4. Finite Element Modelling Strategies

4.1. Introduction

In this chapter, a 3D wheel/lIRJ FE contact-impaabdel is reported. Some
simplification strategies are employed to redueeniodel size. The exact geometry,
material zones, boundary conditions and loadingsamplified in the idealised model
presented. The wheel-IRJ railhead contact is éssablished in the static analysis and
the results transferred to dynamic analysis foraotsimulations. Details of contact
modelling in both the static and the dynamic proced are also presented. Numerical

examples of the static/dynamic FE model is reparigdhapter 5.

4.2. Complexities of Modelling IRJ

It is fairly complex to simulate the behaviour of BRJ that works under the dynamic
environment of wheel passages. The dynamics of Ik are affected by the
characteristics of the rolling stock and that of tfRJ itself. The dynamics of the
rolling stock is idealised as pure rolling/slidinfithe wheel; only a single wheel with
a proportional wagon mass is modelled. The compesxof modelling the IRJ can be

illustrated through the discussion of geometry,amat and boundary condition.

4.2.1.Geometry

The conventional IRJ used in Australia consistgads, joint bars, bolts, washers and
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nuts and insulation materials for joint bars and past (Fig. 4.1).

(a) Cross section of IRJ

Joint Bar - may be
coveraed in insulation
or, a5 shown harsg,
separated by a
sheet of flexible
insulatiocn material

Insulating ferrula
Flexible insulation Bolts
material

(b) Exploded view

Figure 4.1 Typical insulated rail joint assembly§51085.12, 2002)

This thesis considers the IRJ that consists of B 6ail (Fig. 4.2) and joint bar (Fig

4.3) connected by M24 bolt (Fig. 4.4).
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Figure 4.2 60kg Rail dimension (Standards Austr&02)

45°
N
7q [€
34
V

N\

Figure 4.3 Joint bar dimensions
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Figure 4.4 M24 Bolt dimensions (Standard Austr&li&tandard New Zealand, 1996)
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As illustrated in Fig. 4.5, the wheel tread and hsildesigned to withstand heavy
loading due to contact forces and axle loading. thirewheel web reduces the wheel

mass and the wheel flange is necessary to provdkigce along curved track.
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Figure 4.6 Rail/wheel vertical section alignment

The wheel profile without any wear or flat is petfg conical with the conicity of
1/20. The vertical axis of IRJs also has an intiamaof 1/20. Fig. 4.6 illustrates the

alignment of the rail to maintain its contact te theel.
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4.2.2 Material

The wheel and the rail material (steel) is assigeladto-plastic properties. Table 4.1

lists the mechanical properties of steel and ingurianaterial Nylon66:

Table 4.1 Mechanical property of steel and insafathaterial (Chen, 2002)

Property Seel Nylon66
Young'’s 210GPa 1.59GPa
modulus

Poisson’s ratio| 0.3 0.39

Density 7800kg/im’ 1140kgim®
Yield Stress 780MPa (elastic only)

4.2.3.Boundary Conditions

Under pure rolling, the wheel rotates at an anguddocityc. that corresponds to the
linear velocityv. The wheel motion is restrained in the laterakdiion; in other

words, DOFs 5 and 6 (Fig. 4.7) are arrested.
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Figure 4.7 Boundary conditions of wheel and IRJ

The rail is positioned on the ballast bed usin@ses (prestressed concrete sleepers
in this case) which are embedded into the ballagerl Sleeper pads are inserted
between the sleepers and the rail bottom and =eel foy the fastening system (see

Fig. 4.8).
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Figure 4.8 Typical prestressed concrete sleepangement (Esveld, 2001)

In the longitudinal direction, the wheel load irghces the rail deflection for a certain
length. According to Sun (2003), referring to Fg9, the length is approximately
10m for AS 60Kkg rail subjected to a concentratedeltoad of 100KN. In this thesis,

the length of rail being modelled is 12m whichusfisient for the load influence.

