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Contribution of industrial composite parts to fatigue behaviour
simulation

Ara Sedrakiana, Tarak Ben Zinebb,*, Jean Louis Billoeta

a LM2S–UPRESA CNRS 8007, ENSAM Paris, 151 Boulevard de l’Hôpital, 75013 Paris, France
b LPMM–UMR CNRS 7554, ENSAM Metz, 4 rue Augustin Fresnel, 57078 Metz Cedex 3, France

The dimensioning of composite structures presents the problem of behaviour modelling. This problem comes not only from the 
specific nature of the involved materials, but also from the reproducibility of the process both on the series scale as well as on the 
specimen characterisation level, which enables determination of the modelling parameters. In the case of static dimensioning with or 
without damage, the reproducibility of the mechanical parameters is satisfactory overall, regardless of the implemented experimental 
procedure. In fatigue dimensioning, the two aspects; process influence and procedure of identification play a major role in the 
application of the lifetime predictive models. This research has, as a medium-term objective, to partially answer the problems raised 
previously. The damage model used is based on generalised standard material thermodynamics. This model, coupled with the finite 
element method, allows simulation of the fatigue behaviour of composite parts. 
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1. Introduction

Nowadays more and more composite parts subjected
to fatigue loading (spring leaf of commercial vehicles,
engine components and plane wing elements etc.) are to
be found in operation. When designing these structures,
high development costs arise. In the absence of a reliable
model of lifetime prediction, evaluation of the fatigue
behaviour is always carried out on real parts. This nat-
urally implies:

� Design and mould manufacture for the production of
composite parts.

� Composite part production process.
� The design of specific test benches dedicated to the

study of fatigue behaviour.
� The tests take a long time (on average 2 months of

tests for a fatigue curve).

It will consequently be advisable to provide designers
with dimensioning rules and models of lifetime predic-

* Corresponding author. Tel:+33-3-8737-5434; fax:+33-3-8737-
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tion guaranteeing a maximum level of reliability.
Accordingly, earlier investigations showed that lifetime
prediction methods generally used in the case of homo-
geneous materials, like the Dang Van [1,2] criterion, are
ineffective for composite materials. Mechanical degra-
dation occurs without a significant loss of rigidity. Trans-
verse cracking is one of the causes. It is often this
phenomenon which first appears in a diffuse way and
which, without being really penalising, entails the devel-
opment of other damage, like the delamination and rup-
ture of fibres. Those are more detrimental to the mechan-
ical strength of the composite. Initiation and propagation
of micro-cracks primarily depend on associated para-
meters:

� manufacturing process
� nature of the basic components
� loading mode.

For composite structures presenting high stress concen-
trations primarily due to large thickness gradients, the
application of complex loading, etc., material damage is
often accompanied by stress redistribution phenomena.
These may cause a rapid material degradation. Conse-
quently, in modelling damage evolution this phenom-
enon should be taken into account. Indeed, the initiation
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and propagation of the damage related to high stress con-
centrations have a significant influence on strain and
stress states during the lifetime and thus on the final
endurance limit. The quantification of the latter, while
being based only on the initial stress field, can be
dangerous since the result turns out to be very approxi-
mate [3,4]. Consequently, in fatigue modelling, a dam-
age model with updated strain and stress fields appears
to be essential. The choice of a representative model thus
constitutes an important point of this study. The charac-
terisation and identification of the predictive model para-
meter imply a choice of fatigue tests and suitable identi-
fication procedures. As an example, during the
characterisation of the fatigue behaviour of a composite
glass/epoxy in the fibre direction, the structure effect is
hardly avoided.

The aim is to develop an approach based on a rep-
resentative damage model. This model must be able to
take into account all material, test and environment para-
meters, data scattering and especially the stress redistri-
bution phenomenon. Since the seventies, great quality
works have been undertaken seeking these models. In
this field, there are two modelling approaches:

� models based on the resistance loss notion [5–7], and
using quadratic criteria [8,4], for the determination of
lifetime. These models showed insufficiencies when
taking into account damage mechanisms associated
with a multiaxial stress and strain field.

� models using the generalised standard material ther-
modynamics to define damage evolution laws [9–11].
The representativeness of these models is related to
the judicious choice of the modelling scale.

