameters required for the constitutive equation are listed in
Table 3.5.

3.4.4 Calibration process to obtain the material parameters

In this paragraph is described how to obtain the material parameters listed in Table 3.4 and
3.5 from experimental tests, by applying the hypotheses previously introduced.

The consequence of the hypotheses introduced are that fibre parameters are mainly
obtained from longitudinal tests, given that this loading condition is driven mainly by fibres.
On the other hand, the matrix parameters are obtained from the transverse and shear tests,
since shear and transverse behavior of the laminate is driven by matrix.
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Composite parameters

These parameters are related to the stacking sequence of the laminate and its fibre participation
and usually they can be obtained from the data given by the manufacturer or supplier. In the
case of the laminates used in this work, the manufacturer defined a main direction of the fibre
fabric, and a secondary direction with much lower volume in the laminate. These secondary
fibres, or transverse fibres, give some transverse stiffness to the whole laminate and hence,
have to be taken into account. Consequently, the composite is defined as a laminate of two
orthogonal plies. In this document, the direction definition of the UD laminates is referring
to the direction of the main fibre fabric of the laminate.

fibre volume is generally obtained by means of a burn off test. The influence of the
fibre participation is directly related to the stiffness of the layer and can be verified with a
simple operation using the rule of mixtures, in other words, the stiffness of layer is the sum
of the volumetric contributions for each component. fibre content in the main direction is
defined as the results of the burn-off test, while the fibre content in the secondary direction
has been defined by reverse engineering, in order to obtain a good approach of the transverse
stiffness of the layer. Finally, the volume participation of main and secondary ply on the
whole laminate is obtained from the manufacturer datasheet

Fibre parameters

fibre parameters are obtained from tests performed on UD longitudinal laminates. The tests
used are tensile and 3PB tests. In addition, in order to obtain good calibration parameters,
two types of tensile tests have to be conducted: stiffness test and failure test. In the first test,
the displacement of the sample is measured by means of an extensometers, obtaining more
precise values of the stiffness. On the second case, the sample is loaded to failure, obtaining
the maximum load. The reason why extensometers are not used on failure test is that the
failure mode of the longitudinal UD laminates occurred by shattering the sample, which
could damage the extensometers.

fibres have been considered as isotropic materials and their stiffness has been obtained
from the material datasheet and literature, for both Saertex Leo fibre and Hybon 2002 fibre
[191, 179, 207]. In both cases, a Young Modulus value of E = 72 GPa was considered.
The Poisson coefficient has been defined as ν = 0.22 following a literature review [12].
The parameters obtained from the tests are fibre strength and fibre fracture energy. fibre
tensile strength was taken for the maximum load obtained in a tensile test to failure. fibre
compression strength has been calibrated by the longitudinal flexure tests, considering that
the compression failure of the fibre occurs when non-linear performance is reached on the
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load displacement graph. Finally, the fibre energy fracture is obtained by calibration of the
softening performance of the tensile test to failure.

Matrix parameters

Matrix parameters are obtained from tests performed on samples extracted transversely
from the UD laminates. The tests used are tensile, shear and flexure tests. Contrary to the
longitudinal tensile tests, transverse tensile test coupon did not shatter. As a consequence,
extensometers could be used for both tests, these are stiffness and tests to failure.

The matrix stiffness is obtained from the data-sheet of the materials and from literature.
The stiffness of the LEO vinylester is defined as E = 3.4 GPa [12] and the stiffness of the
SR1125 epoxy is E = 3.525 GPa [207]. For both materials, the Poisson coefficient has been
defined as ν = 0.30 [12]. Matrix tensile strength is obtained from the tensile test, considering
the iso-stress condition of the S/P RoM, the transverse strength (serial performance) of the
laminate is defined by the tensile strength of the first material that fails in this direction,
which in the composites analyzed has been always the matrix. Matrix compression strength
is obtained from the transverse 3PB test, in a similar manner than the compression strength
of the fibres. The Short Beam Shear (SBS) test is used to calibrate shear stiffness and shear
strength of the matrix, as well as the fracture energy of the matrix. The main reason to use
the SBS test instead of tensile test to obtain the matrix fracture energy is that shear failure
is matrix matrix dominated compared to the tensile test. Given that in transverse tensile
test the UD laminate has a small percentage of fibres aligned with the loading direction, the
performance is not purely matrix-dominated. Hence, the shear test is preferred to calibrate
the fracture energy.

Finally, definition of an anisotropic failure surface is necessary to properly capture the
failure threshold, as tensile, compression and shear strength differ. This can be achieved by
defining a mapping between the real anisotropic space and an equivalent isotropic space,
following the formulation developed by Oller et al. [162] and Pelà et al. [170], which have
been previously introduced in the formulation section of this work.

Summary of the parameters and tests to be done

Table 3.6 summarizes the different parameters required by the numerical model, and the
procedure used to obtain their value. Parameters are either obtained from the literature
or from a specific test conducted during the experimental campaign. This table does not
include as a calibration parameter the constitutive law used to simulate the material non-linear
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Table 3.6 Summary of the tests required to obtain the material parameters.

Parameter Method to obtain

fibre orientation Defined by design.
fibre and ply volume participation Burn off test. Verified by longitudinal tensile test.
fibre Young modulus Data-sheet product. Verified by longitudinal tensile

test.
Matrix Young modulus Data-sheet product and literature. Verified by trans-

verse tensile test.
Poisson coefficient Literature.
Shear modulus Short Beam Shear (SBS) test.
fibre tensile strength Longitudinal tensile test.
fibre compression strength Long 3PB test.
Matrix tensile strength Transverse tensile test.
Matrix compression strength Transverse 3PB test.
Matrix shear strength SBS tests.
fibre fracture energy Longitudinal tensile test.
Matrix fracture energy SBS test.

performance because, as has been stated previously, all materials have been modeled using a
Kachanov damage law in the current work.

3.4.5 Final material parameters

The procedure described previously has been used to obtain the material parameters of each
constituent material for both composite systems. These parameters are applied in order
to simulate the mechanical behavior of the glass/epoxy (Sicomin SR1125) and the glass/
vinylester (Saertex LEO®) systems in the the numerical models described in the next section.
The values of the material parameters are displayed in tables 3.7 and 3.8 for each constituent.

3.5 Numerical model

3.5.1 Geometry and meshing

The numerical models developed to calibrate the different material parameters and to repro-
duce the results obtained in the experimental campaign have been defined with the average
dimensions obtained from the different coupons tested. These dimensions are specified in
Table 3.9. In addition, the numerical models have been reduced to a quarter part of the entire
coupon applying symmetric boundary conditions, in order to reduce the computational cost
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Table 3.7 Summary of material properties and parameters for Leo system.

Composite properties

Parameter Ply 0◦ Ply 90◦

Ply volume 90% 10%.
fibre volume 56% 45%

Material parameters of constituent materials

Parameter Glass LEO fibre LEO vinylester

Young modulus (GPa) 72.0 3.40
Poisson coefficient 0.22 0.30
Shear modulus (GPa) 1.66 0.46
Tensile strength (MPa) 1704 50.0
Compression strength (MPa) 1500 80.0
Shear strength (MPa) 1704 71.0
Fracture energy (J/m3) 18500 1300

Table 3.8 Summary of material properties and parameters for Sicomin system.

Composite properties

Parameter Ply 0◦ Ply 90◦

Ply volume 87% 13%.
fibre volume 58% 30%

Material parameters of constituent materials

Parameter Glass Hybon 2002 Epoxy SR1125

Young modulus (GPa) 72.0 3.53
Poisson coefficient 0.22 0.30
Shear modulus (GPa) 1.66 0.41
Tensile strength (MPa) 1707 27.0
Compression strength (MPa) 1400 94.0
Shear strength (MPa) 1707 43.0
Fracture energy (J/m3) 18500 8500
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Table 3.9 Sample dimensions.

Simulation test Length (mm) Width (mm) Thickness (mm)

Tensile test 135 (50)a 12.5 1.5
3PB test 40 12.5 3.0
SBS test 7.5 7.5 3.0

a Value in parentheses corresponds to the length between extensometers
for transverse tensile test model.

Table 3.10 Meshing data.

Simulation test Nº of elements Nº of nodes

Tensile test 20250 (7500)* 28184 (10504)*

3PB test 10000 12636
SBS test 3200 3969

* Value in parentheses corresponds to transverse tensile
test model.

of the simulation. In the case of the longitudinal tensile test, the length used is the distance
between grips, and for transverse tensile test, the distance between extensometers. Hence,
the measures shown in the table correspond to the reduced model, which accounts for the
applied symmetries.

For flexure tests and shear tests, an elastic material on the support region has been defined
in order to avoid the development of non-linear effects on these areas due to the excessive
stiffness produced in numerical model by fixed supports.

Regarding meshing data, structured mesh has been defined and built with hexahedral
linear elements. The meshing data for each simulation test, containing the number of nodes
and elements used to create the mesh can be seen in Table 3.10.

The geometries of the tensile, flexure and shear models for both composite systems are
shown in Figures 3.3 and 3.4. In the case of transverse tensile tests, only the gauge length
extension is defined in the FE model.

3.5.2 Boundary conditions

All boundary conditions have been designed to simulate the constraints to which the speci-
mens are subjected to. Furthermore, symmetric boundary conditions have been applied in
order to reduce the number of elements used and thus the computational cost of the analysis.

Boundary conditions for the tensile test is shown in Figure 3.5a, which have been applied
as a null displacement and as an increasing displacement in the longitudinal direction of
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(a) (b)

Fig. 3.3 Model geometry of the tensile test. (a) Longitudinal tensile model. (b) Transverse
tensile model.

(a) (b)

Fig. 3.4 (a) Geometry of the 3PB test model. (b) Geometry of the SBS test model.

the sample (X direction), on surfaces defined as “X” and “D,” respectively. The model is
loaded with an increasing load in order to obtain a displacement-controlled performance,
which allows characterizing material softening once the failure load has been reached.
The symmetry boundary conditions are applied on surfaces “Y” and “Z,” imposing no
displacement in directions "Y" and "Z", respectively.

The flexure tests conducted on the different samples were three-point bending tests.
Therefore, the sample is simply supported at both ends and a vertical displacement is applied
at mid-span. These boundary conditions are applied to the numerical model by defining
a null displacement at one end of the geometry (red line in Figure 3.5b) and a continuous
vertical displacement in the green surface shown in this same figure. In this last surface it is
also defined a null displacement in the longitudinal direction, as it is a symmetry plane. The
other symmetry plane is drawn in yellow and it is defined with a null displacement in the Z
direction

The same boundary conditions applied to the 3PB test have been applied to the Short
Beam Shear test, at it is shown in Figure 3.5c. The different behavior provided by the
experimental test, as well as by the numerical model, is due to the short support span of
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(a) (b)

(c)

Fig. 3.5 Boundary conditions for each model. (a) Tensile test model. (b) Flexure test model.
(c) SBS test model.

the specimen, substantially shorter in the case of the SBS test, so the maximum stresses are
tangential instead of normal.

3.6 Results

In this section, the numerical simulation results are shown and compared with the experi-
mental results for each test and material system. The material parameters obtained by the
calibration process are used to characterize the fibres and matrix of each composite system.
The boundary conditions and meshing data described in previous sections have been applied.
In global terms, the results show good agreement between the numerical prediction and
experimental tests. The current strategy obtains the material parameters required by the S/P
Mixing Theory, in order to predict different failure mechanisms. The different failure modes
are obtained only changing the geometry and loading conditions of each sample. Next, the
results for tensile, flexure and shear simulations, as well as their failure mode are compared
to the experimental results.
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(a) (b)

Fig. 3.6 Longitudinal tensile stiffness results. (a) Results for LEO system. (b) Results for
Sicomin system.

3.6.1 Tensile results

In terms of load–displacement, the longitudinal tensile simulations show good agreement
with the experimental results. This agreement is seen in terms of stiffness and failure
load of the samples. The comparison between the numerical and experimental results for
load–displacement is shown in Figure 3.6.

The results obtained on experiment samples show a generalized failure of all fibres, which
is characterized as a sudden failure of the sample in an explosive manner, a very common
failure mechanisms for longitudinal tensile UD laminates [72, 135, 219]. In addition, matrix
failure is detected, which corresponds to the white region of the sample. These failure
mechanisms can be seen on both fibre/resin systems, as it is shown in Figure 3.7. Regarding
the numerical results, fibre damage presence exists, implying the failure of the fibres on
the whole sample, as well as a high damage state on the matrix, as it is shown in Figure
3.8. This damage is generalized in all the sample because all of it has the same stress value.
On the numerical simulation, matrix damage appears before the fibre damage, meaning the
apparition of matrix cracking earlier than fibre failure. Next, the initiation of fibre damage
leads to the sudden drop of the load. This same process is the one that can be observed
on the experimental test, proving the capability of the formulation to capture such failure
mechanisms.

Load–displacement results for transverse tensile tests and their comparison with the
simulations are depicted in figure 3.9. In this loading condition, the primary ply of the
laminate behaves on serial direction, it is an iso-stress condition, and hence the laminate has
a lower stiffness and strength than a longitudinal laminate. Two linear regions for these tests
are appreciated. The load at which the second linear region starts corresponds with the failure
of the matrix, leading to a lower stiffness of the material. This residual stiffness, and hence
residual load-bearing capacity, is believed to be given by the second ply, which in this case
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(a)

(b)

Fig. 3.7 Failure mechanisms for longitudinal tensile tests. The samples show fibre breakage
and matrix cracking as a white region. Failure of fibre and matrix are generalized on the
whole sample. The samples failed abruptly for both composite systems. (a) LEO system. (b)
Sicomin system.

(a) (b)

(c) (d)

Fig. 3.8 Numerical simulation of failure mechanisms for longitudinal tensile tests. All
pictures depict a huge extent of damage on the whole sample. (a) fibre damage on LEO
system. (b) fibre damage on the Sicomin system. (c) Matrix damage on LEO system. (d)
Matrix damage on the Sicomin system.
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(a) (b)

Fig. 3.9 Load–displacement results for transverse tensile tests. (a) LEO system. (b) Sicomin
system.

(a) (b)

Fig. 3.10 Failure mechanisms for transverse tensile tests. Both systems presented matrix
failure as the white region of them. The samples did not split in two parts, given the existence
of longitudinal fibres on the second ply of the laminate. (a) LEO system. (b) Sicomin system.

its fibres are parallel to the loading direction. It is important to remark that the properties of
the laminate in the transverse direction are not purely matrix-dominated. Therefore, strength
and stiffness in the transverse direction are higher than would be expected for pure UD fabric
due to the additional properties provided by transverse fibre tows.

