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Abstract

This paper describes the solution procedures dlailm the commercial finite element code
SAMCEF for studying delaminations in composite stutes, in the case of quasi static solicitations.
Two approaches are presented. The first one iglb@sdracture mechanics and aims at computing
the energy release rates by modes; the secondeties on damage and fracture mechanics and is
well suited for inter-laminar crack propagation. eTimethods are discussed and validated on
classical benchmarks (as the DCB and ENF testsyaendinally applied to a complex (industrial)
case including tens of crack fronts and many camegons.

1 Introduction

With their high stiffness to weight ratio and thainisotropic properties, composite materials araelyi
used in the aeronautics industry. One of the préammh modes of failure in laminated composites is
delamination, resulting from a separation of adjadayers at locations sensitive to transversectffeA
large amount of such cracks may initiate in refal-laminated structures and weaken their overall
mechanical properties. It is therefore mandatorake those flaws into account in the design plaseto
check the structural integrity while they propagate

Assessing the damage tolerance of composite stagcisi clearly a challenge. At least two numerical
approaches have been developed to study this pnobléh the finite element method [1]. The first one
consists in using fracture mechanics in a (posdibéar) static analysis and to compute the 3 mades
the strain energy release rate along the differeatk fronts in order to evaluate the critical &r§,3,4].
Secondly, in a more advanced non linear analysigks growth can be simulated by inserting cohesive
elements at some interfaces between plies, wheodtening material behaviour is assigned to reptese
the damage [5,6,7,8].

Modelling and solving such a finite element problesndifficult. An efficient numerical solution
procedure should be able to easily insert multipéek fronts in a given large scale meshed stractumd
to efficiently manage not only softening materi@hbviours assigned to the interfaces, but also the
numerous contacts that can appear between the pliesults that most of the published works ia th
field present solutions for simple composite stiies with a small amount of delamination sites fewd
contact conditions.

For solving industrial problems a finite elemenftware code should be able to model multi-
delaminated composite structures with a very lamgeunt of cracks and to provide quickly an accurate
solution. In this paper the methodology availabléghe SAMCEF finite element code [9,10] is applied
such a complex laminated structure including séverss of crack fronts. It is shown how easy itas
insert cracks in the mesh, and how efficiently tennumerous contact conditions be satisfied. Aifipe
Virtual Crack Extension method is presented for potimg the modes of the energy release rate, ad th
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cohesive elements method is briefly explained. @ltfh not yet publishable experimental results have
confirmed the efficiency and the accuracy of thglamented methods in an industrial case including
multiple delamination sites.

2 The Virtual Crack Extension method

In SAMCEF, the VCE method is used to extract thedhmodes of the energy release @tes, andGy,
corresponding to the three different crack solimtes (opening, sliding and tearing modes, respelsf).

In VCE a direct differentiation of the total potemtenergysris computed with respect to a given crack
surface incremerdA:
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From (2) it comes that in the elastic case theydical derivative of the energy is calculated fodal
displacements at the equilibrium state:
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whereK is the stiffness matribq andg are the nodal displacements and the applied fprespectively.
For the general case (possibly including geomaetrit linearity), (2) is rewritten as:
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wherepert represents a perturbed configuration at the dxitilin. In practice (Figure 1), the nodes at
the crack front are split into two. Elements on eitke of the crack surface are connected to teerfvde,
and elements on the other side to the second dnks lare written between split nodes in order to ge
reactionsR (to the crack extension) at the crack front. Thgation of energy in the elements touched by
those nodes is computed for the displacementseagdhilibrium (Figure 1c) by moving the nodes ia th
crack’s plane. This provided/r and the related crack advandA. Only one finite element analysis is
required to comput&y. As the nodal displacements are considered can@arseen in the derivative of
the potential energy), and given that the meshuggation introduces a small crack area variatibe, t
method is indeed a virtual crack extension. FindHg total energy release rate is distributedhenttiree
modes with respect to the opening energies. Semst@s are defined on the lips at a given distarwa f
the crack front and measure the relative displaceshd; in the crack local axes. The total energy release
rate is then weighted as follows to provide the®igs:
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The values of the energy release rates by mody/gilly included in a criterion, e.g. (4), to dde
on each crack’s dangerousness and to compute dpagation load. In Eq. (4%c, Gic andGc are the
inter-laminar toughness, experimentally determined.

G .G, G
Gic Gic Gy

=1 (4)

With the VCE approach it is possible to run linedatic computations, providing quickly an
estimation of the propagation load for a given keacconfiguration. However, as this is the caseafbr
the fracture mechanics methods, fine meshes musefireed in the vicinity of the crack fronts in erdo
get accurate results. This method was used for ebeaimfil 1] for industrial applications.