The major difficulty of these two approaches lies in the
definition of characterisation tests and identification pro-
cedures. For several years, research has been rather
directed towards a clearer identification of degradation
mechanisms aiming at better modelling.

2. Context of modelling and bases

2.1. General information on the approach suggested

The material is a composite containing unidirectional
glass fibres and an epoxy matrix. The manufacturing
process is resin transfer moulding (RTM). Applications,
made by this composite, are subjected to sinusoidal load-
ing. The loading ratio R=Loadmin/Loadmax is between 0
and 1. In the following we only consider undulating
fatigue loading.

With regard to the parameters influencing the fatigue
behaviour of the material studied, only the loading level
will be taken into account [12]. Thus three behaviours
resulting from the fatigue tests will be distinguished:

Low cycle fatigue, the limited and unlimited endurance
(Fig. 1). The parameters, loading ratio R, frequency f,
temperature T and humidity, are fixed [13–15].

2.2. Material scale with damage gradient on the ply

The damage in the fatigue of the composites is charac-
terised by a progressive rigidity. The rigidity loss corre-
sponds to the behaviour degradation. Consequently,
when modelling the fatigue phenomenon a damage
model coupled to a structural analysis is essential. The
use of the damage mechanics requires the introduction
of generalised standard materials thermodynamics on the
one hand and the definition of a material modelling scale
on the other hand. To use classical mechanical
approaches, an equivalent homogeneous behaviour will
be preferred. The composite will be considered as a per-
iodic structure and averages will be carried out over one
elementary period, considered as statistically representa-
tive of the heterogeneous medium. Unfortunately, this
does not entirely solve the problem for two reasons:

� It is difficult to have full knowledge of the component
characteristics (fibre, matrix).

� The interactions of the matrix–fibre interface are not
well represented.

To make up for these shortcomings, new approaches rep-
resent as accurately as possible the physical phenomena
which find their origin in the material heterogeneity.
These approaches establish the link between pilot mech-
anisms on a microscopic scale and the physical sizes
translating the behaviour of the structure on a macro-
scopic scale. To that purpose, the approach developed
by Ladevèze [16], based on the theory of anisotropic
damage, attempts to describe the damage mechanisms
occurring in the behaviour on a mesoscopic scale which
is that of the elementary ply. In this meso-modelling it
should be noted that:

� such a model is semi-discrete and thus differs from
the conventional continuum mechanics models.

Fig. 1. Wöhler curves (Nil% is the number of cycles for a l% rigidity
loss at ki loading level).
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� these models are not invariant by scaling change.
� the damage state on a mesoscopic scale is locally

imposed evenly on each meso-component.

However the micro-cracking of the matrix and of the
matrix–fibre interfaces are not necessarily uniform in the
ply thickness. For example during a four or three point
bending test, the stress and strain state is characterised
by a gradient on the elementary ply, consequently the
resulting damage cannot remain uniform on each ply. It
is then difficult to define the size of the elementary vol-
ume through a homogeneous state, which is to be solved.
Such an analysis is related to the concept of continuum
mechanics. An easy behaviour identification and a true
homogeneity of the stress and strain state within this
element must justify the definition of this volume
element. The use of the finite element method can par-
tially overcome this obstacle. The behaviour of each
finite element at each loading cycle “N” is characterised
by the initial behaviour of the elementary ply associated
to a localisation function:

Cel.
ijkl(N)�C0

meso.f(localisation, N) (1)

2.3. Analysis of the stress and strain field updating

The orientation and provision of fibres of a unidirec-
tional ply and its loading direction can be at the origin
of a triaxial stress state. Taking into account this multi-
axiality in the modelling of the fatigue behaviour consti-
tutes most of the basic reflections. Besides this multi-
axiality poses the problem of the uniformity of the strain
and stress field. As an example, the initiation and the
propagation direction of the damage cannot be the same
for a unidirectional ply with q degrees and the same one
with a central hole, both loaded in tension. In this last
case, taking the redistribution stress phenomenon and
load transfers into account is as significant as choosing
the predictive model. The work of Shokrieh et al. [4]
showed that in the case of a unidirectional fold with
q° loaded in tension, the strain remains homogeneous
within the sample. A polynomial criterion of fatigue
without updating of the strain field is amply sufficient
for the lifetime prediction.

