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Abstract

In this paper, we used the eXtended Finite Elerivathod (XFEM), implemented in the software CAST3M
developed by Commissariat a I'Energie Atomique (§ES simulate the fatigue crack growth of the eant
wire in the railway catenary.

The material characteristics and parameters ofPdmés law were identified thanks to experimentatge
performed in a laboratory of Société Nationale @aemins de Fer Frangais (SNCF). Specimens were cut
directly from the contact wire. Two mean-stresslswvere considered. The stress intensity factanew
calculated by Finite Elements Method.

In order to validate the model and check its robess, we performed a parametric analysis ditferent
crack geometries. The numerical results showedaoa ggreement with the experimental observations in
terms of the evolution of the crack shape andribsvth rate. These results show that this numestategy

is relevant and efficient to predict the criticidesand the residual lifetime of the fatigue cradksected by
maintenance operations (Ultrasonic monitoring).

Keywords: fatigue crack growth, numerical simulation, eXted Finite Element Method (XFEM),
railway catenary.

1. Introduction

The role of the catenary system is to transmitetleetrical energy from the energy supply point to
trains (Fig. 1). To ensure a good current collectpality during a train passage, the pantograph
applies a vertical force on the contact wire. Tumsvard force causes a periodic bending stress. In
addition to this periodic bending stress, the contaire is subjected to a constant mechanical
tensile force depending on the maximum speed olirtiee The role of this tensile force is to avoid
problems of dynamic instabilities in the contacteviMoreover, the wear due to the pantograph
passages reduces the cross section of the contactvivch leads to a higher tensile stress in the
wire. These conditions accelerate the risk of taiffacture of the contact wire.

To predict the propagation of fatigue crack, defer approaches could be considered. The most
popular one is Finite Element Method (FEM). Howetiee conventional FEM using fixed meshes
can only deal with this type of problem, eithethié crack path travels through mesh nodes, or if we
remove mesh elements [1]. This is an extremely mapo limitation in industrial applications.

In order to overcome the disadvantage of FEM, welus this paper the eXtended Finite Element
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Method (XFEM), implemented in the software CAST3M] [developed by Commissariat a
'Energie Atomique (CEA), to simulate the fatigueack growth of the contact wire. The
identification of material parameters and the nuoa¢modeling of the contact wire are described
in the next sections. The numerical results arevehend discussed in the last section of the paper.
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Figure 1. Railway Catenary

2. Fatigue Tests

2.1. Fatigue test specimen

In order to identify the mechanical characteristacsl the fatigue crack growth law of copper
contact wire, we had carried out fatigue tests wfiacimens cut directly from the contact wire (Fig.
2). An initial crack of 1mm depth was created oa tbntact size in the middle of the specimen.

Initial crack

4

Figure 2. Specimen for fatigue tests (copper cantae)
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2.2. Fatigue crack growth test rig and conditions

The fatigue crack growth test rig is illustratedrig. 3. These tests were conducted in air at room
temperature on a servo-hydraulic test machine lgawiload capacity of 50 tons with a frequency of
10 Hz under constant amplitude loading. These teste conducted at different stress ratio R.

Cyclic loading
i

A Cross section

Initial crack Fixed = > 5 A

Figure 3. Fatigue crack growth test rig.
2.3. Test results

The test results are shown in the figure 4. Udvegtést results coupled with numerical calculations
(FEM), we identified the parameters of Paris law C) and the toughnes¥{;) of the copper
material.
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Figure 4. Fatigue crack growth in the contact wire
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3. Modeling
3.1. XFEM Model

In this paper, we used the eXtended Finite ElenMdethod for linear elastic fracture mechanics
(LEFM), in which an enrichment basis is added ® ¢lassical finite element basis approximation.
This is done using the partition of unity methodveleped in Babuska and Melenk [2]. The
enriched basis shape functions are associatedrtalegrees of freedom and the displacement field
can be written (see Moesal. [1]):

U :z N, (X)Ji + z N, (X)H (X)ai + z z N, (X)Fa (X)bl,a (2)

iON iON o iONpranch @

N is the set of the standard finite element nodlgg,the set of nodes which belong to elements
completely cut by the crack amgranch the set of nodes containing a crack frofitare the standard
finite element shape functiond(x) is a Heaviside function which valuelsf x is above the crack
surface and-1 if x is under the crack surfaceF,] is derived from the LEFM asymptotic
displacement field:

e {f sm( jf co{ jf sm[ jsin( o) co{ jsm( )} 3)

3.2. Numerical algorithm

The eXtended Finite Element Method (XFEM), implemeehnin the software CAST3M developed
by Commissariat a I'Energie Atomique (CEA), wasdigethis paper to simulate the fatigue crack
growth of the contact wire.