Regarding the numerical simulations of load–displacement of transverse tests, the sim-
ulation is capable of capturing initial stiffness and failure load, as well as the post-failure
performance. The numerical model predicts that the stiffness of this second region is prob-
ably given by the small percentage of fibres existing in the loading direction due to the
secondary ply presence. The failure mechanism of transverse tensile test is shown in Figure
3.10. Although the experimental results showed some extended matrix damage on the whole
samples, the failure of the matrix is clearly close to their tabs, denoted as the white region.
The samples did not split in two parts and could carry some residual load. This residual
load-bearing capacity was due to the second ply of the laminate, which are loaded parallel
to the loading direction. The numerical results showed an extended matrix damage on the
whole sample, given that all the sample is in the same stress state, as can be seen in Figure
3.11. Contrary to the longitudinal tests, only matrix failure appeared on transverse tensile
tests, being the fibres of the second ply far from failure.
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(a) (b)

Fig. 3.11 Numerical simulation of failure mechanisms of transverse tensile tests. (a) Matrix
damage for LEO system. (b) Matrix damage for Sicomin system.

From all of the results obtained, the only numerical analysis that shows some discrepancy
with the experimental results corresponds to the transverse tensile test for the LEO system.
Here, the stiffness provided by the numerical model in the elastic region is somewhat
smaller than the stiffness obtained experimentally. However, the failure load is similar to the
maximum results reported by the experimental campaign, as well as the residual stiffness of
the material once matrix failure has occurred.

The tensile analysis of the composite, shown in previous figures, prove that the model
is capable of providing a very good correlation of the composite stiffness. In addition, the
formulation is capable of taking into account the non-linear performance of the materials, as
the maximum load applied is reached as well as the composite behavior in the material non-
linear range. The numerical model also provides the failure mechanisms of each simulation,
which are the following: fibre breakage for longitudinal test and matrix failure for transverse
test. Both numerical failures are the same obtained in the experimental campaign.

During the characterization of the material parameters, some material data supplied by
the manufacturer were used as a first approach in the procedure and were adjusted later.
Specifically, the tensile strength of the fibres used in the Sicomin system was different than
the numerical value calibrated from experiments. The manufacturer specifies 2290 MPa
for tensile strength, while the tensile strength defined by the numerical model was 1700
MPa. Some possible justifications that could explain this disagreement between values is the
existence of a weak fibre-matrix interface, which does not allow the full development of fibre
stiffness, or strength.
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(a) (b)

Fig. 3.12 Load–displacement results for longitudinal 3PB tests. (a) LEO system. (b) Sicomin
system.

3.6.2 3PB results

Load–displacement graphs for longitudinal 3PB results for both composite systems are
depicted in Figure 3.12. Results for both composite systems show that the model is capable
of capturing very accurately the flexure stiffness of the composite. The numerical composite
performance is mainly driven by the fibre response, which behaves linearly until failure.
This differs from the response obtained experimentally, in which a gradual loss of stiffness
is observed. This difference is clearly observable on the Sicomin system, as it is depicted
in Figure 3.12b. However, the numerical model is capable of predicting accurately the
maximum load that can be applied to each composite.

In Figure 3.13, the results for longitudinal 3PB tests during the experimental campaign
are shown. These results show that, for both composite systems, the longitudinal samples
failed predominantly by fibre buckling on the compression side, although matrix damage was
also observed. The compression damage in the LEO sample was narrow (concentrated under
the load nose) where as a broader damage zone with obvious delamination was prevalent
in the Sicomin samples. The fibre tows were visible on the tensile side of the LEO samples
post-test indicating fibre-matrix debonding had occurred. Sicomin exhibited very minor
damage on the tension side.

Numerical predictions of failure mechanisms are shown in Figure 3.14. The simulations
show fibre damage on the compression zone due to fibre buckling for both systems. Figure
3.14b also shows a slight tensile fibre damage for the Sicomin system. The simulations also
predict some damage in matrix material, which is more extended in the LEO system and can
be associated to possible delaminations. The failure mode predicted by the numerical model
is in agreement with the experimental failure in terms of fibre performance, as in both cases
the failure is produced by fibre buckling. The numerical model is also capable of predicting
the delamination in matrix material associated to the sample failure, although the model has
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(a) (b)

(c) (d)

Fig. 3.13 Failure mechanism on longitudinal 3PB tests. (a) LEO system compression side (b)
Sicomin system compression side (c) LEO system tension side (d) Sicomin system tension
side. LEO system exhibits a relatively narrow band of surface damage on the compression
side under the load nose compared to Sicomin. Fibre bucking, delamination and matrix
cracking are evident in both cases. On the tension side, 0° fibre tows are visible on LEO
samples indicating fibre matrix debonding and/or delamination. Very minor damage is
evident on the tension side of the Sicomin system

located these delaminations in the LEO specimen, and this delamination is more extended in
the Sicomin experimental sample.

The load–displacement results for transverse 3PB tests for both composite systems are
shown in Figure 3.15. In this case, the stiffness predicted by the numerical model fits very
well to the response obtained in the experimental results. This good agreement occurs in
the initial linear region and also once the initial stiffness is reduced and becomes variable.
However, once the non-linear regions is developed, the numerical model loses convergence
before reaching the maximum load obtained in the experimental campaign. This can be
explained by means of the stress concentration appeared on the mid span of the sample, where
the maximum bending moment is located. In this critical section, the loss of convergence
occurs in the model. On the other hand, a redistribution of stresses occurs in the experimental
tests.

Failure mechanisms from the experimental campaign are shown in Figure 3.16, where
clear matrix damage is observed on either tensile and compression sides for both materials.
Contrary to the longitudinal 3PB tests where tensile strength is higher than compression
strength due to the longitudinal fibres, the transverse 3PB are more inclined to fail in the
tensile zone, given that compression strength is higher than tensile strength for both resin
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(a)
(b)

(c) (d)

Fig. 3.14 Numerical results for longitudinal 3PB tests. (a) fibre damage due to compression
stresses on LEO system. (b) fibre damage mainly due to compression stresses and secondly
to tensile stresses for Sicomin system. (c) Matrix damage for LEO system. Huge extension
of the damage on both sides, tensile and compression. (d) Matrix damage for Sicomin system.
Larger damage extension on the tensile side.

(a) (b)

Fig. 3.15 Load–displacement results for transverse 3PB tests. (a) LEO system. (b) Sicomin
system.
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(a) (b)

(c) (d)

Fig. 3.16 Experimental results for transverse 3PB tests: (a) LEO system compression side (b)
Sicomin system compression side (c) LEO system tension side (d) Sicomin system tension
side. A narrow band of matrix damage is evident on the compression side of both materials.
fibre tows are visible and exposed on the tension side in both samples indicating fibre-matrix
debonding has occurred.

systems. fibre tows were exposed on the tensile side in both cases indicating fibre-matrix
debonding had occurred. Figure 3.17 shows failure prediction for both composite systems,
obtaining a good agreement between the experimental and numerical failure. Numerical
simulations showed matrix damage as the failure mechanism. For both resin systems, tensile
stresses were more critical and hence damage extension is larger in tensile side of the samples.
No fibre damage was found on the numerical simulations.

(a) (b)

Fig. 3.17 Numerical simulation of failure mechanisms for transverse 3PB tests. Matrix
damage is depicted as the failure mechanism due to normal stresses. No fibre damage was
developed. (a) LEO system. (b) Sicomin system. This system shows a larger extension of
matrix damage on the tensile zone compared with LEO system.
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(a) (b)

Fig. 3.18 Load–displacement results for SBS test. (a) LEO system. (b) Sicomin system.

3.6.3 SBS results

The load–displacement results for the SBS simulation of both composite systems are pre-
sented in Figure 3.18. Shear stiffness and maximum load obtained numerically are in
agreement with the experimental results for both composite systems. In both results, a clear
drop in the load is observed. The load drop is as a consequence of shear crack formation,
which is the main failure mechanism evident from these tests. This shear crack formation is
due to the shear stress applied to the samples.

Shear cracks can be seen in the tested samples shown in Figure 3.19, as a white region
inside the thickness of the specimen. The shear bands occur between the load nose and
the supports. The numerical simulations are shown in Figure 3.20, where matrix damage
is observed on the neutral axis of the specimen, leading to shear crack failure. In addition,
matrix damage due to tensile and compression stresses is found. The damage process on the
simulations is the following: matrix damage due to tensile and compression stresses appears.
Next, matrix damage initiates at the end of the specimen on the neutral axis.

Finally, sudden matrix damage appears in all the neutral axis, yielding to shear cracks
failure and coinciding with the drop of load on the load–displacement graph. This process is
similar in both resin systems, with the exception that on the Sicomin system the shear cracks
advance through the thickness until they reach the surface of the specimen. No failure of
fibres was found in both composite systems.

3.7 Concluding remarks

This chapter introduces a numerical procedure to characterize the constituent materials, in
order to predict the non-linear behavior of composites subjected to quasi-static loads. The
correct characterization of the composite constituents is needed to simulate accurately the
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(a) (b)

Fig. 3.19 Failure mechanism results for SBS tests: (a) LEO system. (b) Sicomin system. In
both samples, shear cracks form as white regions inside the samples between the load nose
and support points.

(a) (b)

Fig. 3.20 Numerical simulation of failure mechanisms on SBS test. Shear crack failure
is observed as matrix damage on the neutral axis of the samples. In addition, tensile and
compression failure of the matrix also appears. (a) Matrix damage for LEO system. (b)
Matrix damage for Sicomin system.
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different failure mechanisms triggered in composite materials, and also to simulate their
fatigue performance, which is the ultimate goal of this work.

The methodology developed in this chapter is used in the next chapter. Before obtaining
the fatigue behaviour of the composite, the static strength of the composite is predicted.
Besides, the assumptions of failure of a unidirectional laminate is driven by one of the
constituent materials is used for proposing the fatigue model of fibre and matrix.

Some recommendations are proposed for obtaining a good calibration process of the
material parameters, which are the following:

• Stiffness measurements should be conducted with extensometers in order to obtain an
accurate value of the stiffness of the material in tensile tests.

• Material parameters should be obtained from a testing campaign.

• Datasheets supplied by the manufacturers should only be used as a reference or as a
first approximation of the parameters value.

• The definition of the real architecture of the laminate should be taken into account,
given that it could lead to a misunderstanding of the material parameters values, as it
has been proved by the need to consider the contribution of transversal fibres, included
in the unidirectional laminate to stabilize the longitudinal fibres, in order to capture
properly the transverse stiffness of the composite.



Chapter 4

Fatigue analysis of composite materials

4.1 Proposed approach

Despite all existing formulations developed to predict fatigue failure of composites, there
is still an open challenge for a fatigue law capable of capturing all possible fatigue failure
mechanisms, such as fibre breakage, matrix cracking and delamination, for any laminate, and
under any sort of loading conditions. Such model should take into account the kinematics
between plies and characterize the laminate at constituent level, in order to be able to simulate
all type of fatigue failure mechanisms. The gradual deterioration of a fibre-reinforced
composite, with a loss of stiffness in the damaged zones, leads to a continuous redistribution
of stress, and, therefore, a reduction of stress concentrations inside the structural component
[51, 31, 204, 233, 232]. As a consequence, an appraisal of the actual state or a prediction
of the final state of the composite structure requires the simulation of the complete path of
successive damage states [51]. Basically, it means that for complex composite structures
under complex stress states, the prediction of the fatigue failure of the structure requires to
take into account the damage progression of all constituent materials.

This work proposes a numerical procedure to predict the fatigue behavior of complex
laminate architectures, following a similar approach as the one developed by Barbu et al.
[17]. The fatigue behaviour of each constituent material, say fibre and matrix, is defined by
the fatigue model developed by Oller et al. [163] and Barbu et al. [16], which it is used to
drive the failure mechanisms of both constituents. In addition, fibre and matrix are coupled
together using the Serial/Parallel Mixing Theory [146, 145], which provides the mechanical
performance of the whole laminate and, therefore, also its fatigue performance..

A correct fatigue characterization of the constituent materials is required in order to
predict the fatigue behavior of complex laminate architectures, such as off-axis laminates.
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This work also proposes a calibration procedure to obtain the fatigue material parameters for
the fatigue model of each constituent.

This calibration is achieved with the fatigue performance of UD laminates in loaded in
on-axis direction and perpendicular to it. Afterwards, the formulation and the procedure
developed to predict fatigue is challenged applying it to laminates with more complicated
stacking sequences and made of different materials. Thus, the formulation is applied to
carbon-epoxy cross-ply laminates, and to a family of glass-polyester angle balanced laminates,
ranging from [±10] to [±80].

This manuscript is structured as follows, the first section describes the models used to
predict the performance of composite materials, this is the Serial/Parallel Mixing Theory, a
damage formulation used as constitutive law, and an anisotropic mapping strategy. Afterwards
it is described the fatigue model used to evaluate the strength reduction of the composite
components. This is followed by a section that describes how it is proposed to combine the
serial parallel mixing theory and the fatigue model to predict fatigue failure in composites.
This section also proposes a calibration procedure to obtain the different parameters required
by the model. Next section validates the formulation presented by applying it to several
composite laminates, with different stacking architectures, and made of different components
materials. Finally, last section presents the conclusions drawn from the simulation performed.

4.2 Fatigue constitutive model

Cyclic loading on materials leads to a degradation of the material properties. The formulation
introduced in this document is a phenomenological model that takes into account the strength
reduction of the material, as a consequence of cyclic loads applied to it. Moreover, the
formulation is also capable of obtaining the material stiffness reduction during the loading
process.

The fatigue formulation introduced was previously developed for metals by Oller et al.
[163]. This formulation is based on the definition of a reduction function that degrades the
mechanical properties of the material based on the number of cycles, stress level and stress
ratio. In order to characterize the experimental performance of the materials, the parameters
of the reduction function are obtained from experimental data, specifically, from S-N curves,
also known as Wöhler curves.

It is well known that composites have a good fatigue performance [2]. Consequently,
pretending to calculate each cycle of the fatigue life of composites is not affordable in terms
of computing time. For this reason, a stepwise load-advancing strategy is used in conjunction



4.2 Fatigue constitutive model 81

with the fatigue model, in order to reduce the computational time of the simulations. A brief
description of this strategy is also introduced in this section.

4.2.1 Reduction function

As it has been already stated, the proposed approach uses a reduction function, named
fred(N,σmax,R), to obtain a reduction of material strength produced by the cyclic loads.
This strength reduction is obtained by means of reducing the current failure threshold of the
material. In other words, the quasi-static damage threshold surface FD(σ ,d,N) is modified
by the reduction function, which depends on the number of cycles N, stress ratio R and
stress level σmax. With this approach, the parameters defining the cyclic load, defined in the
reduction function, become new state variables of the constitutive model. And the stiffness
reduction provided by the damage model corresponds to the stiffness reduction associated to
fatigue.

In terms of the constitutive model (equation (3.29)), the consequence of the cyclic loading
can be seen as an increment of the effective stress applied f D(σ), depicted by equation (4.1b),
or a reduction of the current damage strength threshold KD(σ ,d), depicted by equation (4.1a):

FD”(σ ,d,N) =
f D(σ)

fred(N,R,σmax)
−KD(σ ,d)≤ 0 (4.1a)

FD”(σ ,d,N) = f D(σ)−KD(σ ,d) · fred(N,R,σmax)≤ 0 (4.1b)

4.2.2 Wöhler curves definition

Probably, the most used method to study fatigue phenomenon is by using Wöhler curves,
or also known as S-N curves. These graphs show the fatigue life in number of cycles for
a specific maximum stress applied, σmax, or stress range, ∆σ = (σmax −σmin), obtaining
a single curve for a stress ratio value, R = σmin/σmax. Consequently, S-N curves give
information regarding how many cyclic loads can be applied to a material before its final
failure. Although Wöhler curves are not able to monitor the residual strength due to the
cyclic degradation, they are without doubt one of the most used solutions to study fatigue,
given that its failure criteria is very clear: the catastrophic failure of the specimen.

