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Abstract

The thesis deals with quasi-static and fatigue simulations of
thick composite lugs subjected to three-dimensional stress
states. This includes damage prediction of hybrid laminates
made of GRFP and CRFP containing unidirectional and
woven fabric plies.

Focus lies on the development of a progressive damage model
in fatigue which accounts for stiffness and strength degra-
dations. Two methods based on Puck’s failure criterion are
proposed to predict failure of unidirectional plies: one for
plane stress analysis and and the other which takes out-of-
plane damage into account.

Virtual testing in FEM is conducted in quasi-static and
fatigue analysis on thick composite lugs subjected to uni-
axial loading. Damage, strength and life predictions are
then compared with experimental results to validate the
numerical models under investigations.

Keywords: fibre-reinforced composite, multi-axial, quasi-
static, fatigue, damage, Puck’s criterion



Zusammenfassung

Masterarbeit im Bereich Leichtbaustruktur

In der vorliegenden Arbeit wird die Berechnung der Festig-
keit von dickwandigen Lochleibungslaminaten im Faserver-
bundwerkstoffen unter dreidimensionalen Spannungszustän-
den untersucht. Nichtlineare Materialverhalten von Hybrid-
laminaten in CFK und GFK werden für Unidirektionalfa-
serlagen und Gewebelagen berücksichtigt.

Der Schwerpunkt liegt auf der Entwicklung von progressi-
ven Versagensmodellen unter der Berüsichtigung von Rest-
festigkeit und Reststeifigkeit des Materials. Zwei Modelli-
erungsmethoden nach Puck-Kriterium zur Vorhersage des
Versagens in UD-Lagen werden vorgeschlagen: eine Degra-
dierungstechnik für ebene Spannungszustände und ein me-
hrachsiges Modell.

Numerische Simulationen mit der Finite-Elemente-Methode
werden in Statik- und Ermüdungsanalyse an dickwandigen
Lochleibungslaminaten unter einachsiger Belastung durch-
geführt. Beschädigungen, Festigkeiten und Ermüdungsle-
bensdauer werden dann mit experimentiellen Daten ver-
glichen, um die numerischen Methoden zu validieren.

Schlagwörter: Faserverbundwerkstoff, mehrachsige Span-
nung, statische Berechnung, Ermüdung, Puck-Kriterium,
Schaden
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Chapter 1

Introduction

The use of composite materials is becoming more important in the construction
of aerospace structures with a clear aim to reduce the overall weight and cost of
a vehicle. Analysis and test methods have been extensively developed for thinner
structures where the behaviour is rather well understood. There is moreover an
increasing demand for the design of attachments with thick laminates which re-
quires consequently suitable analysis methods to consider out-of-plane loads. In
this context, the use of thick composite lugs is increasingly becoming interesting
and represents an area of research in the development of helicopter components.
Innovative concepts developed by Airbus Helicopters are for instance leading to a
special interest in integrating thick composite lugs into the helicopter. The design of
such components brings crucial needs in improving numerical methods to estimate
the strength under static as well as under fatigue loading conditions.

Previous work has been conducted to predict the strength of thick composite lami-
nates under static load by FEM simulations [1]. Some research has also been done
on fatigue analysis in the wind energy sector. However an important lack remains
in the estimation of the fatigue life of thick composite laminates and particularly
for aerospace applications.

The presented thesis has its emphasis on investigations to predict the strength of
thick composite lugs under static and pulsating tensile loading by FE analysis. A
review of current numerical models is first carried out to present suitable failure
criteria and material degradation models for fibre reinforced composites. Analysis
methods implemented for static and fatigue analyses are presented and analysed
with the objective to generate a design guideline for composite lugs.
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Chapter 2

The NEROBA programme

2.1 Motivation

The rotor system is an area of great interest in the design of helicopters. Due to
aerodynamic forces applied on the blades and inertial forces, the structural parts
of the rotor are subjected to high static and dynamic loadings. In this context, the
design of rotor led to an extensive use of composite materials with the clear aim to
reduce the overall weight of an helicopter. For these reasons, the 4th-class EC135
helicopter developed by Airbus Helicopters is equipped with thick attachments in
fibre reinforced composites to transfer stresses between the blades and the rotor
mast.

The programme ATR3 (acronym for Advanced Technology Rotor) was launched
with the purpose of developing an economic and efficient production of main rotor
blades in composites along with the need for integration of folding rotor blades for
military applications. Multiple concepts have been studied from the present rotor
system of the helicopter EC135 depicted in Figure 2.1 and result in the separation
of the present part into a composition of flexelement, control cuff and blade. The
flexelement and the control cuff are connected to the blade by two bolts to make
blade folding possible. The new design philosophy aims to reduce the complexity of
the production by separating aerodynamic parts of the blade. The loading in the
junction of the rotor head is considerably reduced through the clear decomposition
of flexelement and blade parts. The connection between those elements can be then
guaranteed by a composite lug. This choice leads to a flatter structure in comparison
to the use of a loop resulting in a higher aerodynamic efficiency.

As part of the NEROBA programme, acronym for "Neue Rotorblatt-Bauweisen"
(english: new rotor blade construction), static and dynamic strengths are investi-
gated as well as critical load and failure modes under the influences of boundary
conditions, geometric dimensions, types of materials and stacking sequences. The
dimensions of the specimens are carefully chosen with respect to the needs of the

3



CHAPTER 2. THE NEROBA PROGRAMME

Figure 2.1: Rotor system design of ATR-3 (from www.airbushelicopters.com)

rotor concept ATR3. The study covers investigations on the structural behaviour
of thick composite lugs which connect the blades with the rotor mast.

2.2 Characteristics of the composite lug

2.2.1 Specimen geometry

The composite lug under study is a thick attachment made of fibre-reinforced plastic
(FRP) which contains one hole at each extremity. The different specimens used for
this study share the same geometric characteristics according to Figure 2.2.

Figure 2.2: Schematic representation of the lug

2.2.2 Laminate layup of specimens

The strength of the lug is investigated for different materials and stacking sequences
of composite plies. Three different symmetric laminate compositions used refer to
the specimens 1, 3 and 4. The numbering of the lug specimens are kept the same
as in the NEROBA programme.

4



2.3. EXPERIMENTAL TESTS

Specimen 1

The first lug specimen is composed of composite material made of an epoxy matrix
reinforced with R-glass fibres. The laminate is assembled with unidirectional (UD)
plies oriented in 0◦, 90◦ and ±45◦. The layup contains more than 50% of 0◦-plies
and little proportion of 90◦-plies.

Specimen 3

Specimen 3 corresponds to an E-glass/epoxy composite material composed of UD
and woven fabric layers with different orientations and with more than 50% of 0◦
UD-plies and less than 10% of 0◦/90◦ fabric plies.

Specimen 4

The composite lug of type 4 is a hybrid laminate made of E-glass/epoxy as well as
carbon/epoxy. It is composed of more than 50% of 0◦ UD-plies and more than 30%
of ±45◦ fabric plies.

2.3 Experimental tests
Components of rotor blades are subjected to three essential types of loads [1]:

1. Bending moment due to the flapping motion produced by the asymmetric lift
distribution as depicted in Figure 2.3

2. Loading from the lagging motion of the rotor blades caused by the Coriolis
forces induced by the flapping motion

3. Centrifugal force F = mω2/R

Figure 2.3: Asymmetric lift distribution in forwarding flight (adapted from [2])

In the NEROBA programme, the structural behaviour of the composite lugs is
studied through an experimental test programme. Specimens of the composite lugs

5
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are tested under static and cyclic longitudinal loading in order to simulate effects
of the centrifugal force. The structural behaviour of the lug due to lagging and
flapping motions is also studied in the test programme, but is not covered by the
present study.

The test programme includes experiments of composite materials with the view to
characterise the fatigue strength of individual plies. Tests are also conducted on
composite lugs and used here to validate the numerical models under investiga-
tion aiming to predict failure of the component under static and fatigue loading
conditions.

2.3.1 Strength of composite materials

A set of experimental tests has been conducted to evaluate the strength of the
unidirectional glass-fibre reinforced plastics (E-glass/epoxy) under constant cyclic
loading. Fatigue strengths in fibre direction and in interlaminar shear (ILS) are
estimated via a 3-point-bending test of a 0◦ UD laminate beam.

Fatigue strength in fibre direction

Under cyclic bending conditions, the outer surfaces of the laminate specimen are
subjected to an induced normal stress in the direction of the fibres. The beam for the
test is chosen long and thin in order to have interlaminar shear stress negligible in
comparison to longitudinal normal stress. Interlaminar shearing is hence supposed
not to give any contribution in the fatigue of the material composite. S-N curves of
the fatigue failure are a function of the maximum longitudinal stress in the exterior
surface of the tensile part of the beam. They describe the fatigue strength of the
composite in fibre failure for the stress ratios R = σmin

σmax
= [0.5, 0.2, 0.05,−0.5,−1]

with σmin and σmax respectively the maximum stress and the minimum stress lo-
cated at the failed point.

Fatigue strength under interlaminar shear

Similarly to the previous test, the interlaminar shear fatigue strength of unidi-
rectional and woven fabric glass/epoxy composites is predicted through a 3-point-
bending test. For the UD laminates, fibres are oriented at 0◦ whereas the woven
fabric laminates have a [0◦, 90◦,±45◦]ns lay-up. Here the beam is dimensioned to
be short and thick so that the fatigue damage of the materials is dominated by in-
terlaminar shear failure via delamination. A S-N curve for the stress ratio R = −1
is determined based on the values of the highest ILS stress causing delamination in
the middle fibre layer of the beam.

6



2.3. EXPERIMENTAL TESTS

2.3.2 Failure of composite lugs

In the experimental test of lugs, the specimens are bolted and loaded by fixing one
bolt and pulling the opposite one as seen in Figure 2.4. The numbering of Figure 2.4

Figure 2.4: Test facility in the NEROBA test programme (from [1])

indicates the following descriptions:

1. Connection to the hydraulic cylinder for the introduction of a tensile force
2. Triple clamp for transferring the force from the hydraulic cylinder to the flange

plates through the bolts
3. Spacer
4. Flange plate
5. Lug specimen
6. Lower fixation

The presence of the flange plates in the test programme is designed to take into
consideration the contact with the attachment from the flexelement and the control
cuff to the aerodynamic areas of the blades.

7
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A Teflon-Liner is put on the upper surface of the lug to avoid damaging the specimen
due to the contact to the flange plates as seen in Figure 2.5. The bushes separating
the specimen and the bolts are glued in the holes of the lug. The numbering in

Figure 2.5: Lug specimen used for the NEROBA programme

Figure 2.5 refers to the following description:

1. Composite lug
2. Teflon-Liner
3. Bush

8



Chapter 3

Review of literature

Fatigue degradation within fibre reinforced composites is of very different nature
from the initiation to the growth compared to that of metallic materials. The
bearing-capacity of composite structures is less deteriorated under cyclic loading
condition compared to metallic components. Fatigue of composites exhibits a com-
plex behaviour where various degradation mechanisms such as matrix microcrack-
ing and fibre breakage come into play. Review of experimental observations and
methods relative to damage and failure of composite laminates is conducted. Re-
garding the high interest of developing a numerical tool to predict fatigue life of
thick composite lugs, the present section focuses particularly on the fatigue analysis
of composite laminates.

3.1 Structural behaviour of fibre reinforced composites
under cyclic loading

The prediction of fatigue strength in composite lugs requires a good understanding
of the fatigue behaviour of laminates. The present section clarifies basic aspects of
degradation and failure mechanisms in UD and woven fabric composites under cyclic
loading conditions as well as effects on the stiffness and the strength of structures.

The fatigue behaviour of composite materials is influenced by diverse factors.

– load magnitude and direction
– type of fibre
– type of matrix
– stacking sequence
– environmental conditions (eg. temperature and moisture)

9



CHAPTER 3. REVIEW OF LITERATURE

3.1.1 Fatigue of fibre reinforced composites

Early research on the fatigue performance at the beginning of the 1970’s demon-
strated that higher modulus carbon fibre composites had an excellent fatigue be-
haviour with nearly flat stress-life curves and a low strength degradation rate [3].
However lower modulus glass fibre composites had a relatively poor fatigue perfor-
mance with steeper stress-life curves and higher strength degradation rates. Damage
mechanisms in UD composites depend greatly on the relations between static failure
strains and the matrix resin fatigue strain limits. The fatigue damage mechanisms
in UD composites consist of fibre damage which occurs catastrophically and matrix
and interfacial damage evolving progressively [3].