However, a thorough study undertaken by Asundi and
Chow [3], highlighted the variation of the stress and
strain state according to the damage during a static ten-
sile test on a laminate having a central hole. The Moiré
interferometric method was used to quantify the effect
of the damage on the redistribution and the variation of
the strain around the hole (Fig. 2). Although this
phenomenon was demonstrated in the static loading case,
it will be assumed to occur in the fatigue loading case.
Consequently for the modelling of fatigue behaviour, the
predictive model must be based on an analysis cycle by

Fig. 2. Approach with or without strain redistribution.

cycle or if required, per package of cycles in order to
reduce the computing time.

3. Three dimensional damage model

The damage model used was developed by Ladevèze
[10], and exploited by Thionnet [11] and Linhonne [17],
inter alia. It is based on a homogenised elementary
mesoscopic vision of the damage state. This model is
used in the fatigue case even it is primarily established
in the static case. Nevertheless, according to Reifsnider
[7] and Guilmineau [18], it is possible to suppose the
physical and geometrical similarity of defects in static
and fatigue cases. In order to make the numerical
implementation in FE software easier, the model is for-
mulated in strains [17]. The damage evolution is formu-
lated in an explicit way. The model respects the sym-
metry of the rigidity matrix associated with the
incremental form of the constitutive laws.

3.1. General context

The model presented is developed within the frame-
work of the thermodynamics of the irreversible phenom-
ena, and under the assumption of the thin or moderately
thick structures (s33=0), it is formulated in strains. Ther-
mal phenomena are neglected. The model is formulated
with the assumption of small perturbations but can be
applied to non-linear geometrical formulations. The vol-
umic energy of elastic strain, which is taken as a thermo-
dynamics potential, is given by:

2We�C11e211�2C22n12e11e22�C22e222�G12g212 (2)

�G13g213�G23g223

where Cij and Gij represent the elastic behaviour con-
stants, and with:
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C11�
E1

1−n12n21

C22�
E2

1−n12n21

g12�2e12 g13�2e13 g23

�2e23

The symmetry relations arising from the existence of
a thermodynamic potential give:

C11

C22
�

E1

E2
�
n12

n21
it comes n21C11�n12C22 (3)

and according to the definition of C11 one notices that:

C11(1�n12n21)�E1⇒C11�E1�n12n21C11�E1 (4)

�n2
12C22

In this form, the value of the stress
s22=C22(e22+n12e11) appears clearly. The elastic defor-
mation energy (2) can thus be written as follows:

2We =E1e211+C22n2
12e211+2n12C22e11e22+C22e222

+G12g212+G13g213+G23g223

=E1e211+C22(e22+n12e11)2+G12g212

+G13g213+G23g223

(5)

3.2. Damage variables

One seeks to build a model on the mesoscopic level
based on the degradation characteristics at the micro
level. The physical observations of the damage modes
of the materials used enable us to define the damage
variables by adopting the following assumptions:

� The damage in the glass/epoxy composites occurs
according to three modes:
fibre failure
transverse and longitudinal cracking of the matrix
rupture on the fibre/matrix interface

� The initiation and the propagation of delamination
will not be considered in this model.

� In transverse compression the cracks tend to close up
again and do not create any additional damage. In the
fibre direction, the damage due to the localised buck-
ling of fibres loaded in compression is neglected.

� For lack of experimental information on the shear
moduli in 13 and 23 planes, they considered undergo-
ing an evolution similar to the modulus in the 12
plane. The C22 and E1 moduli will be affected respect-
ively by the variables d22 and d11.

The elastic moduli of the material are [17]:

E1=E0
1(1−d11); C22=C0

22(1−d22)

G12=G0
12(1−d12); G13=G0

13(1−d13); G23=G0
23(1−d23)

(6)

where the superscript 0 indicates the virgin state of
the material.

3.3. Evolution laws

The introduction of damage variables into expression
(5) gives Eq. (7) which represents the damaged defor-
mation energy. This equation will be used throughout
the study.