The formulation introduced in this work can describe in an analytical form the Wöhler
curve of the material. The formulation gives the evolution of the strength threshold of
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the material in function of the number of cycles, stress ratio and maximum stress applied,
fred = f (N,σ ,R). Given that failure occurs when strength threshold reaches the maximum
stress applied in each cycle, the number of cycles required to reduce the strength to the
maximum stress value can be computed, obtaining one point of the fatigue life curve of
the material. Joining each point leads to the complete Wöhler curve. Thus, the connection
between the numerical model and the experimental data is achieved by a calibration process,
obtaining the same numerical S-N curve than the experimental campaign. Therefore, Wöhler
curves are used to calibrate the material parameters of the reduction function. The main
advantage of using Wöhler curves for calibration is that S-N graphs are widely used and
available, consequently, new definitions of testing procedures are not required.

The analytic form used on this document is based on the work developed by Oller et al.
[163], Salomón et al. [192]. Based on the actual value of the R ratio and a basic value of the
endurance stress, σe (for R =−1), the proposed model postulates a threshold stress σth. The
meaning of σth is that of an endurance stress limit for a given value of stress ratio, hence
below its value no fatigue failure occurs. One can conclude that for the case of R = −1,
the threshold stress corresponds to the endurance stress, σth = σe. In equation (4.2), the
expression to obtain the endurance stress σe is shown:

i f |R| ≤ −1

σth(R) = σe +(σu −σe) · (0.5+0.5R)ST HR1

else

σth(R) = σe +(σu −σe) · (0.5+0.5/R)ST HR2

end

(4.2)

The ultimate stress stress is in function the number of cycles (Nc) and stress ratio, as it
is shown in equation (4.3). If no cyclic loading is applied, it is R = 1, the strength material
corresponds to the ultimate static strength, as it can be derived from equation (4.2) and
equation (4.3).

σ(Nc,R) = σth(R)+(σu −σth(R)) · e−ALFAT(R)·(logNc
BETAF ) (4.3)

The value of ALFAT(R) is obtained by the following expression:
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i f |R| ≤ −1

ALFAT(R) = ALFAF +(0.5+0.5R) ·AUX1

else

ALFAT(R) = ALFAF − (0.5+0.5/R) ·AUX2

end

(4.4)

Where the values of ALFAF , BETAF , ST HR1, ST HR2, AUX1 and AUX2 are the ma-
terial parameters that have to be obtained by fitting the numerical S-N curves with the
experimental Wöhler curves of the material.

In order to obtain the loss of strength of a material after a cycling loading, the reduction
function is calculated as the following expression:

fred(R,Nc) = e−B0(logNc)
BETAF ·BETAF

(4.5)

Where

B0 =− ln(σmax/σu)

(logN f )BETAF ·BETAF (4.6)

N f = 10
− 1

BETAF
1

ALFAT(R)
·ln

(
σmax−σth(R)

σu−σth(R)

)
(4.7)

4.2.3 Stepwise load advancing strategy

The fatigue formulation described in this section is coupled with a stepwise load-advancing
strategy, following Oller et al. [163] and Barbu et al. [16]. The strategy is divided in two
different phases. The first one consists on conducting small load increments, in order to
obtain the evolution of the stresses in the structure during the complete load cycle. The
second phase consists on evaluating the response of the structure after applying a large
number of cycles in one simulation step.

The strategy consists of an algorithm that automatically switches from one phase to the
other, going repeatedly back and forth between both in accordance with the loading input
and the damage increase rate. The main advantage of this strategy is that the model does not
require to compute the strain-stress state of each Gauss Point (GP) cycle by cycle, which
would lead to high computing times.
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First phase: Load-tracking

In this phase, each load cycle is divided in a user-defined small step increment. For each step,
the equivalent stress is calculated for each GP and compared with the previous one. This
calculation is conducted in order to obtain the maximum and minimum stresses for each
cycle. Once maximum and minimum stresses are found, the stress ratio R is calculated for the
current cycle and GP. Next, the stress ratio of each GP is compared with the previous stress
ratio. Once the stress ratio of all GPs are constant, the algorithm has enough information to
characterize the cyclic performance of the material and it can start the cycle-jump phase.

Second phase: Large increments

In this phase, stress ratio R and stress level σmax are kept constant. Therefore, reduction
function fred(N,σmax,R) can be computed by means of large cycle increments, named cycle-
jumps. For each cycle-jump, the equivalent stress modified by fred is compared with the
current damage strength threshold, equation (4.1). If this comparison shows that at least
one GP has reached its elastic threshold, then the algorithm changes to the small-increments
phase, meaning that the R and σmax stored during the large-increment phase have changed.
On the contrary, if no GP has failed, another cycle-jump is applied. This procedure is repeated
until some GP in the structure damages, or until all cyclic loads required have been applied
to the analysis.

For a deeper understanding of the formulation described, the author suggests to review
the following papers [16, 17, 163].

4.3 Fatigue characterization of constituent materials

This section describes the coupling between the S/P RoM and the fatigue damage model.
The main goal of this work is to predict the fatigue life of composite laminates with different
stacking sequences and orientations, such as off-axis UD laminates or balanced angle ply
laminates.

In order to achieve this goal, the Serial/Parallel Mixing Theory acts as a constitutive law
manager between fibre and matrix, whose performances are described by means of the fatigue
damage model previously described. Both compounding materials have different fatigue
behavior and therefore, different characterization parameters. The reason to differentiate
both fatigue models is that each compounding material has a different influence on the failure
mechanisms of the laminate, and consequently, their fatigue performance has to be different
too.
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In the next paragraphs of this section, the hypothesis of the method proposed and its
implementation are described.

4.3.1 Background

Fatigue studies made by different authors on UD laminates, such as El Kadi and Ellyin
[53], Kawai and Suda [106], Liu et al. [128], show two interesting patterns in the composite
failure: the first one is that different failures appear depending on the load direction, and
the second one is that these failures are driven by one of the compounding materials. More
specifically, the tests conducted in UD describe fibres failure for on-axis specimens, while
for off-axis specimens failure takes place due to the apparition of intralaminar cracks in the
matrix running parallel to fibres, with no visible fibre damage. From these observations, two
conclusions can be drawn:

1. Failure mechanisms in on-axis laminates are dominated by the strength of fibres.

2. Failure mechanisms in off-axis laminates are dominated by a combination between
transverse and in-plane shear strength of the matrix.

As a consequence, the performance of the composite in each orthogonal direction is driven
by one of its compounding materials, which can be characterized with its own constitutive
equation.

If the materials are characterized properly, the different failure mechanisms shown by
the laminate can be predicted. A proper material calibration must take into account that it is
necessary to predict accurately the performance of fibre and matrix, not as raw materials, but
as composite components. Therefore, their properties must also take into account the effect
of their interaction through their interface. The fibre-matrix interface influence is proven in
Buggy and Dillon [25], Gamstedt et al. [56], where it is shown that UD laminates with the
same resin but with different fibres have a different fatigue performance.

Although the fatigue behavior of constituent materials can be obtained from tests con-
ducted in fibre bundles and neat-resin samples, the interface characterization can only be
obtained from the laminate itself. Therefore, the strategy proposed in this work consist in
obtaining the material properties from an experimental campaign conducted on the laminate
itself. In Chapter 3, it is proposed a methodology to obtain the fibre and resin properties
from a experimental campaign conducted on UD composites. In the current chapter a similar
strategy is proposed in order to obtain the fatigue properties of both materials. In both cases,
as the properties are obtained from the composite, the interface between fibre and matrix is
already taken into account.
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4.3.2 Hypotheses

Based on the fatigue performance of composites previously explained, the hypothesis stated
in this work to simulate this failure mechanism are described in the following:

• The strength degradation due to fatigue of a load-bearing element material can be
obtained from the strength degradation of the composite. Therefore, the fatigue
performance of the composite can be used to define the performance of its component
materials.

• The fatigue performance of the composite in the fibre direction is defined mainly by
the fatigue performance of fibres.

• The fatigue performance of the composite in the direction perpendicular to the fibres is
defined by the fatigue performance of the resin.

With these hypotheses, it has to be noted that the properties assigned to fibre and matrix
already take into account their interaction in the composite, as they are derived from the
composite performance.

These hypothesis are used to obtain the fatigue performance of the composite components.
Once these are known, they will be coupled together using the Serial/Parallel mixing theory
in order to obtain the composite response for any laminate configuration loaded in any given
direction.

4.3.3 Failure criteria definition

One important aspect that has to be taken into account for the generation of fatigue-life
curves of fibre and matrix is the failure criteria definition. Each point in the graph means the
number of cycles at which the sample has failed for a certain stress level, but it is required to
define what "fail" means. As examples, El Kadi and Ellyin [53] considered that the UD90◦

laminate samples failed when they where separated in two parts, while a 10% load drop was
enough to consider failure in UD0◦ laminates. Another example is the approach followed by
Barbu et al. [17], who defined composite failure when the entire width of the sample had a
damage value of one (d = 1.0).

In this work, failure is considered when damage has started along all the width of the
sample in the load bearing material, or when the structure cannot find equilibrium with the
applied load (loses convergence), whatever is first. This approach is justified by the brittle
performance of composite constituents under fatigue loads, in which failure occurs just after
the apparition of first damage signs; and because the recorded failure in the experimental
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tests used for material calibration do not show a softening behaviour, as they are usually
conducted under force-controlled conditions.

4.3.4 Fatigue analysis implementation

As has been already mentioned, this work proposes obtaining the fatigue performance of
composite materials by coupling the serial/parallel mixing theory presented in Chapter 3, and
the fatigue formulation described in Section 4.2. This coupling takes place naturally, just by
using both formulations.

The stepwise load advancing strategy is applied to the whole structural analysis in order
to evaluate the stress evolution of each GP of the structure. And, at the same time, the
fatigue analysis of each composite component is evaluated by modifying the fred function to
their constitutive law, equation (4.1). The stresses in each component are provided by the
serial-parallel mixing theory.

When fatigue damage starts in one of the composite components, the serial-parallel
mixing theory obtains how this damage affects the composite and the whole structure. As
this formulation is records the component material that fails, it is possible to know the failure
mechanism in the composite, either fibre longitudinal breakage, or matrix transverse or shear
failure.

With current approach, the fatigue performance of the composite is highly dependent
on the fatigue performance defined for its constituents. Therefore, the material calibration
procedure plays a very important role in the whole process. In the following it is described
the calibration procedure, as well as it is validated the proposed methodology to simulate
fatigue failure of composites

4.4 Fatigue characterization of composite laminates

This section validates the formulation previously defined to predict fatigue failure of com-
posites by comparing the results obtained with it, with experimental results from existing
literature. The section is structured as follows. First there are described the experimental
tests selected for the validation. This is followed by the description of the numerical models
used for the analysis. After that it is presented the procedure used to calibrate the material
parameters of both composite components. These parameters are required to predict the
material non-linear performance under quasi-static loads and under cyclic loads. Finally,
the experimental and numerical results are compared, proving that the model is capable of
predicting the fatigue performance of composites.
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4.4.1 Experimental tests

In this work, two composite systems have been used to validate the formulation proposed. The
first system is obtained from the work of Kawai et al. [108], Kawai and Suda [106], Kawai
and Maki [103], Kawai and Honda [101], who conducted fatigue tests on carbon/epoxy
UD and cross-ply laminates. The second system are glass/vinylester balanced angle-ply
laminates. Their fatigue performance is obtained from a testing campaign conducted by
Sandia National Laboratories and its partner, Montana State University [141], in order to
characterize composite materials used by the wind industry.

These two sets of data have been selected as they both provide a large amount of
experimental results for a given composite material. Both databases define the performance
of the composite under quasi-static and cyclic loads, and the fatigue analysis is conducted
for different stacking sequences and loading conditions. With all the information at hand,
it is possible to calibrate the model with part of the reported results, and to validate it with
the rest ones. Besides, these two studies cover the composite materials more widely used
nowadays, glass and carbon.

Kawai work

The work conducted by Kawai is described in Kawai and Honda [101], Kawai and Koizumi
[102], Kawai and Maki [103], Kawai and Suda [106], Kawai and Taniguchi [107], Kawai
et al. [108]. Kawai conducted fatigue tests in UD and cross-ply laminates made of carbon and
epoxy. The material used was T300H/2500, a carbon/epoxy system, with a fibre content of
Vf = 64%, the mechanical properties of the composite are detailed in Table 4.1. The sample
dimensions were 200x20x2mm, being length, width and thickness, respectively. The gauge
length was 100mm, and the rest of the sample length was cramped with rectangular-shaped
tabs of 1.0mm thick aluminum alloy, which were glued on both ends of the specimens with
an epoxy adhesive.

Table 4.1 Mechanical properties for UD carbon/epoxy laminate [106]

E1 (GPa) E2 (GPa) G12 (GPa) ν12

159 8.45 4.78 0.357
σ1 (MPa) σ2 (MPa) σ12 (MPa) ν21

2472 48 77.8 0.0136

Kawai conducted quasi-static and fatigue tests to the described specimens. From the
quasi-static tests, it was obtained the strength and stiffness of the UD and cross-ply laminates.
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The fatigue tests were load-controlled and subjected to tension-tension load, at a stress ratio of
R = 0.1, and a load frequency of 10Hz. The specimens were loaded under room temperature
and at 100◦C, in order to study the effect of the temperature in the fatigue performance of the
material. In this manuscript, only the data obtained at room temperature is used.

Sandia database

These results come from a joint effort between Sandia National Laboratories and Montana
State University to conduct an extensive testing and analysis on wind turbine blades and
materials for marine hydrokinetic (MHK) devices, in order to support the industry and re-
search communities. Results for a high number of coupons and materials can be found in this
database [141], which is still being updated annually with new results. This study is essential
for those who require a large database with the fatigue performance of composites. Among
the laminates tested in Sandia study, there are UD laminates, quasi-isotropic laminates,
laminates under humidity and temperature, laminates with ply-drops and hybrid laminates.

The laminates used in this work are glass/polyester balanced angle-ply laminates with
the following staking sequences, [±10◦], [±20◦], [±30◦], [±40◦], [±45◦], [±50◦], [±60◦],
[±70◦] and [±80◦]. The average fibre content for the laminates was Vf = 38%, with a
minimum value of Vf = 35.5% for the θ =±10◦ and a maximum value of 39.9% for θ = 0◦.
The sample dimensions taking into account the gauge length were 100x25x2.7mm.

The balanced angle-ply laminates are based on a UD laminate, named D155, whose
mechanical properties are depicted in Table 4.2.