In this XFEM model, the mesh of the structure (¢hdeamensions) without crack is fixed during the
crack growth. The position of the crack inside sfricture is identified thanks to an independent
crack mesh (two dimensions) which needs to be epdater each crack growth step.

two meshes are | Mesh of the structure (3D) |
independent :

Mesh of the crack (2D) |¢—

Calculation of41K; |

| Calculation ofdn; (for day, given) |

Calculation ofda; for every point at th
crack front (fordn; calculated)
|
Update the crack front |

D

 Toughnes«. 2 No
K> K, >
1 Yes
STOP

Figure 5: Numerical algorithm for fatigue crack gth simulation.
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The numerical algorithm is shown in Fig. 5. Thei®daw and the toughness are material inputs
which are identified in the previous section. Tldcalation of stress intensity factdfsis done by
using the domain integral method (J integral). Treck growth steplan, is a numerical input. A
convergence study for this numerical input is neags

The simulation is stopped if the stress intensttdrK; is greater than the toughndésof copper
material. Otherwise, the crack front is updated amew crack mesh is constructed.

4. Numerical Results

4.1. Inputs

In this section, we study the fatigue crack growtha contact wire in flexure using the XFEM
presented in previous section.

The meshes of the structure (worn contact wire quitttcrack) and the two initial cracks are shown
in Fig. 6. In the cross section of the structurd A elements are used. The final mesh (3D) of the
structure is obtained by extrusion of the crosdiseal profile. Special 3D XFEM elements are

used in the crack zone. Whereas, the elementstase@sh the cracks are classical 2D triangular
elements.

Crack 1

Figure 6: Meshes of the structure and initial ceack

The material parameters (Paris’ law and toughressjdentified in the section 2 and the numerical
model is presented in the section 3.
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4.2. Results

Figure 7 shows the stress intensity factors caledlat the crack front for different types of iaiti
crack. We can see from these results that the rhaddominant K,~ 0 andK3 ~ 0) in all cases.
Thus, the Paris’ law is applicable for our model.
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Figure 7: Stress intensity factors for three ihitiacks

Using the XFEM model described above, we've perfrdifferent crack growth simulations. We
can see in the figure 8 a comparison between timeerical simulation and the test result. The
numerical results showed a good agreement witlexiperimental test in terms of the evolution of
the crack shape and its growth rate.

In the figure 9, we show the crack growth simuldtadhree types of initial crack. Figure 10 shows
the evolution of the crack depth in function of tbading cycles. This type of curve could be used
in combination with the ultrasonic measurementoptimize the maintenance planning of the
contact wire. For example, if we detect a crackarftact wire (point A) at the momeftusing the
numerical curve (Fig. 10) we could estimate theoactimescale before reaching the critical crack
(point B). To follow the real crack growth, somedamnal measures could be performed between
twos points A and B. If necessary, the criticalnfpd could be modified after each measurement.
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Figure 9: Crack growth for different initial cracks
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Figure 10: Evolution of the crack depth
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5. Conclusion

In this paper, we used the eXtended Finite Elenvathod (XFEM), implemented in the software
CAST3M developed by Commissariat a I'Energie Atonei CEA), to simulate the fatigue crack
growth of the contact wire.

The material characteristics were identified thattkexperimental tests performed in a laboratory
of Société Nationale des Chemins de Fer Fran¢cdECES with specimens cut directly from the
contact wire.

Different geometries of crack were studied. The euoal results showed a good agreement with
observation in term of the evolution of the cratlage and its growth rate. Theses preliminary
results show that this numerical strategy can leel @s predict the critical size and the residual li
of fatigue cracks detected by maintenance opemtion

A more detailed study on the real cracks deteatetie contact wire will be the target of the next
step.
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