Talreja [4] proposed a description of degradation mechanism of composites under on-
axis cyclic loading where fibre breakage, interfacial debonding and matrix cracking
come into play. The author depicted the behaviour of unidirectional composites
for tensile fatigue by constructing schematic fatigue-life diagrams where strain is
chosen instead of stress as seen in Figure 3.1. As shown in the figure, the horizontal

Figure 3.1: Fatigue-life diagram for unidirectional composites under loading parallel
to fibres (from [4])

band centred about the composite fracture strain εc corresponds to fibre breakage
and the resulting interfacial debonding. The next region is shown as a sloping band
between the lower bound of the fibre-breakage scatter band and the horizontal line
representing the fatigue limit of the matrix εm. This region corresponds to matrix
cracking and interfacial shear failure. These two mechanisms are taken together in
one band as they may occur simultaneously, particularly towards the end of fatigue
life.

10



3.2. FATIGUE OF COMPOSITES UNDER ELEMENTARY LOADS

3.1.2 Stress ratio

Under constant amplitude loading conditions, strengths of composites depend on
the magnitude of maximum and minimum stress states. In the literature, fatigue
strengths are commonly studied as function of the stress ratio R expressed in terms
of maximum stress σmax and minimum stress σmin by R = σmin

σmax
. Fatigue strength

of composite laminae such as glass and carbon fibre/epoxy depends on stress ra-
tio [5,6] but changes little with load frequencies [5,7]. Under fatigue load conditions,
there are different states of stress at different points in the material. Also after ap-
plying fatigue load, failure initiates near the stress concentrations and the material
property degrades, therefore the stress ratio and the state of stress are not constant
at each point [8]. In practice, stresses redistribute during the fatigue loading.

3.2 Fatigue of composites under elementary loads

Due to the degrees of complexity of composite structures, simplifications are made.
The present approach tends to describe the structural behaviour in ply level: the so-
called mesomodel [9]. Plies are considered to behave as an orthotropic material. The
mechanical properties of plies are characterised under different elementary loading
cases of a single type of ply:

– tensile and compressive load in fibre direction
– tensile and compressive load in transverse direction to fibres
– in-plane shear load
– interlaminar shear load

No coupling terms are considered here to define the structural behaviour for the
case of bi-axial load.

The damage mechanisms of composites in fatigue environment are reviewed and dis-
cussed. The resulting failure of these damages depends on the type of reinforcement
in the composite and whether the reinforcement is unidirectional or woven.

3.2.1 Fatigue damage of unidirectional composites under elementary
loads

Degradation under load in fibre direction

The degradation of a UD-laminate subjected to longitudinal stress occurs typically
through matrix microcracking perpendicular to the loading direction and fibre frac-
ture [1].

Observations have shown that a high stiffness in the fibre presents a positive effect
on residual strength under fatigue conditions. The use of very stiff fibres limits
strain in the composite and thus in the matrix. This prevents large deformation
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in the matrix which can lead to premature initiation of damage [10]. The SN-
curve exhibits a more drastic drop in its fatigue strength when the composite is
reinforced by low E-modulus fibres [1, 10]. GFRP is consequently more affected to
cyclic loading in the fibre direction than CFRP.

The decrease of the residual stiffness is however more significant than the strength
degradation [1]. Under tensile loading longitudinal to the fibre, a low loss of stiffness
is observable for GFRP and CFRP [1, 5, 11]. Here matrix damage has a slight
influence on the overall longitudinal stiffness of the composites especially when the
fibre volume fraction is important [1,12]. Compressive fibre failure depends however
mainly on fibre stability such as fibre micro-buckling and kinking.

Degradation under load transverse to fibres

The structural behaviour of composites under cyclic transverse loading is controlled
by the mechanical properties of matrix and fibre-matrix interface [13]. The fatigue
of polymers is characterised by initiation and growth of local cracks through the
matrix and parallel to the fibres. As an isotropic material, rapid crack evolution
arises from defects and asperity on surfaces until brutal failure [1].

Under cyclic load, the tensile and compressive parts of the stress do not contribute
equally to the damage [5, 14]. For instance GFRP does not exhibit any reduction
of the elastic modulus before the total failure of the laminate when subjected to
compressive load [1] in contrast to a tensile loading.

Degradation under in-plane shear stress

UD composites under in-plane shear loading degrade principally through deteriora-
tion processes in matrix and in the interface between the matrix and fibres. Defects
in the material depend highly on amplitudes of the cyclic shear loading. Small am-
plitudes in the order of 15-20% of the static strength bring on elastic deformation
of the matrix, no matrix cracking is apparent [1]. Higher loading amplitude leads
to matrix cracking in the interface between the matrix and fibres and parallel fibre
breakage. This results in a rapid drop of the shear modulus over applied loading
cycles [1].

Studies on ±45◦-layers in carbon/epoxy shows that the drop in residual shear
strength is low (drop up to 13% before failure) and may be neglected in a numerical
model [11].

3.2.2 Fatigue damage of woven fabric composites

The structural behaviour of woven fabrics differs from UD composites particularly
due to weave pattern and fibre volume fraction. They are particularly subjected
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to matrix microcracking, fibre breakage, crack coupling and fibre-matrix interfacial
debonding [10].

Fatigue damage of woven fabric layers

Similarly to UD laminates, a woven ply shows a brittle elastic behaviour when
subjected to tension [15]. The damage occurring in these directions does not affect
the behaviour of the ply under traction loading. Here the material is assumed to be
brittle and non-sensitive to the cyclic loading in the direction of the fibres according
to the authors.

Contrary to the behaviour of UD composites, woven fabric laminates show a high
resistance to delamination and are not subjected to transverse rupture [16]. The
application of in-plane shear loading also leads to a decrease in the shear modulus
due to the generation of some fibre/matrix decohesions and matrix cracks [15].

Analogy with UD-layers

A numerical model is suggested which consists in replacing the woven plies by two
stacked unidirectional plies corresponding to the warp and weft thicknesses [17].
Classical laminate theory is applied here and tends to describe the behaviour of the
material by defining UD virtual plies with the same orientations than the warp and
weft directions. These UD plies are considered separately for the analysis where the
influence of the load amplitude is neglected in the transverse direction.

P. Curtis and B. Moore [18] compared the behaviour of laminated woven CFRP
composites with that of equivalent non-woven CFRP laminates. Replacing just
the ±45◦-layers in (0,±45) UD lay-ups with woven fabric had little effect on static
and fatigue behaviour in reversed axial cyclic loading. Based on the same study,
the stacking sequences [+45,−45, 0, 90]s and [0, 90,+45,−45]s respectively provide
similar S-N curves for woven and non-woven coupons [10]. The fatigue strength
of laminates with [0, 90] stacking sequences is however lower than one of a woven
fabric composite [10,19].

3.3 Failure criteria

Progressive damage models often employ a failure criterion along with degrada-
tion models. Different failure criteria have been proposed in the literature such as
maximum stress criterion, Hashin’s criterion and Puck’s criterion.

3.3.1 Maximum stress theory

The maximum stress theory predicts failure when the stresses in the principal ma-
terial axes exceed the corresponding material strength. In order to avoid failure it
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has to be ensured that the stress limits are not exceeded

−Rc‖ < σ‖ < Rt‖ (3.1)
−Rc⊥ < σ⊥ < Rt⊥ (3.2)
|τ⊥‖| < R⊥‖ (3.3)

As soon as one of the inequalities above is violated the material fails by a failure
mode which is associated with the allowable stress. This failure criterion does
not take any interaction of stress components into account and therefore certain
loading conditions such as superposition of tensile and shear stresses, lead to non-
conservative results.

3.3.2 Hashin’s failure theory
One of the first failure criteria applied in fatigue which distinguished fibre-failure
and matrix-failure mode was proposed by Hashin and Rotem [20]. They derived the
fatigue failure criterion from their formulation under static loading, which is stated
in fibre mode as:

σ1 = Rt‖ for σ1 ≥ 0 (3.4)
|σ1| = Rc‖ for σ1 < 0 (3.5)

and for the 2D inter-fibre failure:(
σ2
Rt⊥

)2

+
(
τ12
R⊥‖

)2

= 1 for σ2 ≥ 0 (3.6)(
σ2
Rc⊥

)2

+
(
τ12
R⊥‖

)2

= 1 for σ2 < 0 (3.7)

In case of inter-fibre failure Hashin and Rotem proposed an elliptic equation, which
depends on the transverse stress σ2 and on the in-plane stress τ12.

3.3.3 Puck’s failure theory for 2D failure analysis
Puck’s criterion [21] is a physically based phenomenological model aiming to pre-
dict failure at layer level of unidirectionally fibre reinforced polymer composites.
The failure hypotheses are developed based on experimental observations and lead
to the conclusion that the material should be treated as brittle. The theory for-
mulated by Puck considers three-dimensional failure mechanisms, and applies non-
linear analysis to simulate progressive damage due to microdamage, matrix cracking
and changes in fibre angle with increasing strains. The determination of failure is
achieved by a fracture hypothesis based on strengths which are only expressed in
terms of stress. The stress thresholds are defined from experimental observations of
failure for different elementary stress states composed of strengths in fibre-parallel
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and fibre-perpendicular tension and compression (Rt‖, R
c
‖, R

t
⊥ and Rc⊥) and in-plane

and out-of-plane shear (R⊥‖ and R⊥⊥). The different strengths form the constraints
to establish a fracture condition in the in-plane stress space (σ1, σ2, τ12).

Puck defines physically-based fracture conditions based on two sub-surfaces which
represent distinct failure types of a UD-lamina: fibre fracture (FF) under tension
and compression and inter-fibre fracture (IFF).

Puck’s fibre fracture criterion

Puck’s theory defines the FF criterion by two stress limits for the tension and com-
pression mode. In the model presented by Puck in 1969 [21], the failure condition
is simply expressed by

fE FF =


σ1
Rt

‖
for σ1 ≥ 0

σ1
−Rc

‖
for σ1 < 0

(3.8)

fE FF represents the stress exposure for fibre failure while Rt‖ and R
c
‖ correspond

to the strengths in the fibre direction defined as positive values. Fibre fracture is
predicted for any of the two values fE FF = 1.

Puck’s in-plane inter-fibre fracture criterion

Puck’s criterion for inter-fibre fracture of UD composites is also physically based on
hypotheses and mathematical formulations appropriate for brittle fracture in the
ideas of Coulomb [22] and Mohr [23]. The main hypothesis formulated by Mohr is
the consideration of stresses on the fracture plane decisive for fracture. In the 2D
formulation of Puck’s theory [24], the IFF criterion depends on the transverse stress
σ2 and the in-plane shear stress τ21 as seen in the fracture curve in Figure 3.2.

Figure 3.2: Predicted fracture curve from Puck’s IFF criterion (from [25])
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Three distinct cases are taken into account regarding IFF. The first one classified
as mode A is caused by tensile stresses in the transverse direction and is described
by Equation (3.9). When the stress exposure equals one, cracks are assumed to
open transversely to fibres. The two other modes refer to failure under compressive
stresses in the transverse direction. The IFF in mode B presented in Equation (3.10)
initiates for relatively high values of in-plane shear and results in matrix cracking
transversely to the normal stress direction. For a higher transverse compressive
stress with respect to the shear stress such that

∣∣∣ τ21
σ2

∣∣∣ ≤ |τ21c|
RA

⊥⊥
, the failure is cat-

egorised in mode C and is expressed in Equation (3.11). This causes cracks in a
plane that is not perpendicular to the one defined by the in-plane stresses. This
refers to an catastrophic failure mode which could lead to delaminations and/or
local buckling.

fAE IFF = 1
R⊥‖


√√√√(R⊥‖

Rt⊥
− pt⊥‖

)2

σ2
2 + τ2

21 + pt⊥‖σ2

 (3.9)

fBE IFF = 1
R⊥‖

[√
τ2

21 +
(
pc⊥‖σ2

)2
+ pc⊥‖σ2

]
(3.10)

fCE IFF = τ2
21

4(R⊥‖ + pc⊥‖R
A
⊥⊥)2

(−Rc⊥)
σ2

+ σ2
(−Rc⊥) (3.11)

with τ21c = R⊥‖
√

1 + 2pc⊥‖R⊥⊥A/R⊥‖, pt⊥‖ and pc⊥‖ are fitting factors which de-
scribe the strength in the transition zone from fibre-perpendicular stress to shear
stress as depicted in Figure 3.2.