Rail Deflections (mm)

Distance (m)

Figure 4.9 Rail effect length with deflection (S@003)

The wheel/rail contact is another boundary conditilat provides restraint in both

the vertical and horizontal directions.
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4.3. Strategy-1: Simplifications of Geometry Modelling

The complexity of the IRJ and the wheel geometmpaeds simplifications to reduce
the computational cost. For the IRJ, as attentrfiocused on the dynamics and
failure of the railhead wheel contact impact amedhie vicinity of the end post, the
finite element model was simplified to just onetpapdel by ignoring the interaction

between the contact surfaces of the rail, the jbiats, the bolts, and the nuts.
Furthermore, the bolt-heads and nuts are not eakamd hence they are ignored.
However, the bolt shank is retained to apply thetpnsion load. In other words, as
shown in Fig.4.10, the fully assembled IRJ was @m&zlias one instance partitioned
with varying material regions (insulation & railesi materials). Although the

simplified model can not predict failure modes suab bolt looseness and
delamination, it has been found quite sufficient fbe determination of contact

impact forces of the railhead in the vicinity oétbnd post.
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Figure 4.10 Idealisation of the IRJ geometry

Since this research focus is on the impact at Hdsthe function of the wheel is to
provide a contact patch across the IRJ, the gegnoétwvheel cross-section is also
simplified. Since the flange contact is out of @aope, the wheel flange is firstly

removed and the wheel cross-section is also simg@liis shown in Fig. 4.11. The
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wheel radius and tread conicity are kept the sasntha design of 460mm and 1/20

respectively.

Figure 4.11 Wheel geometry simplification

As a result, the 3D full-scale FE model is genetae shown in Fig. 4.12based on the

above idealised geometries of the IRJ and wheel.
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' (c) Isometric

T

(b) End view

Figure 4.12 Geometry of FE model
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4.4. Strategy-2: Simplifications of Material Modelling

Although steel is elasto-plastic, as the bulk @f thil section is subjected to very low
levels of stresses under wheel passage, for akthegions steel is considered elastic.
The zone close to the wheel contact patch is parét to assign elasto-plastic
properties. The joint bar, bolt shank and bulkhaf wheel steel are simply considered
as elastic. A narrow strip of the wheel tread isigrsed with elasto-plastic steel
property. The end post and thin partition betwden rail web and the joint bar are

assigned Nylon66 properties that remained elastic.

4.4.1.Elasto-plastic steel zones

The elasto-plastic steel zone is limited to theinvig of the end post close to the
wheel/rail contact patch. The length of this zosedefined as the product of the
longitudinal velocity of the wheel and the duratioof the simulation.

Correspondingly, the elasto-plastic zone of theellsea strip across the wheel tread

as shown in Fig. 4.13.

(a) Longitudinal viev

(c) Isometric view

(b) End view

Figure 4.13 Elasto-plastic steel zone for wheel l&
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4.4.2.Insulating material zones

The insulating material zones are modelled forrtieend post insulation and joint
bar/rail insulations. As the geometry has been Kiieg, the insulation between the
bolt shank and rail web hole is ignored (ratheap i provided between the surfaces

of these two parts). Fig. 4.14 shows the insulatiagerial zones of the IRJ.

(a) Longitudinal view

S =
il
(b) End view

Figure 4.14 Insulation zone of IRJ

4.5. Strategy-3: Simplifications of Boundary Conditions

The IRJ is supported on the ballasted substru¢hurigh sleepers and sleeper pads
at the rail bottom. Modelling such a mechanicaltays is very expensive and
unnecessary, particularly for this research th&agsised on the impact at the railhead.
To reduce the computational cost, some simplificetiare made for modelling the
sleepers, the sleeper pads, the fasteners and alfested substructure. In the

longitudinal direction, the rail end boundary cdiati is also simplified.
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4.5.1.1dealisation of support system

The function of sleepers is to support the rail d@rghsfer the loading to the
substructure. The rail bottom is fixed to the sk¥dpy the fastener and the sleeper pad
is used to minimise the damage to the sleeperudpce. For the IRJ, the interactive
surfaces with the sleepers are restrained in aktons. Sleeper itself was simplified

as a spring and dashpot.

The rail support system is modelled as shown in &i§j5. The interaction of the rail
bottom surface and the sleeper top surface is riemtéirough coupling at a single
reference point that has six DOFs of which five BOExcept the vertical
displacement DOF are arrested. The effective traiarepresents the coupling zone
is determined as the product of the top width (18nof the prestressed concrete
sleeper and the width of the rail base (146mm). 3leepers are spaced at 700mm.
The stiffness and damping of the support systemcarabined with that of the

substructure.
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136mn Sleepe-ralil
Figure 4.15 Sleeper support idealisation
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4.5.2.Elastic support

The property of ballast substructure is non-lineaa complicated. To set up a model
of reasonable size, the ballast substructure isllyssimplified as an elastic layer.
There are several models reported in the literathet treat ballast as an elastic
support (Zhai (1996), Newton and Clark (1979), Farmnd Nielsen(1995)). In this
research, a linear single layer model is employedhown in Fig. 4.16. One end of
each spring/dashpot element is connected to tlererde node (Fig. 4.16) and the

other end is fixed to the ground.

