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A progressive first ply failure model for woven ply CFRP
laminates under static and fatigue loads

Ch. Hochard *, J. Payan, C. Bordreuil

Laboratoire de Mechanique et d’ Acoustique, 31 Chemin Joseph Aiguier, 13402 Marseille, Cedex 20, France

A non-linear cumulative damage model for woven ply laminates under static and fatigue loads is developed in this paper. The validity
scope of this model depends on the ‘diffuse damage’ phase up to the first intra-laminar macro-crack only (first ply failure model). The
model, which is based on a continuum damage approach (CDM) and a non-local fibre rupture criteria, was implemented in a FEM code.
Finally, full field strain measurements are used to compare experiments and computations for a plate with an open hole submitted to a

fatigue tensile load.
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1. Introduction

The design and computation of laminated composite
structures in terms of strength is a complex task because
many different mechanisms are involved in the damage
and rupture to which these materials are subject [1,2].
The principal difficulties in the case of laminated compos-
ites relate to the modelling and the simulation of propaga-
tions of large cracks in the plies and interfaces
(delaminations) under static and fatigue loads [3].

Woven ply are used in helicopter blade due to their good
strength and easy lay-up. These structures are submitted to
both static and fatigue loadings. Woven ply laminates show
good resistance to delamination and are not sensitive to
transverse rupture due to weaving [4]. Furthermore, it
was observed from experimental tests, at least for static
tests, that the rupture of the first ply leads immediately to
the rupture of the laminate and the structure. In the case
of laminates with woven plies, computations are simpler
because it is not necessary to model these large cracks
which can appear very early in the case of laminates with
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unidirectional (UD) plies. A model based on a continuum
damage approach (CDM) was developed for woven ply
laminates [4] in the case of static loadings. A first non-lin-
ear cumulative damage model in fatigue for UD plies was
presented in Ref. [S]. In this model, the development of
the damage depends on the maximal static loads and the
maximal load over a cycle but it does not take into account
the amplitude over the cycle. The model presented in this
paper describes the behaviour of woven plies, and takes
into account the amplitude as well as the level of damage
involved. The validity scope of the model described
depends on the ‘diffuse damage’ phase (which is associated
with small cracks) up to the first intra-laminar macro-crack
only (first ply failure model). After a loading process has
taken place in a laminate, residual strains can be observed.
In order to describe them, a isotropic hardening model is
used.

The model for woven plies and static loadings was iden-
tified on homogeneous tests. In order to validate the model
on complex structures, it was implemented in a FEM code
[6] and full field strain measurements [7] were used to com-
pare experiments and computations for a plate with an
open hole submitted to static tensile loadings [6]. For lam-
inates showing a high level of damage ([45°] for example)
the comparison was good but in the case of sequences



showing brittle behaviour ([0°] for example), the simula-
tions underestimated the rupture. The local criteria gener-
ally used to describe the rupture do not work in the case
of non-uniform stress field. We proposed a non-local crite-
rion (as Withney and Nuismer in Ref. [8], defined at the
level of the laminate in Ref. [9]) defined in this paper at
the level of the ply and introducing a characteristic volume
depending on the material.

Finally, in order to analyse the different mechanisms
that appear in fatigue (evolution of the strain level with
respect to the number of cycle, appearance of large cracks),
a test on a plate [45°] with an open hole was performed
using full field measurement. The fatigue model in shear,
identified on homogeneous tests, was implemented in the
FEM code and the simulation for the plate with the hole
is compared to the experiment in this paper. The material
is assumed to be brittle and non-sensitive to the cyclic load-
ing in the direction of the fibres.

2. Woven ply laminates behaviour

Woven ply laminates have weaker mechanical character-
istics and are more expensive than UD ply laminates. How-
ever, they are used in industry (to make helicopter blade
skins, for example). The explanation often given by compa-
nies for this choice of woven ply laminates is that they are
not subject to transverse rupture, which can be cata-
strophic in the case of UD plies. Moreover, these materials
are more resistant to delamination. The number of damage
mechanisms liable to occur is thus reduced and the behav-
iour of the material is simpler to model up to rupture.

