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Abstract

This article concerns the modelling of post-impact damage propagation in
thin carbon/epoxy and glass/epoxy hybrid woven composite laminates loaded
in fatigue tension. The modelling is based on the semi-continuous approach
implemented into the explicit finite element code RADIOSS. The bundles
are modelled with rod elements and the resin is modeled with a specific
damageable shell element, used to stabilize the bundles. This approach is
extended to post-impact fatigue tensile loadings. Resin damaging is imple-
mented for the shell elements through two fatigue laws Y, — Nyeging and

Y,

2y — Nresiny based on thermodynamical forces and identified through the

experimental results obtained in Part 1. Fiber breakage is introduced for rod
elements through Basquin curves based on tensile and compressive strains.
The damage accumulation is taken into account by a Miner’s rule. For sev-
eral impact energies and amplitude of fatigue loading, the modelling well
correlates the experimental results in terms of damage propagation scenario,

path and speed.
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1. Introduction

This article deals with the modelling of post-impact damage propagation
in thin hybrid carbon/epoxy and glass/epoxy woven composite laminates
under fatigue tensile loading. In this paper, the semi-continuous approach,
already validated for quasi-static tensile loading on mono-material and hy-
brid woven composite laminates in [1], is extended to fatigue loading. Tt
is the second second part of a two-parts article : the phenomenons which
occur during the fatigue tensile test have been investigated through several
experimental tests. They are described in Part I.

The damage generated by an impact on a woven composite structure
is typically composed of matrix cracking, delamination and fibre breakage.
When the structure is subject to fatigue tensile loading, these types of dam-
age propagate, what leads to the final failure of the structure. In order to
optimize the post-impact behaviour of their woven composite structure with-
out expensive testings campaigns, the aeronautical industries try to develop
numerical tools able to predict the damage propagation.

However, the literature on the subject is barely existing. Most of the stud-
ies have been conducted on laminates with an initial defect such as notches,
holes or delamination. In these cases, the resin damaging is modeled through
a continuum damage modelling (CDM) [2, 3]. This approach has been in-
troduced in quasi-static for non-damaged unidirectional composite laminates
by Talreja, Ladeveze and LeDantec [4, 5]. The principle is to come degrade
the stiffness matrix by one or some damage variables, calculated through
thermodynamical forces. Hochard et al. [6, 7, 2, 3] have adapted this ap-

proach to carbon woven composites in quasi-static [6, 7] and in fatigue [2, 3].



They have introduced a fatigue damage variable depending on the variation
of thermodynamical forces on one fatigue cycle and the number of cycles.
Moreover, they have introduced a threshold value corresponding to the min-
imal thermodynamic force necessary to initiate matrix crackings. A similar
modelling (Onera Damage modelling) has been developed by the ONERA,
especially for organic matrix and 3D woven [8, 9]. Their modelling takes into
account thermal strains and viscoelasticity. In fatigue, the damage variable
includes a static part and a damaging accumulation. For that, they have two
modulus : first a static modulus for the static rise which creates a resin dam-
aging and then a fatigue modulus which increases this damaging depending
on the number of cycles. Then the variables are updated and the calculation
comes back to the static modulus to evaluate the residual performances of
the laminate.

To propagate fibers breakages in a glass/woven composite laminate,
Rouault [10] based on € — N curves of its woven fabric identified on fatigue
testings on non-impacted samples. He calculates the strains in each element
of its modelling. With the curve, he knows the number of cycles necessary to
break each element. Then, the principle is delete the element which requires
the lower number of cycle to reach the failure. In this case, the damage ac-
cumulation is taken into account with a Miner’s rule [11]. Some authors use
empirical criterions as the point stress criterion (PSC) and the average stress
criterion (ASC). They have been introduced by Whitney and Nuismer [12].
They observed that, for holed laminate, the maximal stress at the edge of the
hole in fatigue can overtake the quasi-static maximal stress without damage

propagation. For the PSC, the stress to evaluate the damage propagation



is calculated at a distance dy f the hole. For the ASC, the stress is a mean
stress calculated along a distance dy. Tan et al. [13] used the PSC method
to evaluate the stress at failure of samples with an elliptical hole. Miot [2]
used the ASC method for holed and notched carbon laminates. She uses a
characteristic volume in order to calculate a mean stress and evaluate the
damage propagation. But, even if the implementation of these criterions is
simple, they are very dependant on the testings parameters.