Table 4.2 Mechanical properties for UD glass/polyester system [141]

E1 (GPa) E2 (GPa) G12 (GPa) ν12

29.3 7.34 3.30* 0.29
σ1 (MPa) σ2 (MPa) σ12 (MPa) ν21

773 27 85.3 0.0136

Each angle-ply laminate was load-controlled, and was subjected to tension-tension load,
at a stress ratio of R = 0.10 and load frequency between 5Hz and 15Hz. During the tests,
stiffness and strain were measured for each sample.

4.4.2 Numerical models

The geometry of the numerical models have been defined to be equivalent to the experimental
coupons. For cross-ply carbon/epoxy system, the sample geometry is a parallelepiped of
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100x20x2mm, being length, width and thickness, respectively, while for balanced angle-
ply glass/polyester laminates the sample geometry is a parallelepiped of 100x25x2.70mm.
Instead of defining the whole length of the samples in the numerical models, the gauge length
have been used as the total length of the numerical samples. Figure 4.1 shows the geometry
used of each composite system. For both models, the mesh used was similar, using linear
hexahedral elements.

Fig. 4.1 Geometry, mesh and boundary conditions. Increased displacement has been imposed
in one end and the other have been clamped.

Given that both composite systems are loaded with tensile load, their boundary conditions
are equivalent. The samples have been clamped in one of the ends and in the other end it is
applied an increased displacement in the longitudinal direction to simulate the displacement-
controlled load applied to the specimen, as it is shown in Figure 4.1. A small strip of elastic
material has been defined at the ends of the samples (grey region in Figure 4.1) to avoid the
interference on stress concentrations in the fatigue result.

4.4.3 Static material parameters

The procedure used to obtain the static material parameters is the one proposed in Chapter
3. This methodology states that the static parameters of fibres can be calibrated from tests
conducted on UD0◦ laminates, while the static parameters of matrix can be calibrated from
tests conducted on UD90◦ laminates.

The material parameters for carbon fibres and epoxy resin are shown in table 4.3, and the
material parameters calibrated for glass fibres and polyester resin are shown in table 4.4.

Once the static material parameters are obtained, the S/P RoM is able to predict the
non-linear performance of composite laminates. In Figure 4.2, the comparison between
numerical and experimental results for the carbon/epoxy UD laminate are shown. In this
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Table 4.3 Material parameters for carbon/epoxy system

Material E (GPa) σu (MPa) ν Vf G f (J/m2)

carbon fibre 294 4130 0.22 0.60 106

epoxy resin 3.18 48 0.3 0.40 105

Table 4.4 Material parameters for glass/polyester system

Material E (GPa) σu (MPa) τu ν Vf G f (J/m2)

glass fibre 72 1800 1800 0.22 0.60 106

polyester resin 3.10 30 80 0.30 0.40 105

figure, the same material definition was used and only the loading direction was changed,
in order to obtain the longitudinal loading and transverse loading of the UD laminate. As a
result, two different behaviors were obtained, corresponding to the experimental results.

In the case of glass/polyester system, experimental strain-stress graphs are not available,
and only the stiffness value and ultimate strength were reported in the study. These values are
the ones compared with the results obtained from the numerical analysis. This comparison
is shown in Table 4.5 and 4.6, in which it is also compared the stress and stiffness obtained
for the carbon/epoxy system. The results shown in these tables prove that the formulation is
capable of predicting the static performance of UD laminates, independently of the loading
direction.

4.4.4 Fatigue material parameters

The fatigue parameters for the composite constituents are obtained following the same
approach used for the static parameters. This is, the fatigue performance of a UD0◦ laminate

(a) (b)

Fig. 4.2 Static calibration of carbon/epoxy UD’s. (a) UD0◦. Loading direction is parallel to
fibres. (b) UD90◦. Loading direction is perpendicular to fibres.
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Table 4.5 Longitudinal and transverse stiffness of both composite systems. Numerical versus
experimental comparison

System
E1 (GPa) E2 (GPa)

Exp Num error (%) Exp Num error (%)

Carbon/epoxy 159 163 2.5% 8.5 8.6 1.2%
Glass/polyester 29 30 3.5% 7.3 7.7 5.5%

Table 4.6 Longitudinal and transverse ultimate strength of both composite systems. Numerical
versus experimental comparison

System
σ1 (MPa) σ2 (MPa)

Exp Num error (%) Exp Num error (%)

Carbon/epoxy 2472 2497 1% 48.0 48.0 0%
Glass/polyester 773 776 0.4% 27.0 28.5 5%

is used to obtain the fatigue parameters for fibre, and the results of a UD90◦ laminate are
used for the matrix.

The fatigue model is defined by equation (4.5). The different parameters required by
this expression are obtained by curve fitting, in order to have a good agreement between the
experimental S-N curve and the curve defined by the model. The agreement obtained for
current case is shown in Figure 4.3 and 4.4 for the composites studied in this work. These
figures show the normalized fatigue curves, which are obtained by dividing the values of each
stress level of the S-N curve by the static strength of the UD laminate in the loading direction
studied. At this point, it should be highlighted the importance of an accurate calibration of
the static performance of the constituents in order to well characterize their normalized S-N
curve.

The fitting process starts with three basic fatigue material parameters, say ALFAF, BETAF
and the endurance strength limit relation, σe/σu, all them described in Section 4.2. As it was
explained in this section, the current fatigue formulation is established on a basic curve for
a stress ratio of R =−1, consequently, the basic parameters are only used to fit the fatigue
behavior of a material at a stress ratio R =−1. Given that the experimental fatigue life curve
corresponds to a stress ratio of R = 0.10, additional parameters have to be applied. These
parameters are STHR1 and AUX1, obtaining the S-N curve for R = 0.10. The values of the
different parameters obtained after calibration are shown in Table 4.7. These parameters are
given for both composites considered.
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(a)

(b)

Fig. 4.3 Fatigue calibration for carbon/epoxy system. (a) Carbon fibres. (b) Epoxy matrix.

Table 4.7 Fatigue material parameters for both composite systems

Material σe
σu

ALFAF BETAF STHR1 AUX1

Carbon fibre 0.20 0.055 2.0 1.50 0.0005
Epoxy resin 0.20 0.017 3.0 2.30 0.0150
Glass fibre 0.15 0.035 2.3 2.95 0.0030

Polyester resin 0.05 0.100 1.0 15.0 0.0200
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(a)

(b)

Fig. 4.4 Fatigue calibration for glass/polyester system. (a) Glass fibres. (b) Polyester matrix.
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(a)

(b)

Fig. 4.5 Fatigue numerical tests versus fatigue experimental tests for carbon/epoxy UD
laminate. (a) Results for UD0◦. (b) Results for UD90◦.

4.4.5 Fatigue performance of the laminate

This section validates the assumption made regarding the assimilation of the fatigue S-N
curve for fibre and matrix, from the fatigue performance of a UD0◦ and a UD90◦ laminate,
respectively. This is done by comparing the performance obtained with the numerical model
for the UD0◦ and the UD90◦ laminates, with the experimental results reported in literature.
This validation is done only for the carbon/epoxy laminate, as the glass/polyester laminate
provides equivalent results.

Figure 4.5 shows the comparison between the experimental tests data and numerical tests
data, for the same carbon/epoxy UD laminate loaded at 0◦ (Figure 4.5a) and at 90◦ (Figure
4.5b).

Each data point of the numerical tests was obtained by applying cyclic stress until failure
of the numerical sample, recording the number of cycles at which the failure occurred. As
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a whole, these figures show the good agreement obtained by the fitting procedure, proving
that the formulation is capable of predicting the fatigue response of UD laminates if the
constituent materials are well characterized.

The proposed strategy not only is capable of predicting the fatigue life of the laminates,
but also it is able to predict their failure mechanism, which varies depending on the laminate
orientation. In Figure 4.6, the failure mechanisms are shown for different loading directions.
In the case of UD0◦ orientation, the laminate failure is driven by the failure of fibres. This
behavior can be seen in Figure 4.6a, showing the damage parameter for fibres for the UD0◦

laminate. In this case fibres are completely damaged. On the other hand, Figure 4.6b shows
the damage parameter for the UD90◦ laminate. In this case the composite failure is driven by
fatigue damage in matrix material, as fibres are not damaged, but cannot contribute to the
composite strength either to the iso-stress condition imposed by the SP RoM.

(a) (b)

Fig. 4.6 Fatigue failures of UD glass/polyester system. (a) Failure of the UD0 due to fibre
damage presence. (b) Failure of the UD90 due to matrix damage presence.

The fatigue formulation proposed not only predicts the cycles in which the laminate will
fail, but also allows the monitoring of the strength degradation of the constituent materials.
As an example of this monitoring capability, the strength degradation of fibre and matrix
versus number of cycles are shown for the UD0◦ laminate in Figure 4.7. This picture shows
the strength and the applied stress in function of the number of cycles, for each constituent
material. The horizontal straight lines in the figure correspond to the stress in the material
when the simulation advances a given number of cycles, while the vertical lines corresponds
to the simulation of a cyclic load. This second case takes place when there is some damage
in the material and the damage formulation has to monitor the stresses during a cycle, in
order to know the new stress increment in the gauss points. The switch between these two
advancing schemes is driven by the fatigue formulation, as has been explained in Section 4.2.
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In Figure 4.7 are also plotted the fibre and matrix strength evolution curves. These curves
show the strength of fibre and matrix for a given number of cycles. This strength is reduced
as the number of cycles increase. When the stress applied to the material is larger than this
strength, the material fails. The analysis of these curves show that in current case, there is an
initial matrix failure, followed by a fibre failure several cycles afterwards. This situation was
already shown in Figure 4.6a.

Fig. 4.7 Normalized strength evolution versus stress applied in fibre and matrix. The failure
of constituent materials occurs once the strength degradation reaches the stress applied. The
fatal failure of the UD0◦ laminate is due to the failure of fibres.

4.5 Fatigue analysis of multi-directional laminates

Once having verified the capability of the proposed formulation to simulate fatigue failure
in UD composites loaded in on-axis and off-axis direction, on this section the numerical
results obtained for cross-ply laminate and balanced angle-ply laminates are compared with
available experimental data, to generalize the capability of the formulation to predict the
fatigue performance of any given composite. The first results that will be shown correspond to
the quasi-static analysis of the composites considered. These simulations will verify that the
stiffness and static non-linear performance predicted are in agreement with the experimental
behavior. Afterwards it will be verified the fatigue response predicted by the model. This
will be done comparing the predicted S-N curves of each composite with the experimental
ones, and by comparing the failure mechanism obtained.
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Fig. 4.8 Stress-Strain curve for carbon/epoxy cross-ply laminate. Numerical prediction versus
experimental test. Experimental data obtained from Kawai and Maki [103].

4.5.1 Non-linear static results

The comparison of the numerical and experimental results in this section is made by means
of the strain-stress curve of the materials. Although a Finite Element Analysis provides the
strain and stress values for each gauss point in which the structure is discretized, the values of
strain and stress for the comparison are obtained from the global performance of the sample,
as it is done in the experimental campaign. Therefore, the numerical stress is calculated
by the relation σ = F

A , where F corresponds to the load applied in the sample and A is the
cross-section area of the specimen. The strain evolution is calculated by the relation ε = ∆d

L ,
where ∆d is the displacement applied to the sample and L is the gauge-length used.

Carbon/epoxy cross-ply laminate

The numerical model of the cross-ply laminate has been defined as two layers of the car-
bon/epoxy UD laminate, one at 0◦ direction and other at 90◦ direction. The material parame-
ters for defining the fibres and matrix are the ones obtained in Section 4.4.3.

In Figure 4.8, the experimental static performance of the carbon/epoxy cross-ply laminate
is compared with its numerical prediction. The good agreement obtained show that the
formulation and the methodology proposed are capable to obtain the stiffness and ultimate
strength of the carbon/epoxy cross-ply laminate, only taking into account the performance of
its constituent materials.

In addition, the formulation is also capable of predicting the failure mechanism of the
cross-ply laminate. The failure reported in literature is produced by the failure of fibres
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(a) Fibre damage in 0◦ ply. (b) Matrix damage in 0◦ ply.

(c) Fibre damage in 90◦ ply. (d) Matrix damage in 90◦ ply.

Fig. 4.9 Static failure mechanisms in the cross-ply carbon/epoxy system. (a) fibre damage in
the longitudinal ply, which are the reason of the failure of the whole laminate. (b) Matrix
damage in the longitudinal ply prior to laminate failure. (c) No fibre damage appeared in the
transverse ply. (d) Matrix damage in the transverse ply prior to laminate failure.
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at 0◦, although damage in the 90◦ layers is observed previous to the final failure. These
experimental results are in agreement with the prediction obtained, as it is shown in Figure
4.9, where damage in the matrix is observed in both layers (Figure 4.9b and 4.9d) and fibre
damage only takes place in the on-axis layer (Figure 4.9a). The simulation loses convergence
due to the failure of 0◦ fibres at the same load recorded by the experimental test.

Glass/polyester angle-ply laminates

The database available for Glass/polyester composites contains the performance of balanced
angle-ply laminates, ranging from ±10◦ to ±80◦, with angle jumps of ±10◦. Although fibre
volume content on the different laminates is similar, there are slight variations that have been
taken into account by the numerical model.

Fig. 4.10 Strength for balanced angle ply laminates

The results available for these composites are only the maximum strength and strain
before failure. Therefore, these are the values that will be compared with the results obtained
from the numerical analysis.

The strength of angle-ply laminates is highly dependent on the shear properties of their
components. In order to accurately predict their failure, this shear strength needs to be
properly calibrated. The Serial-Parallel mixing theory is applied in this analysis considering
a serial behaviour in shear direction. Therefore, the failure of the matrix implies that the
fibre shear-bearing capacity is also reduced (iso-stress condition), leading to the failure of
the whole composite. To capture correctly the shear performance of matrix material, the
simulations made use the anisotropic mapping strategy described in Section 3.3.2.

The comparison made of the strength for each balanced angle-ply laminate can be seen
in Figure 4.10, where is plotted the predicted strength using S/P RoM, the Tsai-Hill criterion,
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and the experimental strength values for all the ±θ balanced angle-ply laminate. This figure
shows an excellent agreement between the numerical prediction and the experimental results,
even a better prediction of the ultimate strength is obtained applying S/P RoM in comparison
with the Tsai-Hill criterion.

The failure mode captured by the numerical analysis is, in all cases except for the 0◦

composite, a failure of the matrix material. This occurs also for the ±10◦ and ±20◦ laminates.
Although fibres in such laminates are highly loaded, few or none fibres bridge the gauge
length between the end-tabs. It means that fibres are not giving their entire strength to the
laminate. Only fibres bridging grip-to-grip provide their entire strength. This effect explains
the sudden drop in the composite strength shown in Figure 4.10.

This explanation is consistent with the results obtained by Vallons et al. [231], who
observed an increment of the strength in function of sample width in ±5◦ off-axis laminates.
Vallons calculated the total percentage of fibres bridging the sample from grip-to-grip for
three samples with different width, and tested them in order to obtain their strength. The
results were extrapolated to a hypothetical specimen with 100% of bridging fibres and
obtained its theoretical strength, showing a higher strength for a wider sample.