2.1. Damage behaviour of woven plies

The behaviour of this kind of material and the model-
ling procedure used were previously described in Ref. [4].
The material G963/939 is reinforced with a carbon fabric
of the four-harness satin type, with balanced warp and fill
yarns (Fig. 1). In the fibre directions, the woven ply shows

Fig. 1. Woven ply.

a brittle linear elastic behaviour when subjected to tension
(see Fig. 2). The damage occurring in these directions does
not affect the behaviour of the ply under traction loading.
When shear loading is applied (from a tensile test on a [45],
laminate), a decrease in the shear modulus as well as inelas-
tic strains were observed (see Fig. 3). The decrease in the
modulus is due to the ply shear stress, which generates
some fibre/matrix decohesion and matrix cracks within
the warp and fill yarns. The inelastic strains and the load-
ing-unloading hysteresis observed (Fig. 3) can be due to
the slipping/friction processes occurring between the fibres
and matrix as the result of the damage.

With a view to modelling the behaviour of laminates
with a woven reinforcement, we have adapted the “meso-
scale” model developed by Ladeveze for unidirectional
plies [10]. This model was designed for dealing with woven
plies with balanced or non-balanced warp and fill yarns.
The damage kinematics that we have adopted is based on
the following three internal damage variables (di,d>,
dy»): the brittle fracture of fibres in the warp and fill direc-
tions and the decreasing stiffness under shear loading,
respectively. The gradual development of the damage d;,
depends on the shear load as well as on the traction load,
which generates small cracks in both the fill and the warp
components. These small cracks, which are mainly located
at the fibre/matrix interfaces, are assumed to run parallel to
the fill and warp directions. Under the assumption of plane
stresses and small perturbations, we can write the strain
energy of the woven ply in the following form:
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where (.)4 is the positive part and (.)_ is the negative part.
The tension energy and compression energy are split in
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Fig. 2. Fibre direction behaviour.
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Fig. 3. Shear behaviour.

order to describe the unilateral feature due to the opening
and closing of the micro-defects. From this potential, ther-
modynamic forces associated with the tension and shear
internal variables d(i = 1 and 2) and d;, are defined

y, — b _ (o)’
' ddi 2E%1 —d)

Y, = OEp _ %
’ . adlZ 2G(1)2(1 - d12)2

(2)
The development of the internal variables depends on these
thermodynamic forces and more precisely on their maximal
value during the history of the loading. In traction, the
development of d; and d, is brutal in order to represent
the brittle behaviour in the warp and fill directions. In or-
der to take into account the traction/shear coupling during
the development of d;,, we define the equivalent thermody-
namic force and the maximal value of this force during the
history of the loading
Y = “IYdl =+ OCszZ =+ Ydlz and Z(t) = Sup(Y(r)) (3)

<t

where o, and «, are the tension/shear coupling coefficients.
It should be noted that this equivalent force, which govern
the development of the progressive damage variable d,,
does not depend on the compression stresses in the warp
and fill directions.

2.2. Behaviour under static loads

As for the unidirectional plies [10], a linear law with
respect to the square root of Y is chosen to describe the
damage variable development

Y — Y
d12:<p> dy=dy =0
+

\/Y—c_\/Yo
if (d12<land Yu < Yyir and Yd2<Y2f)
else d12:d1 :d2:1 (4)

where the constant parameters Y, and Y, correspond to the
threshold and the critical value of the development of d;,

(which varies from 0 to 1). Y;rand Y,; are the parameters,
which define the ultimate forces in the warp and fill
directions.

2.3. Inelastic strain

After loading on a laminate [45]g (Fig. 3), inelastic
strains are observed. These strains can be linked to the slip-
ping/friction phenomena between the fibres and matrix as a
consequence of the damage. Because of the warp and fill
fibre directions, which prevent traction inelastic strains,
only the shear inelastic strains are significant. We describe
these strains by a plastic hardening model [4]. The loading—
unloading hysteresis is not described.