Concerning the delamination modelling, cohesive elements are a lot used
for impact loading. Their concept have been introduced by Hillerborg et al.
[14]. A cohesive law links the stress state in the element with the relative
displacement of the nodes and a critical energy release rate G. manages the
dissipated energy in the cracking opening. Robinson et al. [15] used them
to model the propagation of delamination in fatigue. They represent the
delamination propagation in fatigue as a combination of the propagation due
to the amplitude of the static loading and due to the cyclic repetition of the
load. To do that, they introduce a fatigue damage variable in addition to the
damage variable of the classic law. It depends on the relative displacement
of the nodes ans the number of cycles.

Some authors use the cohesive elements to model the propagation of ma-
trix crackings. For example, Hallett et al. [16] used them for a tensile simu-
lation on a holed sample. For this purpose, they have first noted the position
of the crackings after an experimental test. Then, they meshed the sample
placing the cohesive elements on potential paths of the crack propagation.

The objective of the study is to model fatigue tensile tests on impacted

woven laminates with the semi-continuous approach [17, 18, 19, 20, 21, 1].



For this purpose, the existing semi-continuous strategy has been improved.
In fact, add-ons, based on experimental observations made in Part I, are in-
troduced through propagation laws in fatigue of resin damaging (tows/resin
splittings and intra-tows crackings) and fibres breakages. A calculation strat-
egy has been implemented in order to perform their propagation in the ex-
plicit finite element code Radioss. The model is calibrated and validated, for
several impact energies and levels of solicitation, by simulations on the same

woven laminates used in Part I (Tables 1-2).

2. Semi-continuous modelling in quasi-static tension
2.1. Presentation

In this study, the semi-continuous modelling is extended to fatigue tensile
simulation. It has been developed in the research team for impact loadings
(17, 18, 19, 20] and extended to post-impact quasi-static tensile loadings on
woven laminates [1] into the explicit finite element code Radioss.

The modelling strategy is to decouple the resin and tows behaviour in
order to represent simultaneously the damaged resin and the undamaged
fibers tows (Figurel). For this purpose, a specific finite element is developed.
It is made up a truss structure of rod elements, modeling the woven fabric
bundles and following the woven pattern geometry, and a shell element, rep-
resenting the epoxy matrix. An interface element, with an elasting damaging
behaviour based on a bilinear cohesive law, connects two plies and represent
the delamination.

The rod elements have an elastic and brittle behaviour. Their breakage



are calculated through tensile and compressive strain criterions :

If e(x) > el or |e(z)| > [€“™P| then break of the bar element (1)

max max

Furthermore, the cross-point of the woven ply are taken into account for these
criterions. Indeed, at a cross-point, the fibres bundles are in local bending.
So, they need a more (resp. less) important tensile (resp. compressive) strain

to spread out and reach the tensile (resp. compressive) strain criterion. So,

tension
max

comp

comP| is reduced. For this purpose,

at a cross-point, is increased and |e

comp tension : : .
b oss and g0t are introduced in the model such as :
comp tension
|€maac cross | — Emaz (2>
|€Comp ctension
mazx max cross

The resin has an elastic and isotropic behaviour with an anisotropic dam-
aging in each direction of the woven through two damage variables d; and
dy, based on thermodynamical forces (or energy release rates). It has also
a pseudo-plastic behaviour in plane shear with a shear damaging law. It

is calculated through two damage variables d5, and dgy which represent re-

ey
spectively tows/resin splittings and cracks into bundles [1]. This original
shear damaging law is based on experimental observations made by [22, 23]
during quasi-static tensile tests on carbon/epoxy woven laminate oriented at
+45° : first there is an initiation of tows/resin splitting and then, intra-tows
crackings initiate and propagate in meta-delamination (delamination be-
tween warp and weft bundles). The splittings quickly evolve at the beginning
of the test then they stabilize. The crackings and the meta-delaminations