4.5.2 Fatigue results

In this section, the numerical prediction of the fatigue performance of each composite system
is compared with the experimental results described in literature.

The composite numerical S-N curve is obtained by calculating a set of numerical testing
points. Each numerical testing point is defined by the number of cycles and the stress applied.
Each one of these points has been obtained with a specific numerical analysis in which the
specimen is loaded in order to develop the same stress amplitude and maximum stress as the
experimental tests. The different stress levels used in the simulations are in agreement with
the stress levels used for experimental tests.

The numerical analysis are expected to provide the S-N curve of the specimen, but also
its failure mechanisms. Different failures are expected from different laminate stacking
sequences. For this reason, it is necessary to define a common failure criteria to be applied in
all cases. The failure criteria applied is the one described in Section 4.3.3, this is, failure is
considered when damage has started along all the width of the sample in the load bearing
material, or when the analysis cannot reach convergence because the structure cannot find
equilibrium with the applied load.
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Carbon/epoxy cross-ply

The predicted S-N curve for the carbon/epoxy cross-ply laminate is compared with the
experimental results in Figure 4.11. This picture shows a very good agreement between
the numerical testing points and experimental ones. In a cross-ply laminate, fatigue failure
occurs due to the failure of fibres oriented in the loading direction, therefore each numerical
point has been obtained when damage in 0◦ fibres was extended along the complete sample
width.
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Fig. 4.11 Numerical simulation vs experimental tests for fatigue behavior of cross/ply
laminate

Regarding the fatigue failure mechanism, Kawai reports that cross-ply laminates loaded
at 0◦ direction tend to fail with a visible pull-out of fibre bundles in various locations, and
presenting an extensive delamination [101]. Therefore, according to Kawai, three failure
mechanisms are triggered: matrix cracking, delamination and fibre failure. The first one
appears on the very beginning of the cyclic loading and according to several authors, such as
Shen et al. [201], Hahn and Lorenzo [69], Adam and Horst [2], it precedes the second one,
delamination, which is responsible of a degradation of the laminate stiffness. Finally, fibre
breakage appears with the consequent collapse of the entire specimen.

The failure mechanism described by Kawai is reproduced by the numerical analysis and
it is shown in Figure 4.12 and 4.13 by means of the damage parameter in matrix material,
and the stress evolution in fibre, respectively. Figure 4.12 shows that initial matrix cracks
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Fig. 4.12 Damage evolution in matrix for cross-ply laminate

Fig. 4.13 Evolution of strength reduction versus stress applied to the carbon fibres in 0◦ ply.

start in the layer at 90◦ at the beginning of the analysis, and that after several cycles, matrix
failure also starts at the layer at 0◦. The total failure of the matrix at 0◦ before 10,000 cycles
can be understood as a delamination, as this fracture implies loosing the connection between
layers. Figure 4.13 shows that fibres at 0◦ can continue bearing load until their failure, which
leads to the failure of the composite specimen.

4.5.3 Glass/polyester angle-ply laminates

The S-N curves predicted for each balanced angle-ply laminate are shown in Figure 4.14,
which are compared with the experimental results. These graphs show a good agreement
between numerical and experimental tests. Each failure point has been obtained by applying
the failure criteria defined in Section 4.3.3.
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Each one of the graphs included in Figure 4.14 show the experimental results reported in
the Sandia database (green dots), the numerical results obtained with the proposed approach
(purple dots) and a logarithmic trend-line for the numerical results. This trendline makes
easier the visualization of the small divergences existing between the results.

These divergences show that for low angles (±10◦−±20◦), the numerical formulation
tends to underestimate the fatigue performance of the composite, while for larger angles
(±70◦−±80◦) the performance is overestimated. Although this last case is more dangerous,
in terms of structural safety, the loads that can be applied to the sample are so small that this
variation is not significant.

The agreement between numerical and experimental results can be seen more clearly in
Figure 4.15, in which is represented the maximum stress that can be applied to the different
angle-ply samples in order to fail at 104 cycles. The value of this load has been obtained
using the trend lines for the numerical and experimental results. This graph shows the large
variation that is observed in the maximum stress that can be applied as the angle varies, and
how the numerical procedure is capable of capturing this variation very accurately.

Regarding the failure mechanism, all samples tested failed due to damage in matrix
material. This is consistent with the results obtained in the quasi-static analysis, which show
that the load bearing material in balanced angle-ply laminates was the resin, and that the
failure was due to shear stresses in this material. fibre damage was found only in UD0◦

sample.
As an example of the failure mechanisms, Figure 4.16 shows the failure mode in ±70◦

laminate, where the failure is matrix-driven. The process shows that the initial damage starts
at the center of the laminate and grows towards the edge of the laminate. When matrix
damage is extended along the whole sample with, a brittle failure takes place and the analysis
loses convergence. This failure process is also obtained in the rest of balanced angle-ply
laminates.

4.6 Concluding remarks

The proposed methodology is capable of obtaining the fatigue life and failure mechanisms
of composite laminates. The failure of the composite is driven by the failure of one of the
constituent materials. This numerical method proposes the definition of two different fatigue
models for fibre and matrix.

The fatigue models for constituent materials are obtained by a calibration process based
on the S-N curves of unidirectional laminates. The procedure assumes that the normalized
S-N curve for fibre is equivalent to the normalized S-N curve of the UD0◦ laminate, and the
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(a) ±10

(b) ±20

(c) ±30
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(d) ±40

(e) ±45

(f) ±50
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(g) ±60

(h) ±70

(i) ±80

Fig. 4.14 Comparative for numerical and experimental S-N results for glass/polyester bal-
anced angle laminates. (a) ±10◦. (b) ±20◦. (c) ±30◦. (d) ±40◦. (e) ±45◦. (f) ±50◦. (g)
±60◦. (h) ±70◦. (i) ±80◦.
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Fig. 4.15 Strength for balanced angle ply laminates for N=10.000 cycles.

normalized S-N curve for matrix is equivalent to the normalized S-N curve of the UD90◦

laminate.
One important observation made in the calibration process was the necessity to take into

account the shear strengths of the UD laminate. This is required to simulate properly the
mechanical performance of the composite. Shear strength has a high influence in the fatigue
response of those composites subjected to high shear loads, such as balanced angle-ply
laminates.

Finally, the failure criteria definition is a key-role in the fatigue prediction of composite
laminates. The failure criteria proposed is the damage in the load-bearing material along
the whole width of the sample. From the results obtained, it could be stated that the current
failure criteria used is the correct way to proceed.

These methodology is applied to different marine structures in the next chapter, to
evaluate the fatigue in structures subjected to complex stress states, and hence, different
failure mechanisms.
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(a) (b)

(c) (d)

(e) (f)

Fig. 4.16 Damage evolution for ±70◦ laminate at σmax = 17.7MPa. (a) N = 170.000. (b)
N = 220.000. (c) N = 230.000. (d) N = 250.000. (e) N = 260.000. (f) N = 280.000





Chapter 5

Fatigue analysis of composite naval
structures

In this chapter, two marine composite structures subjected to cyclic loads are analyzed,
according to the numerical strategy proposed in this work. The selected structures are a
composite blade propeller and a sub-structure of a composite ship. These structures are
assumed to be made of the same constituent materials characterized in Chapter 4. The
numerical analysis of such structures have three objectives:

1. Show the capabilities and application of the methodology described in the previous
chapters.

2. Analyze the failure mechanisms that arise in marine composite structures subjected to
complex cyclic loading conditions.

3. Propose an analytical approach in order to asses fatigue in composite structures, by
using the results obtained in the simulations.

5.1 Fatigue analysis of a composite ship sub-structure

The fatigue analysis of a composite ship sub-structure is conducted, in order to demonstrate
the capabilities of the current methodology. This analysis is able to obtain the failure
mechanisms presented in composite structures, such as fibre breakage and matrix failure. In
addition, the strength degradation evolution of each constituent material is monitored, giving
useful information to the user of how much strength the materials still have.

The selected composite structure belongs to an early design of a composite ship. This
early design is based on an existing steel container ship. The definition of the composite
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(a) (b)

Fig. 5.1 Nested process followed to define the FE model for the composite sub-structure. (a)
FE steel model. A wave load is applied to obtain the cyclic displacements in the structure.
(b) FE composite model. Cyclic displacements are applied to obtain the fatigue performance

structure has been done to be equivalent in structural stiffness to the steel structure. Given
that the material stiffness of steel is different than the stiffness of a composite, a new scantling
has been defined using the updated stiffness. Composite stiffness depends on the fibre/matrix
system and fibre orientation. For current case, a quasi isotropic laminate is used, with a lay-up
of [0◦,±45◦,90◦]s. Each ply corresponds to a UD layer made of glass fibre and polyester
resin, which mechanical properties are detailed in Table 5.1. For each ply, fibre content and
ply thickness are equal. The value used for fibre content is Vf = 54%, and the total composite
thickness is 35mm.

Table 5.1 Mechanical parameters for constituent materials.

Material E (GPa) tσu (MPa) cσu (MPa)

Glass fibre 68 1900 1900
Polyester 4.7 48.5 125

The cyclic loads applied to the composite sub-structure are defined as cyclic displace-
ments. A nested process has been followed in order to obtain the value of such cyclic
displacements. The nested process connects two models: the composite model of the sub-
structure (Figure 5.1b) and a larger model of a ship cross section (Figure 5.1a). Cyclic
pressure loads are applied in the larger model, obtaining the displacements of such structure.
These cyclic displacements are used as boundary conditions in the composite model, in order
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(a)
(b)

Fig. 5.2 Definition of boundary conditions.

to analyze its fatigue behaviour. The larger model corresponds to a cross section of the
original steel ship, in which a wave load has been applied as cyclic load. The wave load used
is a monochromatic wave of 4 meters height and 2 seconds period.

Figure 5.2 shows the boundary conditions applied in the composite model. The hull
and longitudinal girder (blue surfaces in Figure 5.2a), as well as decks and bulkheads (red
surfaces in Figure 5.2a) have their displacements fixed in all directions. Figure 5.2b shows
the displacements applied in the side hull for a given moment of the cyclic load.

Fatigue simulation has been run with an in-house software: PLCd (CIMNE). In Figure
5.1b is depicted the FE model used. The model mesh has 25600 linear hexahedral elements.

5.1.1 Results

The results included in this section show the capabilities of the formulation presented. This
formulation can predict the fatigue life of the laminate and its failure mechanisms. As it was
explained, in Chapter 3, the S/P Mixing theory solves the composite behavior by solving
the constituent materials performance. Therefore, the results shown are related with the
constituent materials.

The results provided by the fatigue analysis are the apparition of damage in the different
constituent materials, for a certain number of cycles. The first simulation made, with the
loads obtained from the larger model, showed no fatigue failure in the structure, which proves
that its design is correct.

A second simulation has been conducted, in which the loads applied to the structure have
been increased by 50%, in order to have a fatigue failure and with the aim of showing the
results provided by the model in this case.
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Fig. 5.3 Zone of interest

Figure 5.3 shows the region in the panel under study in which fatigue failure takes place at
N = 150.011 cycles. Damage parameter in fibres of each ply are depicted (named DEGMA)
in Figure 5.4. As it can be seen, only fibres in ply 90◦ are not suffering damage. On the other
hand, the extension of fibre damage in ply −45◦ is greater than damage in plies 0◦ and +45◦.
These damage extension suggests that the main loading direction applied in the structure is
close to the fibre −45◦ direction, followed by 0◦ and +45◦ directions.

Matrix damage parameter is shown in Figure 5.5. This figure shows that the damage area
is substantially larger than the area with damaged fibres. In particular, matrix damage in ply
90◦ has the greatest extension, contrary of what happens in the same ply for fibre damage, as
it can be observed in Figure 5.4b and 5.5b. The fact that in ply 90◦ there is no fibre damage
but there is a great extension in matrix damage means that fibres are not being loaded, or
what is the same, the loading direction is perpendicular to fibre, consequently, in that specific
ply the matrix is subjected to higher stresses. Finally, the presence of matrix damage implies
the apparition of matrix cracks as well as delamination between plies, which is one of the
main failure mechanisms in composites.

Another interesting aspect of the formulation introduced that it is capable of showing the
reduction of the material failure stress threshold (RESFA parameter) produced by fatigue
loading. Figure 5.6 and 5.7 show the value of RESFA for fibres and matrix respectively. The
results show that strength reduction in fibres is observed locally only in those points where
there are stress concentrations. In the other hand, matrix strength degradation is observed
more generally in the whole structure. This fact is mainly to the combination of the stress
state subjected the structure and the low fatigue strength of polymer resin, in comparison
with glass fibres. This feature of the formulation can be used to define safety factors and a
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(a) (b)

(c) (d)

Fig. 5.4 Fibre damage parameter in the different laminate layers. (a) 0◦. (b) 90◦. (c) +45◦.
(d) −45◦.

(a) (b)

(c) (d)

Fig. 5.5 Matrix damage parameter in the different laminate layers. (a) 0◦. (b) 90◦. (c) +45◦.
(d) −45◦.
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(a) (b)

(c) (d)

Fig. 5.6 Residual strength in fibres. (a) Ply 0◦. (b) Ply 90◦. (c) Ply +45◦. (d) Ply −45◦.

design criteria, for instance limiting the fibre strength reduction until a certain level, in order
to avoid the collapse of the structure, or limiting the matrix strength reduction to avoid the
apparition of delamination.

5.2 Flexible blade propeller

In this section, the fatigue methodology introduced is applied in the the analysis of an early
design of a composite flexible marine propeller blade, as a second example of the application
of the developed numerical procedure. This analysis is expected to provide the number of
cycles before failure and the fatigue failure mechanism. In this section is defined the blade
design, material parameters for its characterization, loading conditions and the numerical
model used in the analysis. The results obtained from the numerical simulation show the
fatigue and static behavior obtained, detailing the failures obtained in the blade. Finally,
an analytical analysis is proposed in order to asses fatigue in composites, from the results
obtained in the blade.

5.2.1 Background

The current work is based on a collaboration with NTNU, Sintef Ocean and CIMNE in
the framework of FleksProp project. The FleksProp project aims to establish better design
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(a) (b)

(c) (d)

Fig. 5.7 Residual strength in matrix. (a) Ply 0◦. (b) Ply 90◦. (c) Ply +45◦. (d) Ply −45◦.

procedures that take into account the hydroelastic behavior of marine propellers and thrusters.
One of the main goals is to advance in the field of bending-twist phenomena on flexible
propellers.

The bending-twist phenomenon appears due to the coupling between the bending deflec-
tions and twisting deflections. Following Stäblein et al. [215], who studied the aeroelastic
response of wind turbine blades, the coupling is a result of a curved blade geometry, either
from sweeping the planform (flap–twist coupling) or from pre-bend or deflections (edge–twist
coupling), which introduces an additional torsional component when the blade is subjected to
aerodynamic loads, or from the anisotropic properties of the fibre reinforced polymer [215].
Although Stablein explanation belongs to an aeroelastic device, say wind turbine blades, it
can be extrapolated to hydroelastic devices, such as marine propellers too. In the case of this
work, the coupling is obtained from the anisotropic properties of the composite material.