Virtual crack propagation in its plane

Compute the energy release rate Gy = G, + Gy + Gy
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Figure 1. Principle of the VCE method in SAMCEF

3 The cohesive elements approach

In order to model the possible inter-laminar damagmesoscopic approach is used, where a thin iayer
inserted between two plies of the laminate (FigeireA specific non linear softening law is assigned
the material of this thin layer, and its stiffnes®d strength can decrease and become equal t@vero
the loading, simulating a decohesion between ties.pl

The approach presented in [5] is available in SAMCEhe related constitutive polynomial softening
material law for the interface is depicted in FiguBa. Without going into the details of [5], the
constitutive equation in the interface takes thkofdng form (5), whered is the damage variable,
identical for all the directions, anf the initial stiffness:
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Whend is equal to zero the interface is intact, while 1 corresponds to an inter-laminar de-cohesion.
The evolution of the damagkfor the polynomial law is given by:

4 { n (Y-Yo),
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whereY is an equivalent thermodynamic force, andrc are material parameters. The damage appears
after a threshold, defined by the user (represented by the grey nsgin Figure 3). The form of the
associated fracture criterion is given in (6).
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Figure 2. Inserting an interface element betweemglies of a laminate

Tension

In SAMCEF a bi-triangular and an exponential laws available as well [12]: they are illustrated in
Figure 3. For the polynomial and bi-triangular casbe damage appears after the thres¥ptiefined by
the user. For the exponential law, the damage tthrappears when the interface is loaded.
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Figure 3. The constitutive softening laws availahlSAMCEF for the interface elements



4 lllustration on the DCB and the ENF tests

4.1 The Double Cantilever Beam (DCB) and End NotclieFlexure (ENF) tests
Those standardised tests are illustrated in Figur@nd are often used as benchmarks in numerical
applications [13]. All the computations are carread with first order finite elements.

e

Figure 4. lllustration of the DCB and ENF tests

4.2 The DCB test solved with the VCE approach

In the configuration of Figure 5 only mode | (opamiof the crack) is active. The specimen widthfi2®
mm, while the crack length is 57.15 mm. A ply tlmeks of 0.127 mm is used, and the material is
graphite/epoxy C12K/R6376. Three stacking sequeimohsding 32 plies are tested, according to [13]:

a Unidirectional laminate: [Q};
a Lay-up D[++30]: [£30/0/-30/0/30/$30/0/-30/0/-30/3@l]s, whered locates the crack plane;
a Lay-up A[++30]: [+30/Q/0+/-30/304)]s, whered locates the crack plane.

The model includes 6800 composite volume elemdita32 nodes, and 91008 degrees of freedom. A
refinement is defined in the vicinity of the craftknt: the length and width of the elements is by
0.5mm. Four elements are used over the total bhakness; the 2 layers of elements touching thekcra
have each a 0.127 mm thickness. A load of 10 died via a RBE element at the tips of the beam.
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Crack front

92.85 mm
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Figure 5. The model of the DCB specimen and theltewith the VCE approach

4.3 Mixing shell and volume elements in the modehian ENF test

In order to decrease the size of the problem, veletements are only used in the vicinity of theckra
front while shells are considered elsewhere. Thisva saving time while keeping very accurate resul
Very small differences in the results may come frodm assumptions related to the different finite
elements. Here the ENF test is solved with the Y@Bulation. The results with a model including ynl
volume elements are compared to the ones obtaitesh wnixing shells and volumes in Figure 6. The
specimen width is of 25 mm, while the crack lenigti31.75 mm. A ply thickness of 0.127 mm is used,
and the material is graphite/epoxy C12K/R6376. Jtaeking sequence comes from [13]:

o Lay-up D[+-30]: [+30/0/-30/0/30/30/0/-30/0/-30/3@i/-30/30/0/30/0/-30/¢-30/0/30/0/+30].



The model with volume elements includes 100059 eleyof freedom. When shells and volumes are
used, it goes down to 63318, leading to some caatipaial time savings.
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Figure 6. Results for the ENF test with and withsill elements

4.4 A discussion on optimisation with respect to daage tolerance

Designing a composite structure with respect to atgantolerance is becoming a challenge. Although
simplified formulations may be used at a globaklefe.g. a wing [14]), more sophisticated high fitge
approaches should be selected when local structonaponents are studied [15,16].