The coupling between the damage and plasticity is taken
into account by using the effective stress and the effective
strain [10], which are defined as

(li—li’lg) and &, = &,(1 — d1»)
(5)

It is assumed that the stresses o; and o, do not influence the
elastic field defined by

f(G12,p) = |612| — (R(p) + Ro) (6)

where R, represents the initial threshold for the inelastic
strain and R(p) is the hardening function of the accumu-
lated inelastic strain p chosen such as

R(p) = Kp' ()
where K is the power law coefficient and y is the power law

exponent. Then, by requiring the inelastic strain rates to be
normal to the elastic domain function, we obtain

p . af . 5'12 o ~
& —Pﬁ “PRIR, = s1gn(a|2)>
(8)
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if £ =0and f =0 otherwise p=0 (9)

2.4. Behaviour under fatigue loads

The model previously presented in Ref. [5] for unidirec-
tional plies is a non-linear cumulative damage model,
enables to describe the development of damage under both
static and fatigue loading conditions. For this law, the evo-
lution of the damage depends only on the maximal load over
the cycle. This model was extended to woven plies taking
into account the amplitude of the cycle load in the evolution
of the damage. As for static cases, the validity scope of the
model described here depends on the ‘diffuse damage’ phase
(which is associated with small cracks) up to the first intra-
laminar macro-crack only (first ply failure model).

The material is assumed to be brittle and non-sensitive to
the cyclic loading in the direction of the fibres. The in-plane



shear moduli is modified under the assumption that a grad-
ual damage process is involved. The development of the
damage depends on the maximal static and cyclic loads
and their amplitude as well as on the level of damage
involved. Furthermore, we define the cumulative damage
where the shear damage variable is obtained by addition
of two terms: one part is due to static loading and the other
one is governed by fatigue loading

diy = d, + d; (10)

The static damage d; evolution defined previously (relation
(4)) 1s linear versus the square root of the associated equiv-
alent force. For fatigue damage dr evolution, experiments
have shown its double dependency on maximal load and
amplitude load (Fig. 4, 0.« = 150 MPa, ratio of the min-
imal and maximal stresses: R = 0.1 and R =0.5); so a law
which respects this observation has been built

- Ty ey )

+
Yiax (1) = sup (YY) and YVpn(#) = min (Y)
recycle() recycle()

(11)

where the constant parameter Y,; corresponds to the
threshold in fatigue.

Examples of the evolution of the damage process in the
case of a tension/tension fatigue test on a [+45°],; laminate
are shown in Fig. 5. The first level of damage (d = 0.3) was
found to occur during the first cycle. The damage then
increases slowly at each cycle, and the speed of evolution
gradually increases until rupture occurs. In the simulation,
the rupture of a [£45°],; laminate was obtained by introduc-
ing a structural instability condition. Under static loading,
this condition corresponds to a damage value d=0.5,
although this value can be greater under fatigue loading.
This result is in line with what was observed experimentally.

During the fatigue loading process, residual strains can
be observed. The cumulated plasticity evolution law,
defined previously for a static load (Egs. (5)—(9)), depends
on the effective stresses. Because the fatigue damage
increase during the cycles, the total damage increase and
the effective stresses too. Using the same law (Egs. (5)-
(9)) in fatigue, the simulated inelastic strain evolution is
in good agreement with the experiment evolution (Fig. 6).

3. Comparison with experimental tests in the case of
structures

The high resistance of woven ply laminates to delamina-
tion [4], in addition to the fact that they are not subject to

—load1: Max=150MPa, R=0.5
—©—load1: cycle 10

—H&+—load1: cycle 160 000
—load2: Max=150MPa, R=0.1
—>load2: cycle 10

—¥—load2: cycle 400

160

140

120

00 //
/

o]
o

4,
74

Stress (MPa)

&/

™N

VAV 4
/

4

./
/

¥

0,00E+0 5,00E-03 1,00E-02

1,50E-02 2,00E-02 2,50E-02 3,00E-02
strain

Fig. 4. Shear fatigue tests. Evolution of the stresses and the strains in fatigue for the same maximal load, o,,,x = 150 MPa, and two amplitudes (ratio of
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transverse rupture, allows to simulate the behaviour up to
rupture of complex structures made of these materials. For
this purpose, a simple finite element model of the shell type,
based on plane stresses and accounting for the inelastic
damage behaviour of the woven ply, can be used. The dam-
age and inelastic strain evolution law under static load was
implemented in Abaqus Standard via a user subroutine
umat. It should be noted that this relatively simple model-
ling procedure is not suitable in the case of UD plies, in
which transverse rupture and delamination processes
resulting from the 3D effects mentioned above are respon-
sible for the rupture of the laminate.