slowly grow at the beginning and suddenly accelerate once the splittings no

longer evolve. However, the modelling scale is not enough small to represent



meta-delamination. The two damage variables depend on thermodynamical

function, as it is commonly used [7, 3] :

maw (v Yoy —VY0)>
a a zy
dgy, =dg, X (1 —exp ( N7

\/ f V Y lS
df = max | exp y vV ob 1
\ v Vv Yc bis

where Yy (respectively Yyps) and Y. (respectively Y.,) are parameters of
damage threshold and damage speed of d,,, (respectively d,,). d..*" is
the maximal limit of d,,,. This limit has been introduced for tows/resin
splittings because they are not responsible for the final break of the laminate.

The coupling of the shear stress with the stresses in the other directions
is neglected. So, shear strain energy is only due to shear stress and the

thermodynamical function Y, is defined by :

ow,
Y., = =2l 4
zry adzy ( )

where d,, = d;, + df:y and W, is the shear strain energy defined by :

7_2

Wy = — % (5)
Y 2G0,(1 — dqy)

Hence :
= Gmy’ymy (6>
Finally, the two shear damage variables are used to degrade the shell and the

bending matrix :
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The irreversible strains are taken into account by the introduction of a
pseudo-plastic criterion on the in-plane shear stress based on an isotropic
hardening using a classic elastic prediction and a plastic correction. An

elastic field is defined by :

f= |Tmy’ - Kplaspﬂ — 7o (7)

where 7,, is the in-plane shear stress, 7 is the plastic strength, (K45, 5) are
parameters of the plastic hardening law and p the cumulative plastic strain.
Thus, if f > 0, the plastic correction is performed through the update of the
plastic variables 77 and p, based on a Newton-Raphson iterative scheme,

with ~7, the plastic shear strain defined by :

Yoy = Yoy T Vay (8)
where 7, is the total shear strain and v, is the elastic shear strain.
2.2. Validation

The semi-continuous modelling has been validated in quasi-static for all
the mono-material and hybrid woven laminates presented in the Tables 1-2
[1]. The model well represents the propagation of the post-impact damage.
The fracture surfaces and the load - crosshead displacement curves well cor-

relate the experimental results.
3. Propagation laws in fatigue

3.1. Resin damaging

The fatigue tensile loadings on impacted samples of configuration C45C45
and COCO, performed in Part I, have shown that the post-impact damage

9



propagation was governed by shear damaging : tows/resin splittings and
intra-tows crackings propagate in the laminate at +45° for the configuration
C45C45 and vertically for the configuration COC0. In both cases, the two
resin damaging types follow the same direction and have a similar behaviour.
But, the splittings emerge first and propagate faster than the crackings.

As for the quasi-static modelling, the propagation in fatigue of each type
of resin damaging is based on thermodynamical forces. Two fatigue laws
Yoy — Nresina and Yy — Nycginy are implemented for the shell element, only
for carbon material. N,csine and Nyegnp are the number of cycles necessary
to initiate respectively the tows/resin splittings and the intra-tows crackings.
They are expressed as Basquin curves :

1 1
Nresina = (%) " and Nywsins = (%) N C)
where Y,, a, Y, and [ are parameters of the fatigue laws. Threshold values YaO
and Y, have also been added for each damage type [2, 3]. These parameters
will be identified through severeal post-impact fatigue tensile simulations on

laminates C45C45 and C0CO.

3.2. Fibres bundles breakages

The fatigue tensile loadings on impacted samples of configuration GOGO,
G0C45C45 and GOC45C0, performed in Part I, have shown fibres bundles
breakages in carbon and glass plies. They are taken into account in the semi-
continuous modelling through the implementation of two Basquin curves (for
each material) for the rod elements based on their tensile strain :

1

tension 5

€ v

6

Nbreakagebundle - (<8 > ) <1O>
bundle/+
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where (epynaie)+ is the tensile strain of the rod element during the simulation.
Egtension, the tensile strain at 10° cycles, and v are the law parameters. They
have been identified by Airbus Helicopters by tensile fatigue testings piloted
in strain on non-impacted samples of configuration COCO and GOGO. In fact,

in tension, the sample behaviour is governed by the fibres.

