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Abstract

The propagation of a through-the-thickness crack on woven laminate under high cycle fatigue
loading has been simulated using an original modelling based on the bundle scale. The
approach developed in this paper is constituted according to experimental observation of
damage in woven glass-epoxy fabric. It uses finite element method including semi-discrete
damage to represent matrix micro-cracks and cumulative damage law to compute fibres
lifetime. The modelling can be applied to planar problems of crack propagation under multi-
axial loading. Its results were compared to experimental propagation tests on woven glass-
epoxy structural samples.

1 Introduction

Helicopter blades are typically constituted by a stiff spar and a foam filling, covered with thin
composite skin. High cycle fatigue loading combined with previous damage can trigger a
notch at the trailing edge of the blade. This notch, propagating through the thickness of the
laminate is also known as translaminar crack [1]. For a failsafe design of blades, the damage
phenomena have to be understood and the potential propagation of cracks has to be
quantified. It was shown in an experimental study [2] that under fatigue loading, when a
translaminar crack propagates, a fibre bundle can only collapse entirely. Thus, the crack
propagation speed is strongly dependant on the width of the fibre bundle, and the scale of the
modelling was chosen according to this observation. Between the micro-scale approach
aiming at representing separately the two components of the material [3], and macro-scale
models where properties are homogenized, and continuum damage mechanics is used [4], this
paper describes a modelling where the material is meshed according to the bundle width. A
semi-discrete damage is implemented in accordance with microscopic analysis. It implies that
no sharp crack tip appears but an area where bundles are allowed to softly drift to one another,
since in experimental tests, many matrix failures occur at the crack tip. This strategy doesn’t
match with the use of classical fracture mechanics. Then, a damage law is used to simulate
these matrix micro-cracks, and fibres lifetime is predicted by a fatigue curve.

Besides, for the particular application of this study, considering the high stiffness of the spar,
displacement field is supposed constant sufficiently far from the crack. Structural tests are
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then represented by experimental and numerical strain controlled tests, and the fatigue law we
use is an e-N curve.

A first part describes the way the damage is observable, providing arguments for choices in
the modelling approach, which is developed in a second and third section. Finally numerical
simulations are compared to experimental results.

2 Study of the damage

The material studied is an 8-harness satin weave glass-epoxy composite. Quasi-static stress-
strain responses under tension and shear loading for a [0/90], are shown in Figure 1.

An investigation was carried out to characterize damage form for this particular material
under cyclic loadings. Several studies describe micro-crack in transverse yarns under quasi-
static tension on woven laminates [5] [6]. To compare with fatigue damage form, cyclic
tension-tension loadings were applied to samples and fragments were cut out and polished to
observe the damaged material with the aid of SEM.
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Figure 1. Stress-strain response under tension (left) and shear (right) loading of a [0/90]4 laminate of the studied
material. Charge and discharge were applied to evaluate rigidity and inelastic strain evolution.

Figure 2 shows some results of SEM visualisation of a damaged sample through different
sections. Damage is found to be similar as in quasi-static, without noticeable crack density
increase.

250 mm

Figure 2. Damage in a woven GFRP under tension-tension fatigue loading after 5.10* cycles at 1% maximum
longitudinal strain.
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The same work was carried out on shear samples. A rail-shear test experiment in accordance
with D4255 ASTM norm [7] was used to study the damage on samples under cyclic shear
loading. Though we observe a decrease of about 15% of the shear modulus, and we increased
the load to high strain (higher than 3%), no SEM observation has revealed any crack (Figure
3) contrary to the tension case. It seems that epoxy resin toughness is much higher in shear
than in tension, as already noticed for this type of matrix which toughness is said to be
sensitive to the hydrostatic part of the stress tensor [8]. The macroscopic loss of stiffness and
inelastic strains are consequently attributed to lower scale matrix damage.

Figure 3. SEM micrography of the surface of a sample after high strain cyclic loading.