2We�E0
11(1�d11)e211�C0

22�e22�n12e11�2
−�C0

22(1

�d22)�e22�n12e11�2
+�G0

12(1�d12)g212�G0
13(1 (7)

�d13)g213�G0
23(1�d23)g223

Transverse matrix cracks are supposed to be fully
closed again during compression loading and do not
have any influence on the damage evolution. But during
tension loading they contribute to the damage evolution.
Consequently, expression (7) has two distinct parts
(� �+) and (� ��) respectively representing the positive
and negative parts of the expression. The evolution laws
of the damage variables are given by introducing the
thermodynamics of generalised standard materials. The
thermodynamic variables associated to the damage vari-
ables dij are thus defined by:

Yij��
∂We

∂dij

(8)

The evolution of damage in composite materials can
be summarised in three stages. In the first stage rapid
stiffness changes occur until the stiffness reaches a pla-
teau. In the second stage, this evolution is very slow. It
is due to the appearance of microscopic cracks, which
start propagate. In the third stage, the density of micro-
scopic cracks becomes significant. Macro-cracks appear
and the damage increases rapidly.

To approach this evolution numerically, several laws
are proposed [19,20], etc. They are of power type and
generally use the thermodynamic variables associated
with the internal variables to express damage evolution.
These laws present a more or less significant number of
parameters. The major difficulty lies in the experimental
identification, and in the physical interpretation of these
parameters. For this study, Norton’s evolution law is
used (9). The latter comprises two parameters associated
with each damage variable, that is to say ten on the
whole.

j�
a11

1+b11

Yb1111 �
a22

1+b22

Yb2222 �
a12

1+b12

Yb1212 �
a13

1+b13

Yb1313 (9)

�
a23

1+b23
Yb2323
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The major interest of this potential lies in the fact that
it is of class C�. The singular problems encountered in
the case of potentials with threshold, used generally for
the modelling of static damage, are avoided. The para-
meters (aij;bij) of dissipation potential are influenced by
the loading conditions [14,13,12], i.e. by the ratio R and
the temperature, as well as by intrinsic material proper-
ties. Nevertheless, in this investigation the effect of tem-
perature is neglected.

Damage rates result from the potential of dissipation
by using the following relations.

d(d11)
d(N)

�
∂j

∂Y11
�
a11b11

1+b11
�1

2
E0

1e211�b11−1

(10)

d(d22)
d(N)

�
∂j

∂Y22
�
a22b22

1+b22
�1

2
C0

22(n12e11�e22)2�b22−1

(11)

d(d12)
d(N)

�
∂j

∂Y12
�
a12b12

1+b12
(2G0

12e212)b12−1 (12)

d(d13)
d(N)

�
∂j

∂Y13
�
a13b13

1+b13
(2G0

13e213)b13−1 (13)

d(d23)
d(N)

�
∂j

∂Y23

�
a23b23

1+b23

(2G0
23e223)b23−1 (14)

in which N represents the number of cycles at a given
time.

3.4. Computation of the strain and stress fields

In the case of a simple geometry and boundary con-
ditions, the calculation of the stress field can be done
analytically. This is not valid for an industrial case. For
the latter, a computation by the finite element method of
all �N numerical cycles is necessary in order to have
the most realistic macroscopic stress field in the struc-
ture. The variation in the number of cycles �N depends
on the damage rate of the structure, Eqs. (10) to (14).
The numerical loading level represents the maximum
level of the experimental loading diagram (Fig. 3). The
elastic stresses computed by FEM can be updated at
each iteration.

Strain and stress fields can in part present gradients
requiring a mesh that is sufficiently refined. The influ-
ence of the loading ratio R is taken into account in the
evolution laws of the damage model. This approach is
only applicable in the case of fatigue tests characterised
by a stress ratio R ranging between 0 and 1 (undulated
fatigue). Indeed, damage mechanisms are not identical
during a tension–tension fatigue test and a tension–com-
pression one. The simulation of alternate tests (R�0)
would require taking this difference into account. During
experiments, fatigue tests on structures are stopped
according to a loss criterion on total rigidity. This cri-
terion is fixed by a condition specification and generally

ranges between 5 and 10% of rigidity loss. The test is
monitored in displacement. The global induced force is
measured and a rigidity loss is computed. With regard
to the approach presented here, iterations stop as soon
as the criterion of 10% of rigidity loss is reached numeri-
cally.