3.3.4 3D Puck’s IFF theory
In the three-dimensional IFF criterion, the fracture condition is defined in the stress
space (σ1, σ2, σ3, τ12, τ13, τ23).
The central consideration of Puck for IFF in 3D is the hypothesis that only three
stresses act on a common action plane (σ⊥,τ⊥‖ and τ⊥⊥) corresponding to three
fracture resistances of the action plane RA. The stress combination on any section
plane of an isotropic material consists of one normal stress and one shear stress.
In a UD lamina and as seen in Figure 3.3, the shear vector τnψ can be expressed
by means of two components acting on the action plane: τnt in transverse direction
and τn1 parallel to the fibre direction. A common stress action plane is then defined
by only one normal stress σn and one resultant shear stress τnψ.

The action plane is inclined against the plane of σ2 by the angle θ with the corre-
sponding plane-related stresses. The consequence of the action plane-related frac-
ture hypotheses is that in transversely isotropic materials there is an infinite number
of action planes with potential fracture planes. The action plane corresponding with
the highest risk of fracture should hence be identified from the stress components
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Figure 3.3: Fracture plane coordinate system (from [26])

and the fractures resistances. The criterion iteratively analyses the stress compo-
nents on possible fracture planes perpendicular to the fibre direction and inclined
by the angle θ to the axis of the thickness direction. This fracture angle corresponds
to the angle θfp where stress exposure fE IFF in IFF is the highest. Stress exposure
is expressed for fibre-perpendicular tension stress σn ≥ 0 by Equation (3.12) and by
Equation (3.13) for fibre-perpendicular compression stress σn < 0. IFF is predicted
when the stress exposure reaches one.

fE IFF (θ) =

√√√√[( 1
RAt⊥

−
pt⊥ψ
RA⊥ψ

)
σn(θ)

]2

+
(
τnt(θ)
RA⊥⊥

)2

+
(
τn1(θ)
RA⊥‖

)2

+
pt⊥ψ
RA⊥ψ

σn(θ)

(3.12)

fE IFF (θ) =

√√√√(τnt(θ)
RA⊥⊥

)2

+
(
τn1(θ)
RA⊥‖

)2

+
(
pc⊥ψ
RA⊥ψ

σn(θ)
)2

+
pc⊥ψ
RA⊥ψ

σn(θ) (3.13)

3.4 Fatigue models

Various fatigue models are present in the literature and may be of very different
nature. A short review of fatigue models is done with an emphasis on those which
can be applied in the investigated application case.

3.4.1 Review of fatigue models

Fatigue modeling and life prediction may be classified into three main groups: fa-
tigue life models, phenomenological models and progressive damage models [10,27].
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Fatigue life model

Fatigue life models do not account for any degradation mechanisms but use standard
fatigue data such as S-N curves to predict fatigue failure. Most of the fatigue life
models utilise a failure criterion as the base and an empirical fatigue curve as an
input [10].

Philippidis and Vassilopoulos proposed a multiaxial fatigue failure criterion which
is very similar to the Tsai-Wu quadratic failure criterion for static loading and
produces acceptable failure loci [28]. The researchers preferred to use a multiaxial
fatigue strength criterion based on the laminate properties, implying that for each
laminate stacking sequence, a new set series of experiments is required [27].

El Kadi and Ellyin developed a model that is able to predict the S-N curve of a
unidirectional laminate with arbitrary ply orientations and stress ratio [5]. A fatigue
failure criterion for composite laminae based on input strain energy is proposed and
requires a set of S-N curves to determine all the needed coefficients. The model is
however sensitive to the choice of the reference S-N curve [27].

Phenomenological model to predict residual strength

Phenomenological models include a description of the damage in composites during
fatigue loading where gradual deterioration of macro- and meso-mechanical prop-
erties is described through residual stiffness or strength models.

A phenomenological model based on residual strength uses experimental observa-
tion to describe the strength loss of composites and is subdivided into two models:
sudden death model and wear-out model [10]. The residual strength in the sudden
death model is kept constant over a certain number of cycles and is then suddenly
degraded drastically when it reaches the critical number of cycles to failure Nf .
This model is a suitable technique to describe this behaviour for high-strength uni-
directional composites subjected to a high level state of stress [27]. The residual
strength in the wear-out model is contrarily continually decreasing over the number
of cycles following a certain predetermined equation. These models can be utilised
at lower level states of stress. In the wear-out model according to Halpin et al [29],
it is assumed that the residual strength R(n) is a monotonically decreasing func-
tion of the number of cycles n, and that the change of the residual strength can be
approximated by a power-law growth equation:

Rm(n)− σm

Rm(0)− σm = 1− n

Nf
(3.14)

As reformulated by Shokrieh and Lessard [8] with m as a constant depending on
the material. This model has been used by many authors in probabilistic and
mechanistic models.
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Extensive experimental investigation performed on glass/epoxy laminates showed
no signs of degradation up to failure when it comes to residual strength under purely
compressive fatigue or residual compressive strength under tensile fatigue [30].

Phenomenological model to predict residual stiffness

Residual stiffness models describe the degradation of the elastic properties during
fatigue loading. To describe stiffness loss, the damage variable D is often used
which is defined through the relation D = 1 − E/E0, where E0 is the undamaged
modulus. The models are classified as phenomenological models and not as progres-
sive damage models when the damage growth rate dD/dN is expressed in terms of
macroscopically observable properties, and is not based on the actual damage mech-
anisms [27].

Several notable residual stiffness models have been developed and published tech-
nical publications [10,27]. One of these models was presented by Whitworth [31]

E(n) = E(0)
(

S

c1Su

) 1
c2

[
−h ln(n+ 1) +

(
c1
Su
S

)m
c2

] 1
m

(3.15)

where E(0), E(n), Su and S respectively are initial stiffness, stiffness at n cycle,
ultimate strength and applied stress. The parameters c1, c2, h and m are obtained
from experiments.

Progressive damage model

Progressive damage models differ from the above mentioned models in the way that
they are able to predict not only the number of cycles to failure but also local damage
mechanisms via the use of fracture criteria. They are subdivided into two classes:
damage growth models and models predicting residual mechanical properties.

Models predicting damage growth have been proposed to model damage accumula-
tion for specific damage types such as matrix cracks and delamination. The evolu-
tion of transverse crack density and delamination size can for instance be used to
describe the damage [10,27].

Models predicting residual mechanical properties correlate the damage growth with
the residual mechanical properties (stiffness and strength) to fully characterize the
composite material. Shokrieh [8, 32–34] has constructed a model which is able to
predict the fatigue damage progression of complicated composite structures. It re-
quires however a full characterisation of the material based on the three loading of
tension, compression and shear on fibres and resins by determining experimentally
the residual stiffness and strength besides S-N curves for each of the load combina-
tion [10].
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3.4.2 Failure mode based on constant life diagram

A great number of fatigue tests are generally required to establish the S-N relation-
ships for given composite laminates over the whole range of stress ratios. The use
of a constant fatigue life diagram (CFL) also called Goodman diagram proves to be
an efficient method for evaluating the S-N relationships for any stress ratios on the
basis of a limited number of fatigue tests [35]. This diagram represents constant life
contours drawn in the plane of alternating stress σa = σmax−σmin

2 and mean stress
σm = σmax+σmin

2 as seen in Figure 3.4. This approach allows the evaluation of fa-
tigue life under constant amplitude loading at any stress ratio for the entire range of
loading types which are compression-compression (C-C), tension-compression (T-C)
and tension-tension (T-T)

Figure 3.4: Annotation for σm − σa plane [36]

CLD models

Vassilopoulos et al [36] examined the influence of the constant life diagram (CLD)
formulation on the fatigue life prediction of composite laminates. They concluded
that the selection of an accurate CLD formulation is essential for the overall accuracy
of a fatigue life prediction methodology. Some choices of the CLD formulation can
produce very conservative or very optimistic S-N curves which is directly reflected
in the corresponding life assessment. They also showed that the relatively simple
piecewise linear formulation proved to be the most accurate of the six compared
formulations when a reasonable number of S-N curves (>3) is available. On the
other hand, the diagram is distorted by the questionable assumption that all CLD
lines converge to the UTS and UCS when R tends to one. [30]

CLD of on-axis and off-axis fatigue loading conditions

CLD diagrams for CFRP laminates often exhibit significant non-linearity [35]. The
approach used by Kawai et al consists in evaluating the S-N relationships of com-
posite laminates on a ply-by-ply basis. The CLD model is developed with a view to
predict the fatigue behaviour of a UD composite ply under various modes of on-axis
and off-axis fatigue loading conditions.
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Kawai and Itoh [35] observed the sensitivity to mean stress in off-axis fatigue in the
mode of fatigue loading i.e. tension-tension, tension-compression and compression-
compression. Their study of the full shape of the off-axis CLD diagram for a UD
carbon/epoxy laminate shows that the diagram becomes asymmetric about the
alternating stress axis regardless of fibre orientation and correlates with the asym-
metry in static strength in tension and compression. They came to the conclusion
that the laminate exhibits highest sensitivity to off-axis fatigue, and thus degrades
more significantly, under cyclic loading at the critical stress ratio, regardless of fibre
direction.

3.4.3 Fatigue failure with Puck’s criterion

In comparisons of many static failure theories against experimental data, the Tsai-
Hill criterion was shown to be significantly non-conservative in predicting IFF in
biaxial compression, whereas Puck’s failure criterion was shown to be a good pre-
dictor of IFF under any loading condition [37–39].

Various methods have been developed to predict fatigue life based on a ply-by-ply
approach using Puck’s IFF criterion and a stiffness degradation model as well as
a strength degradation model [7, 26, 30, 40]. In case of IFF modes A or B, which
represent combined in-plane transverse tensile or compression and shear stresses, the
stiffness degradation is modeled by various authors [26, 30, 40] according to Puck’s
model, and the stress is re-iterated with reduced stiffness parameters. IFF mode
C, representing high transverse compressive and shear stresses, has to be regarded
as critical with respect to the integrity of the laminate [26, 30, 40], as this mode is
supposed to cause wedge shaped fracture fragments on a plane up to 51◦ [26, 40]
leading to delaminations and local buckling [26, 30] and thereby precipitate failure
of the laminate.

Kennedy et al [26] developed a stiffness degradation model depending on the IFF
modes according to Puck. They consider that before IFF occurs, there is a signifi-
cant fatigue degradation in the shear modulus for all IFF modes and a degradation
of the transverse modulus only in compression (mode B and C). There is however
little or no degradation of transverse modulus in mode A before IFF. In a type
of failure corresponding to mode A, both the transverse normal modulus and the
shear modulus of the lamina decrease sharply due to cracks. In contrast, after IFF
in mode B the faces of the cracks do not separate as they are pressed together by
the compressive normal stress leading to a softer decrease of the transverse modulus
in comparison to that of mode A. The occurrence of IFF in mode C is assumed to
lead to laminate failure and the numerical analysis is stopped.

Magin and Himmel [40] suggests to take into account material non-linearity and
non-linear S-N curves to achieve a realistic estimation of the material behaviour
under fatigue loading.
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3.5 Macroscopic damage of composite lugs
Various macroscopic damage modes of composite lugs are described in this section
and may be useful to characterise the failure modes of the tested specimens.

3.5.1 Shear fracture

Figure 3.5 illustrates a laminate which is detached from the bound in the loading
direction through the entire lug thickness. The width of the detached strip corre-
sponds to the diameter of the bolt. This mode of failure is principally encountered

Figure 3.5: Shear fracture in composite lug (from [41])

when the hole of laminate is close to the front side [1]. This damage also occurs
when the laminate contains few plies oriented at ±45◦ to the loading direction. In
the last case, the lug exhibits a shear stress concentration in the matrix at the edge
of the hole. The shear strength of the whole laminate is therefore a decisive factor
in the occurrence of lug failure. A rearrangement of the stacking sequence towards
a laminate containing more ±45◦ plies increases the shear strength of the structure.

3.5.2 Runaway behaviour of individual plies with same orientation

Similar to the shear fracture over the whole thickness of the lug, damage can occur
by shearing in individual plies as depicted in Figure 3.6. In contrast to the previous
failure case, a lower portion of the laminate thickness is affected by exhibiting
detachments of isolated strips. As described previously, this damage mechanism
typically arises when the lug is composed of many unidirectional plies gathered in
blocks and oriented in the loading direction [1]. This stacking sequence causes an
increase in the shear stress level. Off-axis plies remain firstly intact especially at a
long distance from the hole. Laminates which contain thick layers of plies with the
same orientation have a higher probability to fail in this manner. The transition
region of two plies with different orientations is also subjected to higher interlaminar
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Figure 3.6: Runaway behaviour of individual plies with same orientation (from [42])

shear stress. A change of the ply orientation in the laminate allows to reduce these
high magnitude of shear stress but increases also the manufacturing cost.

