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Abstract

This paper presents the practical application of fracture mechanics in
investigating the possibility of crack propagation in a brake calliper bracket
mounted in a vehicle bogie. The extended finite element method available in
the Abaqus software was used. This method allows the modelling of material
damage and its propagation independently of the finite element mesh. Damage
can arise in any area of finite elements without changing the mesh. Numerical
simulation of crack propagation was performed in order to analyse how crack
changes as a result of the location change of damage initiation.
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1. Introduction

In classical durability calculations, material structure is considered as solid and
without any defects. It is also assumed that its properties are homogeneous and
compatible with catalogue data. The calculation of stresses, even with the use
of safety factors, may be associated with the risk of making an error related to
the change of material properties during service, the influence of shape (effect
of notches) and the discontinuity of the structure. These factors can contribute
to the formation of cracks. Damage is known to occur in places where stresses
do not exceed the critical value for a given material (German, 2011). Crack
generally grows on a macroscopic level usually perpendicular to the main or
principal stress. This is dependent on the material properties, material thickness,
and the orientation of the crack relative to principal material directions (Zuo,
Huang, 2018). The railway bogie is one of the critical safety components of the
entire railway vehicle. It is the main power- and load-transmission component;
therefore, reliability evolution is critical for the design and maintenance of the
bogie components (Yamamoto, 2013). In recent years, the tendency has been to
develop vehicles with lighter structures in order to increase load to tare weight
ratios (Luo, Gabbitas, Brickle, 1994). There are many examples and pieces of
research in literature concerning service failures and tests performed according
to applicable norms for components e.g. wheel axles, side beams, and bogie
frames (Cera, Mancini, Leonardi, Bertini, 2008; Seo, Hur, Jun, Kwon, Lee, 2017
Lu, Xiang, Dong, 2018).

The aim of this paper was to investigate the possibility of crack formation and
propagation in welded joints used in railway bogies. As an example, the brake
calliper bracket of the category II railway vehicle bogie (EN 13749:2011) was
selected. The geometry of the bracket and the point where the crack was tested
(ROI) are shown in Fig. 1.

The boundary conditions and loads acting on the bracket derived from the
braking force and discrete model are shown in Fig. 2.

Table 1 shows the values of the forces calculated according to
(EN 13749:2011) for B-1I category bogies for the considered braking case.

Region of Interest
(ROD)

Fig. 1. Brake calliper bracket of railway bogie
(own study)

Fig. 2. Fig. 2. a) Boundary conditions and loads
in calliper bracket during brake application (F3
force acts in bolts), b) Finite element mesh
with 10-node tetra-type elements used in
calculations (own study)
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Fig. 3. Results of standard FEM calculations
in the Abaqus/CAE 2018 environment: a) von
Mises stress distribution for ROI~180 MPa,
b) displacement distribution (own study)

logo 4

Table 1. The values of loads acting on the bracket

F1 | The force acting on the bracket from the top during braking 51.1 kN
F2 | The force acting on the bracket from below during braking 12.4 kN
F3 | Assembly preload of M20 bolts (VDI 2230 norm) 109 kN

The standard FEM verification for the considered case did not show a stress
value that could damage the structure in the ROI (Fig. 1) for the S355 material.
Figure 3 shows distributions of von Mises stresses and displacements. Stress
values do not exceed the yield point. However, in real objects there could be
cracks in the faces of welds at the places shown in Fig. 1, which could be caused
by reasons other than excessive stresses. Therefore, there is a need to check
whether or not the initiated notch would cause further development of the crack
in an unfavourable direction.

2. Simulation of the crack propagation using XFEM

The total fatigue process of a mechanical component material can be divided into the
following steps: microcrack nucleation, short crack growth, long crack growth and
occurrence of the final failure. The first two stages are usually termed as the crack
initiation period, while further stages are termed as the crack propagation period
(Podrug, Glodez, Jelaska, 2011). Figure 4 shows the dependence of the limit stress
o in relation to the number of cycles of fatigue load N. The total number of stress
cycles N can then be determined from
the number of stress cycles Ni required
for crack initiation and the number of

stress cycles Np required for a crack to
wohler curve

propagate to the critical crack length
< Crack initiation (N = N + N), in other words, to the
N; point of final failure.