4. Identification of the damage model parameters

4.1. Experimental methods: test selection

Damage model identification strongly depends on the
modelling scale. The identification of a mesoscopic
model does not require the same experimental pro-
cedures as a microscopic one. The complex characteris-
ation of micro-modelling lies in the knowledge of the
component characteristics which requires very expensive
experimental means. In contrast, the identification of the
mesoscopic models is based on a reasonable scale. It is
the elementary ply whose equivalent homogeneous
behaviour is identifiable by simple experimental means.
This identification is valid provided that the test used is
representative of the elementary volume defined while
modelling, i.e. characterised by homogeneous strain and
stress fields. Variables “d ij” of the damage model are
directly related to the modulus of homogenised material.
Three series of fatigue undulated tests characterised by
specific damage modes must be defined:

� Tests characterised by a fall of the homogeneous
modulus E1 (ruptures of fibres and fibre/matrix
interfaces)

� Tests influencing the C22 modulus (damage of the
matrix)

� Plane or interlaminar shear tests influencing a
decrease of the G12, G13 or G23 moduli.

Hahn [21], Lee S. [22] and Boehler [23] propose various
types of tests to study the composite behaviour under
shear loading (both inter- and intra-laminar). These tests
have complex modes of loading (torsion, biaxial ten-
sion–compression) or quite simply, the loading in mon-
otonous tension, by exploiting the anisotropic nature of
the material. Among the tests usually used for the
characterisation of unidirectional composite behaviour,
we notice:

� tensile tests on samples fitted with aluminium tabs at
each end (oblique or right tabs) [4]

� three point bending test with distant supports
� four point bending tests.

Acute attention must be given to the characterisation of
the fatigue behaviour in the fibre direction. The identifi-
cation of this behaviour must leave aside all phenomena
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Fig. 3. Approach with strain and stress updating. The loading applied numerically is constant and corresponds to the maximal value of the
experimental loading.

of “material-structure” coupling. Former studies [24]
showed the existence of a “structure effect” during
characterisation of the composite in the fibre direction
by using 3- or 4-point bending tests. Indeed, the non-
homogeneous character of the strain and stress fields of
the latter generates a low sensitivity to the damage and
the resulting behaviour is not representative. Conversely,
the homogeneous character of the strain and stress fields
for a tensile test makes it possible to regard them as
being more representative of the studied phenomenon,
but also more sensitive to micro-defects. The representa-
tiveness of the tensile tests is closely related to the qual-
ity of the samples used. Consequently, the choice of tests
for the characterisation of the fatigue behaviour in the
fibre direction becomes difficult. Tensile tests are used
to identify the damage in spite of the sensitivity to
micro-defects.

In the same way, classification tests of shear behav-
iour must present a homogeneous character. Accord-
ingly, we notice that the laminate [±45]eq (the index eq.
means equilibrate) loaded in uniaxial tension is a case
of loading in quasi-pure shear of the elementary ply. It
has a transverse yield stress in tension or compression
higher than the shear yield stress. It may be expected to
be damaged only according to the shear stress. Finally, a
90° unidirectional tension is also a case of homogeneous
loading and allows identification of the fatigue behaviour
in the transverse direction. These tests can also be very
sensitive to the micro-defects existing in the matrix and
in the fibre/matrix interface.

4.2. Identification procedure

4.2.1. “Modified Basquin” diagram
To identify the aij and bij coefficients, the high cycle

behaviour (for 103�N�106) of the glass/epoxy material

in the fibre direction, transverse direction and shear is
used. In order to take into account the scattering of the
experimental results on the one hand and to facilitate the
identification on the other hand, the “modified Basquin”
model is used. This model is based on a logarithmic dia-
gram and expresses the evolution of the strain vs life-
time. One modified Basquin diagram is necessary for
each of the three fatigue behaviours: longitudinal, trans-
verse direction and shear. All fatigue tests are monitored
in displacement. For each loading level 3–5 samples are
tested according to the scattering of the results. In the
modified Basquin diagram, the imposed maximum strain
vs lifetime is carried out for each behaviour studied
(Fig. 4):

lneij max�aij�bijlnNx% (i�1,2 j�1,2) (15)

Nx% accounts for the lifetime at 5 or 10% of rigidity loss.
The aij and bij coefficients represent the slope and ordi-
nate at the origin of the modified Basquin line, respect-
ively.