As a consequence of the bending-twist coupling, the blade twists as it bends, changing
its angle of attack at the tip. If the angle of attack is reduced, the load developed at the tip
is decreased as well. The purpose of obtaining lower tip load is to decrease the bending
moment applied at the blade root, as well as reducing the apparition of cavitation. Thus, an
improvement of the blade efficiency is obtained [130, 152]. Cavitation in marine propellers
is a phenomenon to be avoided, given that it involves a reduction of the propeller efficiency,
increased vibrations and noise and the apparition of blade erosion [32], while bending
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Fig. 5.8 Design description of the flexible blade. Each reinforced zone is identified by
colours.

moments on the blade involve higher scantling, higher weight and more risk of suffering
fatigue failure.

In order to obtain a bending-twist coupling, the blade requires to be enough flexible to
bend. However, rigid blades made of bronze or aluminium do not bend enough. Consequently,
composite blades has been proposed for obtaining such phenomenon. Additionally, composite
materials have other interesting advantages, such as they do not suffer from corrosion,
decreased noise radiation or increased fatigue strength.

Design strategy approach

The design described in this work belongs to an early concept of a flexible propeller conducted
in conjunction with CIMNE, NTNU and Sintef Ocean for FleksProp project. The design
concept obtains the bending-twist coupling by reinforcing strategic positions of the blade,
instead of defining an asymmetric lay-up on the blade. The main reason to proceed by this
manner was that laminates based on carbon/epoxy lay-up were found to be too stiff, and
therefore the scaled model was enable to bend sufficient to be measured in the model tests.
In addition, the blade can be easily manufactured.

Finally, the strategic positions to place the carbon fibres were defined next to the leading
edge of the blade, following a curved path along the radius of the blade. Placing the carbon
fibres next to the leading edge makes stiffer this zone than the tailing edge, and therefore the
tailing edge bends more than the leading edge, obtaining the desired twist of the blade. The
reinforcement is shown in Figure 5.8 as a blue zone, which is extended from the blade root
until the tip of the blade.
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The blade root has been reinforced with carbon fibres in order to avoid earlier failure on
such zone. Carbon fibres make the blade root stiffer and less flexible, reducing the strains
applied in the matrix. Lower strain values means lower matrix stresses, what increases the
expected fatigue life. On the other hand, the root does not require to be flexible, given that the
bending-twist effect appears mainly in the tip blade section. The reinforced root is identified
in Figure 5.8, with the same colour than the reinforcing, given that both have same fibre
architecture.

After early simulations of previous designs, those zones found to be susceptible of failure
were reinforced in a similar manner than the blade root. The susceptible zones found were
the interface between the reinforce placement and the neat-matrix. Specifically, in the tip
blade region the stress concentrations were high and therefore the tip blade is reinforced
with a [0◦/90◦] architecture. The carbon fibres in 90◦ direction reduce the matrix strains in
the transverse direction, which were the reason of earlier failure in the matrix. This zone is
identified in Figure 5.8 in brown colour.

5.2.2 Propeller geometry and FE model

The blade geometry was imported to the pre-post-software GiD [39]. The fatigue simulation,
as well as the FE model are obtained using the in-house software GiD-PLCd [40]. The
propeller geometry used is the propeller P1374, an open geometry for research purposes
designed in Sintef Ocean, whose geometric parameters and description can be found in
Amini and Steen [7], Savio [195], Savio et al. [196]. The FE model consists of one propeller
blade without hub. The fillet of the root blade is removed from the 3D model. Fillets are a
common solution on metal blades to avoid fatigue failure in the root, and its manufacturing
is relatively easy to perform for a metal blade or a neat-resin blade by casting process. On
the contrary, this kind of solution in composites implies the use of delta-fillets, which are
resin-rich zones. Resin-rich zones are susceptible to be failure nucleation points [28, 60],
and therefore they should be avoided.

The total radius of the propeller corresponds to 125 mm. However, the total radius does
not correspond to the entire blade length, given that the hub ends at 25% of the total radius.
Besides, some changes in the original geometry have been applied: the last 5% radius in the
tip blade has been erased, and leading and trailing edges have been flatten. These changes in
the geometry have been done for meshing purposes. Such zones have great importance from
the point of view of the fluid dynamics, nevertheless, they have no great influence from the
point of view of the structural response.

The mesh used is structured and it is composed of 28.500 quadratic hexahedral elements
and 133.746 nodes. The mesh can be seen in Figure 5.9. The original blade geometry has
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Fig. 5.9 Mesh of the flexible blade. Quadratic hexahedral elements have been used, in
conjunction with a structured mesh.

(a) (b)

Fig. 5.10 (a) 0◦ direction definition, named X’. (b) 90◦ direction definition, named Y’.

round edges, hence the meshing of blade edges was difficult to conduct. Consequently, the
rounded zones have been flatten as it was mentioned above, obtaining an easier meshing
process and a better mesh.

Designing composite structures requires the definition of a frame of reference, given that
the designer has to be able of physically define the orientation of fibres. Their direction is
referred to a local element axe, and therefore, the angles are referred to this reference axe.
In the case of this work, the carbon fibres followed a curved path, which has been used as
a reference local axes. The reference axe is named X’, and each fibre angle defined as 0◦

direction follows this path, which is depicted in Figure 5.10a. On the other hand, fibre angle
defined as 90◦ direction follows the axe named Y’ and depicted in Figure 5.10b. Besides, a
third axe is defined and named Z’ axes, which is obtained from the vector product of X’ and
Y’, resulting normal to the blade surface. Those axe definitions define each local element
orientation, being the fibre angles defined in the plane X’Y’ of each element.
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Fig. 5.11 Pressure distribution and constrains applied in the blade. A different value of
pressure has been applied depending on the blade region, based on the results of CFD. The
boundary condition applied was completely constraining the blade root.

5.2.3 Loads and boundary conditions

Load distribution

In an early design stage, a CFD analysis was conducted in order to obtain the hydrodynamic
pressure field in both faces of the blade. In the structural model (PLCd-GiD), this hydro-
dynamic pressure field has been simplified by replacing it for a pressure distribution in the
pressure face. The pressure distribution is calculated by the difference between the two faces.
Thus, the same thrust as CFD analysis is being applied. The blade surface has been divided in
different zones in order to properly define the pressure distribution. For each zone, a pressure
value has been assigned according the pressure distribution defined. The pressure distribution
assigned can be seen in Figure 5.11.

Cyclic load

The aim of a marine propeller is to develop a specific thrust value in order to overcome
the ship drag resistance. The real scenario is that the thrust provided by the propeller is
not constant in time, but variations in thrust occurred in each cycle, as peak loads. These
variations are mainly due to the existence of the ship wake, which disturbs the velocity field
that reaches the propeller. In consequence, the static analysis of the composite propeller
is not sufficient in terms of structural reliability, and an analysis of the influence of cyclic
loading should be conducted. Besides, propeller designers should check that load peaks do
not reach the safety margins of the propeller in terms of blade strength.
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A fluid structure interaction (FSI) model should be performed in order to take into account
the influence of the wake in the thrust development. The coupling between the composite
model and a FSI model is out of the scope in this thesis, although these variables have to be
taken into account in the model. In order to asses the thrust variation in the composite model,
studies of composite propellers in non-steady wake are selected as a reference. The selected
studies are Maljaars et al. [139] and Lee et al. [120]. Maljaars et al. [139] measured the
thrust variations in one cycle due to the wake field for flexible propellers, obtaining a value
between the minimum and maximum thrust around R = 0.35. In the study conducted by Lee
et al. [120], the load variation is obtained in terms of thrust coefficient variations, obtaining a
value of R = 0.58. In the document described for the fatigue analysis of the blade, the value
of R = 0.35 is used. The main reason to use it is that a value of R = 0.35 is more critical than
R = 0.58 in terms of fatigue life.

Once the stress ratio is defined, the next step is obtaining the minimum and maximum
load to apply in the blade that fulfill the selected stress ratio. These minimum and maximum
values are related to the bottom and peak loads expected in the blade. In order to simplify
the process, the working load pressure is scaled, but it is not changed its distribution. The
scaling is referred to the number of times the working thrust.

Finally, the minimum and maximum scaled values of the cyclic load are defined in terms
of the working load and the stress ratio, understanding working load as one times the working
thrust. The values of the minimum load and maximum load are obtained by solving equation
(5.1), being working load L0 = 1.0 and stress ratio R = 0.35.

R =
Lmin

Lmax
(5.1a) L0 =

Lmin +Lmax

2
(5.1b)

The scaling values for minimum and maximum load applied in the blade are Lmin = 0.52
and Lmax = 1.48, corresponding to 148% and 52% times the working thrust, respectively.

Boundary conditions

The connection between the blade root and the hub propeller is supposed to be fully con-
strained. Consequently, the blade root has been clamped in all displacement directions to
simulate the boundary conditions, which can be seen in Figure 5.11.

5.2.4 Verification of loading conditions

In the above sections, the conditions in which are subjected the fatigue simulations have been
introduced. However, several suppositions have been made. In order to prove that the current
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Fig. 5.12 Comparison between the predicted deflections and the experimental deflections in a
neat-resin blade. Experimental data obtained from Savio et al. [196], for J = 0.4 and n = 11
rps.

loading conditions are in agreement with working conditions, a verification is conducted.
This verification is made by means of applying the loading conditions defined in a pure resin
blade tested by Savio [195], Savio et al. [196], whose measured deformations are known.
The blade geometry used in the work of Savio is the same than the one used in this thesis and
depicted in Figure 5.8.

Savio tested two working conditions for the model propellers. A working condition
close to the design point of the propeller, and an off-design condition where the propeller is
heavy-loaded [196]. In order to ensure fatigue failure of the blade, the load condition chosen
was the most heavy-loaded, although it is the most unlikely to occur for the propeller life.

In Figure 5.12, a comparison is conducted between the numerical predictions and the
experimental measurements of the blade deflection at different radius positions. The points
used as a numerical measurements where chosen according to those points in the same local
radius as the experimental measurements and in the mid-chord of each blade section. In
Figure 5.13, the distribution of blade displacements is shown, as well as the points used as
a reference. The results show good agreement between both, numerical and experimental,
proving that the proposed load mapping and constraints applied are in agreement with the
blade operation conditions.

In the next sections, the load distribution of the off-design condition is assumed to be
constant and taken as a reference, and hence it is scaled in order to define ultimate loading
conditions, or cyclic loading.
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Fig. 5.13 Total deflections in the composite blade. The points used for the comparison
between numerical and experimental deflections are depicted, as well as their deflection
values are shown.

5.2.5 Validation of the proposed design

This section shows that the proposed design fulfils the fatigue requirements of the composite
blade. The working thrust was converted to a cyclic load by applying the load variations
defined previously. Then, the simulation was ran until 3 · 106 cycles, showing no fatigue
failure in the composite blade, nor mechanical degradation, as it is shown in Figure 5.14.
The reason is that the blade is working below its endurance strength, and consequently, there
is no fatigue damage.

One of the goals of this chapter is showing the capabilities of the current formulation,
among them, the capability of obtaining the fatigue failure mechanisms that may trigger in

Fig. 5.14 No fatigue failure or mechanical degradation of materials appeared in the proposed
design, after 3 ·106 cycles.
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the composite structures, and the monitoring of the mechanical degradation of the constituent
materials. As a consequence, the working thrust applied was increased, in order to obtain
fatigue failure in the blade.

The increased load chosen was bollard condition. This condition belongs to the working
point of the blade at which it is developing its maximum capable thrust. This condition
occurs for advance velocity of the propeller equal to zero, at which the thrust coefficient KT

is the maximum. This thrust coefficient can be easily obtained by using the KT -KQ curves
provided by Savio [195, 196]. The thrust coefficient relation between bollard (KT,b = 0.76)
and off-design condition (KT,o = 0.43) is 1.8. Consequently, the loads applied to the blade
are increased by 1.8 times the off-design load, obtaining the bollard condition loads.

The peak load due to non-steady wake was assumed to be the same than the defined in
the previous sections, and hence, the same load ratio of R = 0.35. Therefore, the maximum
cyclic load applied is 1.48 times the bollard load, and the minimum cyclic load applied is
0.52 times the bollard load.

Once the loads to apply are defined, the analysis of the composite blade can be conducted,
in order to study the possible failure mechanisms in the blade. First, a static analysis is
conducted for the maximum cyclic load value. Second, the fatigue analysis is ran for this
new thrust condition.

5.2.6 Static loading analysis

The static analysis verifies that the blade accomplishes the safety margins in terms of the
ultimate load. The static analysis of the blade showed that damage did not appear in the
blade for the two compounding materials. The stress for each compound was below the
limit stress of the materials. The main stress component was shear stress in the X’Y’
local plane. The maximum stress applied in each material is depicted as a variable named
PREYS. This variable represents the maximum equivalent stress applied normalized by the
static ultimate strength of the material. The maximum value obtained in the neat-resin was
PREY Sneat = 0.54, for the matrix in the reinforcement was PREY Smatrix = 0.69 and for the
fibres was PREY S f ibre = 0.33, as it is shown in Figure 5.15. These values mean safety factors
of 1.85, 1.45 and 3.00, for neat-resin, matrix and fibre respectively. These safety margins are
in agreement with other strength blade studies [126], which could be considered safe factors.
Therefore, the composite blade is safe enough in terms of static ultimate strength.

The purpose of the static analysis is studying the behavior of the blade and identify those
zones with higher stress level, which are more prompt to fail by fatigue. In addition, checking
the current stress state allows for verifying that composite blade is not failing by static loads,
otherwise it would not make sense a fatigue analysis. For this reason, the maximum stress
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(a)

(b)

(c)

Fig. 5.15 Equivalent stresses in the static analysis. (A) Neat-resin. (b) Matrix. (c) fibre.
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applied in the blade should be below the strength threshold of each material. The current
static analysis shows that there is no damage in the blade and the current stress applied is
well below the maximum.

5.2.7 Cyclic loading analysis

Once the static analysis proves that there is not failure in the blade prior to the cyclic loading,
the fatigue simulation of the blade can be conducted. Hence, the blade is cyclic loaded using
a maximum cyclic load of 1.48 times the bollard load and a minimum cyclic load of 0.52
times the bollard load, corresponding to a load ratio of R = 0.35, as it was defined in the
loading conditions. For the analysis, cyclic jumps of N = 50 cycles were performed, in order
to obtain the failure progression of the blade.

The whole fatigue simulation concludes at N = 6061 cycles, given that the equilibrium
between serial stresses in fiber and matrix is not reached. The first sign of damage appears
in the epoxy matrix of the strategic reinforcement at N = 2452 cycles, specifically in the
interface between the reinforcement and the neat-resin body, as it is shown in Figure 5.16a.
As the number of cycles applied are increased, the damage extends along the width of the
reinforce placement, and several points are origin of other nucleation damage.