3.5.3 Combination of net section failure and dissociation
The combination of both one-sided flange fracture and dissociation is illustrated
in Figure 3.7. Having a small portion of fibres in the loading direction favours

Figure 3.7: Combination of flange fracture and dissociation (from [41])

a cracking of the laminate [1] as depicted in the figure. Stress in this direction
originates from transverse components which arises from the bolt by transmitting
radial loading. Transverse stresses increase in the outer area of the hole. In order
to reduce the probability of this failure, recommendations for avoiding shear failure
as described previously should be applied. Inserting more 90◦ and ±45◦ plies has
therefore a positive effect to avoid or delay the occurrence of such a failure.
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Chapter 4

Progressive damage models

Based on different methods available in the literature and description of damage
mechanisms, numerical models are proposed to predict the failure and damage of
composite laminates under static and fatigue loading conditions. A model employ-
ing a Finite Element Method (FEM) is defined in Abaqus for numerical simula-
tions of composite lugs and damage models are implemented in a user subroutine
UMAT. The progressive damage model developed for the study in fatigue analysis
is described in detail in the present chapter.

4.1 Modelling approach

The FEM model of the composite lugs analysed by experiments is established in
Abaqus for both static and fatigue analyses. This model is specific to virtual testing
of composite lugs with symmetric stacking sequences and subjected to an uni-axial
loading in the longitudinal direction of the attachment.

4.1.1 Lug

The FEM simulation of the tensile test of the composite lug may be simplified in
different ways. In the study, only the lug and a bolt in contact with the specimen are
represented in the numerical simulation. The laminate of the lug has a symmetric
stacking sequence and the specimen is considered to be subjected to a pure one-
dimensional tensile load from the bolt in the longitudinal direction of the component.
Three symmetric planes are therefore defined for the simulation as represented in
Figure 4.1. Symmetry conditions are applied on the YZ plane located between the
two holes of the lug, on the XZ plane cutting the parts through the thickness and
the longitude and on the XY plane traversing the symmetry plane of the stacking
sequence.
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Figure 4.1: Symmetry conditions

4.1.2 Assembled model setup
The three-dimensional models of the lug and the bolt are meshed with brick elements
as depicted in Figure 4.2. The region around the hole of the lug is refined since stress
concentrations are expected at the vicinity of the hole. Different mesh refinements
are used through the thickness with various attributions of the composite plies to
brick elements for virtual testing in quasi-static analysis. Hard contact is applied

Figure 4.2: Visualisation of the mesh of the assembly

between the bolt and the hole’s surface of the lug. The friction coefficient between
the bolt and the laminate is not known. As part of a study on FEM-simulation
of composite lugs, H. König [1] has performed a sensitivity analysis to investigate
the influence of friction coefficients between a steel bush and the laminate in the
predicted force at failure. The study showed that for various coefficients of friction
in the range [0, 0.45], the resulting critical force may deviate up to 7%. In the
present work, the friction’s coefficient is estimated to be 0.2.

4.1.3 Bolt
When the lug is exposed to a tensile load, the reaction forces on the bolt induce a
bending deformation of the bolt as seen in Figure 4.3. The bolt is hence considered
elastic in the FEM simulation to gain in accuracy. A multi-point constraint (MPC)
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Figure 4.3: Deformation mode of the bolt

is used to connect the degrees of freedom of the upper surface of the bolt with
a reference point set at the middle of the bolt (on the XY symmetry plane) as
depicted in Figure 4.4. A displacement of this reference point is performed along
the longitudinal axis to simulate the displacement control of the bolt. Along the
symmetry conditions of the bolt on the XY and XZ planes, the MPC ensures the
pulling motion of the bolt against the lug’s hole.

Figure 4.4: Representation of the multi-point constraint

4.2 Failure modelling
Stiffness degradation models at failure are presented for both quasi-static and fatigue
analyses. They come into play when their respective failure criterion is fulfilled. Two
damage models are presented for unidirectional plies along with Puck’s theory: one
for plane stress analysis and the other for three-dimensional stress analysis, and one
stiffness degradation model for woven fabric plies. Finally a regularisation method
is explained with a view to improve the convergence of the solutions.
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4.2.1 2D damage model for a unidirectional ply
Associated with the fibre failure criterion (Equation (3.8)) and the 2D Puck’s IFF
criterion (Equations (3.9) to (3.11)), a damage model developed by Puck is used
to degrade plane elastic properties. For this model, E‖ refers to E1, E⊥ to E2 and
finally G⊥‖ to G12. The first version of the fatigue subroutine developed here uses
the 2D damage model presented below. Out-of-plane stresses are considered not to
participate in the material deterioration.

Fibre failure in compression and tension leads to catastrophic damage causing final
failure due to the high energy release and its impact on the overall structural in-
tegrity of the laminate [30]. For this reason, a sudden degradation policy is used for
fibre failure represented by a rapid drop of the stiffness as suggested by Kennedy et
al [26]. The elastic modulus is hence abruptly degraded according to Equation (4.1).

E‖,f = 0.1 E‖ (4.1)

For convergence reasons of FEA, the elastic modulus is not set to zero when fibre
failure is predicted in a finite element.

For fibre dominated laminates under plane stress, IFF may not lead to a total loss
of transverse and shear moduli of the failed ply in the vicinity of the occurring
crack [30]. UD plies are confined inside a multidirectional lay-up which enables
stress transfers from adjacent plies towards the failed one when moving further away
from the damaged region. Cracked plies contribute consequently to the overall load
bearing capacity of the laminate and the crack is observed macroscopically. Puck’s
model describes the degradation of E⊥ and G⊥‖ according to the following equation:

E⊥,f = ηE E⊥,f(IFF ) (4.2)
G⊥‖,f = ηG G⊥‖,f(IFF ) (4.3)

Here E⊥,f and G⊥‖,f are the degraded modules, E⊥,f(IFF ) and G⊥‖,f(IFF ) the
secant-modules at IFF-initiation. The degradation factors ηE and ηG are defined
according to the following equation:

ηE = 1− ηrE
1 + cE(fE IFF − 1)ξE

+ ηrE (4.4)

ηG = 1− ηrG
1 + cG(fE IFF − 1)ξG

+ ηrG (4.5)

c, ξ and ηr are parameters fitted on stiffness degradation data. Based on calibration
from experimental data, Table 4.1 presents recommended values of these parameters
for GFRP [43]. This stiffness degradation model is used by different authors to
simulate fatigue damage considering in-plane stress state [26, 30]. The in-plane
shear fatigue modulus is degraded following the mentioned method for IFF mode
A and B. The loss in elastic modulus in transverse direction from Equations (4.4)
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Parameter E⊥ G⊥‖
c 5.3 0.70
ξ 1.3 1.5
ηr 0.03 0.25

Table 4.1: Recommended parameters for the degradation functions Equations (4.4)
and (4.5) for GFRP

and (4.5) governs material deterioration in IFF mode A. IFF in mode C is considered
as the most critical one as it is related to a high risk of delamination. A sudden
degradation rule is applied at the occurrence of this type of failure similarly to fibre
failure. The stiffness degradation model is summed up in Table 4.2.

Failure mode Degradation imposed
FF E‖,f = 0.1 E‖
IFF mode A E⊥,f = ηE E⊥,f(IFF )

G⊥‖,f = ηG G⊥‖,f(IFF )
IFF mode B G⊥‖,f = ηG G⊥‖,f(IFF )
IFF mode C E⊥,f = 0.1 E⊥

G⊥‖,f = 0.1 G⊥‖

Table 4.2: Degradation of elastic properties according to failure mode

4.2.2 3D damage model for unidirectional ply

A 3D degradation procedure presented by Deuschle [44] is used along with the three-
dimensional Puck’s criterion (Equations (3.8), (3.12) and (3.13)). The degradation
process depends on the orientation of the IFF fracture plane which quantifies the
amount of stiffness degradation. It tends to define the two fracture plane orienta-
tions which have the most direct (md) and least impact on the load bearing capacity
of a lamina against the respective types of load. A coefficient n(θfp) is then de-
fined as expressed in Equation (4.6) to describe the fracture orientation-dependent
impact of the degradation on the respective stiffness with values from nmin ≥ 0
corresponding to the least impact to 1 for the most direct impact.

n =
[1− nmin

2 cos [2(θ − θmd]
]

+ 1
2 + 1

2nmin (4.6)

The recommended values of the most direct impact angle are summarised in Ta-
ble 4.3. This orientation impact measure n(θ) weights the reduction of the respective
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θmd E2 E3 G12 G13 G23

ni 0◦ 90◦
n+
ij 0◦ 90◦ +45◦
n−ij 0◦ 90◦ −45◦

Table 4.3: θmd controlling the impact of degradation on the respective stiffness
depending on the fracture plane orientation θfp [44]

stiffnesses:

Eredi =
{
Eorigi (1− ni (1− η)) for tensile load in the i-direction
Eorigi for compressive load in the i-direction

(4.7)

Gredij =
{
Gorigij (1− n+

ij k (1− η)) for positive ij-shear load
Gorigij (1− n−ij k (1− η)) for negative ij-shear load

(4.8)

with k defined as the shear impact degradation measure and allows to reduce the
shear stiffness less than transverse stiffness according to some suggestions from
experimental observations [43, 45]. The recommended values are equivalent with
the reduction of G⊥‖ by only k = 0.77 for CFRC and k = 0.41 for GFRC of the
reduction of E⊥ [44].
η is the degradation progress measure which governs the degradation progress and
can vary from one (no damage) to ηR (residual value). This plays a central role
in the damage theory exposed by Deuschle. During the damage mechanism, it is
supposed that the stress exposure is kept to unity as soon as IFF is reached. During
the numerical analysis, if the stress exposure exceeds unity at a time increment, the
value η is decreased and leads also to a decrease in the stiffness. This results
in a decrease of the stress exposure through the diminution of stress magnitudes.
Damage progress is therefore applied at each increment through an iterative process
to fulfil the condition fE IFF = 1 = constant when damage occurs.

This 3D damage model is employed for UD plies in all simulations in quasi-static
analysis and also in the latest damage model in fatigue analysis.

4.2.3 Damage model for woven fabric ply
Failure criteria and degradation models should be carefully selected for the analysis.
Puck’s criterion is in fact not appropriate for woven fabric layers. Applying this
failure criterion would produce an underestimation of the transverse tensile strength
because of the shape of the Master Fracture Body defined by Puck.

Another failure criterion should then be used for fabric layers. Two failure criteria
are applied in the virtual testing of lugs: the maximum stress criterion and Hashin’s
criterion.
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Regarding Hashin’s failure criterion implemented in Abaqus, the material in the
fabric layers is considered as brittle in the degradation model. Therefore, the ma-
terial is considered to lose suddenly its stiffness at the occurrence of a failure.
The maximum stress criterion is applied for woven fabrics with a modified model of
the 2D damage approach developed by Puck. It is assumed that the damage evolu-
tion in the wrap and weft directions of woven fabric plies is governed identically like
unidirectional plies in fibre directions. When normal stress in wrap or weft direction
reaches their respective strength R‖ or R⊥, a sudden stiffness degradation is applied.
The maximum stress criterion is also applied for all shear stresses τ12, τ23 and τ13
with the 2D damage model described in Equation (4.3) and in Equation (4.5).

4.2.4 Damage stabilisation

Material models exhibiting softening behaviour and sharp stiffness degradation typ-
ically show severe convergence difficulties in implicit numerical analysis. A local
continuum damage model obeys the principle of local action. The problem with
the local behaviour of a softening model is that as soon as a material point starts
to soften, it takes up all the deformation [46]. Since all deformation occurs at the
material point, damage only grows in that point, resulting in further softening. If
damage models are included in the constitutive behaviour in a finite element anal-
ysis, then after localisation all the deformation accumulates in one element (or one
row of elements). This makes the analysis mesh size dependent.