The tensile loadings on impacted samples of configuration G0OC45C45,
performed in [21] and Part II, indicate a similar behaviour in quasi-static
and fatigue. In the glass ply, the damage propagation is due to tensile and
compressive breakage of warp and weft bundles [21, 1]. In fact, the glass ply
elongation is piloted by the two carbon plies elongation. So, the weft bundles
of the glass ply are compressed due to the Poisson’s effect of the carbon
plies oriented at £45°. In the quasi-static modelling, this phenomenon is
represented by a compressive strain criterion of the rod element (see 2.1).

In fatigue, this phenomenon is represented by the introduction of a Basquin
curve for the rod elements based on their compressive strain :

=™\
Nireakage bundie = (m) (11)
where (€punaie)— 18 the compressive strain of the rod element during the sim-

ulation. The value of v is the same as in tension. """ is chosen such as the

ratio |eg”""| /e is the same as in quasi-static :

|€6comp‘ _ |8$nO:Lr‘L’L'p (12)
gtensz‘on - clension
6 max

The cross-points are also taken into account in fatigue. In fact, the exper-

iments of Part I have indicated than the propagation of glass fibres breakages

11



in the impacted laminates of configuration GOG0O and GOC45C45 was guided
by the cross-points of the woven plies. In tension and compression, two dif-
ferent curves are used whether the fibre is located at a cross-point or not

such as :

tension comp tension
56 _ |86 cross| __ Emaz (1?))
gtension - |€comp| o gtension

6 cross 6 max cross

3.3. Damage accumulation

The damage accumulation in the shell and rod elements during the fatigue
tensile simulation is take into account by a simple Miner’s rule. For each rod
element and shell element of the specific woven finite element (Figure 1), a

variable D,, is introduced such as :

LD
D,, = : N, (14)
For a rod element, n; is the number of cycles realized at a strain ¢; for which
the number of cycles at failure is N;. For a shell element, n; is the number
of cycles realized at an energy release rate Y; for which the number of cycles

at failure is N;. Thus, if D,, = 1, the rod or the shell element is deleted.

4. Strategy of post-impact fatigue tensile simulation
4.1. Principe

The principle of the simulation strategy is to find in the model the rod or
the shell element which requires the lowest number of cycles to break. That

amounts to find the number of cycles N, which verifies :

==

(15)

jEmesh 5j

Nutow = min [(1 D)+ (—) e
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with ¢ =a or b and 7 = « or f3.

4.2. Strategy

Finally, the post-impact fatigue tensile simulation strategy is implemented
in FORTRAN through a user law in the explicit finite element code Radioss.
The user law is made up of a quasi-static and a fatigue modules. The steps

of the simulation are :

1. A quasi-static rise is numerically realized until the maximum displace-
ment of the experimental fatigue cycle : AL = ALy, + ALgy,. A
first calculation of the strains and the thermodynamical forces are per-

formed for each element of the model.

2. Then, the calculation goes into the fatigue module :

(a) First, the breakage number of cycles a rupture is calculated for

each rod element and shell element (only for carbon) of the model.

(b) If the lowest number of cycles is reached for :

e a rod element : then it is deleted of the model as well as the
shell element. Indeed, it assumed that the bundle breakage
lead to the breakage of the resin in the bundle and at the

interface between the bundle and the resin.

e a shell element : either the damage corresponds to tows/resin
splitting so the shell element does not have to be entirely

deleted because the intra-tows crackings did not appear yet.

13



The damage variable of the shell element is set to 0.5. Or
the damage corresponds to intra-tows crackings and the shell

element is entirely deleted.

(c) Once the rod or the shell element is damaged, the number of
cycles and all the variables D,, (in order to simulate the damage

accumulation) are uploaded.

3. Before moving to the next iteration, the calculation goes again into the
quasi-static module in order to get the new strains and thermodynam-

ical forces of each element of the model.