The whole process of damage apparition and its extension can be split in four stages.
Stage one belongs to the initiation and growth of the firsts transverse matrix cracks along the
width of the strategic reinforcement, starting at N = 2452. Stage two starts once the damage
is extended to an upper region of the first damage, at N = 3517 cycles. During this time,
damage in the two regions was growing. The stage three corresponds to period in which new
apparition of damage is not found and neither appears growth of the existed, consequently it
is a stage of stability, it starts at N = 4738 cycles. Finally, stage four starts with the nucleation
of a third point of damage and its growth, at N = 5500 cycles, following a transverse path
along the width of the strategic reinforcement, until the end of the simulation, at N = 6061
cycles. Almost at the end of the simulation, at N = 5800 cycles, damage appears in the
neat-resin, as a continuation of the third nucleation damage point. However, its extension is
limited and no progression of the damage appears at all. The whole process can be seen in
Figure 5.16.

The residual strength of the material due to fatigue degradation is depicted as a variable
named RESFA. This variable is obtained by applying the reduction function ( fred), equation
(4.5), to the ultimate strength of the material. In Figure 5.17 is seen RESFA for matrix in the
reinforced resin. The loss of strength is particularly high in those zones where the matrix
equivalent stress is high, being followed by damage initiation.
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(a) (b)

(c) (d)

(e) (f)

Fig. 5.16 Damage evolution in matrix due to cyclic loading for different number of cycles.
(a) First sign of matrix damage at N = 2452 cycles. (b) Growth of the first damage region
along the width of the reinforcement placement at N = 3365.0 cycles. (c) Nucleation of a
second damage width extension at N = 4075.83 cycles. (d) Growth of the second damage
width extension and nucleation of a third damage width extension at N = 5297.92 cycles.
(e) Growth of the third damage width extension at N = 5551.92 cycles. (f) Final damage
progress at the end of the simulation at N = 6060.83 cycles.
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(a) (b)

(c) (d)

(e) (f)

Fig. 5.17 Residual strength evolution in the matrix for several number of cycles. (a) N = 2503
cycles. (b) N = 3008 cycles. (c) N = 3162 cycles. (d) N = 3568 cycles. (e) N = 4737 cycles.
(f) N = 5959 cycles.

As it can be observed, before appearing damage the strength is reduced (Figure 5.17a).
Once the stress applied reaches the residual strength, damage appears, as it is depicted as
black colour elements in Figure 5.17b. The upper region starts to be damaged in Figure 5.17d,
but before is seen how that region is degraded (Figure 5.17c). Besides, in both pictures, the
damaged zone grows due to a strength degradation in the tip of the damage progression. The
same phenomenon is occurring in the lower damage region, in Figure 5.17e and 5.17f.

On the other hand, carbon fibres suffer no fatigue damage. In Figure 5.18 is seen that at
the end of the fatigue simulation, carbon fibres have not lost ultimate strength, consequently,
they are not suffering cyclic degradation.

Concerning the blade root, appreciable damage was not observed. The main reason
was that fibres are loaded in the load direction, reducing epoxy stresses, and neat-epoxy is
subjected to higher stresses than in the root.
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Fig. 5.18 Residual strength in carbon fibres. No deterioration of such value is observed at the
end of the fatigue simulation.

As a whole, the failure mechanism observed in the flexible blade was the nucleation and
propagation of matrix cracks along the width of the strategic reinforcement. The damage was
originated at several points of the blade, near the reinforced blade root and at the interface
between the strategic reinforcement and the neat-resin. This nucleation points could be
explained by the slight difference in material stiffness. Neat-resin has lower stiffness than
reinforced resin, although their strain are similar. Consequently, the reinforced resin is
subjected to higher stress than neat-resin, and hence more prompt to fail. The simulation
ends at N = 6063 cycles due to the loss of equilibrium between the serial stresses of fibre
and matrix, which are close to zero due to failure of the matrix, although carbon fibres are
not affected for fatigue.

Despite the analysis conducted predicts fatigue failure for 6063 cycles, a fatal collapse
of the blade is not likely to occur under the applied loading conditions. This is based on
the fact that the blade has not lost its load-bearing capacity. Load-bearing capacity of the
blade relates the load applied, which is unchanged, and the deflections obtained in the tip
blade. Figure 5.19 shows such deflections for the entire process, showing although there is an
increase on the maximum deflection measured at the blade tip produced by matrix damage,
this variation is very small (roughly a 1%). Therefore, matrix failure has not a significant
impact in the blade stiffness. The main reason behind is that carbon fibres are responsible
of giving stiffness to the blade, and they are not damaged and their stress value is under the
fatigue endurance strength.

On the other hand, matrix cracking in the blade could be not allowed for other reasons,
such as delamination or hydrodynamic reasons. Besides, cracks cause roughness on the
blade surface, what could lead to an increment on the friction drag of the blade, or even they



5.3 Early fatigue failure analysis applied to composites 131

Fig. 5.19 Deflection evolution on the tip blade during the fatigue process. There is no
appreciable variation of this value, meaning that the blade has not lost its load-bearing
capacity.

could be a nucleation point of cavitation. Such phenomenon are out of scope of this research,
although the real design and manufacturing of a flexible blade should take into account them.

5.3 Early fatigue failure analysis applied to composites

This section proposes a new simplified procedure to obtain the number of cycles at which
a composite structure will fail. This method is applied to the composite blade previously
presented. The procedure uses the stress amplitude produced by the cyclic load on the
composite constituents, fibre and matrix, to evaluate the number of cycles before failure.
This evaluation is made using the S-N curves of each material. A detailed description of the
methodology proposed is included in the following.

1. The S-N curves of UD0◦ and UD90◦ laminates are normalized to obtain the S-N curves
of fibre and matrix, named SN0◦ and S-No f f respectively.

2. The Serial/Parallel mixing theory obtains the stress values of fibre and matrix, and
each one of them is also normalized.

3. Using the Serial/parallel mixing theory and a quasi-static analysis of the structure, the
stress tensors for fibre and matrix are obtained for a given cyclic load.
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4. The equivalent stresses are calculated for each composite component and for the
different instants of a given cyclic load. The equivalent stresses are obtained using the
failure surface defined to each component.

5. The components equivalent stress amplitude is obtained using the equivalent stresses
calculated in (4)

6. The equivalent stress applied in fibres are compared with the S-N0◦.

7. The equivalent stress applied in matrix is compared with the S-No f f .

8. Using the S-N0◦ curve and the equivalent stress amplitude of fibres calculated in (6),
the code obtains the number of cycles at which the fibre will fail.

9. Using the S-No f f curve and the equivalent stress amplitude of matrix calculated in (7),
the code obtains the number of cycles at which the matrix will fail.

10. The number of cycles at which will start fatigue failure in the composite is the minimum
value obtained from calculations made in (8) and (9).

Once having described the proposed procedure, in the following are shown the results
obtained when applying it to the composite blade analyzed in previous section. This com-
parison is very convenient because the fatigue performance of the blade is perfectly known
thanks to the detailed fatigue analysis conducted.

In Figure 5.20a it is shown the predicted fatigue life, as the number of cycles before
failure, in the matrix material existing in the CFRP region of the blade. In this picture, two
critical zones are observed from the point of view of fatigue, the main one named zone
’A’ and the second one, named zone ’B’. In zone ’A’, the predicted fatigue life is around
N = 2430 cycles and it corresponds to an equivalent stress applied of PREY S = 0.69. This
can be easily seen comparing the current stress with the named S−No f f curve of the material,
Figure 5.21. If this result is compared with the results described in Section 5.2, in which
the first damage recorded was around 2400 cycles, it can be concluded that the prediction
made by the new simplified procedure is very close to the accurate value provided by the full
analysis.

Figure 5.20a shows that the upper region of the zone ’A’ should be damaged after the first
nucleation point. However, Figure 5.16 shows that damage progress is through the width in
point ’B’, while damage in point A takes longer to take place. This disagreement is produced
because when damage starts, the stress field in the structure varies as a result of the stiffness
variation produced by damage, and the initial prediction made by the proposed procedure is
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(a) (b)

Fig. 5.20 (a) Fatigue life expected in number of cycles. (b) Normalized equivalent stress
applied above σeq = 0.54

Fig. 5.21 S-N curve normalized for matrix (red curve) and equivalent stress applied (blue
curve). The graph shows the predicted fatigue life of the matrix for the current equivalent
stress, being N = 2430 cycles. The numerical results showed that the damage in the zone ’A’
started after 2400 cycles, showing good agreement between the predicted by the criteria and
the obtained by the simulation.
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(a) (b)

Fig. 5.22 Fatigue life comparison between the fatigue analytical procedure and the fatigue
simulation. (a) Supposed to fail at N=4000 cycles. (b) Currently failed at N=4000 cycles.

no longer valid. Or, in other words, damage changes the current stress state in that zone, and
therefore its progression is determined by the current stress state in that moment.

Although the damage progression from the first point in zone ’A’ is through the width,
the upper region of zone ’A’ is being damaged at N = 3303 cycles. Comparing the S-N curve
criteria applied used, which has an stress applied of σeq = 0.662, expected fatigue life is
N = 3747 cycles, what is in agreement with the numerical results.

This supposition is also found in the third region of damage. Following the complete
analysis made in Section 5.2, this zone failed at N = 3517 cycles. Applying the simplified
procedure, this zone should start failing at N = 4035, as it is shown in Figure 5.22. Although
damage progression in the blade has been started, the analysis is capable of predicting the
initiation in the third region, proving that the current approach could be valid for a fatigue
assessment.

5.3.1 Fatigue assessment proposal

Instead of using S-N curves, in this approach is proposed to use the evolution of the residual
strength of the constituent materials as methodology to obtain the fatigue life design of the
structure. Each cycle applied on the materials reduces the current strength of them. The
approach proposed is to calculate the number of cycles required in order to degrade the
material strength until a specific value. The approach is similar than the Figure 5.20a, but
instead of plotting the number of cycles to start damage in the material, the result plotted are
the number of cycles required to reach a given design fatigue safety factor.

In the current work, the minimum safety factor obtained in the matrix was S f = 1.45,
corresponding to an equivalent stress applied of σeq = 0.69. If the current blade design
requires a minimum safety factor of S f = 1.25, it means that the strength should not degraded
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Fig. 5.23 Residual strength evolution for a stress ratio of R=0.35. In green is depicted the
current stress applied. In blue is shown the residual strength evolution. In red is depicted the
design strength allowable, showing that for this case, the design fatigue life expected is 1611
cycles.

beyond σu = 0.80. This is shown in Figure 5.23, which shows that the current design fatigue
life of the blade is N = 1611 cycles.

Finally, this approach is considering that the blade should stand a particular number of
cycles without a specific % value of loss of strength. Thus, the definition of an operation life
is defined by not over-reaching a safety factor, applying only a quasi-static analysis.





Chapter 6

Conclusions and final remarks

6.1 Conclusions

This thesis describes a numerical procedure to simulate the behavior of composite laminates
subjected to cyclic loads, obtaining the failure mechanisms and fatigue life of the composite
laminate by solving the fatigue performance of the constituent materials. The validation of
the proposed methodology is validated for different composite laminate systems.

Chapter 2 conducts an analysis of the state of the art of fatigue phenomenon in composites.
Two important conclusions can be deduced from this chapter: The first one is that composite
materials suffer a progressive degradation of their mechanical properties when they are
subjected to cyclic loads. A similar behavior is observed in constituents as a bulk material,
that is, fibre bundles and neat-resins. The second conclusion is that the failure of the
composite is driven by one of the constituent materials. Consequently, the failure mechanisms
of the composite can be predicted if the constituent materials are properly characterized.

Chapter 3 introduces a numerical procedure to characterize the constituent materials,
in order to predict the non-linear behavior of composites subjected to quasi-static loads.
The need for a correct characterization of the composite constituents is needed in order to
simulate accurately the different failure mechanisms that take place in composite materials,
and also to simulate their fatigue performance, which is the ultimate goal of this work.

The described procedure, together with the formulation itself, provides a detailed method-
ology for the characterization of composite materials, which main advantage, compared to
other existing formulations, is that it does not require to predefine the failure mode that it is
expected in the composite, to predict it. Instead, the failure mode becomes part of the result
given by the numerical model, and this failure mode only depends on the geometry of the
structure analyzed and the loads applied to it.



138 Conclusions and final remarks

A new methodology has been developed to obtain the material parameters required by
the Serial/Parallel Mixing Theory formulation. The method uses the experimental results,
obtained from the experimental analysis of unidirectional laminates, to calculate the me-
chanical properties of the composite constituents. The procedure assumes that failure of
unidirectional laminates loaded parallel to the fibre direction is fibre-driven, while the failure
of unidirectional laminates loaded off-axis is matrix-driven. This chapter also provides the
experimental campaign and the calibration procedure required for a correct characterization
of the composite components.

Chapter 4 couples a fatigue model that modifies the constitutive equation of the composite
components, together with the serial/parallel mixing theory (S/P RoM) in order to obtain
the fatigue performance of the whole composite. The fatigue model obtains the strength
and stiffness reduction of the composite components due to the cyclic loads, while S/P
RoM obtains the non-linear performance of the composite, acting as a constitutive equation
manager.

The proposed methodology is capable of predicting the fatigue behaviour of composite
laminates, independently of their internal micro-structure, as it has been possible to predict
the failure of UD, cross-ply and balanced angle-ply laminates. Besides, the current method
has been validated for composites of different material components, such as carbon/epoxy
and glass/polyester, proving that the current methodology does not only belong to a specific
composite system. The results obtained from the different numerical analysis conducted
have shown a very good agreement with the experimental results reported in literature in
terms of the predicted S-N curve, as well as in terms of the mechanism that triggered the
composite fatigue failure. These failure mechanisms are obtained by means of the failure of
the composite constituent materials. In particular, in on-axis loading the failure mechanism
is fibre breakage, while in off-axis loading the main failure is matrix failure or fibre-matrix
interface failure.

This work has also proposed a calibration process to obtain the fatigue material parameters
required by the fatigue model. This calibration process is based on similar assumption as
the described in Chapter 3. The assumptions are that fatigue failure of the UD laminates is
driven by the fatigue failure of the load-bearing material. With this approach, the fatigue
performance of fibres can be obtained from the fatigue test of the laminate when it is loaded
in fibre direction, while the fatigue performance of matrix is obtained from tests conducted
on UD90◦ laminates.

As a summary, it can be stated that with the formulations and the procedure proposed
in this work, if the constituent materials are well characterized, it is possible to predict
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accurately the fatigue response of the composite, independently of its stacking sequence, or
the loads applied to it.

In Chapter 5, the developed strategy is applied in two composite naval structures: a
flexible composite propeller blade and a sub-structure of a composite ship. The formulation
allows to recognize which ply and material is failing in the composite, as well as the failure
mechanism triggered. Therefore, a re-design of the structure can be done, in order to avoid
fatigue failure. Besides, the formulation is capable of monitoring the evolution of the internal
variables of the constituent materials (usually, fibre and resin), which will facilitate the
definition of new safety criteria for composite structures.

Finally, this chapter proposes an analytical method based on quasi-static analysis of the
constituent materials, in order to asses the fatigue prediction of composite structures. The
fatigue assessment procedure compares the equivalent stress applied in each constituent
material with their S-N curve. The proposed fatigue assessment is capable of predicting the
initiation of fatigue failure in the structure, although the failure progression is subject to the
loading condition.