O O O O
\ 11
%3:‘ Kb%:‘ Cb Reference node
N
Ground

Figure 4.16 One-layer rail elastic support model

4.5.3.Beam element to solid element connections

As described in section 4.2, to truly account toe effect of wheel loading, a 12m
long rail is necessary for the system considetad.Very expensive to model the 12m
long rail using 3D solid elements. Hence, a beaemeht is employed to model a
segment of 9.6m long rail and the remaining 2.4iminahe vicinity of the end post is

modelled using solid elements. Therefore, it berassential to ensure proper

connection between the beam elements and theedehaents.
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Each end of the rail section of solid element, ssumed to be a rigid surface

disregarding shear deformation. The beam elemguasgioned in such a way that its

geometric centre coincides with the geometric @afrthe rail section modelled with

solid elements.
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Figure 4.17. Beam-solid element connection

Referring to Fig. 4.17, the nodes A and B belonghto beam element and the solid

element respectively. The six

DOFs of

the beam efgm node A

Ugp,Uya s Ugs s Uga, Usy , Ug, @re related to the three DOFs of the solid elenmexies

Usg ,Uyg, Ugg @S shown in Eq. (4.1).
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(4.2)

whered,,8,,6, are rail section rotation about the geometric reeaind defined by

Eq.(4.2) as the quotient of several controllingeddplacements and their distance to
the geometric centre as shown in Fig. 4.18. Node€,BD are all in the rail section
plane. Node B is the geometric centre of the etisn and Node C is located at the
railhead surface centre and Node D is locatedetdil web surface with the same
vertical distance to the bottom as Node B.

6, = (Uye —Uzg)/dge

0, = (Ugp —Ugg)/dgp (4.2)
0; = (Uyc —Ugg)/dge

Figure 4.18 Controlling nodes for rail section tmtaal DOFs
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Fig. 4.19 presents the beam-solid connectioner8ih model.

3D Solid Element

1D Beam Element

Figure 4.19 Beam-solid connection of 3D model

A schematic diagram of the full model of the IR$l®wn in Fig. 4.20.

24m

N

12m

Figure 4.20 Schematic diagram of the full IRJ model

4.5.4.Boundary conditions of the wheel

Proportion of wagon mass is transferred to the Wtieeugh the suspension system
as shown in Fig. 4.21. The proportional mass igaiakd by dividing the gross wagon
mass by the number of wheels. Similar to the elagipport system, the suspension

system is simplified into a single layer spring/qémg model.
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Figure 4.21 The wheel loading system

In the static wheel/rail contact model, the whe@m?2 is free and DOFs 1 and 3 are
arrested. In the dynamic analysis, the lateral omotdf the wheel is restrained to
ensure the contact stability before impact. TheellDOFs 2 and 3 are set free. For
the pure rolling condition, the wheel body is aseidj an initial condition of rotating
speeda around its centre axis and a longitudinal veloeityhich is defined as the

product of rotating speed and the radius.

For the pure sliding case (that models the brakeefapplied to the wheel causing
wheel locking) the wheel is assigned with the Itundjnal velocityv without the
rotating speed . In other words, the wheel DOF 3 is set to theety of v, DOF 2

is free and DOFs 1, 4, 5, 6 are arrested.

4.6. Strategy-4: Loading Strategy

Prior to impact, the railhead and the wheel mustirata steady state of contact in

order to ensure confidence in the solutions ofitiygact at the IRJ. Compared with
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the dynamic analysis using ABAQUS/Explicit, the tistaanalysis employing
ABAQUS/Standard has the advantage of attainingsteady state of contact with
much cheaper computational cost. This strategyslgada two-stage analysis for

whee/rail contact impact at the IRJ.