5. Fatigue tensile simulations on impacted samples
5.1. Identification and validation on mono-material laminates
5.1.1. Introduction

In this part, the propagation laws presented above are identified and vali-
dated on the mono-material laminates. For the tows/resin splittings and the
intra-tows crackings, they are identified and validated through simulations
on samples of configuration C45C45 and COCO. For glass fibres breakages,
they are validated through simulations on samples of configuration GOGO.
The objective is to obtain numerical results which well correlate the experi-
mental results in terms of damage propagation scenario, damage propagation
velocity and number of cycles at failure. In order to test the robustness and
the validity of the modelling, the same impact energies and displacement
levels as in the experimental study are used for the simulations. They are

presented on the Table 3.

14



5.1.2. Configurations COCO and C45C45

The propagation laws in fatigue Y, — Neyees, identified for the tows/resin

splittings and the intra-tows crackings, are presented on the Figure 2.

Configuration C45C45.

For the configuration C45C45, the post-impact damage scenario is pre-
sented on the Figure 3. As for the experimental testings, the damage prop-
agates at +45°. Tows/resin splittings initiate from each tip of the initial
damage transversely to the initial fibres breakages. They join into a unique
point and form a rhombus-shape damage. Then, they propagate at 4+45°
from this point. Once this propagation is started, intra-tows crackings ini-
tiate also and propagate at +45° following the tows/resin splittings. Their
propagation continue with a slower progression of the intra-tows crackings.
Finally, the splittings reach the edges of the samples following some cycles
later by the intra-tows crackings. The samples is entirely cracked on a 4+45°
band. The numbers of cycles required to reach the edges of samples obtained
with the modelling are very close to the values experimentally obtained (Ta-
bles 4-5).

For the couples (ALs ; 2.25 J) and (-20% ALy ; 4 J), the post-impact
damage barely propagates (Figure 4). In fact, the values of energy release
rates calculated in the sample are lower than the value required to initiate
intra-tows crackings (Figure 5). So, they need a high number of cycles to

emerge.

Configuration C0OCO.

For the laminate COCO, the post-impact damage propagation scenario

15



obtained with the modelling is in accordance with the experimental results
obtained in Part I. Tows/resin splittings and then intra-tows crackings prop-
agate vertically during the fatigue simulation (Figure 6).

Furthermore, the velocity of damage propagation numerically obtained
well correlates the velocity experimentally obtained. The evolution curves
depending on the number of cycles are presented on the Figure 7 for the
tows/resin splittings and then intra-tows crackings. They are close to the
experimental curves for all the energies and displacement levels tested.

They propagate out of step very quickly in the 100 000 - 200 000 first cy-
cles before stabilizing progressively. This stabilization is due to the decrease
of the shear strains in the resin at the tip of the damage propagation as the
simulation progresses. That leads to a decrease of the energy release rates
in the resin and an increase of the number of cycles required to initiate the
splittings. Finally, for 107 cycles, the energy release rates calculated at the
tip of the splittings are lower to the damages threshold values Y' and Yob.
So, the damage no longer evolves

For the highest displacement level (+30% ALs), the fibres reach their
quasi-static tensile strain criterion during the quasi-static rise. That leads to

an horizontal propagation of fibres breakages as in quasi-static (Figure8) [1].

5.1.3. Configuration GOGO

For the configuration GOGO, the fracture surface numerically obtained
for each impact energy and displacement level is in accordance with the
experimental results (Figure 9). Fibres breakages propagate horizontally

following the cross-points of the woven fabric (Figure 10).
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The damage propagation initiation and speed are close to those experi-
mentally obtained. Indeed, the experimental and numerical curves of damage
length depending on the number of cycles have the same appearance (Fig-

ure 11) and the number of cycles at the sample failure are close.

5.1.4. Conclusion

The semi-continuous modelling is validated for the mono-material lami-
nates. For C45C45, COCO and GOGO, the model well correlates the exper-
imental results of Part I in terms of damage propagation scenario, damage
propagation velocity and number of cycles at failure for several impact ener-
gies and displacement levels.

In the next part, the semi-continuous modelling is tested on the hybrid

configuration GOC45C45.

