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Abstract

In this contribution, the authors present sevexalngples of computation of stress intensity factors
(SIFs) and simulation of the propagation of craickaeronautical structures. The featured applicatio
involve the use of the eXtended Finite Element MdttXFEM). The XFEM is particularly suited for
the solution of complex fracture mechanics probleas# allows for introducing an a priori knowledge
of the solution in the FE approximation space, thg.displacement discontinuity (crack opening) and
the functions of the development expansion of tlaelctip displacement field in a linear elasticigol
which avoids the need for a conforming mesh.

1. Introduction

The eXtended Finite Element Method (XFEM) is a ntioe method which handles geometries containing
singularities without the need of building a comfiimg mesh?. It is based on the Partition of Unity MetHod¢h
addition, the Level Set Methdds used to represent the discontinuity into thengetry. This mesh-independence
property is particularly desirable in fracture magics which deals with solid mechanics problemdhvaihe or
several cracks inside the solid. Indeed, thereoiw@ed to rebuild a mesh which conforms to the kesagface
geometry as the cracks propagate (if the meshfiicisutly fine to capture the stress variation nd# front). The
discontinuous displacement field is modelled witldisional degrees of freedom at nodes which haeé& gupport
cut by the crack.

The XFEM has been the subject of intense resedifohtsefor an entire decade now. It has recentigched a
maturity level that allows its transfer into indugt damage tolerant approaches, supplementinglatdrprocedures
based on the use of simplified solutions gathenesioftware such as Esacrack, Nasgro, Afgrow. b alsrmits to

generalize the use of complete three-dimensiomatefielement simulations of cracked structures kbato a

significantly reduced effort devoted to meshing &#&D/CAE operations.

For instance, the following problems have been eskird and/or are still being under investigatiofeast for what
concerns damage tolerant approaches with quasi-skadading conditions, under the hypothesis of $mal
perturbations and linear elastic materials (théoWaihg list is not exhaustive, it only summarizée tperception of
the authors):

* Mesh refinement. In 3D, the XFEM must be coupled with selectivestneefinement in the vicinity of the
crack in order to capture the sharp variation efftald$. It must be noted that, even though the mesh does
not need to be conformal, it has to be fine enoingthe sense of global and local convergence of the
solution. The use of the level sets helps defisizg maps that are particularly suited for fractmerhanics
problems.

e Enrichment strategies. The quality of the solution depends on the sifethe zone of which the
approximation space is enhanced with the a privoiedge of the solutidif.

* Error indicatorsand estimators. Specific error indicators are necessary in otd@haracterize the quality
of the solution. In fracture mechanics problemsytltan either take the form of indicators based on
dedicated recovery procedutébor estimators of bounds on the stress intensityfd?. Error maps can be
used for the definition of element size maps oraidaptivity of shape function degree.

* Reliable stress intensity factors. With any FE method based on unstructured meshamerical
oscillations of the stress intensity factors candbservedf. At least smoothing operations could be
necessary. Other methods suggest for solving tiesssintensity factors as a specific finite elenfeit
with proper interpolatioff.
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Robust level set propagation algorithms. The level set representation of cracks requipesific update
algorithms, which can be either fully numericalllfigeometrical or mixetf. Knowing that the level sets
are used in the definition of local coordinatestesys at the crack tip and in the definition of thetual
crack extension vector field in the evaluationtaf 1 integral, they must be carefully evaluated, updiated
orthogonalized.

Solvers. XFEM leads to sparse, symmetric definite positiwatrices like the FEM. If the size of the
problem is sufficiently small (hundreds of thoussund degree of freedom), direct solvers are ablksotee
the system without difficulty. If the system isdar, one must be used an iterative solver, whighires the
use of a particular preconditioning due to conditig of the stiffness matrix which is badly affettey the
near-tip enrichmefit