In the static model, bolt pretension load, whededgad and the wheel centrifugal
force are applied to the FE model. Bolt preten$oa is applied through the internal
cross section of the bolt shank, as shown in FRR.4Bolt pretensioR, is calculated

from the bolt torque momeri, the bolt diameteD and the coefficient of the bolt

torqgue momenK, (K,=0.19-0.25) as shown in Eq. (4.3).

T
R = <D (4.3)
O © -
DT O

(a) Longitudinal view

(b) End view
Figure 4.22 Bolt pretension load application
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The wheel axle load is the weight of proportionagen mass and applied to wheel
centre, shown as Fig. 4.23. The wheel centrifigede is employed to the static
model as the preload of rotation. This was necgsaarsteady state rolling/sliding

was desired in the dynamic analysis.

Wheel centrifugal
force

Wheel axle load

Figure 4.23 Wheel axle load and centrifugal force

4.7. Strategy-5: Wheel/Rail Contact Modelling

Definition of rail/wheel contact interaction in ABRUS is very sensitive to
convergence, accuracy of result, and computatibmed. Thus careful definition of

the rail/wheel contact is the key to the impactaipic analysis.

In the modelling, the master/slave contact surfaethod is employed for both the
static and the dynamic analyses. The surfaceseoivtieel are defined as the master,
and the railhead is defined as the slave. The cbataface pair is allowed to undergo
finite sliding. The interface friction is describedth the Coulomb friction law by
defining a friction coefficient; . In the normal direction, the pressure-overclesur

relationship is set to HARD meaning that surfacaegmit no contact pressure unless
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the nodes of the slave surface contact the mastice. Fig. 4.24 shows the contact

surfaces of the wheel and the railhead.

Contact master surface,

~Sa

Contact slave surface .

A

Figure 4.24 Contact surfaces for wheel and IRJ

4.7.1.Contact definition in static model

The Lagrange Multiplier method is used in statialgsis for the contact constraint
enforcement. Iterations continue until convergentehe solution is obtained. If a
slave node penetrates the master surface by mare GH% of the characteristic
interface length, which is the size of smallestnadat, the contact pressure is
modified according to the penetration and anotlesies of iterations is performed
until convergence is once again achieved. Only wtlem penetration tolerance

requirement is satisfied, is the solution accepted.

At the beginning of the contact analysis, there raaigt small gaps or penetrations

caused by numerical roundoff, or bad assembliefushidg the initial position of the
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slave contact surface is required to eliminateghgsps or penetrations; otherwise,
slave nodes that are overclosed in the initial igométion will remain overclosed at
the start of the simulation, which may cause cogeece problems. In static analysis,
an adjustment zone is defined by specifying anstiig deptha. The zone extending
the distancea in the normal direction from the master surfacetesned as the
adjustment zone. Any nodes on the slave surfadeatieawithin the adjustment zone
in the initial geometry of the model are moved ely onto the master surface as
shown in Fig.4.25. The motion of these slave natie=s not create any strain in the
model; it is simply treated as a change in the gggmdefinition. When &’ is too
large, ill contact occurs leading to incorrect séresolutions, especially in the area
around the contact surface. On the other hand, whéis too small, contact iteration

exhibits sensitivity to the mesh leading to coneaige problems.

Slave surface

=y e

R 7 \L- Tl S R aTh 45 '_'.-«"
| . i
one of adjustment

Master surface

Figure 4.25 Contact surfaces initial adjustmentgduds, 2003)

To stabilise the numerical roundoff excited by tigid body motion, the contact
control parameter APPROACH is used to address tthielgm. This option activates
viscous damping in the normal direction to prevemterical difficulties associated
with the rigid body motion that occurs when surfatieat are not initially in contact

are brought into contact.
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4.7.2.Contact definition in dynamic analysis

In ABAQUS/Explicit, two contact constraint enforcemt methods, namely, the
Penalty method and Kinematic method are availd®bteh methods were performed
and results compared. The Penalty method is chdsssause of the better

performance (results are presented in the Chajpter 5

4.8. Strategy-6: Meshing

Meshing is an important part of FE modelling whiths a strong influence on the
reliability and accuracy of results as well as thedel efficiency. Refined mesh

usually provides more accurate results than coaessh. However the refined mesh
increases the computational cost significantly. ¢¢éersome meshing strategies are
employed to set up a reliable FE model with reaklenaost. For the parts which

undergo high level loading or stress, refined mestecessary. On the other hand, for
the parts which are away from the severe loadingtr@ss condition, coarse mesh is

suitable to reduce the model size.