3 Modelling approach

A mesh is generated with squared quadrangle elements (Figure 4). Their size is equal to the
width of the tow to take into account the scale of bundles into modelling. Each bundle is
meshed by a raw of quadrangles linked each other’s by interface elements represented as
springs as explained in [9] and [10]. These interface elements contain potential damage of the
material through their evolving stiffness. They provide a semi-discrete damage, as it is not
homogenised. Their stiffness is initially a constant ko, high enough to be numerically
equivalent to infinity, and it can evolve during the test. Finally, failure interface elements
simply called “failure elements” are added into bundles to ensure crack propagation.

3.1. Matrix damage under tension

SEM observations Figure 2 lead to the choice of modelling tension fatigue damage through
interface elements which provide semi-discrete damage. Damage law has been identified on
quasi-static and fatigue experiments. Fatigue tests were performed for various amplitude of
cyclic imposed strain, characterised by maximum strain emax, and load ratio R = &min / &max
which is set to 1/3 for every test in order to limit the number of experiments. For fatigue tests,
the Young modulus E has been measured and compared to the initial Young modulus Eg as a
function of the number of cycle N. These tests results in a relation between damage d,
maximum longitudinal strain, emax, and the number of cycle:

d=1-==f(emar N) (1)

- =
As it is possible to state a relation between d and element stiffness k [2], the last one evolves
through this relation and the law (1) which is identified experimentally. The strain emax

considered to compute the stiffness of interface elements is taken from neighbouring
qguadrangle elements. Experimentally, when strain into bundle exceeds a damage threshold,
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micro-cracks develop, resulting in a worse load transmission between bundles. The softening
of interface elements aims at simulating this phenomenon.

3.2. Inelastic strains

As shown in Figure 1, no inelastic strains are noticed when the loading is parallel to the
direction of reinforcements, whereas under off axis loading, non-linear behaviour, and
inelastic strains are observed. As this kind of damage seems to appear diffusely (Figure 3), it
has been integrated into quadrangle 2D elements with a pseudo-hardening material law.

3.3. Crack propagation

Generally, the crack path can’t be known a priori, except for specific conditions (geometrical
and material symmetry). Consequently, since previous works [9], failure elements have been
introduced into bundles between all the quadrangle elements so that crack can propagate
arbitrarily in the direction determined by damage state and strain field.
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Figure 4. Modelling principle. The two superimposed meshes are represented separately for more clarity.
Consequently, spring interface elements and failure elements sizes, is hon zero.

For that purpose, a cumulative damage parameter D(i) has been affected to each node i, and
each failure element j evolves as a function of cumulative damage Dj(i) of the neighbouring
nodes in the neighbouring quadrangle elements. If one of the Dj(i) reaches 1, the failure
element collapses. Experimentally, no loss of stiffness is observed in the fibre direction. Thus,
a binary behaviour is assigned to failure elements and no stiffness decrease occurs until
complete failure:

k(j) = koif D;j(i) <1 )

k() =0if D;(i) =1 (2)

Values of variable D are computed using Miner-Palmgreen cumulative damage law even
though the use of this law is generally not recommended for composite materials [11],
because it doesn’t take into account sequence effect for variable cyclic loading. Regarding
this law, a low-high sequence and a high-low sequence are supposed to involve the same
damage level. The issue of determine which sequence is the most damaging, has been treated
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in literature, resulting in divided opinions because authors use different experimental
conditions on different materials [12]. As our particular material behaviour is unknown
concerning sequence effect, the Miner-Palmgren law has been adopted since its neutrality
about this point.

However, as damage is included in interface elements with non-linear law (eq. (1)), after a
low-high sequence, damage state is not the same as after a high-low sequence, leading to
different strain fields between the two low levels and the two high levels and thus it involves
different Miner’s fraction of life D. Therefore a sequence effect is implicitly represented.
Miner’s law needs the definition of a fatigue law &-Ng; (number of cycles to failure versus
maximum strain). We fitted it on experimental curve with a Basquin law according to
literature:

&

Nrae(®) = (£)° ®)

€6

where g5 = 0,00606 and a = 0,149. The scheme of a mesh with 2 warp and 3 weft bundles
with interface and failure elements is shown in Figure 4.