Fig. 4. Modified Basquin diagram.
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4.2.2. Example: identification of a11 and b11

The first stage of the identification consists in
determining the modified Basquin line equation. In the
fibre direction the modified Basquin diagram is written:

lne11 max�a11�b11lnNx% (16)

For a tensile test in fatigue according to the longitudinal
direction, the damage rate equation is written (Eq. (10)):

∂d11

∂N
�
a11b11

1+b11
�E0

1

2
e211(N)�b11−1

(17)

In this case, the loading is homogeneous, the displace-
ment is imposed, and e11 is constant. Integration of the
previous equation gives:

d11�N
a11b11

1+b11
�E0

1

2
e211�b11−1

(18)

The identification can be carried out on modified Bas-
quin lines corresponding to 5 or 10% of rigidity loss. In
this precise case, d11=0.1 (to facilitate the writing we
consider d11=D) and N=N10%. Eq. (18) gives:

D�k1�E0
1

2
e211�k2

N where k1�
a11b11

1+b11
and k2�b11 (19)

�1

Taking the Napierian logarithm of Eq. (19) leads us to:

ln(e11 max)�
1

2k2
ln�D�k1�E0

1

2 �k2��
1

2k2
ln(N) (20)

By comparing Eqs. (16) and (20) we finally write:

b11�
−1

2b11
�1 and a11�

(1+b11)D
b11e2(b11−1)a11

� 2
E0

1
�b11−1

(21)

Coefficients a11 and b11 are identified by using
relation (21). Fig. 5 presents in a synthetic way all the
stages allowing the complete parameter identification of
the various evolution laws.

4.3. Characterisation tests

For usual devices of fatigue by tension, the tabs usu-
ally used on the sample are at the origin of premature
failures by shear stress. They occur at the level of the
junction between the tabs and the sample [24].
RENAULT has developed a test device in collaboration
with ONERA. It allows the fixing of the sample in grips
by a system exerting a non-uniform pressure in order to
avoid fibre wrenching in the useful part of the specimen.
The recourse to tabs could thus be avoided. All the
characterisation tests in static and fatigue cases were car-
ried out by the “Université Technologique de Compi-
ègne” and RENAULT. In this paper no description of

Fig. 5. Method of identification of the parameters aij and bij.

the assembly is made. Only the results of the tensile
static and fatigue tests are presented. The focus is on the
parameter identification of the damage model.

4.4. Samples

The samples used are cut into rectangular plates
according to the desired alignment of fibres. The samples
with [0°] and [90°] are cut out in plates composed only
of plies with 0° while those with [±45°]eq result from
laminated plates [0/90]eq cut out with 45°. Dimensions
of the samples are shown in Table 1.
In all static tests, strains in the axial and transverse direc-
tions were measured. The purpose of this is to:

� determine the evolution of local strains,
� determine Poisson’s ratios of materials tested

Table 1
Sample dimensions

Sample Luseful B H
(mm) (mm) (mm)

RTM [90°] & RTM [±45°]eq 140 15 5
RTM [0°] 150 15 5
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Fig. 6. Static test on 0°.

� verify the symmetry for samples with [0°] or [90°]

No instrumentation was used for the fatigue samples.
Only information in forces provided by the loading cell
is used.

4.5. Static tests

A series of static tests was performed in order to deter-
mine the static characteristics of the material. The failure
strain is also identified. The device test introduced in
Section 4.3 is used. Sample displacement is controlled.
Induced force is measured. The following behaviour was
observed experimentally:

� quasilinear brittle behaviour of the 0° samples (Fig. 6)
� quasilinear brittle behaviour of the 90° samples
� non-linear behaviour with the appearance of a plateau

to the failure for the [±45°]eq samples (Fig. 7)

Fig. 7. Static test on [±45°]eq.

The yield stresses are obtained by the measurement of
the induced force. The strains at failure are obtained by
the strain gauges. Stress and strain at failure in interlami-
nar shear are not representative of the tested material
because of the plateau (Fig. 7). The appearance of this
plateau is due to the stacking of the selected laminate
and the reorientation of fibres with 45° [25]. The identi-
fication of moduli in the fibre and transverse directions
is carried out easily, while that of the shear modulus
must be done on the linear part of the tension diagrams.
For shear tests, the loading levels in fatigue are defined
so that the applied stress is located below the plateau.

4.6. Conditions of fatigue tests

In the case of fatigue tests the following conditions
are adopted:

� Displacement ratio: R=Umin/Umax=0.3.
� Sinusoidal displacement.
� Variation ranges of the displacement scale ranging

between 70 and 20% of the failure.
� Number of cycles for 5 and 10% of rigidity loss

were measured.
� The loading frequency is equal to 2 Hz for every load-

ing level.
� All tests are carried out at ambient temperature.