The whole FE model contains 3 major parts: whé®), dolid part and IRJ beam part.
For the wheel, the zone close to the wheel/railtaxinpatch is partitioned and
assigned the refined mesh. The zone in the wheatltis partitioned in such a way
that a circle with 25mm radius extrudes along theeV circumference as shown in
Fig. 4.26 (a). Another partition is made in the ehiead as shown in Fig. 4.27 (b).
The circumference length of this partition is theduct of wheel rotating velocity

and simulation duration. The refined mesh is in ithtersection zone of these two
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partitions with the element size of 2.5mm. The wheeshing is presented as Fig.

4.27.

/' (a) End view

T T~
W
=——_

Circumferential \\
partition \

~

- ’/
(b) Longitudinal view

Figure 4.26 Wheel partition

The beam part for the IRJ is discretised using belments with a size of 200mm
with a total number of 60. The two node linear Telhenko shear flexible beam

element B31 in the ABAQUS element library is emgdywith ABAQUS.
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(a) Longitudinal view

(c) Isometric view

(b) End view

Figure 4.27 Wheel meshing

The solid part of the IRJ consists of two majoremrOne zone is part of the railhead
in the vicinity of the end post with a longitudinahgth of 658mm, referring to Fig.

4.28. The rail head zone is generally assigned reiihed mesh with the element size
of 4mm. A further partition is made in the centigp part of the railhead to obtain a
more refined mesh for the wheel/rail contact zdnethis zone the element size is

approximately 0.5mm.

The rest of the IRJ (Fig. 4.30) is generally assthwith coarser mesh. The element

size in this part, except the partition for bolask, is approximate 5mm. Because of
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the high level of bolt pretension load, the pastitof bolt shank is assigned a refined
mesh with the element size of 2.5mm. The partit@rend post zone is also assigned

with a refined mesh with an element size of 2.6mm.

Partition for contact
zone e s =5

(a) End view

(b) Longitudinal view

Figure 4.28 Railhead zone of IRJ

The mesh of the railhead zone is shown in Fig..4.29

(a) End view (b) Isometric view

Figure 4.29 Refined mesh for railhead zone of IRJ
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(a) End view

B | |
ST S

b) Longitudinal view
Bolt shank partitqo)n g

(c) IRJ zoom-in

Figure 4.30 Remaining part of IRJ

The meshing of the IRJ without the railhead pantitis presented in Fig 4.31. The
railhead partition is connected to the other paftshe IRJ at their intersection

surfaces using coupling technique. All 3 couplim@f3 on the surfaces are arrested.

The full FE wheel and IRJ contact model is prestrae Fig. 4.32. The entire FE
model consists of 169,655 nodes and 147,322 eigti¢-rlinear hexahedral solid
elements with reduced integration C3D8R. Tableptesents the mesh information

for different parts.
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Refined rrllesh for bot——"

shank and end post

(d) Details of IRJ mesh

Figure 4.31 IRJ elastic zone meshing

Table 4.2 mesh of wheel/IRJ contact model

Number of| Number of| Max size of elements in th
Part name )
elements nodes refined zone
Wheel 56,606 65,865 2.5mm
Beam part 46 48 230mm
Railhead off
IRJ | solid part 56,625 63,080 0.5mm
Rest of solid 5, 514 38,635 2.5mm
part
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(a) Longitudinal view

(b) End view (c) Isometric view

(d) Enlarged view for wheel/IRJ contact

Figure 4.32 Finite element meshing of the whedlsggtem

4.9. Summary

The FE modelling of wheel/rail contact impact i ticinity of the end post has been
introduced in this chapter. The 3D full scale whadlcontact model employs a two-
step analysis strategy, from static to dynamicachieve a steady contact condition
prior to impact analysis. To achieve a reasonabdeahsize which is acceptable to
the available computing facility, several model aligation and simplification

strategies are employed in following aspects:
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» wheel profile and IRJ assembly

* material modelling

* boundary conditions

Some special attention is also paid to the follgAHE modelling strategies:

* loading strategy

» contact modelling strategy

* meshing strategy

With the employment of above strategies, the FE eh@set up and the numerical

example for wheel/rail contact impact at the IRgrissented in next chapter.
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