To improve the convergence rate of the iterative procedure without compromising
the accuracy of the results [47] and to overcome the problem of mesh dependency in
local damage models [46], a viscous stabilisation scheme is implemented as recom-
mended by ABAQUS [48]. The procedure is a generalisation of the Duvaut-Lions
regularisation model which expresses a stabilised damage variable as:

dv = 1
ρ

(d− dv) (4.9)

ρ is the viscosity parameter controlling the rate at which the regularised dam-
age variable dv approaches the true damage variable d. However this stabilisation
parameter should be properly selected and larger values can produce inaccurate re-
sults [47]. To update the regularised damage variable at time t+ ∆t, the equations
are discretised in time as follows:

dv|t+∆t = ∆t
ρ+ ∆t d|t+∆t + ρ

ρ+ ∆t d
v|t (4.10)

The regularisation model of Duvaut-Lions is employed for the progressive damage
models in quasi-static and in fatigue.
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4.3 Progressive fatigue analysis
A progressive damage model is developed to predict failure of thick composite lami-
nates. A ply-by-ply approach is used with a characterisation of the fatigue strengths
for unidirectional and woven fabric plies at any stress ratio. Strength and stiff-
ness degradation models are chosen to simulate damage progress of the laminate
by the applied cyclic loading. Two models are proposed: the first version where
only in-plane damage is taken into account and a second version considering three-
dimensional degradation.

4.3.1 Ply characterisation
Fatigue strengths of a ply are described under cyclic loading in fibre direction,
transverse direction and under shear loading to fully characterise the material for
the model.

S-N curves of a UD ply

Fatigue strengths Rf are assumed to depend on the number of loading cycles to
failure Nf and to be expressed in the form of

Rf = Rend + R0 −Rend
exp

( logNf

α

)β (4.11)

R0 is the static strength and Rend, α and β are curve fitting coefficients.

SN-curves associated to a UD laminate of E-glass/epoxy have been determined in
fibre direction by a three point bending test for R-ratios in the tension-tension
region (T-T) at 0.5, 0.2 and 0.05 and in the tension-compression (T-C) region at
-0.5 and -1. A fatigue curve under ILS is also built from experimental tests at a
R-ratio of -1.
Fatigue data in transverse direction is essential to establish a full model for the
fatigue analysis. Further S-N curves under shear loading may also be needed to
predict life in the "T-T" region more accurately. Due to a lack of experimental
data regarding the present material of UD E-glass/epoxy composite, S-N curves for
similar materials are employed. Passipoularidis et al. [30] determined S-N curves of
a glass/epoxy UD composite for their model in fatigue life prediction. Definitions
of the S-N curves under transverse and shear loading are displayed in Table 4.4.
The formulation form of the S-N curve in Table 4.4 is a particular case of a general
formulation of Equation (4.11) with Rend = 0, α = b/ ln(10) and β = 1.
The fatigue data in Table 4.4 is applied to characterise the material behaviour of
the E-glass/epoxy UD composite in transverse direction and under shear loading
for R = 0.1.

The present material E-glass/epoxy is stronger in transverse direction and under
shear loading than the material used by Passipoularidis et al. From the comparison
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Loading R-ratio S0 b

Transverse 0.1 116.6 8.63
-1 91.4 8.43
10 196.8 24.32

Shear 0.1 83.8 11.16

Table 4.4: S-N curve [30]: σmax = S0N
− 1

b

of the static strengths between those different materials, it is assumed that our
material E-glass/epoxy exhibits higher fatigue strengths in transverse directions
than the material used as reference. S-N curves in transverse direction from the
material used by Passipoularidis et al. are employed for the present model to define
the fatigue behaviour of E-glass/epoxy in transverse direction to expect conservative
results.

S-N curves for woven fabrics

The behaviour of woven fabrics is expected to differ from UD plies. Only S-N curve
in interlaminar shear for R = −1 is available for woven fabric plies used in this
study. Therefore several assumptions are made to establish a fatigue model in fibre
directions and in in-plane shear for this material.

In a first model and similarly to the method used by Hochard et al. [17], woven
fabric plies are replaced by two stacked unidirectional plies corresponding to the
warp and weft thickness.

In a second model, the woven fabric plies conserve their elastic characteristics and
static strengths. Assumptions are made on S-N curves and damage evolution mod-
els. Similar to the static analysis, the maximum stress criterion is applied for
these woven fabric plies. The values of the static strengths are replaced by fa-
tigue strengths from S-N curves. Hochard et al. [17] experimentally determined
S-N curves of a woven fabric laminate in glass/epoxy. The composite is an unbal-
anced woven fabric laminate composed of 83% of the fibres running in the warp
direction and 17% in the weft direction. The authors provided fatigue strengths
corresponding to the wrap and the weft directions for the stress ratios R = 0.1 and
R = 0.5. In the warp direction (0◦ ply laminates) only 5 fatigue strengths are re-
ported whereas 18 values are displayed in the weft direction (90◦ ply laminates) for
R = 0.1. For accuracy reasons, only S-N curves for the weft direction are exploited
for the study. The values of the S-N curves were normalised by static strengths
and the weft direction data is applied for both the wrap and weft directions in the
presented model. The data is then adapted so that the S-N curves applied in the
presented model includes the static strength at the origin of the graph. Figure 4.5
illustrates the S-N curves employed in our model for the wrap direction. The curve
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for R = 0.1 is a curve fitted with the S-N curve model from the authors, and that
of R = 0.5 is directly interpolated from experimental data for the associated stress
ratio. The experimentally determined S-N curves under ILS loading for R = −1

0 1 2 3 4 5 6 7 8

log(Nf )

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
lis
e
d
 m

a
x
im

u
m
 s
tr
e
ss

R = 0.1

R = 0.5

R=0.1 (model)

R=0.5 (exp.)

Figure 4.5: S-N curves in fibre direction for glass/epoxy woven fabric ply (adapted
from [17])

are employed here for the wrap and weft directions. Regarding the in-plane shear
behaviour of woven fabrics, S-N curves normalised by the static strengths of UD
laminates are used to define the fatigue strengths.

Constant life diagram

The study aims to predict fatigue life under any stress ratio. A CLD method can
hence be used in order to generate S-N curves at any loading conditions. A piecewise
linear CLD is chosen due to its efficiency especially when S-N curves are available
in more than three stress ratios [36]. Analytical expressions of the piecewise linear
CLD can be described as follows [49]:

1. If R′ is in the T-T sector of the CLD, and between UTS and the first known
R-ratio in the tension region R1TT

σ′a = UTS
UTS
σa,1T T

+ r′ − r1TT
(4.12)
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where σ′a and σ′a,1TT are the stress amplitudes corresponding to R′ and R1TT ,
respectively, and ri = (1 +Ri), and r′ = (1 +R′)/(1−R′).

2. If R is located between two known R-ratios, Ri and Ri+1,

σ′a = σa,i(r′ − ri+1)
(ri − r′) σa,i

σa,i+1
+ (r′ − ri+1)

(4.13)

3. If R′ is in the C-C sector of the CLD, and between UCS and first-known
R-ratio in the compression region R1CC

σ′a = UCS
UCS
σa,1CC

+ r′ − r1CC
(4.14)

where σ′a and σ′a,1CC are the stress amplitudes corresponding to R′ and R1CC

A piecewise linear CLD is employed to generate S-N curves for any stress ratio in
fibre direction, transverse direction and under shear loading. Figure 4.6 shows the
CLD used for E-glass/epoxy UD plies in transverse direction.
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Figure 4.6: Piecewise linear CLD in transverse direction normalised by static tensile
strength

Kawai et al. [35] have developed an asymmetric CLD partly based on a specific
R-ratio χ designated as critical stress ratio which is defined as the ratio of the UCS
to the UTS of the material. The authors assumed that the stress amplitude for
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a given constant value of fatigue life is the greatest at the R-ratio χ [49]. This
consideration is also taken in the present model in fibre direction of UD laminates,
where linear interpolation of fatigue life in CLD is performed from the two regions
separating the critical stress ratio line.

4.3.2 Strength degradation model

Fatigue damage accumulation is implemented in the algorithm based on residual
strength degradation to be used along with a failure criterion. Residual tensile,
compressive and shear strengths are considered while each residual strength com-
ponent is treated as a function of loading cycles in their respective direction.

Residual strength after fatigue shows quite a large scatter, while a high experi-
mental cost for material characterisation is required for implementing non-linear
degradation models [30]. When tensile fatigue is considered for either glass/epoxy
or carbon/epoxy laminates, the approach of a linear model proves to be the most
efficient choice for describing residual degradation as it requires no residual strength
tests and yields conservative predictions [50]. Life prediction methodologies show
furthermore low sensitivity on the choice of the residual strength model [30].

The linear degradation model developed by Broutman and Sahu [51] is then con-
sidered for the tensile residual strength in the fibre direction Rt‖f as the following

Rt‖f = Rt‖ −
(
Rt‖ − σ1 max

)( n

Nf

)
(4.15)

With σmax the peak stress magnitude of the loading.

In a progressive damage model including stiffness degradation, stresses such as σmax
vary at points where damage occurs (loss in stiffness). This phenomenon happens
also for the case of constant amplitude force due to stress redistribution from damage
mechanism. Therefore a cumulative damage law may be interesting to improve the
model. Adam et al. [52] described the fatigue response of a carbon-fibre composite
through a wide range of experiments under variable amplitude loading. The authors
concluded that in sequences of all-tension blocks of cyclic loading, a linear damage
law (Miner’s rule) was reasonably satisfactory, but in all-compression and mixed
sequences the linear law drastically overestimates the actual composite life. However
this rule does not permit the consideration of sequence effects, e.g. high-to-low or
low-to-high stress amplitudes during a fatigue experiment [53]. Residual strength
in fibre direction is then implemented as follows:

Rt‖f = Rt‖ −
m∑
i=1

(
Rt‖ − σ1 max

)(∆n
Nf

)
(4.16)
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For the transverse tensile strength Rt⊥f and the in-plane shear strength R⊥‖f the
model "Palmgren-Miner-rule" is applied directly as

Rt⊥f = Rt⊥

(
1−

m∑
i=1

∆n
Nf

)
(4.17)

R⊥‖f = R⊥‖

(
1−

m∑
i=1

∆n
Nf

)
(4.18)

As suggested by Magin [53] for the analysis of FRP structures, the damage variable
is however limited to η = 0.1. The strength degradation models used under tension
loading were also employed by Kennedy et al. [26] in their multi-axial fatigue damage
model.

Under compressive cyclic loading, UD laminates do not display an evident strength
degradation [1]. The linear strength degradation model of Broutman and Sahu can
be modified to account for the sudden death behaviour of constant static strength
up to fibre failure. The material non-linearity is introduced by inserting an exponent
k having a high value to characterise the sudden death (k > 20 [30]) as expressed
by Reifsnider [54]:

Rc‖f = Rc‖ −
(
Rc‖ − σmax

)( n

Nf

)k
(4.19)

Rc⊥f = Rc⊥ − (Rc⊥ − σmax)
(
n

Nf

)k
(4.20)

4.3.3 Stiffness degradation model
Two phases of stiffness degradation are employed: one is applied prior to failure
and another one when fibre failure or inter fibre failure occurs.

Pre-IFF stiffness degradation model

In general, all formulations of fatigue stiffness degradation agree on an initial drop
of stiffness followed by a region of slow degradation with a steep fall immediately
prior to failure. In the present context, a stiffness degradation rule as function of
number of the loading cycles is implemented due to its simplicity. The non-linear
residual stiffness model of Passipoularidis et al. [30] is implemented besides post-
failure stiffness degradation models, with the following damage variable

Ei,f
Ei

= 1− (1− αi)
(
n

Nf

)βi

(4.21)

α and β are constant parameters fitted to stiffness measurements taken during
fatigue testing. The values of the parameters for the glass/epoxy material employed
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by Passipoularidis et al. are given in Table 4.5. Stiffness degradation as expressed
in Equation (4.21) depends only on the fatigue life fraction while the stress level
and R-ratio dependence are indirectly taken into account by the R-ratio dependent
fatigue life Nf .

Parameter E‖ E⊥ G⊥‖
α 0.852 0.755 0.684
β 0.419 3.167 1.654

Table 4.5: Stiffness degradation property for UD glass/epoxy composite

The model is applied to reduce in-plane stiffnesses considering here that E‖ = E1,
E⊥ = E2 and G⊥‖ = G12 for unidirectional plies. The coefficients α and β in
Table 4.5 relative to E‖ are employed for woven fabric plies for both the wrap and
the weft directions. This progressive damage is applied for all fatigue models before
fibre failure and IFF.

Post-IFF stiffness degradation model

When failure occurs in unidirectional plies, the post-failure stiffness degradation
models presented in Sections 4.2.1 to 4.2.3 are employed. For the 2D damage
approach, the residual stiffness model in Section 4.2.1 is applied with the 2D fracture
criterion in Equations (3.9) to (3.11) by replacing the values of static strength by
residual strengths.

