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This work presents a fatigue damage meso-model for fiber-reinforced plastic composites, in which the effect of
stress ratios on the off-axis fatigue behavior is taken into account. The non-dimensional effective stress concept
is introduced in the continuum damage mechanics method. Damage growths and fatigue failure are studied
along axial, transverse and shear directions atmeso-scale level. The proposedmodel is validated through numer-
ical simulations that describe themeso fatigue damage accumulation and the fatigue life for off-axis unidirection-
al fiber-reinforced plastic composite laminates of arbitrary fiber orientation under different stress ratios. It is
shown that the fatigue damage behavior and fatigue life for off-axis unidirectional glass/epoxy and carbon/
epoxy composite laminates are adequately described by the proposed fatigue model over the range of different
stress ratios.
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1. Introduction

Fiber-reinforced composites are widely used in aerospace, marine,
automotive and advanced engineering applications in recent years,
due to their high-quality mechanical properties. However, these struc-
tures always suffer cyclic fatigue loadings during service life, such as air-
craft wings, helicopter blades, wind turbine blades and so on [1]. As a
consequence, one important issue during the design of these composite
structures is the fatigue damage assessment: the strength and durability
of the composite structural componentsmust take into account the typ-
ical damage phenomena occurring under in-service loading. The fatigue
behavior of fiber-reinforced composites is quite different from the one
of metals [2], due to their anisotropy and heterogeneity characteristics,
and the multi-scale nature of the damage processes and non-linear
damage evolution during loading [3]. Therefore, it is important to un-
derstand the mechanisms associated to fatigue damage and to predict
the long-term fatigue strength and life for fiber-reinforced composites
under complex cyclic fatigue loading.

The fatigue damage failure process of fiber-reinforced composites
involves a number of different failure mechanisms and interactive cou-
pling effects. The different types of damage include fiber fracture,matrix
cracking, matrix crazing, fiber buckling, fiber–matrix interface failure,
delamination among composite plies and the effect of shear-induced
diffuse damage on transverse cracks in fiber-reinforced composites,

which has been already investigated through experimental [4] and the-
oretical methods [5], respectively. In addition, the fatigue performance
of composites is also affected by the constituents of composite system,
reinforcement structure, lay-up sequence, residual stress due to
manufacturing process [6] and stress ratios [7–9] from external loading
conditions. In order to simulate the fatigue damage behavior and to pre-
dict fatigue life of fiber-reinforced composites, in recent years several
methodologies that implement progressive failure analysis and appro-
priate constitutive models with damage accumulation laws have been
developed. In open literature, fatigue progressive damage models have
been extensively established from macro to microscopic scales by
means of theoretical analysis methods, finite element solutions and ex-
periments [10–17]. Montesano et al. [18] have established a damage
mechanics basedmodel that takes into account local multiaxial stresses
as well as variable amplitude cyclic loading. The numerical results from
that model showed the capability of that approach to predict the evolu-
tion of the damage and the degradation of the material properties in a
triaxially braided carbon fiber polymer matrix component. Krüger and
Rolfes [19] have presented a new layer-based fatigue damage model
(FDM) for laminated multidirectional laminates in general states of
plane stress. The stiffness and strength degradation were simulated
using a Finite Element (FEM) analysis, and the stress redistributions
and sequence effects were also analyzed. Eliopoulos and Philippidis
[20] developed an anisotropic non-linear constitutive model
implementing progressive damage concepts to predict the residual
strength/stiffness and life of composite laminates subjected to multiax-
ial variable amplitude cyclic loading. In-plane mechanical properties of
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the material were fully characterized at the ply level while static or fa-
tigue strength of anymultidirectional stacking sequence can be predict-
ed. Paepegem and Degrieck [21] established a phenomenological
residual stiffnessmodel to predict the stiffness degradation and possible
permanent strains in fiber-reinforced polymers under in-plane fatigue
loading. The stress-strain-damage relationships and the damage growth
rate equations were developed and explained thoroughly. Montesano
and Singh [22] have developed a multi-scale damage model combining
synergistic damagemechanics with an energy-based damage evolution
framework to predict the evolution of sub-critical matrix cracks in dif-
ferent plies under multiaxial loading, the ply crack density evolution
and the laminate stiffness degradation. Quaresimin et al. [23] investigat-
ed the very early stages of the damage evolution under a uniaxial cyclic
tensile loading by testing [45/-45/0]s glass/epoxy specimens. In that
work the first event observed for the damage initiation was multiple
micro-cracks in the interfiber region of the 45° ply, with a specific incli-
nation with respect to the fibers. However, all the studies cited above
mainly focus on the evaluation of the fatigue damage behavior, little at-
tempt has been made to interpret the fatigue damage propagation and
the effect of complicated loading mode such as stress ratio on fatigue
damage growth, as well as the fatigue damagemechanisms for fiber-re-
inforced composites atmeso-scale.