4 Performing of the simulation

The mesh defined above is first generated. It includes squared quadrangle elements, interface
elements to link warp and weft tows, and failure elements to allow the crack to get an
arbitrary shape. A pre-crack is introduced, and boundary conditions are applied. As mentioned
before, they consist in imposed displacement for our particular application of rotor blade.
Then, the non-linear solver computes each time step, and as the imposed displacement
increases, an area close to the crack tip becomes overloaded; the strain exceeds damage
threshold and damage are introduced by a decrease of the interface elements stiffness.

At the maximum imposed strain, the number of cycles to failure of the next bundle is
estimated, with fraction of life variables D. To each node of each element, the strain ¢ is
evaluated, and the corresponding number of cycles to failure N, is computed:

Ny () = (1 = D(D))Nyar (e(D) (4)
The element and the node i0 where the minimum cycle to failure occurs are saved.
N,(ip) = min;{N,(i)} (5)

At the next time step, the failure element next to this node of this element is broken. To that
purpose, its stiffness matrix is set to zero. The total number of cycle is increased, and the
Miner’s damage variables are increased by the fraction of life:

Niot + Nr-(ip) = Neot (6)
, Ny(D) ,
D(i) + g D(i) (7)

The high strain area before failure is wide enough to put several Miner’s damage variable
close to 1. In order to avoid that after tow failure these variables involve others failures of the
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same tow, interface element stiffness are set to 0 in an area surrounding tow failure, defined
as 2 tow widths in the collapsed tow (Figure 5 c).

k(j) = 0j € area surrounding tow failure (8)

A scheme of this scenario is shown in Figure 5. Finally the crack path and evolution of N
are saved for post-processing to compute crack propagation speed.

. : Damage variable of the Miner’s law
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Figure 5. Performing of the simulation, colour gradatlon represents the longitudinal strain. (a) A static solution
of the FE problem is found with non linear solver. It computes the next bundle number of cycles to failure.
Fractions of life in the last failed bundle are equal to 1. (b) The failure element is collapsed, and fractions of life
are incremented. (c) A new FE problem is solved.
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5 Results

This modelling was applied to simulate tension-tension fatigue tests on structural samples
based on [+45], laminate. The experimental methodology of the test and design of the
structural samples are detailed in reference [2].

The Figure 6 shows the warp and weft meshes corresponding to +45° and -45° tows after
propagation. The simulated averaged direction of propagation appears to be orthogonal to the
tension direction, where there is maximum mode | energy release rate. Thus, the crack
propagation breaks up alternatively a warp and a weft tow as noticed on experimental tests.
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Figure 6. Results for fatigue crack growth on [+45°] structural sample. Left: longitudinal strain computed in
warp and weft meshes. Top-Right: photography of an experimental test. Bottom right: interface elements
stiffness field around the crack (blue represents zero and red corresponds to ko).

The numerical damage area can also be evaluated, in plotting the interface elements stiffness
field. It can be compared with the top right picture where resin whitening is noticed. It reveals
damage matrix area (darker on the picture) of a few millimetres width, at each side of the
crack, and dark micro-cracks lines in £45° direction, parallel to bundles.
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Figure 7. Comparison between experimental and numerical crack propagation speeds.

Crack propagation speed evolution has been computed and compared to experimental one in
Figure 7. A good correlation is found as the speed decreases with the development of the
crack. However, strong variations are superimposed to the main tendency of the curve. They
can be attributed to the severe degradation of interface elements stiffness around failure.
Some others phenomenon such as the number of ply effect not considered in this modelling
can also be related to this shape of the curve. Others cases have to be evaluated and
improvements have to be carried out, to attenuate instabilities.
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6 Conclusion

An original approach has been developed to reach the modelling presented above. It is based
on phenomenological aspects and experimental considerations. It enables to simulate crack
propagation phenomenon, with semi-discrete damage. The simulation has been compared to
experimental results under load conditions according to the application of the modelling. It
seems to provide good representation of the phenomenon in spite of some lack of confidence
in cumulative fatigue laws and some noise in crack propagation speed results. Further
developments have to be done to evaluate the performance of the modelling for others load
cases.
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