Similarly the three-dimensional failure criterion of Puck expressed in Equations (3.8),
(3.12) and (3.13) are applied along with the 3D damage model of Deuschle in Sec-
tion 4.2.2 for unidirectional plies. The equations defining the failure criteria are
modified for fatigue degradation using the fatigue strengths of laminae instead of
static strengths. Puck’s IFF criterion in Equation (3.12) and Equation (3.13) be-
come then

fE IFF (θ) =

√√√√[( 1
RAt⊥ (Nf )

−
pt⊥ψ

RA⊥ψ(Nf )

)
σn(θ)

]2

+
(

τnt(θ)
RA⊥⊥(Nf )

)2

+
(

τn1(θ)
RA⊥‖(Nf )

)2

+
pt⊥ψ

RA⊥ψ(Nf )
σn(θ)

(4.22)

38



4.3. PROGRESSIVE FATIGUE ANALYSIS

for fibre-perpendicular tension stress σn ≥ 0 and

fE IFF (θ) =

√√√√( τnt(θ)
RA⊥⊥(Nf )

)2

+
(

τn1(θ)
RA⊥‖(Nf )

)2

+
(

pc⊥ψ
RA⊥ψ(Nf )

σn(θ)
)2

+
pc⊥ψ

RA⊥ψ(Nf )
σn(θ)

(4.23)

for compressive normal stress σn < 0

4.3.4 Algorithm of the progressive fatigue damage
Fatigue analysis is performed by the FEA software Abaqus/Standard. First a quasi-
static simulation is carried out in displacement control of the bolt until maximum
reaction force is reached. It is followed by a fatigue analysis conducted without
any motion of the bolt. During the analysis, blocks of cycles are applied at each
time increment and stresses are calculated at integration points only for the case
of an applied maximum force on the lug. Conway and Xiao [55] implemented
a subroutine in Abaqus for their progressive damage model where a solution in
fatigue was obtained for the maximum fatigue loading boundary condition and in
turn, a solution for the minimum fatigue loading boundary condition was obtained
by the specified stress ratio. In the presented model, only constant amplitudes and
magnitudes of the applied force are considered with an attributed R-ratio RF =
Fmin/Fmax in the range [0, 1]. The stress ratio is assigned for normal stresses as
R = RF when the stress is positive and R = 1/RF when the stress is negative. The
stress ratio in the case of a negative normal stress is therefore in the range [1,∞[
corresponding to pure compressive cyclic loading. The stress ratio relative to shear
stress is always equal to the stress ratio of the applied force due to the insensitivity
of material properties regarding the sign of shear stress values.

Both fibre failure and IFF mode C are critical for the bearing capacity of the
laminate due to the catastrophic behaviour of these damages. It is assumed that
the structure fails as soon as one of this failure modes is encountered within a 0◦
ply or a ±45◦ ply.

A user subroutine has been developed to be utilised by Abaqus in an implicit analysis
at each time increment. The flowchart of the subroutine for the two-dimensional
damage model is depicted in Figure 4.7 and the flowchart of the three-dimensional
model is illustrated in Figure 4.8. Input variables from Abaqus are first read to
recover from the values of residual stiffness, residual strengths and damage variables
from the previous increment. The time increment provided by Abaqus is considered
to calculate a fraction of life ∆n that should be applied. From the strain increment,
the stress tensor is calculated based on the residual stiffness matrix. In the next step
stress exposures can be calculated by the application of a proper failure criterion
(e.g. maximum stress or Puck’s criterion). When failure occurs, the stiffness matrix
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Figure 4.7: User subroutine flowchart for fatigue damage model in 2D

is degraded indirectly depending on the stress level by the failure criterion. The
stress should then be recalculated by the new stiffness values which may lead to
new damage states. Iterations are then required to have converged values of stress
levels in order to harmonise variables with each other so that they change only
to a very minor extent with each successive iteration [25]. In the case of the 3D
damage model, iterations are also required to keep the IFF stress exposure constant
to one when IFF occurs. Once stresses are finally calculated, the residual strength is
updated by the use of S-N curves and the new stress state for the next increment. At
an increment step, the residual strength is decreased if no damage occurs according
to the strength degradation model.
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Figure 4.8: User subroutine flowchart for fatigue damage model in 3D
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Chapter 5

Determination of failure and damage
under static loading

Quasi-static simulations are performed on composite lugs using Puck’s three-dimensional
failure criterion and the damage model proposed by Deuschle with fracture angle
dependency for unidirectional plies. Predictions of failure and macroscopic damage
from virtual testing are then compared with experimental results.

5.1 Failure modes
The tensile loading of the bolt produces a stress concentration around the holes.
As a consequence, the surface of the hole is the most critical zone for material
degradation. Under increasing load, damage propagates towards the exterior edges
of the lug.

The progressive damage of the composite lugs is studied here to understand the
modes of failure of the laminates. The failure modes depend on the materials used
as well as the stacking sequences. The progressive damage predicted from FEM is
presented here for the specimens 1, 3 and 4.

5.1.1 Specimen 1

The failure of the specimen 1 is initiated by IFF of layers oriented at ±45◦ and 90◦
due to transverse tensile stress. IFF occurs around the hole in the exterior surfaces
of the component. The IFF of off-axis layers occurs from the outer surfaces to the
inner surface due to the bending of the bolt which produces higher deformations in
exterior plies. This deterioration evolves until all off-axis plies are damaged by IFF
before any damage occurs in the off-axis layers.

Under increasing load, IFF of off-axis plies propagates to the exterior of the hole
with a decrease of the stiffness in transverse direction to fibres. IFF in on-axis layers
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initiates around in front of the hole. The damage in the 0◦ layers is caused by a
combination of high in-plane shear stress and transverse tensile stress. It can be
referred to IFF mode A according to Puck’s theory. All on-axis plies are deteriorated
in IFF before any fibre failure is expected.

First fibre failure is expected to occur in the outer +45◦ layers for all FEM models
used (coarse and fine meshes through the thickness). This occurs around the hole in
front due to tensile stress longitudinal to fibres. Under increasing load, FF occurs
rapidly in other inner +45◦ plies. In a failure study of the same composite lug
in numerical methods, König [1] also concluded that the specimen should first be
damaged in 0◦ plies by shear failure. Matrix cracking is also expected to occur in
the outer surface of the lug and to propagate in the different layers.

Figure 5.1 illustrates a comparison between a picture of a failed specimen 1 due to
quasi-static loading and some results of the virtual testing. As shown in Figure 5.1a,
the front section of the 0◦ layers is detached in longitudinal direction from the rest
of the lug with a width corresponding to the diameter of the bolt. This corresponds
to the runaway behaviour of individual plies with same orientation caused by a high
shear stress as described in Section 3.5.2. It can also be noted that ±45◦ layers seem
to be split around the yellow dashed line. At the state of first FF, the FEA models
present regions where IFF occurred around the same section represented in a yellow
dashed line in Figure 5.1b. The reduced in-plane shear stiffness of the 0◦ layers in
front of the hole due to IFF may not be able to bear any increase of the load. This
results in longitudinal crack in on-axis layers as seen in Figure 5.1a.

(a) Damaged specimen from
quasi-static test

(b) IFF in red (reduced transverse
stiffness)

Figure 5.1: IFF of specimen 1

Due to the fast propagation of FF within the +45◦ layers, the first fibre failure is
considered to be critical regarding the bearing capacity of the lug.

5.1.2 Specimen 4
The progressive failure of specimen 4 is characterised by numerical simulation first
by IFF of layers from the upper surfaces to the interior. IFF is observed within
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on-axis UD layers, and off-axis fabric layers (±45◦ and 0◦/90◦) where all plies are
damaged at the edge of the hole at a certain load step. Similarly to the failure mode
of specimen 1, the 0◦ layers fail due to in-plane shear stress and the ±45◦ layers
due to transverse stress.

After the propagation of IFF, fibre failure appears simultaneously in 0◦ and ±45◦
layers, where the number of affected layers rises rapidly with increasing load.

In the FEA simulation, on-axis UD layers made of glass-fibres are particularly af-
fected by IFF with a damage region going from the hole to the front of the lug. The
predicted IFF in 0◦ glass-fibre layers matches with the observed damaged layers.
On-axis carbon-fibre UD laminae seem to be less affected to this type of failure. It

Figure 5.2: fE IFF contour shape in the upper ±45◦ fabric layers

can be noted that there is a good accordance of the type of failure of the lug’s upper
±45◦ layers. By FE simulation, a crack orientation of 54◦ to the loading direction
was expected to occur as shown in the gradient of the IFF factor in Figure 5.2.
This result is consistent with the observed crack path from the experimental test
and highlighted in the figure by the yellow solid line.

5.1.3 Specimen 3

Similarly to the previous case, specimen 3 is first damaged in the surface of the
hole in IFF. At a certain load, all woven fabric layers are affected and IFF occurs
in the UD layers at the exterior edges. With increase of the load, IFF propagates
in all layers around the hole. Fibre failure appears after a further load increase in
exterior ±45◦ plies and propagates with increasing load levels. At the end of the
simulation all woven fabric layers are affected by FF around the hole.

5.2 Failure prediction

With the failure criterion discussed briefly in the previous section, results from the
different numerical methods used are presented. Force-displacement diagrams are
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plotted and failure conditions are discussed for the different specimens in comparison
to the experimental data.

5.2.1 Specimen 1
Virtual testing has been performed under quasi-static loading conditions for different
numerical models to evaluate their influence on the prediction of failure. Different
FEM models have been used to predict total failure with a coarse mesh using one
integration point through the thickness of the finite elements (1IP) and with three
integration points (3IP). A refined model is also evaluated with a finer mesh within
the laminate plane and the use of three integration points through the thickness.

As mentioned in the previous section, specimen 1 is supposed to fail soon after the
occurrence of the first fibre failure in one ply. Figure 5.3 presents force-displacement
diagrams for different numerical models where the values are normalised by the
applied force at total failure of the experimental specimen which is also represented
by the black dashed line at the unity.

Figure 5.3: Force-displacement diagram for specimen 1

The corresponding values of first fibre failure are plotted by horizontal line markers
and compared with the experimental value. Virtual simulations were stopped when
the equilibrium was not any more ensured in non-linear analysis leading to a con-
vergence issue of solutions (depicted by a cross marker). All FEM models predict a
capacity of the lug to bear further increasing load after the first fibre failure up to
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45% above the experimental value for the fine mesh FEM model.
The force at first FF given by the different methods are compared in Table 5.3
in normalised values with respect to the force at failure determined experimen-
tally. The values at first FF show good agreement with that of total failure in the
experiment. The choice of three integration points through thickness aids better
convergence of the numerical model and only a slight discrepancy in the prediction
of the first FF in comparison to the one integration point model. The shape of the
force-displacement diagram of the fine model shows a significant difference when
compared to the coarse mesh. The predicted value of the applied force at FF for
the fine mesh is also 14.6% higher than one of the coarse mesh for the same number
of integration points. This highlights the sensibility of the predicted failure loads
on the choice of the through-thickness discretisation of the lug.

Coarse mesh
(1IP)

Coarse mesh
(3IP)

Fine mesh
(3IP)

Normalised force at last increment 1.06 1.42 1.47
Normalised force at first FF 1.01 0.99 1.13

Table 5.1: Applied force at failure of specimen 1

5.2.2 Specimen 4

The numerical models of specimen 4 combine different failure criteria as the lug
consists of a mix of UD and woven fabric layers. Puck’s criterion is employed
for UD layers whereas the maximum stress criterion or Hashin’s criterion are used
for fabric layers. Three FEA models are tested here: a coarse mesh through the
thickness with the use of the maximum stress criterion and Hashin’s criterion for
woven fabric layers and a fine mesh with the application of the maximum stress
criterion. Failure is expected to occur soon after the occurrence of the first FF
in on-axis UD layers. Force-displacement diagrams of the three approaches are
plotted in Figure 5.4 as well as the applied force corresponding to the failure of
the tested specimen. The force-displacement diagrams corresponding to the use of
the maximum stress criterion with one and three integration points present some
similarities here. They however predict a bearing capacity after the first FF in UD
layers. In contrast, with the use of Hashin’s criterion considering a totally brittle
failure behaviour, total failure of the lug is predicted soon after the occurrence of
first fibre failure by a rapid drop of the bearing capacity.