5.2. Validation on hybrid laminate GOC45C45

As for the mono-material configurations, several impact energies and dis-
placement levels are tested for GOC45C45. The values are presented in the
Table 6.

For each impact energy and displacement level, the fracture surfaces are
in accordance with the experimental results of Part I (Figure 12). Fibres
breakages propagate at +£45° following the cross-points of the upper glass
ply (Figure 13) and and resin damaging propagates at +45° in the lower
carbon ply.

The post-impact damage propagation scenario is precisely obtained (Fig-
ure 14) . The simulation brings some elements not visible during the exper-

imental tensile tests in Part I. Fibres breakages initiate in the upper glass

17



ply while no resin damaging has emerged in the two carbon plies. Warp and
weft bundles are highly loaded respectively in tension and compression at the
tip of the damage propagation. That leads to a propagation a fibres break-
ages in tension for warp bundles and in compression for weft bundles. They
propagate at +45° following the cross-points of the glass ply along an area
highly loaded in plane-shear in the carbon plies. In fact, the carbon plies
elongation pilots the glass ply elongation. Fibres breakages propagate grad-
ually in the glass ply and, out of step, resin damaging propagates also in the
carbon plies. From a certain number of cycles, the splittings in carbon plies
overtakes the fibers breakages in the glass ply and lead their propagation.
When the propagation comes closer to the edge of the sample, intra-tows
crackings emerge in the carbon plies and each damage quickly propagate in
the three plies until the edges of the sample and the break of the glass ply.
However, once the glass ply is broken, the carbon plies are cracked but not
broken. Indeed, the carbon fibres are not enough loaded. The resin keeps
damaging along the band already cracked.

The fibres breakages propagate at a velocity close to the experimental
velocity noted in Part I. The curves of fibres breakages length depending on
the number of cycles are similar whatever the initial damage size (impact
energy) or the imposed displacement (Figure 15). They progress into three
steps : an initiation of the propagation, a propagation quite slow and a fast
propagation when the damage comes closer to the edges of the sample, due
to a structural effect.

The number of cycles required to initiate the damage propagation in the

glass ply and the break of the glass ply with the modelling are also close to
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values experimentally noted (Tables 7-8).

The post-impact damage propagation scenario explains the influence of
the impact energy and the displacement level on the damage initiation and
propagation. In fact, the propagation starts with fibres breakages in tension
and compression in the glass ply. With a greater initial damage or higher
imposed displacement, the glass fibres at the edges of the impacted area
deform more easily in tension and compression (Figure 16).

As for the matrix damaging of the carbon plies overtakes the fibers break-
ages of the glass ply from a certain number of cycles, the final fast evolution
of the damage, when it comes closer to the edge of the sample, is lead by the

matrix damaging.

5.3. Limatation of the modelling

The semi-continuous modelling is validated for fatigue tensile simulations
on carbon/epoxy woven and glass/epoxy woven laminates made up of two
identical plies and on the hybrid woven laminate GOC45C45 for which the
two carbon plies have the same orientation and no delamination is observed
during the experimental fatigue tests. However, a limitation is reached when
the two plies have a different orientation and delamination is observed dur-
ing the experimental tests. For instance, the Figure 17 shows the result of
simulations performed on a sample of configuration GOC45C0. First, the
modelling manages to obtain two different scenario according the impact en-
ergy and the displacement level as for the experimental observation. Even the
laminate does not break (after 7.10° cycles) : there are only fibers breakages
in the glass ply and vertical matrix damaging the lower carbon ply. Even,

with the increase of impact energy and displacement level, propagation of
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fibres occurs simultaneously in three plies and leads to a rapid failure of the
laminate. But, in the first case, the matrix damaging in the carbon ply is not
enough developed in comparison to the experimental damaging. This differ-
ence is due to the lack of delamination, which has not been implemented yet
in the modelling, contrary to what has been done for example in [15].
Nevertheless, the modelling brings an explanation concerning the change
of scenario. When the impact energy and the displacement level increases,
the fibers of the lower carbon plies are more loaded and fibres breakages can
emerge (Figure 18). So, at the experimental level, when the impact energy
and the displacement level increase, the fibers breakages propagation can take
over the delamination, what leads the failure of the laminate. In the other
case, the propagation of delamination between the two carbon plies unload

the carbon fibers. So, the resin damaging takes over the fibers breakages.