Availability for industrial crack analysis procedures. The XFEM has been implemented in various
research codes which are not - and will probablyb@o— used in the industrial software environm&hie
short term availability of the XFEM can only be awked through the provision of plug-ins, connedted
commercial FE software. For instance, implementatid user defined extended finite elements, or of
substructuring approacHe§™® are very efficient solutions. A mid-term prospeotld be hard-coding the
method in the commercial FE software, dependinghendemand of the industrials in the field of crack
propagation in aerostructures and aeroengine coemten

Multi-scale approaches. The XFEM is also used for studying very smalled#$ in large structures. For
instance, in the case of thin-walled structures elled with shell elements, it is now possible todat the
propagation of small initial three-dimensional rtbneugh crack&'®. Other research has introduced the
XFEM in scale transition approac&s

Multi-physics applications. Most of the fracture mechanics problems involvemplex boundary
conditions and loads. For instance, it is not theg mechanical loads, thermal loads, residuassé® and
other body forces interact and influence the steeseentration and the stress intensity factore. XREM
must be adapted, as well as all the post-processipabilities (e.g. the interaction integral)

3D validation. While numerous 2D validation cases are availabtbe literature, it is only recently that 3D
applications with both verification and validatibave been publish&i for instance by the auth8r§’ %3

It is of utmost importance to propose exhaustivi@aton of the method in order to promote its us¢he
industrial software environment and crack analgsacedure.

Other major research topics include the introductid contact and friction on the crack faces, esiemto multi-
materials, extension to non-linear materials, appion to other types of loading, damage to fractiansition,
among numerous works.

The present contribution summarizes the approadtiesved by the Group of Multiscale Modeling of Maials and
Structures of Cenaero for fracture mechanics progleising the XFEM. It also shows interesting aggtions of 3D
crack propagation.

The two following approaches are used:

The first one mixes the classical FEM and the XFHENbugh a substructuring approach (the S-FE/XFE
method§*®*® In this case, the structure is decomposed intkerd and uncracked domains which are
treated by an in-house XFE-code called Morfeo (bped by Cenaero) and the commercial FE software
Samcef", respectively. The interface problem between we domains is solved using the Finite Element
Tearing and Interconnecting metiddAmong many advantages, the method allows for legdnixed-
dimensional problems.

The second relies essentially on the in-house Xédedviorfeo used in standalone, i.e. the entiretdrac
mechanics problem is solved by a unique XFE-code.

2. Applications

2.1 Crack in a Compressor drum of an air plane engine subjected to centrifugal forces

In the first application, the S-FE/XFE method iplgd to a static crack analysis in a section obmpressor drum

of a turbofan engine. The results obtained with $aREE/XFE method are compared with those obtaingd a
standard FE computation. The standard FE problenalds solved with the FETI method using the same
decomposition as the S-FE/XFE problem in ordersigeas the influence of the XFEM on the solver bielavThe
influence of mesh refinement at the crack frordtigdied. The initial mesh is chosen so as to ensomgergence of
the strain energy for the non-cracked standardreBl@m.
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The computation sequences for the standard FEhen8-FE/XFE crack problems are explained hereafter.

- Crack definition. A through-the-thickness crachnserted into the model at the centre hole of thecture. The
direction of the crack is radial. There are twdetént methods for introducing the crack dependingthe
method used:

- standard FEM: the crack is introduced into the CAR inserting a closed surface leading to the
renumbering of all the geometrical entities of @&D (depending of the software used for generatirey
CAD and the mesh). The related data (materialshttaty conditions,...) must be updated due to the
modification of the CAD;

- S-FE/XFE method: the crack is introduced by meafriss “level sets”. The CAD is not modified andeth
previous dataset can be used without any changes.

- Mesh generation:

- In the standard FEM case, the mesh generationcisnuigosed in two steps: first, the mesh is generated
the whole domain and the crack surface is also atkesbecond, the nodes on the crack surface are
duplicated and the mesh is split.

- For the S-FE/XFE method, the mesh is arbitrarilyegated on the whole domain.

From the user point of view, the mesh generatiorke/itike a black-box and the operations are exabiysame in
the two cases. Nevertheless, the time spent dthmiagstep is lower in the case of the S-FE/XFE meéttndeed, the
crack surface does not need to be meshed and tes mwe not duplicated and split. The mesh has tefigred at
the crack front in both cases in order to imprdwedccuracy of the solution at the crack front.