To assess the damage tolerance of composite cotgireia given number of cracks are placed in the
numerical model and the propagation load is evatliathis provides an idea to the designer about the
resistance of its layered structure in such anwmieble case. This unfavourable cracked configurat
could be the starting point of an optimisation muhere looking for the best stacking sequence of a
composite able to support the presence of cragk$éndreasing the allowable propagation load and the
overall residual stiffness.

Such a formulation is tested on the ENF specimée. dbjective to be minimized is the total energy
release rate over the crack front. Therefore, mimimmean and maximum values are minimized, in order
to obtain a laminate less prone to see its craokggate. Only one design variable is selected thé
angle of the following lay-up:

o Lay-up D[+#0]: [+6/0/-8/0/6 /04 ©/0/-6/0/-6/6 /d/-8/6/0/06/0/-8 /0,/- 6 /0/8 /0/+6].

The initial value oB is 30°, i.e. the initial stacking sequence is a-Bpt.

The inter-laminar toughness depends on the fibmantations across the interface. Here, in a
simplified approach a constant value &f is considered. For a sake of accuracy this vanatf Gc
should of course be included in the formulationtloé optimisation problem. The current approach is
therefore not rigorous and aims more at comparipgnmosation methods. The results should be
interpreted with care.

A specific gradient based optimisation approachsgméed in [17] is used in the BOSS Quattro
environment [18], and the sensitivities are up-ee¥rcomputed by finite differences. The results had t



iterative optimisation process are provided in Fegd. The optimal value o is obtained after 8
iterations, and 15 structural analyses.
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Figure 7. Convergence history with the gradienedasethod

Surrogate Based Optimisation methods [18] wheraatenetworks are used to generate a global
approximation of the design problem, could be &ffit for treating the non linear damage problemit as
was the case in [19] for post-buckling optimisati@hcomposite structures. Their advantage is to run
analyses in parallel, what is not possible wittequential gradient based approach. Using such hotiet
provides the same solution within 63 structural lgges, which is competitive with the previous
optimisation method since 4 processors were usetthégparallel solution (Figure 8).
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Figure 8. Convergence history with the surrogasebdaptimisation method

5 Application to a complex (industrial) case

The following example illustrates the cohesive edate approach presented in this paper. In the fiepec
laminated composite structure depicted in Figurev®,decided to consider arbitrarily 55 crack fronts
located in the skin, the cap and the noodle. Taeksig sequences include plies oriented at 0°, +45%°
and 90°. The structure is subjected to a pull &sehtact conditions are defined between the delatach
plies. Cohesive elements are here inserted in tiaehby identifying specific groups of inner fadeghe
mesh. The nodes are split and interface elemeatawomatically inserted. The same procedure id tese
define the cracks: here however interface elemmmtsemoved, leaving double coincident nodes.
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Figure 9. Definition of the problem solved with tbehesive elements approach

The bi-triangular cohesive law of Figure 3 is us€de model includes 293332 degrees of freedom
(64574 nodes, 18880 first order volume element£6422D interface elements and 1221 contact
elements). The displacement of the stiffener isosgg via a Rigid Body Element defined on its upper
face.

Results are presented in Figures 10 and 11. Thémmuax carrying load is 9070N. Although a first
damage appears between the noodle and the stiftbeestructure fails due to a de-cohesion betwien
cap and the stiffener. A propagation load of akt8@0 N is obtained, corresponding to the first dgena
reaching 0.99. The initial crack propagation apgpéar cracks 52 to 55 of Figure 9.
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Figure 10. Load-displacement curve and global aedtion of the structure
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Figure 11. Evolution of the damage over the loading

6 Conclusions

This paper discussed the methodologies availablISAMCEF for studying and designing complex
(industrial) composite structures with respect étathination. At an industrial level, some needs lban
identified, such as large size finite element medskveral tens of cracks in the structure, madglli
contact conditions over large regions, obtaininguagte results and disposing of efficient optimdat
tools.

Through the proposed applications and the relagéelences, it is demonstrated that SAMCEF
efficiently answers to those industrial concerrasyedefinition of cracks and delamination zonesclkqu
estimation of the propagation load via the VCE radthmore advanced capabilities with the cohesive
elements approach for inter-laminar cracks propagatnd estimation of the overall structural bebavi
during the fracture process; library of softeningtenial laws for interlaminar behavior; efficiettsgegies
for treating contact conditions; accurate resutten{pared to reference solutions); parallel solution
procedure for large scale problems.

Additionally, the optimisation facilities of BOSQuattro helps the engineer in designing its
composite structures with respect to, amongst sffiiermage tolerance criteria.
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