6. Conclusion

In this article, post-impact fatigue tensile tests have been modeled with
the semi-continuous strategy. The modelling manages to represent the prop-
agation of resin damage (tows/resin splittings and intra-tows crackings) in
the carbon resin and the propagation of bundles breakages in the glass ply
during the fatigue tensile simulation.

The main contribution of this article is to provide a description of a mod-
elling strategy that is able to represent the damage induced by an impact and
also the propagation of this damage in fatigue loading with the same model.
The original scale and the choice of the damage laws based on experimental

observation and on the litterature allows to well represent the physics, the
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specific role of the resin and that of the fibres in the behaviour.

In order to do that, the semi-continuous modelling has been extended to
fatigue tensile simulations on impacted thin woven carbon/epoxy laminates.
The resin damaging is implemented for the shell elements through two fa-
tigue laws Y,y — Nyesing and Yy, — Nyeginp based on thermodynamical forces.
Fiber breakage is introduced through Basquin curves based on tensile and
compressive strains for rod elements. Damage accumulation is taken into
account by a simple Miner’s rule. The strategy is to find in the sample the
shell or rod element which requires the lowest number of cycles to reach the
breakage and delete it.

The resin fatigue laws have been identified through several simulations
on impacted samples of configuration C45C45 and COCO. The tensile and
compressive fiber breakage Basquin curves have been identified through sim-
ulations respectively on GOGO and G0C45C45. The modelling is validated
in terms of damage propagation scenario, number of cycles at initiation and
speed for mono-material carbon/epoxy and glass/epoxy laminates made up
of plies with the same orientation.

It also has been validated for the hybrid configuration GOC45C45. In
this case, the modelling can highlight the precise scenario of the post-impact
damage propagation. It shows especially that, from a certain number of
cycles, the matrix damaging of the carbon plies overtakes the fibers breakages
of the glass ply and leads the global propagation of the damage.

However, as the delamination has not been implemented yet, the semi-
continuous modelling has not been validated for the configuration GOC45CO0,

what shows the importance of the delamination consideration in the mod-
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elling to correctly represent the post-impact damage propagation. Neverthe-
less, two different propagation scenario are obtained according the impact
energy or the level displacement as for the experimental tests in Part I. When
the impact energy and the displacement level increase, fibers breakages can
appear in the lower carbon ply oriented at (0/90)°. Their propagation can
take over the delamination, what leads the failure of the laminate. In the
other case, the propagation of delamination between the two carbon plies

unload the carbon fibers and the resin damaging is predominant.
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Figure 1: Modelling strategy of the woven ply [1]
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Figure 2: Resin damaging laws identified with fatigue simulations on impacted samples

of configuration C45C45 and C0CO0
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Figure 3: Post-impact damage propagation scenario numerically obtained for the config-

uration C45C45
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Figure 4: Post-impact damage propagation scenario numerically obtained for the config-

uration C45C45 subject to the lower impact energy and displacement level
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Figure 5: Intra-tows crackings propagation depending on the energy release rate Y,

calculated in the resin for the configuration C45C45
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Figure 7: Length evolution of the tows/resin splittings (Damage 1) and the intra-tows

crackings (Damage 2) depending on the number of cycles for the configuration COCO

(d) Damage 2 - Influence of displacement level

31

Intra-tows crackings

Tows/resin splittings



Numerical Experimental

43 /-20% AL,

Figure 8: Post-impact damage propagation scenario for the configuration COCO for the

highest displacement level +30% ALz

Numerical Experimental

Figure 9: Comparison numerical/experimental of the fracture surfaces obtained after

fatigue tension on impacted samples of configuration GOGO
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Figure 10: Propagation in fatigue of fibres breakages following the cross-points in a sample

of configuration GOGO
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Figure 11:
the configuration GOGO

33

Breakage length [mm]