4.7. Identification of the evolution laws

From the static results, the loading levels of the
fatigue tests were obtained. They verify a loading ratio
of 0.3 (Table 2). Three to five samples were tested for
each loading level. The number depends on the scat-
tering result. For each test a diagram of “modified Bas-
quin” was carried out at 5 and 10% of rigidity loss. Figs.
8 and 9 show an example of the diagrams relating to
longitudinal and in-shear behaviours.

The fatigue tests represented in a “modified Basquin”
diagram allow the identification of the aRTM

ij and bRTM
ij

parameters. The diagrams corresponding to 5 and 10%
of rigidity loss are represented by the following equ-
ation:

ln(eRTM
ij max)�aRTM

ij �bRTM
ij ln(Nx%) (23)

where “x%” is a criterion of examination at 5 or 10%
of rigidity loss.

Fig. 10 represents a rigidity loss for two tests in the
transverse direction and with a loading displacement
equal to 89% of failure displacement. This figure shows
the extremely brittle character of the composite in this
direction. Indeed, the samples in charge with more than
80% of failure displacement do not undergo any appar-
ent rigidity loss, and break suddenly. Consequently, no
number of cycles with 10% of rigidity loss was noted

8



Table 2
Loading levels

Loadingtype Level 1 2 3 4 5

Longitudinal emax/efailure 0.75 0.51 0.39 0.36 0.22
Longitudinal emax/efailure 0.22 0.15 0.12 0.11 0.07
Transverse emax/efailure 0.89 0.83 0.66 0.43
Transverse emax/efailure 0.26 0.25 0.2 0.13
Shear emax/efailure 0.65 0.55 0.5 0.4
Shear emax/efailure 0.19 0.16 0.15 0.12

Fig. 8. “Basquin modified” for RTM composite with 0°.

Fig. 9. “Basquin modified” for RTM composite with [±45°]eq.

for these tests. The levels corresponding to 66 and 43%
(levels 3 and 4, Table 2) of displacement failure corre-
spond to the endurance behaviour, since the samples
tested do not undergo any loss of rigidity and resist 106

cycles without breaking. For this case of loading the
insufficiency of the number of samples tested on the one
hand, and levels of loading of fatigue on the other hand,
did not allow us to obtain a complete Wöhler diagram.
Consequently the coefficients a22 and b22 could not be
identified using these tests.

Fig. 10. Brittle character of the matrix behaviour.

Taking into account the problems encountered in these
experiments and the brittle character of the matrix, a cri-
terion of the type “all or nothing” will be used for the
simulation of behaviour in transverse tension. This cri-
terion arises as follows:

d22�1 when s22�s22 failure

d22�0 when s22�s22 failure

d22 is the damage variable related to the transverse
behaviour of the material. s22 failure is the transverse
stress value at failure identified by static tests.

All the results of identification are gathered in Table
3. According to the initial assumptions the coefficients
corresponding to shear behaviour in intralaminar and
interlaminar are identical.

Table 3
Identification results

aRTM
11 1.46×10−6 bRTM

11 4.52
aRTM

12 1.8×10−4 bRTM
12 3

aRTM
13 1.8×10−4 bRTM

13 3
aRTM

23 1.8×10−4 bRTM
23 3

aRTM
22 *a bRTM

22 *

a Asterisks signify criterion of all or nothing.
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Fig. 11. Diagram of the assembly and degrees of freedom of the system.

5. Validation of the damage model: fatigue torsion
tests on [±45]S

Once the damage model parameters have been ident-
ified, the approach with redistribution of strains can be
applied to obtain numerically the structure fatigue
behaviour. Numerical results are compared to experi-
mental ones for a [±45]S composite loaded in fatigue tor-
sion.