- Elementary stiffness generation. The elementdffnesss generation for the S-FE/XFE method is maité
both the FE-software and the XFE-code. The timatsgearing this step depends on the size of the ¥BEain.
For the standard FE problem, the elementary ss8mmatrices are created only by the FE-software.
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Figure 1 : Section of the drum studied Figure 2m@arison of Mode | SIFs computed with the

S-FE/XFE method and a standard FE method

Figure 2 shows the variation of the average mostecks intensity factors, las a function of the number of degrees
of freedom. These values are obtained for varieusllof mesh discretisation along the crack fr@iie accuracy of
the stress intensity factors is obviously improwdten increasing the number of degrees of freeddra.fifst point
corresponds to the original mesh size. With thegioal mesh, the error calculated from the diffegerio the
converged solution (i.e. number of degrees of foeed¢ 1.8 18) is equal to only 1.7% with the S-FE/XFE while it
is equal to 4.8% with the standard FE method.

2.2 Crack propagation at the il port of an hydraulic cylinder

The second application is part of a project finahbg the European Commission (PROHIPP) that aimmpwove
the design and manufacturing of high-pressure farioducts, and in particular hydraulic cylinder$isTkind of
mechanical components is typically subject to aicyloading. One aim of the project is then to peedhe total
number of cycles of the service life, knowing timepditude of the cyclic loading.
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We consider the hydraulic cylinder illustrated igure 3. Its end cap is fixed and an internal presss applied. The
maximum stress in an uncracked cylinder is reaettigte inner radius of the cylinder at stress cotreéion points
at the holes, by which the oil enters and exitsciylsnder. These weakest points are indicated guiféi 4 on a zoom
on one of the oil ports. These points are locatethe symmetry plane of the piece. Cracks mayaitaitat these
points and propagate inside the mirror plane towénd outer radius and thus lead to the ruin otfi@der. This is
observed experimentally. We simulate this propagably inserting quarter-circular corner cracks eszd on the
weakest points of growing radius. The aim of thespnt work is simply to compute the SIFs alongftbet for the
different radii. The SIFs values are not used temheine the growth rate along the front and theksare assumed
to remain quarter-circular. The relevant dimensiohthe cylinder in this study are the wall thickse = 5mm and
the inner radius ri = 35mm. The Young modulus i8@Ra and the Poisson ratio is 0.3. We computettbsssand
the SIFs when an inner pressure 10MPa is applied.résults are shown in Figures 15 and 16. Thedirs is the
equivalent stress on the skin of the half-cylindéien the radius of the two cracks is 6 mm. The séame is the
SIF along the two fronts for several radii.
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Figure 3: One half of a hydraulic cylinder FigureTdvo quarter-circular corner cracks at the oil

port of a hydraulic cylinder
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Figure 5: Von Mises stress (MPa) in a hydraulidrajér Figure 6: SIF along the front of the pair of cragks.
with two cracks of radius 6 mm hydraulic cylinder

The main finding of this study is that the configtion correction factor is a decreasing functionhef crack radius.
This suggests that a crack may propagate at aatnstte under fatigue loading conditions. The ela@se in the
configuration factor can be explained by the faett the crack is propagating towards the weldirg donnects the
oil port to the cylinder. Indeed, when the crackpgagates, a fraction of the hoop stress is sustdigehe welding
and the oil port. The number of load cycles neddedrack propagation until oil leakage was fouadé significant
compared to the total life of the cylinder, meanihat such a geometry can sustain the presencefeftd at the oil
port.
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2.3 Non-through crack in a thin-walled pressure membrane

The third application is a large panel that is & pfan aircraft component separating a presstizeme and a non-
pressurised zone. Under fatigue loading conditidhis type of structure could show multiple arcelkgr cracks

initiating at the upper fibre of the membrane, elds the flange. The understanding of the initiatand the

propagation of the crack is of the utmost impor&imcorder to assess the durability of the stréctur this context,

a static crack analysis is performed for an arcleicrack starting from the upper fibre of the meamie. The

position of the crack has been chosen after asstmealysis on the simplified un-cracked geomethe position of

the centre of the crack is defined as the locus®imaximum positive tensile principal stress. Traeck zone can be
seen on Figure 7.