- 51 /-10% AL - EXP
5 /-10% AL; - NUM
- 51/ AL - EXP
—— 51/ AL - NUM
=== 51/ +10% ALj - EXP
—— 41/ +10% ALy - NUM

Se+04  le+05  1.5e+05 2e+05  2.5e+05

Neyeles

3e+05  3.5e+05  4e+05

(b) Influence of displacement level

Length evolution of fibres breakages depending on the number of cycles for



Upper ply Lower ply Upper ply Lower ply

Fibres breakages Resin damage Fibres breakages Resin damage
Numerical Experimental

Figure 12: Numerical/experimental comparison of the fracture surfaces obtained after

fatigue tension on impacted samples of configuration GOC45C45
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Figure 13: Propagation in fatigue of fibres breakages following the cross-points in the

upper glass ply of the configuration GOC45C45
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Figure 14: Post-impact damage propagation scenario in fatigue numerically obtained for

the configuration G0OC45C45
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Figure 15: Length evolution of fibres breakages depending on the number of cycles in the

upper glass ply of the configuration GOC45C45
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Figure 16: Strain fields €,, and e, at the end of the quasi-static rise of the glass fibres of

the configuration GOC45C45 - Influence of the impact energy and the displacement level
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Figure 17: Post-impact damage propagation scenario for the configuration GOC45C0
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Figure 18: Strain field €4, and restitution release rate Yy, in the lower carbon ply of the

configuration GOC45C0 at the beginning of the fatigue tensile simulation
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Configuration

Representation

Upper ply

Lower ply

C0Co

C45C45

GOGO

Carbon (0/90)°
Carbon +45°

Glass (0/90)°

Carbon (0/90)°
Carbon +45°

Glass (0/90)°

Table 1: Configurations for single-material laminates [1]

Configuration  Representation Upper ply Middle ply Lower ply
GO0C45C45 —— Glass (0/90)° Carbon £45°  Carbon £45°
G0C45C0 —— i — Glass (0/90)° Carbon £45° Carbon (0/90)°

Table 2: Configurations for hybrid laminates [1]
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C45C45 C0Co GO0GO

Eimpacr Eimpm-t
ALy = 3.01 mm AL; = 1.04 mm AL; = 0.57 mm
2.25 ] AL,y ALjg -10% AL,
5J AL,
3] AL, AL,
+1OCZ‘ ALl
AL;
-20% 5.75 J AL
20% ALy +10% AL 5 1
4] AL
2 +20% AL, 6.25 J AL,
+10% ALy o
+30 A) ALg 9 J ALl
6.25 J AL, AL
9J AL,y AL

Table 3: Impact energies and displacement levels used for the fatigue simulations on

C45C45, COCO and GOGO

Eimpact Nedges EXP Nedges NUM

3J 120 000 100 000

4] 60 000 50 000

6.25 J 15 000 8 000

91J 20 000 10 000

Table 4: Number of cycles necessary to reach the edges of the sample depending

on the impact energy for the configuration C45C45
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Displacement Nedges EXP Nedges NUM

JAY ) 60 000 50 000

+10% AL; 15 000 12 000

Table 5: Number of cycles necessary to reach the edges of the sample depending

on the displacement level for the configuration C45C45

Einpact G0C45C45
AL; = 1.29 mm
2.25 ] AL,
H -10% AL, / AL; / +10% AL,
6.25 J AL,
9] AL,

Table 6: Impact energies and displacement levels used for the fatigue simulations on

G0C45C45
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Eimpact Ninitiation EXP Nfailure EXP Ninitiation NUM Nfailure NUM

225 40 000 320 000 65 000 315 000
4] 10 000 105 000 12 500 90 000
6.25 J 5 000 55 000 2 000 47 000
91J 1 000 35 000 500 30 000

Table 7: Number of cycles required to break the glass ply of the configuration GOC45C45

depending on the impact energy

DlSplaCGment Ninitiation EXP Nfailure EXP Ninitiation NUM Nfailure NUM

-10% ALy 80 000 480 000 92 000 365 000
AL 10 000 105 000 12 500 90 000
+10% AL 4 000 40 000 5 000 25 000

Table 8: Number of cycles required to break the glass ply of the configuration GOC45C45

depending on the displacement level
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