In addition to the general conclusions previously described, the following particular
results and conclusions can be summarized:

New procedure proposed for the calibration of the parameters needed to simulate
composite materials with the SP RoM

The material parameters calculated are used in conjunction with the Serial–Parallel Mixing
Theory to predict the mechanical performance of the composites considered in this study.
This formulation is capable of simulating different failure modes of the laminates, such
as fibre breakage, matrix cracking and delamination, from the constitutive performance of
the composite constituents. All this work was conducted in the framework of FibreShip
research project, in which the methodology and formulation introduced in this thesis was
validated for two different composite systems, glass/vinyl ester and glass/epoxy. One of the
decisions taken in FibreShip was the definition of the tests required for obtaining the correct
characterization of the materials, as well as having more testing data to verify the behaviour
of the numerical model.

The results shown by the simulations prove the capacity of the model to predict the
different failure mechanisms, depending on the geometry and the loads applied to the
specimens, as these are the only elements that vary among the different models.

Finally, some recommendations are proposed for obtaining a good calibration process of
the material parameters, which are the following:
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• Stiffness measurements should be conducted with extensometers in order to obtain an
accurate value of the stiffness of the material in tensile tests.

• Material parameters should be obtained from a testing campaign.

• Datasheets supplied by the manufacturers should only be used as a reference or as a
first approximation of the parameters value.

• The definition of the real architecture of the laminate should be taken into account,
given that it could lead to a misunderstanding of the material parameters values, as it
has been proved by the need to consider the contribution of transversal fibres, included
in the unidirectional laminate to stabilize the longitudinal fibres, in order to capture
properly the transverse stiffness of the composite.

New procedure proposed to predict the fatigue performance of composites

The fatigue material parameters are obtained by conducting a fitting process between the
numerical S-N and the experimental S-N curves. This fitting procedure is based on assuming
that failure in the laminate is driven by one of the constituent materials, therefore, an
equivalency is conducted between the S-N of constituents and S-N of the UD laminate. More
specifically, the normalized S-N curve of fibres is assumed to be equal to the S-N curve of
UD0◦ laminate, while the normalized S-N curve of matrix is equal to the normalized S-N
curve of the UD90◦.

One important observation made in the calibration process was the necessity to take
into account the shear strengths of the UD laminate. This is required to simulate properly
the mechanical performance of the composite, which has a strong influence on its fatigue
response, increasing as the fibre orientation is closer to ±45◦. The shear strength of the
matrix was considered to be the same than in the UD laminate. This assumption is based
on S/P RoM, which considers an iso-stress condition for the shear components of the stress
tensor. The anisotropic strength of the matrix is introduced in its constitutive equation by
means of defining an anisotropic mapping space for matrix strength.

The main advantage of this calibration process is that it only requires to conduct testing
campaigns on UD laminates, hence there is no need to test laminates with complex stacking
sequences nor in many loading directions. This feature allows to reduce the tests to be
conducted, reducing time and resources. The results obtained in this work show that the
proposed calibration methodology is the proper path to follow in order to predict the fatigue
in composites using the Serial/Parallel Mixing Theory.
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One important aspect of this work is the failure criteria definition, given that it has a
key-role in the fatigue prediction of composite laminates. The failure criteria proposed is the
damage in the load-bearing material along the whole width of the sample. From the results
obtained, it could be stated that the current failure criteria used is the correct way to proceed.

In the case of UD0◦ and cross-ply laminates, the load-bearing material were fibres,
although matrix damage appeared previously. On the other hand, matrix was the load-bearing
material for angle-ply laminates, and no fiber failure was found in the model.

The numerical procedure predicts the failure mechanisms and fatigue life of different
composite laminates, although a little divergence is seen in the balanced angle-ply laminates.
The formulation tends to underestimate the fatigue life for low angles (±10◦−±20◦), and
overestimate it for larger angles (±70◦−±80◦). As it has been pointed in Chapter 4, the
divergence in low angles are more dangerous, although in terms of structural safety, the load
variations are not significant. Besides, it is shown that the strategy proposed is capable of
capturing very accurately the large variation observed in the maximum stress that can be
applied as the angle varies for a determined number of cycles.

Fatigue analysis of marine structures

In the case of the sub-structure of a composite ship, the design loads were increased in order
to obtain fatigue failure and study the possible failure mechanisms.

The results for the sub-structure showed the failure of matrix in all layers of the composite,
with increased presence in those plies that fibres were perpendicular to the main load.

In addition, fibres failure was also observed, which was the reason of the failure of
the sub-structure. The damage was concentrated in the joints between the hull and the
reinforcements, due to a stress concentration in these zones.

In the case of the flexible composite blade propeller, a design was proposed in order to
obtain bending-twist coupling, by means of applying a strategic placement of reinforcement.
This consisted on reinforcing the leading edge of the blade by placing carbon fibres. In
addition, the reinforcement was applied to the root of the blade, avoiding possible root failure.

The proposed blade design fulfilled the static requirements for operational peak loads.
However, the fatigue simulation showed matrix failure in the SRP near the root, at early
cycles. From the point of view of structural resistance, the matrix failure did not influence
the load-bearing capacity of the blade, although a fluid-structure interaction (FSI) analysis
should be conducted in order to asses if the matrix failure influence in the hydrodynamic
performance of the blade.
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It should be pointed out that a quasi-static analysis is capable of obtaining a first approxi-
mation of the initiation of fatigue failure, although to study the whole progression of it, a full
fatigue simulation should be conducted, as it is done in this thesis.

Finally, in order to consider if a specific design complies with the safety margins, a
case-by-case study should be conducted. This strategy allows to consider structure damage,
although demonstrating that it verifies that no structure collapse can occur. This procedure
will allow to understand how fatigue damage influences the functioning of the composite
structure. For instance, if matrix damage appearing in the blade is changing the operational
performance of the blade, or if it can be affordable. Besides, the fatigue analysis should be
conducted in conjunction with a FSI analysis. In other words, not always a failure in the
material is a failure in the component.

To sum up, fatigue study in composite structures, such as wind turbines or composite
ships, is a must in order to design reliable structures. Consequently, the author believes
that the proposed methodology can be used for the design of optimized and more reliable
composite structures subjected to cyclic loads, as well as reducing the safety factors applied.

Additionally, this work has contributed in the understanding of fatigue in composites,
and specially, it has helped to adapt the current standard guidelines of class societies to take
into account the anisotropy of composite laminates and its constituent dependence.

6.2 Contributions of this work

The main goal of this work has been obtaining a numerical model capable of predicting the
fatigue performance of composite materials, and apply it to the analysis of naval composite
structures. This purpose has been achieved satisfactorily, and this is the primary contribution
of this thesis. In order to fulfil this milestone, it has been required to leverage previous
developments of other researchers, and contributing new proposals and solutions, which are
original contributions of this thesis. In this section, the original contributions are described
briefly.

1. A methodology to calibrate the material parameters of constituent materials, relating
the experimental tests to be conducted to obtain them. The design of the calibration
procedure has been adapted to the features of serial/parallel mixing theory, assuming
that UD0◦ behaviour is driven by fibre, and UD90◦ and shear behaviour is driven by
matrix.

2. A strategy capable of predicting the fatigue life and fatigue failures of composite
laminates, without pre-defining any failure. This strategy is based on coupling the
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fatigue model with serial/parallel mixing theory. The fatigue model acts by reducing
the elastic threshold of the constitutive equation of fibre and matrix, and S/P RoM acts
as a constitutive equation manager.

3. The fitting process required to characterize the fatigue models of the constituent
materials. This process assumes that fatigue failure of a UD0◦ is driven by fibres, and
fatigue failure of a UD90◦ is driven by matrix. Consequently, the normalized S-N
curves for the UD direction and constituent are the same.

4. The demonstration of the importance of defining a proper failure criteria, in order to
evaluate the numerical failure of the specimens. This thesis has assumed that laminate
failure is driven by its load-bearing material. More specifically, the complete specimen
failure is obtained once the damage in the load-bearing material appears along the
whole width of the sample.

5. Fatigue analysis of composite structures subjected to cyclic loads, in order to identify
the possible failures. Two naval composite structures have been analysed: a sub-
structure of a composite ship and a flexible composite blade. In the case of the blade,
the fatigue simulation shown that matrix failure is the failure mechanism. However,
the blade did not lost its load-bearing capacity. On the other hand, the fatigue analysis
of the ship sub-structure showed matrix and fibre failure in the connections between
the stiffeners and hull shell, what may lead to catastrophic failure of the structure.

6. Proposition of an analytical method to asses fatigue in naval structures, based on
quasi-static analysis. The method is based on analyzing the maximum equivalent
stress applied in one cycle in each constituent, and compare them with its respectively
normalized S-N curve. The method shows good results in predicting the initiation
of fatigue damage, although the damage progression strongly depends on the loads
applied to the structure.

7. Application of all the developments described in the thesis as solutions of the different
challenges faced within FibreShip or other research projects and activities, such as the
fatigue analysis of a composite blade within FleksProp project, or the strength analysis
of risers within the CIMNE-CUPB collaboration.

6.2.1 FibreShip framework

This work have been conducted in the framework of the FibreShip research project, within
European Union’s Horizon 2020 research and innovation program, under grant agreement n◦
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Fig. 6.1 Demonstrator of FibreShip project. Obtained from [83].

723360 “Engineering, production and life-cycle management for complete construction of
large-length FIBRE-based SHIPs [83].

The main goals of this project is identify and propose technical solution to the challenges
of making feasible the building of large length ships made of FRP. Among the proposed
solutions are the development of new design tools, materials selection methodologies, pro-
duction techniques and develop new design guidelines, among others. three different ships
were focused: container ship, ROPAX and a fishing research vessel. One of the milestone
achieved was the construction of a substructure made entirely of FRP, as it is shown in Figure
6.1. Specifically, the research conducted in Chapter 3 and 4 was part of the work conducted
in Fibreship.

Nowadays, many other research projects have been advancing to the knowledge of
composites in marine applications. Among them, RAMSSES [84] is aimed at introducing
lightweight solutions to ships, such as a lightweight cabin for passenger ships, or composite-
metal joint solutions. More recently, Fibre4Yards [85] will bring a cost-efficient, digitized,
automated and modular FRP vessel production approach to increase EU shipbuilders’ com-
petitiveness. FibreGY [86], which its main objective is to enable the extensive use of FRP
materials in the structure of the next generation of offshore wind turbine platforms and
tide turbines. GATERS [87] is proposing an energy saving concept with excellent manoeu-
vrability, based on composite rudders. Furthermore, other research projects in non-marine
applications, such as ACASIAS [82], which developed advanced concepts for aero- structures
with multifunctional capabilities, or ECO-COMPASS [81], a Chinese-European consortium
for developing and assessing multifunctional and ecologically improved composites from
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bio-sourced and recycled materials for application in aircraft secondary structures and interi-
ors. In conclusion, composites are not the materials of the future, but they are the present of
the advanced engineering fields.

6.3 Further work

• This thesis is focused in tension-tension fatigue loading. Therefore, the results obtained
are only validated for this loading condition. Laminates subjected to compression-
compression and compression-tension loading should be studied in order to extend the
current validation of the formulation.

• The experimental data used was applied only to one stress ratio value. Consequently,
the fatigue parameters should be re-calibrated in order to take into account different
stress ratio than just R=0.10.

• This thesis is delimited to constant block loading. More efforts should be conducted in
order to characterize the fatigue life of composites under non constant block loading.

• The step-wise advancing strategy requires to advance by constant block loading.
Consequently, long fatigue analysis subjected to random cyclic loads is not affordable.
A suggestion is using a fatigue model energy-based that takes into account complex
block loading sequences, or just random loads, in order to conduct high cycle-jumps.
It is suggested that it can be solved by calculating the total energy of a certain repeated
complex block.

• Implement the fatigue model into shell elements, in order to asses large naval structures
simulations.

• Coupling between the numerical model proposed in this thesis and a fluid-structure
interaction.

6.4 Publications

6.4.1 Journal publications

1. Xingkun, Z.; Duan, M.; Jurado, J. Precise integration method for natural frequen-
cies and mode shapes of ocean risers with elastic boundary conditions. Applied
mathematical modelling. 2018. Vol: 61. September 2018. Pgs.: 709 725.
https://doi.org/10.1016/j.apm.2018.05.017
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2. Jurado, J.; Martinez, X.; Di Capua, D.; Nash, N.; Bachour, C.; Manolakis, I.; Comer, A.
Numerical and experimental procedure for material calibration using the serial/parallel
mixing theory, to analyze different composite failure modes. Mechanics of advanced
materials and structures (Online). 2019.

https://doi.org/10.1080/15376494.2019.1675106

3. Jurado, J.; Martinez, X.; Barbu, L. Fatigue simulation of composite laminates, using
serial/parallel mixing theory. Under review.

4. Jurado, J.; Martinez, X.; Fatigue simulation of flexible composite blade marine pro-
peller, using serial/parallel mixing theory. Under internal review.

6.4.2 Conference proceedings

1. Jurado, J.; Martinez, X.; Barbu, L.; Di Capua, D. Fatigue analysis of a naval composite
structure. MARTECH 2020- 5th International Conference on Maritime Technology
and Engineering. 2020.

2. Martinez, X.; Jurado, J.; Jurado, A. and Garcia, J. FIBRESHIP: A great step forward
in the design and construction of lightweight large-length vessel. MARTECH 2020-
5th International Conference on Maritime Technology and Engineering. 2020.

6.4.3 Conference attendance with presentation

1. Jurado, J.; Martinez, X.; Di Capua, D.; Barbu, L. Numerical Simulation of Fatigue
in Composites. 37th International Conference on Offshore Mechanics and Arctic
Engineering. 19/06/2018, Madrid.

2. Jurado, J.; Martinez, X.; Di Capua, D.; Barbu, L. Fatigue Simulation of a fibreglass
ship. VIII International Conference on Computational Methods in Marine Engineering
(MARINE) 2019. 13/05/2019.

3. Jurado, J.; Martinez, X.; Di Capua, D. Procedure to Calibrate Composite Materials
by Serial/Parallel Mixing Theory. VIII International Conference on Computational
Methods in Marine Engineering (MARINE) 2019. 13/05/2019.

6.4.4 Research projects

1. Engineering, production and life-cycle management for complete construction of large-
length FIBRE-based SHIPs (FIBRESHIP) Funded by European Union’s Horizon 2020
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research and innovation program under grant agreement n◦ 723360. Starting date:
01/06/2017 End date: 31/05/2020.

6.4.5 Seminars

1. Numerical tools for the large-length vessel design in composite material. FibreShip
dissemination action for university students held in School of Naval and Ocean Engi-
neering (ETSINO) from UPCT, Cartagena (Spain), 27th of February 2019.

2. Materials for large length fibre based ships. Characterization, selection, and numerical
analysis. FibreShip dissemination action for university students held in Higher Techni-
cal School of Naval Architecture and Ocean Engineering (ETSIN) of UPM , Madrid
(Spain), 1th of October 2019.
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