Table 5.2 compares the forces at first fibre failure with that from experiment. All
virtual test results present reasonable predictions of failure considering that total
failure is expected to occur at first FF. It can be seen that the use of Hashin’s
criterion as it is used for woven fabric layers leads to more conservative results than
the application of the maximum stress criterion. The use of the maximum stress
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Figure 5.4: Force-displacement diagram for specimen 4

criterion and a coarse mesh provides the best results with an absolute relative
difference of less than 3% in relation to the experimental value.

Coarse mesh
(max cr.)

Coarse mesh
(Hashin’s cr.)

Fine mesh
(max. cr)

Normalised force at last increment 1.16 0.86 1.03
Normalised force at first FF 0.97 0.92 0.94

Table 5.2: Applied force at failure of specimen 4

5.2.3 Specimen 3
The virtual testing under quasi-static loading of the specimen 3 was performed with
a coarse mesh in thickness direction of the lug. Since specimen 3 is also composed
of fabric layers, the maximum stress criterion and Hashin’s criterion were employed
for the simulation of progressive failure. Experimental tests were conducted under
three different conditions: one with flange bushings and two with bushings between
the lug and the bolts. Failure was recorded with the use of flange bushings for the
applied force Fexp.1 and at Fexp.2 respectively Fexp.3 for the two tests conducted
with normal bushings. The best correlation between simulation and tests could
be determined for the specimens with normal bushings. Therefore, the lowest first
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failure load observed during the experimental tests with normal bushings is taken
as reference for the FEA results.

Figure 5.5: Force-displacement diagram for specimen 3

In Figure 5.5 the blue and orange line markers respectively refer to the force at first
FF with the use of the maximum stress criterion and that of Hashin’s criterion for
woven fabric layers. In the same manner, the blue and red line markers refer to FF
in all woven fabric layers when the maximum stress criterion or Hashin’s criterion,
respectively, is applied. The two values of force at total failure from test 2 and 3
are in the interval between the values of the predicted first FF and FF in all fabric
layers for both failure criteria.

In this case the failure load predicted by Hashin’s criterion are more conservative
compared to the prediction by the maximum stress criterion as can be seen in
Table 5.3. Considering that total failure of the lug occurs just after the first expected
FF, both failure criteria deliver good predictions.

Max. stress criterion Hashin’s criterion
Normalised force at first FF 0.96 0.95

Table 5.3: Applied force at failure of specimen 1
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5.3 Discussion
The methods applied to estimate the force at failure of the laminate show good
accordance with respect to the experimental results of the different specimens. The
approach is based on the prediction of the total failure of a laminate once a fibre
failure occurs in an unidirectional or ±45◦ ply. The failure within a ±45◦ ply is
considered as critical for the lugs under investigation since this type of oriented ply
represents a large portion of the laminate (more than one third in terms of volume)
which may lead to a catastrophic drop of the bearing capacity of the lug. Neverthe-
less the simulations conducted foresee a relatively high bearing capacity far after
the failure forces determined experimentally. The Puck’s IFF model implemented
for the unidirectional plies may underestimate the stiffness degradation within the
laminate leading to discrepancies between FEA and experimental results.

Diverse finite element models and failure criteria for woven fabric layers have been
tested and compared with the experimental results. The use of three integration
points through the thickness of finite elements proved to improve the convergence
of the solutions when compared to the choice of a single point. However the two
alternatives do not show any discrepancy in the failure predictions. The failure
predictions display a dependency on the mesh refinement in the stacking direction.
A coarse mesh corresponding to the use of one element per block of identical plies
produces better correlations in the failure prediction with experiments compared to
the finer mesh. The benefit of a coarse mesh consists in applying a smeared damage
approach which reduces the effects of local damage encountered in FEA. Moreover
convergence issues have been detected with the fine mesh models resulting in the
abortion of the simulations.

The application of the maximum stress criterion brings a better concordance with
the experimental observations than the use of Hashin’s criterion. The maximum
stress criterion produces nonetheless non-conservative results as the coupling of
different sorts of failure modes is not accounted for.

The previous highlighted results lead to the formulation of some recommendations
for the failure predictions of composite lugs. The application of the total failure
condition described above, the use of a relatively coarse mesh through the thickness
of the laminate and the adoption of the maximum stress criterion within the woven
fabrics prove to produce satisfactory predictions of the failure and damage of a lug
subjected to an on-axis loading.
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Chapter 6

Determination of failure and damage
under cyclic loading

Once the progressive damage models are implemented, virtual tests on composite
lugs are conducted to predict the fatigue life and the damage. Experimental tests
have been conducted in order to measure the life of the composite specimens un-
der cyclic loading at a constant amplitude. Since no S-N curve is available for the
materials carbon/epoxy and R-glass/epoxy, the progressive damage models under
fatigue loading conditions have been implemented only for pure E-glass/epoxy lam-
inates. The experimental life predictions of hybrid laminates such as specimen 1
and 4 are then not exploited during this study. The present part focuses on the
life prediction of the specimen 3 which is composed of unidirectional and woven
fabrics in E-glass/epoxy. Based on the discussion in the previous chapter, the finite
element model for the fatigue analysis is defined by a coarse mesh of the lug in the
stacking direction consisting of 22 finite elements and by three integration points
per element in the through-thickness direction.

An attempt of the life and damage prediction is made for the specimen 3 subjected
to a fatigue loading condition which corresponds to a stress ratio R = 0.14.

6.1 Stress state at maximum force
In this section the stress state of the corresponding maximum force is described and
discussed with a view to predict the fatigue life. In this analysis, the mechanical
properties of the plies are assumed not to be deteriorated.

6.1.1 In-plane stress distribution
When loading the lug, stresses accumulate at the edge of the hole which may cause
a damage initiation. According to this, the stress distribution of this surface is of
great interest for the failure prediction and may require the construction of a new
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Figure 6.1: Global coordinate systems of the lug

frame of reference. Therefore a new cylindrical coordinate system is defined at the
centre of the hole by the inclined angle φ from the x-axis evolving in the plane (x0y)
as illustrated in Figure 6.1 and the through-thickness direction z. The layers which
display the highest normal stress correspond to the 0◦ unidirectional plies. The
bolt transmits loading into the front of the lug by compressive stress in the loading
direction and mostly in the unidirectional plies. This produces high tensile stress
in the UD plies at φ = 90◦ of the loading directional whereas shear stress remains
rather low compared to that of off-axis woven fabric layers.

On the contrary ±45◦ woven fabrics carry most of the load by shear stress τxy at
45◦ to the loading direction. A large amount of this stress goes along the fibre
directions of the off-axis woven fabric plies.

The first predictions in fibre failure can be expressed by analysing the level of stresses
in fibre directions. This method does however not consider the influence of damage
which can occur before total failure of the lug.

6.1.2 Fatigue life interpretation

The stresses at the corresponding maximum force are assessed in a linear analysis
without any consideration of material deterioration. From the stress magnitudes
and the S-N curves, it is possible to make some interpretations on possible damage
and predicted life.

The stresses in fibre direction are of high interest since fibre fracture may cause
a precipitate failure of the bearing component. The fracture criterion used in the
presented model is furthermore simple as it only requires the stress in fibre direction
and the fatigue strength data. The stresses in fibre directions are evaluated directly
using the corresponding S-N curve regarding a possible fibre failure.

The maximum stress tensile and compressive values in fibre direction of UD plies
are both considerably lower than the endurance limit of the S-N curve for the
corresponding material and R-ratio. No fibre failure of the UD plies can hence be
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predicted for this lug by a simple interpretation of the S-N curves.

Regarding the fabric layers, the maximum stress is reached at the hole’s edge at
φ = 45◦ from the loading direction in the −45◦ outer ply. Figure 6.2 illustrates
the two S-N curves employed for the investigated fatigue model at R = 0.1 and
R = 0.5. The S-N curve in fibre direction for the stress ratio of the applied cyclic
loading is hence interpolated from the two previous fatigue curves. The fatigue life
corresponding to the maximum stress goes approximatively up to 6 290 000 loading
cycles. The maximum compressive stress located in +45◦ is far below the fatigue
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Figure 6.2: Life prediction under maximum tensile stress in fibre direction for −45◦
woven fabric ply

limit.

6.1.3 3D stress state
One of the proposed progressive damage models is composed of a 2D failure criterion
according to Puck’s theory and its associated stiffness degradation model at inter
fibre failure. This analysis neglects the effect of the three-dimensional stress state
which arises from the loading transmission from the bolt to the tick laminate. The
out-of-plane stresses are evaluated at the edge of the hole and discussed with respect
to their respective strengths. Two stresses are considered to describe the 3D stress
state: the normal stress in thickness direction σ3 = σz and the out-of-plane shear
stress in the loading direction τxz.

53



CHAPTER 6. DETERMINATION OF FAILURE AND DAMAGE UNDER CYCLIC
LOADING

The highest magnitude of the out-of-plane normal stress is located in the middle-
plane of the laminate and approximatively at φ = 90◦ of the loading direction in the
unidirectional layers. For the UD plies, it is assumed that the transverse and the
through-thickness directions are characterised by the same S-N curves. Based on
this assumption, the level of the highest out-of-plane normal stress is just below the
fatigue limit of the material. Moreover the front of the hole exhibits out-of-plane
compressive stresses reaching a maximum value in the middle of the laminate. This
stress state takes its origin from the bending deformation of the bolt which causes
a compression in the front of the lug. The compressive stresses encountered in the
laminate are very low with respect to the high fatigue strength of the composite.
In the two-dimensional model, it is assumed that compressive through-thickness
stresses have a limited influence on the damage and the failure of the composite.

The highest out-of-pane shear stresses in the loading direction are located within
the outer UD plies in the front of the hole. This shear stress concentration arises
from the bolt which is in contact to the front of the hole and transmits in this
manner some shear stress. Due to the bending deformation of the bolt, the shear
stress reaches maximum values in the outer plies. The plies in the middle of the
laminate exhibit quasi-null values of out-of-plane shear stress all around the hole.
This corresponds indeed to the plane where a symmetry condition is applied. The
highest value of shear stress is moreover far below the fatigue endurance for the
corresponding S-N curve. The structure is therefore not expected to fail under
this stress state when considered alone in the analysis and if the fatigue damage is
assumed not to increase the stress level significantly.

The out-of-plane stresses remain low in comparison to their respective strengths.
A high increase of the stress values under a cyclic loading is necessary to have
an influence on the damage mechanism. However this out-of-plane stresses may
interact with the transverse normal stresses σ2 and the in-plane stresses σ12 leading
to a complex damage state.

6.2 Damage prediction

An experimental test has been performed on the specimen 3 to determine the num-
ber of loading cycles when a failure occurs under a varying loading at the stress
ratio R = 0.14. An attempt to predict the fatigue life with the developed pro-
gressive damage model is made. Two failure models and their associated damage
methods are tested. The first damage model uses Puck’s 2D failure criterion with
an in-plane damage model. The second damage model is based on Puck’s 3D failure
theory with the associated 3D stiffness degradation law once the failure criterion is
fulfilled. The two models use the same in-plane stiffness degradation model before
failure.
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6.2.1 Damage of the specimen

Pictures of the damaged lug are presented in Figure 6.3. Figure 6.3a shows a top

(a) Damaged specimen under fatigue
loading conditions

(b) Lateral view of the runaway type of
failure

Figure 6.3: Failure of the specimen 3 under fatigue loading condition

view of the specimen where damage is visible in the front of the right hole. The area
presents some cracking on the outer surface crossing from the hole to the front at
angles inclined to φ = 0◦ and φ = 45◦ of the loading direction. The lateral view of
the damage shown in Figure 6.3b displays an apparent runaway failure of individual
layers from the rest of the laminate. The dissociated plies observed in this figure
correspond to woven fabric plies oriented at ±45◦. All off-axis woven fabric layers
seem to have failed in the front the hole. The rest of the laminate block represents
on-axis unidirectional plies where no damage is clearly visible.

The observations of the specimen lead to the conclusion that failure of the lug occurs
from failure of woven fabric plies.

6.2.2 Damage prediction by virtual testing

In the first finite element model, woven fabric layers are replaced by unidirectional
layers oriented in the wrap and the weft directions. Multiple inter fibre failure is
predicted in the corresponding woven fabrics by virtual testing on specimen 3 which
lead to not negligible but also uncritical damage. Despite the drop of stiffness in
shear and transverse directions, the lug is expected to be safe from fibre failure due
to its high longitudinal strength. No failure of the laminate can then be predicted
in the present fatigue loading condition.