3.1. Behaviour of a perforated plate subjected to tension for a
static load

In order to test the model, comparisons were made
between the results of experimental tests and those of sim-
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Fig. 6. Comparison of the experimental (...) and simulated (—-) stress/
strain evolutions in fatigue (same number of cycles at the end).

ulations involving a perforated plate under traction load-
ing. The perforated plate was a 1.4 mm thick plate
(160 x 50 mm) of woven ply G963/939 with a hole of
6.5 mm radius. Several orientations were tested: [£45];,
[£40];, [£30], [:20]; and [0]. For laminates showing a high
level of damage ([45°] for example) the comparison was
good but in the case of sequences showing brittle behaviour
([0°]), the simulations underestimated the rupture. The
local criteria generally used to describe the rupture in the
fibber direction do not work in the case of a non-uniform
stress field. This fact was pointed out by Withney and
Nuismer [8] who proposed non-local criteria for a quasi
isotropic UD laminate. Following this idea, we identify a
first non-local criterion based on an average stress over
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Fig. 7. Comparison of experiments (—) and simulations (0-0-0) for a
plate with a hole. Evolution of the force with respect to the displacement.



an internal length for quasi isotropic woven ply laminates
[9]. In order to study different laminates, we define a non-
local criterion based on the average of the associated force
(Y at the level of the ply by introducing a characteristic
volume. This volume is a cylinder with the thickness of
the ply and the radius depending on the material.

From the FE simulation point of view, the implemen-
tation of the non local criterion cannot be performed in
a material routine at every gauss point. The criterion is
evaluated in a post computation relative to the incremen-
tal calculation. The size of the mesh has to be smaller
than the characteristic volume (for more than ten gauss
points in the volume, the average is the same). Compar-
isons with the different stacking sequences are shown in
Fig. 7.

Fig. 8. Experiment strain level for the first cycle (maximal load).
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3.2. Behaviour of a perforated plate subjected to tension for a
fatigue load

To analyse the different mechanisms that appear in fati-
gue (evolution of the strain level with respect to the number
of cycle, appearance of large cracks,...), a test on a plate
[45°] with an open hole was performed using full field mea-
surement [7]. For this structure, as in the case of static load-
ings, the apparition of the first macro-crack is very close to
the complete rupture of the plate (less than 1% of total
number of cycles). This result is probably not applicable
in the case of structures showing very high stress gradients
(an existent crack in the structure for example).

Again, the damage evolution law under fatigue load was
implemented in Abaqus Standard via the user subroutine
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Fig. 10. Experiment strain level for the 45,000 cycle (maximal load).

Fig. 9. Simulated strain level for the first cycle (maximal load).



E, E11 (OGLGB)
(Ave., Crit.: 75%)
- +1.13e-0
+1.04e-0
+9.54e-0
+8.65e
+ &

1
;
2
2

Fig. 11. Simulated strain level for the 30,000 cycle (maximal load).

umat. Figs. 8-11 show comparisons between the simulated
and measured strain levels for the first cycle (Figs. 8 and 9)
and before the rupture (Figs. 10 and 11). The simulated
number of cycles up to rupture (30,000) is not too far of
the experiment one (45,000). The comparisons of the evolu-
tion of the strains are good and it should be noted that the
level of strain for the last cycle is three times the level of the
first cycle. So, the strain and the stress distributions are dif-
ferent in space and in time between the first and the last
cycles, with a non linear evolution in the structure. A clas-
sical approach using a finite element simulation with an
elastic behaviour and a local (or non-local) criterion in fati-
gue is not able to described the evolution of the stress distri-
butions in the structure and the fatigue limit.

4. Conclusion

The rupture of woven ply laminates is less complex to
model that UD ply laminates. Shear damage and inelastic
strain evolution laws has been associated to a non-local cri-
terion defined at the level of the ply, then implemented in a
FEM code. This approach gives good correlations with
experiments on laminated structures. In the case of static
loadings, this first ply failure model is sufficient to describe
the rupture of structures.

A non-linear cumulative damage model which take into
account the maximum and the amplitude of the cyclique
loading has been proposed and implemented in the FEM
code. A first experiment in fatigue with a perforated plate

(45° laminate) shows that this first ply failure model seems
also to be sufficient to describe the rupture in the case of a
structure with smooth stress gradients.
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