In order to better design a given
. . Y mechanical element subjected to

Fig. 4. Schematic . . .
representation of service Ao variable loads over time, it should
life of mechanical elements I be predicted how the propagation
with variable loads over time 1/a " " | ; of cracking will affect it. For this
(Podrug, Glode?, Jelaska, 2011) a A og purpose, the XFEM (extended finite
n crack tip element method) can be used; this

x* is an extension of the standard finite
element method. The basic concept

Fig. 5. Enriched nodes with
additional degrees of freedom
(Vu-Bac, et al., 2011)

of this method is expressed by the
equation (Fries, Baydoun, 2012):

N 4
u:ZNi(X) “i+H(X)ai+ZFu (X)b? @
i=1 a=1
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where:
— displacement vector;
— shape functions;
nodal DOF vector for conventional shape functions N;
— jump function;
— additional nodal degrees of freedom vector corresponding to jump
function;
crack tip asymptotic functions (valid only for stationary crack);
— additional nodal degrees of freedom vector corresponding to near-
tip function.
The jump function associated with the crack line for enriched nodes (Fig. 5)
describes the equation (acc. to Vu-Bac, et al., 2011).

Bome ze
|

[Splles!
|

of

i

1 for (x—x*)n>0
H(x)= (2)

—1 for (x—x* )n<0

wherexis the point on the surface for which it is necessary to determine the position
in relation to the location of the crack. The point x* is the nearest point of interest to
the curvature of the crack, n defines the normal vector to the crack at point x*.
Damage modelling is achieved
through the use of a traction-separation p
law across the fracture surface (Fig. 6). Damage initiation ————»
Damage properties are specified as
part of the bulk material definition.
Cracks typically propagate in
a direction perpendicular to the
maximum principal stress (Wang,
Ren, Xie, Xie, Ai, 2016). Bmax
In this case, the crack initiation > Fig. 6. Modelling fracture
follows the criterion of a cohesive crack openna 8 and failure
initiation of damage based on the maximum principal stress criterion (MAXPS
— according to the Abaqus software environment). The crack initiation occurs
when the failure criterionis met f=1

TMGX

Failure

Cohesive traction T

f=—n @3)
Gmax
where:
o’ — maximum allowable principal stress;
<o, > — state of purely compressive stress which doesn’t lead to any

damage initiation (Gigliotti, 2012).

Figure 7 shows a mixed mode stress state at the front of the crack in the
cylindrical coordinate system in the context of linear elastic fracture mechanics
(Wang, Ren, Xie, Xie, Ai, 2016).

The stress field in the vicinity of the crack tip for linear elastic and
homogeneous materials can be described by the following equations (acc. to
Wang, Ren, Xie, Xie, Ai, 2016):

! [K—I(SCOSLG—COSEGJ—KJ(SSinl9—3sinéeﬂ (4)
2 2 4 2 2

(o —1
To2nr| 4

1 | K 1 K 1
Ggo = [—I(3cos—9+3cos§9]—J(3sin—9+3sin§9ﬂ (5)
4 2 2 4 2 2

Teo =\/%[%(sin%9+sin%@j—%(cos%@+3eos%9ﬂ (6)

4 https://doi.org/10.37705/TechTrans/e2020017 . oo



B::: technical

=[O transactions No. 2020/017
Ky .1

T, an sz (7)
K 1

To, ZﬁCOSEe (8)

)

0 for plane strain

{V(Grr +Gy ) for planestress
7z =

Fig. 7. 3D Crack front in
cylindrical coordinates (Wang,
Ren, Xie, Xie, Ai, 2016)

Polar coordinates 0, r and z are centred at the crack tip in a plane orthogonal
to the crack front, v is Poisson’s ratio. KI, KII and KIII are the stress intensity
factors for three modes. Maximum principal stress o, represents the virtual

cylindrical surface around the crack tip and can be written as:

Gy +O 1
o, :%jtg\/(cee ~c,,) +41,,” (10)

Direction of the crack propagation is perpendicular to o ; therefore, deflection
angle 0* corresponds to the extreme value of o;:

2
%:O, and (00,) <0. (12)
00 00*
The twist angle can be described by:
2
O**= latan # |9=9 a2)
2 (099 _O-zz ’

3. Crack }l))ropagation study in the welded joint
of the bracket

Simulation of crack propagation was performed in the Abaqus/CAE 2018
environment using the XFEM method. The software provides the solutions for
stationary and non-stationary cracks. The stationary crack is characterised by the
lack of the possibility of propagation and the occurrence of singularities at the tip
of the fracture; the elements are enriched by asymptotic functions near the crack
tip. The non-stationary (propagating) crack is characterised by the enrichment of
elements in the vicinity of the intersecting crack through the jump function.