Figure 7: Representation of the FE-domain (ligletyyland the XFE-domains (black) on the whole twoetisional
shell domain, the XFE-domain is small in comparisgth the FE-domain.

The geometry can be roughly divided into threegpéate Figure 8): the flanges, the contour redglanjnner region.
Figure 8 shows the variation of the thickness lier different regions. It can be seen that the #araye thicker than
the other parts and the inner region is thinnen thea contour region. The “generic panel" is mafdalwminium and
the whole domain is modelled with shell elemenfBhe boundary conditions are defined as follow: tlamge
displacement is fixed to zero and a pressure fr@pplied on the whole structure, see Figure & piesence of
rivets and contact with other parts of the airceifticture is not accounted for. Moreover, the rhiglénear elastic
with a small displacement assumption.

Figure 8: Geometrical description of the “genedmel" decomposed into the flanges (in light gréyg, contour
region (in dark grey) and the inner region (in k}ad he panel is subjected to pressure and thgdlaare fixed.
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Figure 9: Von Mises stress on the deformed shaparfo Figure 10: Stress intensity factors along the ffon&n
arc-circle crack in the three-dimensional XFE-damai arc-circle crack in the “generic panel".

Figure 9 shows the Von Mises stress on the thmeeasional XFE-domain and the stress intensity factor the
three modes are shown on Figure 10. The dominamteni® obviously the mode | since the crack is atmos
perpendicular to the principal stress. The stragmnsity factors show that the crack will propagatere rapidly
inside the thickness than along the free-surfacalme the highest stress intensity factors valieslaained in that
direction. Furthermore the resistance to fractloagthe free-surface will also be larger due @npl stress effects
on the fracture mechanism.

2.4 Crack propagation in a blade

A blade with two cracks is considered: one cradbdsited at the leading edge side and the othteatailing edge
side. The blade is loaded with an external presancka temperature gradient. Periodic boundaryitond are
enforced. A cyclic pressure is superimposed, undiéch the propagation of the two cracks occurs.

The cracks start from the point with the highessiie stress at both edges. The initial lengthathlzracks is 0.5
mm. An initial iterative step is performed in orderdetermine the initial direction of the crackthe direction that
maximizes the crack opening mode and minimizesstiting and tearing modes. Then, after each stepctack
grows according to the Paris’ law in the directipven by the maximum principal stress criterion.

For this application, no CAD model is available dhe crack analysis is performed starting from lwe mesh (on
which the temperature is given) of the componentii® mesh suitable for the XFEM analysis is oledirby

dividing the elements according to the distancthéoregion where the crack propagation is expetctedtcur (based
on a coarse preliminary analysis). The temperatuieterpolated between the initial and the finasim. Once this
mesh is obtained, no remeshing operation is negesghthe steps are performed on the same meshtiané cracks
going through the elements. The fine mesh on thedary can be seen on Figures 11 and 12.

These figures also show the crack surface — inimside the blade (only some surfaces are shownrderdo see
inside the blade). Figures 13 and 14 show the &ffestress on the deformed geometry (magnifiedirh@s) at the
last step of the simulation. With the consideredlicyboundary conditions, it is the crack at thailing edge that
propagates faster than the other. It can be seefrigure 12 that the crack at the trailing edge postes
significantly outside of its initial plane.
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Figure 11: Von Mises stress around the crack at the Figure 12: Von Mises stress around the crack at the
blade leading edge blade trailing edge

3. Conclusions

Several industrial applications of the XFEM foreglrdimensional crack propagation analysis wereepted. They
show that XFEM has become a very efficient tool thee assessment of the structural integrity ofcttmes and
engine components, from the computation of stregmnsity factors as a supplement to standard seatidical
crack analyses, to the study of complex non pl8@acrack propagation and computation of the nunabescles.
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