5.1. Experimental tests

The fatigue behaviour of composite samples loaded in
torsion is studied. The composite used is a 5 mm-thick
laminate [±45°]S containing epoxy matrix and unidirec-
tional glass fibres. This composite is worked out by the
RTM process. The major interest of these tests resides
in the fact that the samples used undergo a complex
damage, in particular in interlaminar shear, and the
stacking sequence of this laminate’s constitutive plies.
These tests were carried out at the “Ecole des Mines
de St Etienne”. The samples are parallelepipedic with
nominal dimensions of 200×30×5 mm3. The testing
machine is equipped with a system of prismatic grips
having a contact surface of 30×14 mm2 with the samples.
Their useful area is 150 mm long. Fig. 11 represents the
diagram of the assembly used and the dimensions of the
sample. These tests were controlled in imposed angu-
lar displacement.

In order to determine the levels of loading imposed
in fatigue, a series of tests into quasi-static was carried
out. The rupture of the samples is characterised by
cracks occurring in the centre of the small edge of the
cross-section. Those happen in the areas which are rich
of resin and then occur towards the core of the sample
(Fig. 12).

Fig. 12. Damage of the samples in static and fatigue cases.

Fatigue tests are carried out under the following
experimental conditions:

� Frequency: 1 Hz
� Loading ratio: R=qmin/qmax=0.3 (q being the

imposed angle)
� Temperature: room temperature
� Servo-control: angular undulated displacement
� Maximum number of cycles: 1 million.

The samples are tested on 5 levels of initial maximal
couples. Fig. 14 gathers all test results in a Wöhler dia-
gram. The points being reproduced in the latter result
from an examination with 5 and 10% of rigidity loss.
We notice the small scattering of all the results. The first
level of loading can be compared to low cycle fatigue
and the last level to that of high cycle fatigue. The three
intermediate levels can be represented by a quasi linear
distribution in a logarithmic scale, which leads to identi-
fication of the fatigue domain.

Fig. 13. FE mesh and boundary conditions.
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5.2. Numerical test

5.2.1. FE model
The dimensions of the modelled samples are

150×30×5 mm3. The software Abaqus is used with
C3D8 elements (bricks with 8 nodes with linear
interpolation). The mesh is refined near the wedges and
the free edges (Fig. 13). This model comprises 17,500
d.o.f. and 4800 elements. The loading is applied to refer-
ence nodes, located symmetrically, in the right and left
sides. Rigid relationships were defined between the ref-
erence node and the superior and inferior edges of the
sample extremity (Fig. 13).

5.2.2. Simulation of the fatigue behaviour
The damage model parameters used are collated in

Table 3 (coefficients for RTM material). A test with
imposed angular displacement is simulated with values
defined in Section 5.1. This imposed numerical loading
corresponds to the maximum level of the experimental
loading. Fig. 14 represents a comparison between the
experimental and numerical Wöhler curves. Two main
tendencies can be released from this representation:

� The identified coefficients aij and bij are only valid
for the fatigue domain. Indeed, the simulation over-
estimates the low cycle fatigue domain and con-
versely endurance domain. In fact, the model is based
on the coefficients aij and bij which were determined
over the high cycle fatigue regime.

� The case of torsion in fatigue highlights the need to
take into account the load transfer phenomena while
modelling.

Fig. 14. Comparison of the numerical and experimental results.

6. Conclusions

A damage model based on generalised standard
material thermodynamics was used. A potential dissi-
pation based on Norton formulation was implemented.
It takes into account various damage modes and para-
meters which are related to the material behaviour and
loading conditions, such as the stress ratio and loading
frequency. The damage model associated with structural
analyses and the introduction of elementary mesoscopic
scale modelling make it possible to solve the problems
involved in the gradients of strains and stresses through
laminate plies.

The characterisation and identification of the
presented damage model were carried out. Tensile tests
were defined for the fatigue behaviour identification in
the fibre direction. The sensitivity of these tests to micro-
defects was highlighted. It appears that the manufactur-
ing process and the cutting of samples should be con-
trolled during the characterisation.

This study showed the interest of modelling with
updating of the strain field, as well as the capacity of
taking into account the load redistribution phenomena
during the fatigue behaviour simulation. In the case of
torsion tests on [±45]S laminates, the Wöhler diagram
resulting from the iterative approach shows a good
coherence with the experimental results in the fatigue
domain. It should be stressed that the suggested model
does not integrate the low cycle fatigue behaviour. Tak-
ing account the latter would require:

� Additional identification tests
� Norton’s law enrichment
� Load level consideration.
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mécanique de l’endommagement. ENS Cachan, 1993.
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[24] Sedrakian A. Contribution à la modélisation du comportement en
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