In the second finite element model, fatigue behaviour of woven fabric plies is defined
by existing S-N curves available in the literature and the maximum stress criterion
is applied for the different degradation models. Progressive damage models imple-
mented in 2D and 3D predict critical damage in unidirectional plies due to IFF.
Failure of the lug is expected when first fibre failure occurs in ±45◦ woven fabrics
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whereas no damage in fibre directions is foreseen in UD plies.
The stiffness transverse to the loading direction is expected to decrease up to half of
the initial stiffness along the entire front region of the hole. The damage region in
woven fabrics are identical between the results from the 2D and 3D damage models.
The first fibre fracture at ±45◦ ply occurs in the outer ply at an angle of φ = 45◦
with respect to the loading direction and determines failure of the lug. Fibre failures
occur also sooner in 0◦/90◦ woven fabrics in the hole and transverse to the loading
direction. This failure is not considered to be critical in this specimen since 0◦/90◦
woven fabric plies only represent a small portion of the laminate and there is still a
high portion of 0◦ UD layers which can carry the load in that direction. According
to virtual testing, the region affected by in-plane shear failure in woven fabrics does
not propagate so far from the hole when compared to UD plies.

Figure 6.4 depicts residual properties at the failed point in ±45◦ ply for the critical
direction (weft direction). As seen in Figure 6.4a, at the first phase of the life, the
normal stress increases by 5% at approximatively 30 000 loading cycles. This can be
explained by the stress redistribution from damaged to undamaged plies causing an
increase of the load of undamaged layers. This phase is followed by a slight decrease
in stiffness due to the damage process implemented in fibre directions before failure
as shown in Figure 6.4b. This results in a decrease of the stress up to its initial
value (Nf = 0) before failure. The residual strength decreases linearly with loading
cycles and displays an exponential drop in the semi-logarithmic graph. Fibre failure
occurs at 1 400 000 cycles when the stress in the fibre equals to the corresponding
residual strength as indicated by the dashed line. After occurrence of fibre failure
the stress drops due to the sudden stiffness degradation.

1 2 3 4 5 6 7

log(Nf )

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
lis
e
d
 s
tr
e
ss
 i
n
 f
ib
re
 d
ir
e
ct
io
n

FF

R t
f,t

S22

(a) Residual strength Rt
f,t and stress S22

in weft direction

1 2 3 4 5 6 7

log(Nf )

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
lis
e
d
 t
ra
n
sv

e
rs
e
 s
ti
ff
n
e
ss

FF

(b) Residual stiffness K2222 in weft
direction

Figure 6.4: Normalised residual properties in 45◦ ply at the failed point
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6.3 Failure prediction

Based on the discussion of the simulated damage state of the lug, the failure of the
component is expected to occur at the first fibre failure in the ±45◦ woven fabric
plies which happens for all the proposed models at the outer surface. The failure
predictions are made based on three methods: the so-called linear model which does
not take any damage into account and which corresponds to a direct interpretation
of the S-N curves as explained in Section 6.1.2, the 2D progressive damage model
and the 3D post-failure damage model.

The composite lug is predicted to fail after the application of Nf = 6 300 000
loading cycles according to the linear model, Nf = 1 400 000 cycles in the 2D
model and Nf = 2 100 000 cycles in the 3D model. Under the same type of loading
conditions, the specimen 3 failed after 480 000 loading cycles in the test. All the
models provide here non-conservative predictions where the 2D damage model gives
the best prediction accuracy with an error of factor 2.9.

Since all the S-N curves used to characterise the fatigue strength of the plies are
formed in a semi-logarithmic scale, it is more pertinent to display strengths of
the composite lug depending on the decimal logarithmic of the life. The force-life
curves of the simulations are plotted in Figure 6.5 with normalised values with
the static strength for the different numerical methods and with the experimental
value. The fatigue curves are formed from simulations with the same stress ratio
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R = 0.14 for three different values of the maximum applied force: the force used in
the experiment, one lower and one higher.
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According to the two-dimensional damage model, the failure occurring at the life of
the specimen corresponds to a normalised force of 0.5 instead of 0.43 when inter-
polating the fatigue life from the S-N curve. In order to have the same fatigue life,
this corresponds to a relative error of maximum force at about 16% with respect to
the applied force used in the experiment.

6.4 Discussion
An attempt of the life prediction of the specimen 3 under the fatigue loading condi-
tion at the stress ratio R = 0.14 has been made with the use of different methods.
The life assessments show however some deviations when compared to the experi-
mental result. This discrepancy can arise from different factors depending on the
numerical approaches in the development of the fatigue models as well as the dis-
posal of experimental results. The progressive damage models which have been
implemented rely on many hypotheses regarding the fatigue strengths of the plies,
the stiffness and strength degradation evolutions.

6.4.1 Reliability of the material behaviour

One of the main source of uncertainty in the different models which have been devel-
oped is the lack of data regarding the fatigue behaviour of the materials used in this
study. The fatigue estimations which have been carried out on the specimen 3 tend
to predict the failure of the lug at the first fibre failure of an off-axis woven fabric
ply. In this application case, the fatigue predictions are then highly dependent on
the stress-life diagram in the fibre directions of the woven fabrics as it determines
the total failure condition of the laminate. Here the fatigue strengths in the wrap
and weft directions of the E-glass/epoxy ply are assumed to be identical to a similar
material of which fatigue data is available. This hypothesis has an influence on the
accuracy of the so-called linear method and the progressive damage models.
The assumptions which have been made in the shape of the S-N curves of the unidi-
rectional plies in the transverse direction and those of the woven fabric plies under
in-plane loading may also have an indirect impact on the precision of the life as-
sessment. In the presented progressive models, this set of data defines the initiation
of stiffness degradation after failure. The simulated damage affects the critical ply
by a stress distribution and has consequently an impact on the cumulative damage
at the failed point. This may therefore accelerate or delay the total failure of the
laminate.

The approach utilised in the investigated progressive damage models is globally
conservative. The linear strength degradation models which have been applied
under tensile loading are supposed to bring results on the conservative side [50]. The
S-N curves of E-glass/epoxy plies in the transverse direction were also taken from
those of a glass/epoxy material exhibiting a lower static strength in the respective
direction. Therefore the predicted failure under the corresponding loading direction
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is expected to occur prematurely. The stiffness degradation models applied during
the simulations are also a significant source of uncertainty.

6.4.2 Approaches of the different fatigue models

No stiffness evolution has been experimentally determined under fatigue loading
condition to validate the different models. Non-conservative damage evolution can
however be expected for the use of the 3D fatigue model as observed in the nonlinear
model under quasi-static conditions.

The linear model

The linear model employed does not take any damage into account until fibre failure.
This method is not suitable for a high cycle fatigue analysis of such a complex
application case. It however delivers a first estimation regarding the region subjected
to failure as well as the fatigue life.

The progressive two-dimensional model

The stiffness degradation model employed in the investigated 2D model in IFF
has been extensively used by various studies [26, 30, 40] along with Puck’s failure
criterion for plane stress analysis. The life assessment performed by these authors
gives good agreement with the experimental results in the failure prediction of the
laminates.

The lug is nonetheless subjected to a three-dimensional stress state due to the
high thickness of the investigated laminate. The simulated out-of-plane stresses
are relatively low when compared to their respective fatigue strengths (which are
also estimated). They may nevertheless couple with the plane stresses leading to a
complex fracture mechanism. According to Puck’s theory, this affects the fracture
angle of the failed plies which initiates a different damage mode.

An important factor which can affect the accuracy of solutions is the use of the
regularisation method as expressed by Duvaut-Lions. The free-parameter ρ is indeed
introduced in the stabilisation procedure and refers to a viscosity parameter which
can control the rate of damage evolution. This variable may influence the solutions
as observed in a study [56] which aims to predict the strength at a blunt notch
within a laminate. The value assignment of the viscosity parameter can also be
a source of deviation between the FEA results and the experimental results. A
sensitivity analysis of the variable on the failure prediction may be required.

The progressive three-dimensional model

An attempt has been made to predict the fatigue life of a laminate with the use of the
three-dimensional damage model expressed by Deuschle. The predicted life based
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on this approach deviates more from the experimental value than the 2D damage
model. The approach is based on the assumption that the equality fE IFF = 1
should always be fulfilled during a damage process. In the simulations performed
in fatigue, the stress exposure fE IFF often exceeds the unity which results in an
underestimation of the stiffness drop in the failed points. This numerical issue is
expected to delay the failure prediction by underestimating the increasing stress in
the fibre directions due to the stress redistribution.

Decreasing the time increment may have a positive benefit to ensure that the stress
exposure remains constant during a damage process. During a fatigue simulation, a
great number of sudden drops of stiffness is encountered possibly due to the strength
degradation process. The convergence can then be ensured by decreasing the time
increment which, as a consequence, increases significantly the computational cost
of the virtual test. The viscosity parameter applied in the damage stabilisation
process plays also a role on the iterative process aiming to keep the stress exposure
constant.

6.4.3 Validity of the models
In the present study, the models are tested along with only one experimental result
which is not sufficient to evaluate the validity of the models. The failure under
fatigue loading conditions has a more chaotic behaviour than under static loading
inasmuch as high discrepancies can be observed in an experimental test of a lami-
nate. Lives of specimens may vary up to a factor of 4 [7, 26, 30, 40] under the same
fatigue loading conditions.

Furthermore sensitivity analysis may be required to test the robustness of the pro-
gressive damage models. This can be conducted by comparing solutions of a same
virtual test with various mesh refinements and values for the damage stabilisation
parameter ρ. The progressive damage models should also predict the fatigue life of
laminates composed of different materials (hybrid laminate), subjected to diverse
stress ratios and loading directions. Integrated to a rotor system, the lug receives
also off-axis loading which has to be accounted for in a numerical simulation. Fur-
ther virtual tests are therefore required to verify that the models can cover the
failure predictions for any type of laminates and under different fatigue loading
conditions.
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Conclusion

This work investigated the strength prediction of thick laminates under static and
fatigue loading conditions. The focus was on the development of finite element
models in order to conduct virtual testing of composite lugs subjected to an uni-
axial loading. The presented numerical methods aim to become a tool for the design
of thick composite lugs investigated by Airbus Helicopters but may also be used for
any strength prediction of thick laminates. The laminates under study are composed
of plies with various orientations, different types of reinforcement (unidirectional
and woven fabric) and diverse materials (glass/epoxy and carbon/epoxy).

A review of the literature has been conducted on the damage and the failure of
composite materials under fatigue loading conditions. The failure mechanism of
composites subjected to uni-axial loading is described to characterise the fatigue
behaviour of individual plies with the clear aim to apply the classical laminate
theory. Based on the assessment of the different methods available in the literature,
the development and the implementation of a progressive damage model has been
chosen as it tends to predict the failure of any laminate and can also describe the
damage evolution within the plies.

The failure prediction of laminates under quasi-static loading is carried out by a
three-dimensional nonlinear model with the application of Puck’s criterion for UD
plies along with a damage model depending on predicted fracture angles and the use
of the maximum stress criterion for woven fabrics. Two progressive damage models
are developed for the fatigue analysis of laminates: one applies Puck’s criterion for
plane stress analysis with a 2D damage model and another one employs the failure
criterion and the degradation model utilised for the quasi-static analysis. Based
on the review of damage mechanisms and fatigue models, stiffness and strength
degradation models are established and implemented in a user subroutine of the
FEM software Abaqus/Standard.

Virtual testing on composite lugs is conducted under quasi-static loading for differ-
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ent laminates and the predictions of the failure and the damage of the component
are compared with the experimental data. Recommendations on the finite element
model were drawn from the interpretation of the results regarding the mesh refine-
ment and the number of integration points used in elements. The presented method
proves to provide good predictions of failure and satisfactory results of the damage
modes and may be used as a design tool.

The different investigated fatigue models are tested with an experiment on a com-
posite lug. A plane stress analysis is made to establish a first life estimation of the
component with respect to the fatigue strengths of the plies. The stress analysis
also shows that the out-of-plane stresses are relatively low in the laminate which
lead to a possible application of the investigated 2D damage model. The 2D damage
model exhibits the best correlation with the experimental result in comparison to
the 3D model but provides non-conservative results.

Further studies have to be conducted to validate and to improve the presented
fatigue models. The main difficulties lie on the characterisation of the plies due
to the lack of experimental data. Many assumptions have been made on fatigue
strengths, stiffness and strength degradations relying on the data available in the
literature for similar materials. Convergence issues have also been encountered in
the application of the 3D damage model which may explain the underestimation of
the damage and the failure of the component. The proposed numerical methods in
fatigue analysis are not mature yet. However they highlight various aspects of the
project where improvements or experimental data are needed in order to develop a
reliable tool for the life prediction of thick composite lugs.
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