. E E E E n https://doi.org/10.37705/TechTrans/e2020017 5
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In this study, the propagation of
non-stationary crackingin five positions
on the bracket’s joint was examined.
The software provides the function
PHILSM, which allows visualisation of
the surface of the crack. This parameter
is non-zero only for the enriched
elements; it might be interpreted as
the nodal coordinates of the enriched
nodes in a coordinate system centred at the crack tip. The axes of this coordinate
system are tangent and normal to the crack surfaces at the crack tip (Gigliotti, 2012).
The STATUSXFEM function shows the status of the enriched element: for value 1,
the element is completely cracked, and for O, the element contains no crack. If the
element is partially cracked, the value lies between 1 and O.

Figure 8 shows the simplified shape and location of the weld connecting the
calliper bracket elementsin the ROI, as in Fig. 1. There are many of examples in the
literature showing this kind of connection (filled weld) with the occurrence of cracks
under loads shown in Fig. 2 (crack opening) (Sanecki, 2010; Frank 1971; Sampos,
1996). Locations 1 to 5and the angle of the crackinitiation on the weld were marked
in relation to the axis of the bracket tube. Figures 9-13 show the propagation
direction of the crack depending on its initial location on the face of the weld.
The level of enrichment of the element is shown on the left (STATUSXFEM), on the
right is the function of PHILSM.

Fig. 8. Sketch of weld with initial
cracks: a) tilt angle, b) 5 locations'
(own study)

STATUSXFEM

Fig. 9. Propagation of the crack in location <1>
(own study)

Fig. 10. Propagation of the crack in location
<2> (own study)

Fig. 11. Propagation of the crack in location
<3> (own study)
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STATUSXFEM

(Avg: 75%)

+7.500e-01
+6.667e-01
e-(

L 14732401
~ +1,621e+01

+0.000e+00

Fig. 12. Propagation of the crack in location
<4> (own study)

- 4
T

Fig. 13. Propagation of the crack in location

<5> (own study)
Figures 15-17 show the results of the analysis of propagation direction of

the fracture in a critical position <5> with the change of the angle inclination
(Fig. 14) of the crack in relation to the initial angle of the crack (as in Fig. 8).

Fig. 14. Sketch of angle inclination change
in relation to initial <5> position of the crack

(own study)

STATUSXFEM

Fig. 15. Effect of change of angle inclination of
up to 45° on the course of crack propagation

(own study)
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STATUSXFEM
(Avg: 75%)
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
1 +8.333e-02
+0.000e+00

Fig. 16. Effect of change of angle inclination of
a) e up to -45° on the course of crack propagation
== (own study)

STATUSXFEM
(Avg: 75%)
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01

+0.000e+00

—_ Fig. 17. Effect of change of angle inclination of
a) \ up to -60° on the course of crack propagation
(own study)

4. Conclusions

This paper presents the simulation results of fracture propagation using
the XFEM method in welded joints used in railway bogies. For this purpose,
five fracture initiation locations were examined and a qualitative damage risk
assessment of the element was made. On the basis of Figs. 9-13, it can be
concluded that the “extreme” locations of the crack initiations <1>, <2> and
<5> on the weld cause propagation which gives the risk of complete failure of
the mechanical structure. The results of the tests shown in Figs. 15-17 prove
that the risk of damage decreases when the angle of initiation of the crack is
changed counter-clockwise — the damage then only covers the face of the weld.
The method gives the opportunity to trace more similar connections and can
effectively contribute to the improvement of the quality of designed devices
exposed to fatigue loads.
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Analiza propagacji peknie¢ w wybranych
elementach wozkow kolejowych

Streszczenie

W artykule przedstawiono praktyczne zastosowanie mechaniki pekania w bada-
niu mozliwosci propagaciji peknie¢ w wsporniku zacisku hamulca zamontowa-
nym w woézku pojazdu. Zastosowano rozszerzong metode elementéw skoriczo-
nych dostepna w oprogramowaniu Abaqus. Ta metoda umozliwia modelowanie
uszkodzen materiatu i jego rozprzestrzenianie sie niezaleznie od siatki elemen-
téw skonczonych. Uszkodzenie moze powstaé w dowolnym obszarze elementow
skonczonych bez zmiany siatki. Przeprowadzono numeryczng symulacje propa-
gacji peknie¢ w celu analizy zmian propagaciji w wyniku zmiany lokalizacji inicja-
cji uszkodzen.

Stowa kluczowe: mechanika pekania, XFEM, Abaqus
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