Continuum damagemechanics (CDM) is a mathematical and exper-
imental description of the damage accumulation and growth due to
changes of the material microstructure. On the basis of CDM theory,
Pierre Ladevèze and his group established meso-scale damage models
to describe the strength deterioration of composites under static load-
ing. It is assumed that the behavior of any stratified structure can be de-
scribed through two families of basic damageable constituents: the
elementary layer and the interlaminar interface, and damage is consid-
ered uniform through the thickness of individual layers of composites
[24–27]. In these models two damage mechanisms are introduced.
The first is related to the diffuse intralaminar damage associated with
the fiber/matrix debonding in the ply and with small transverse cracks
in thematrix. The second damage mechanism is associated with diffuse
interlaminar damage linked to the formation of micro-voids in the ma-
trix of the interlaminar interface, resulting in a reduced stiffness of the
interlaminar interface with no visible delamination (Fig. 1 [27]). There-
fore, the diffuse damage at the elementary ply scale can be modelled by
a stiffness decline of the material along the axial, transverse and shear
directions.

It is essential to extend the meso-scale damage model associated to
static loading to complicated cyclic fatigue configuration. Also, it is
quite important to investigate the fatigue damage behaviors and to de-
velop new fatigue prediction methodologies for fiber-reinforced com-
posites at meso-scale levels.

In this paper we aim to establish a new fatigue damagemeso-model
in which the CDM theory is applied with the use of damage variables at
the meso-scale of elementary plies and stress ratios to account for the
complex fatigue loading history. The model is able to determine the fa-
tigue damage growth atmeso-scale and to predict the fatigue life of uni-
directional composite laminates with arbitrary fiber orientation under
different stress ratios. In this approach the progressive growth of diffuse
damage is evaluated by establishing three groups of damage growth
rate equations (along the axial, transverse and shear directions) accord-
ing to continuum damage mechanics. We also introduce a non-

dimensional effective stress [8,9] to build a new fatigue diffuse damage
meso-model that considers the effects of the fiber orientation and the
stress ratios on the off-axis fatigue behavior of unidirectional fiber-rein-
forced composite laminates. We then evaluate the validity of the pro-
posed fatigue damage meso-model using data from the principal
damage variables occurring in tension-tension cyclic loading under
high-low stress levels and different stress ratios by GFRP and CFRP uni-
directional composite laminates under different stress ratios with con-
stant amplitude and frequency conditions [7,8]. The results from the
model are therefore discussed and show the viability of the proposed
approach to predict on and off-axis fatigue damage propagation in
composites.

1.1. Fatigue damage meso-model

The present fatigue damage meso-scale model for unidirectional
plies is developedwithin the framework of the thermodynamics in irre-
versible phenomena. Under the assumption of plane stresses and small
perturbations, the strain energy of the ply can be written in the follow-
ing form:
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Where E110 , E220 and G12
0 represents the initials stiffness of fiber, trans-

verse and shear direction in plane, respectively. 〈〉+ is defined as the
positive part and 〈〉− as the negative parts. Consequently, when
σ22≤0, micro-cracks are closed and no noticeable damage occurs.
Three damage indicators, which are constant through the thickness,
pertain to the following mechanisms: Fiber breakage D11 (along the
axial direction), matrix micro-cracking D22 (along the transverse direc-
tion) and deterioration of the fiber-matrix bonds D12 (along the shear
direction).

From this potential, thermodynamic forces associated with the ten-
sion and shear internal variables Dij(i , j=1,2 and ib j) are defined:

Yij ¼
∂WD
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The damage growth rates dD/dN correspond to the damage kinetics
and are expressed as a function of the thermodynamic forces Yij, which
are also connected to the applied stress σij. Therefore, a typical damage
growth equation for a continuum fatigue damage variableD can be rep-
resented as:

dDij

dN
¼ f Dij;σ ij;R;N;p

� � ð3Þ

Where f defines a fatigue damage function, the parameters σij, R, N
and p denote applied maximum stress, stress ratio, number of fatigue
cycles and a history dependent parameter, respectively.

1.2. The effect of stress ratios

Under realistic service conditionsmost structural componentsmade
from multidirectional composite laminates are subjected to complex

Fig. 1.Mechanisms of degradation onmeso-scale: (a) transverse matrix microcracking; (b) local delamination; (c) diffuse damage [27].
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