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ABSTRACT

To investigate the wheel/rail contact impact forces at insulated rail joints (IRJs), a
three-dimensional finite element model and strain gauged experiments are employed
and reported in this thesis. The 3D wheel/rail contact-impact FE model adopts a two-
stage analysis strategy in which the wheel-IRJ railhead contact is first established in
the static analysis and the results transferred to dynamic analysis for impact
simulations. The explicit FE method was employed in the dynamic analysis. The
Lagrange Multiplier method and the Penalty method for contact constraint

enforcement were adopted for the static and dynamic analyses respectively.

The wheel/rail contact-impact in the vicinity of the end post is exhibited via numerical
examples from the FE modelling. The wheel/rail contact impact mechanism is
investigated. The strain gauged experiments which consist of a lab test and a field test
are reported. The signature of the strain time series from the field test demonstrates a
plausible record of the dynamic responses due to the wheel/rail contact impact. By

using the experimental data, both the static and the dynamic FE models are validated.

It is found that the stiffness discontinuity of the IRJ structure causes a running surface
geometry discontinuity during the wheel passages which then causes the impact in the
vicinity of the end post. Through a series of sensitivity studies of several IRJ design
parameters, it is shown that the IRJ performance can be effectively improved with

optimised design parameters.
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1. Introduction

Insulated rail joints (IRJs) are safety critical sections in the signalling system of the
rail network. To realise the electrical isolation function, insulation materials are
inserted between rail ends secured by the joint bars and bolts. IRJs are also regarded
as weak spots of the track structure and posses short service life. This situation
stimulates high demand from the rail companies to improve the performance of IRJs;
the study on the failure of IRJs has also became a recent focus in the international

railway engineering research community.

To improve the performance of 1RJs, understanding its failure mechanism is a priority.
There are various failure modes corresponding to different designs of IRJs. In
Audtralia, the railhead metal flow/material fatigue in the vicinity of the end post is
regarded as the most common failure mode. As the wheels pass over the IRJs, severe
wheel/rail contact impact loads are excited. Under such high level cyclic impact loads
of wheel passages, the metal flow/material fatigue is initiated. With a view to fully
understand the failure mechanism of the IRJs, study on the contact impact force
between the running surfaces of the wheel and the rail is essential. As a part of an
overall research project which aims to investigate the failure mechanism of the IRJ,
this thesis studies the wheel/rail contact impact force using finite element analysis
(FEA) and strain gauged laboratory and field experiments. The study on the material
failure issue is conducted in another PhD thesis in which the impact loads and the

associated contact results from this thesis are used as the input data.



1.1. Aimsand Objectives

The aim of this research is to examine the wheel/rail contact-impact forces at IRJs.

Thisaim is achieved through the following research procedures:

Review the existing methods/models for determining wheel/rail contact-
impact forces.

= Develop a3D wheel rail contact impact FE model of an IRJ

= Examine the effect of several selected design and operational parameters on
the contact-impact force excitation.

= Validate the FE model with experimental field data where possible.

1.2. Scope and Limitations

The scope of this research is to investigate the contact-impact force excited by a new
wheel and a new IRJ; in other words, the stiffness discontinuity of IRJs rather than
other running surface defects excites the impact forces that are of interest to this
research. The vertical contact-impact force is examined in detail as it provides the
major contribution to the damage. The associated contact responses are also examined
for further study of the failure mechanism of IRJs. A sensitivity study of several key

design and operationa parametersis also included.

Due to the complexity of the modelling involved in the investigation of the wheel/rail
contact-impact on the railhead in the vicinity of the end post, the following aspects are

considered as out of the scope of this research:
= Thewear and defects on either the railhead or the wheel tread

» Railway track misalignments



= Curved track
» Longitudinal stress resulting from temperature fluctuations

= |Looseness of bolts

= Wagon/bogie/whee set dynamics

1.3. Thesis Structure

This thesis contains eight chapters presenting the reviews of IRJ designs, literature
reviews of wheel rail contact, contact-impact theories, FE modelling, numerical

examples, strain gauged experiment as well as the FE model validation.

To improve the service life, various IRJs designs are employed in different countries;
the major design parameters in those cases are reviewed in Chapter 2. The failure
mechanisms of a typical IRJ are presented and a hypothesis for the common failure
mode within the Australian heavy haul network, namely, the mechanical fatigue
and/or metal plastic flow at the railhead in the vicinity of the end post under high level
wheel/rail impact forces is presented. The models of wheel/rail contact impact

reported in the literature are also reviewed in detail.

Chapter 3 reports the mechanics of contact and the theory of the finite element
method. Both the classical and the computational theories of contact mechanics are
reviewed. The solution methods for FEM are aso briefly introduced. The explicit
method employed in this research is introduced. The algorithms of FE modelling of

contact impact are also presented.



The modelling of wheel/rail contact impact at IRJs is fairly complex; hence it needs
some model idealisations to reduce the model size. In Chapter 4, the IRJs and the
wheel geometry, material and boundary conditions are reviewed and then simplified.
The wheel/rail contact establishment is presented. The details of loading, boundary
conditions and contact definitions are reported. The meshing strategy that affects the

model accuracy and efficiency is aso presented in detail.

Chapter 5 presents numerical examples of wheel/rail contact impact at IRJs. Both
static and dynamic analysis results are reported in detail and attention is also paid to
compare the numerical results with the HCT. This chapter also provides results that
prove the model is capable of providing both plausible and logical results. Sensitivity
of some major design parameters is investigated for better understanding of the cause
of impact as well as to achieve the future design improvement. The IRJ with
optimised design parameters shows that the impact force can be effectively reduced to

an insignificant level.

Chapter 6 briefly reports lab tests and field tests conducted as part of an ongoing
research at the Centre for Railway Engineering (CRE) with the support from QR. The
data collected from both tests are processed and compared to the numerical results. In
the lab test, the IRJ is simply supported and subjected to a static load and investigated
with several different loading positions along the length of the IRJ. In the field test, a
continuous welded rail segment in the field is replaced by the strain gauged IRJ. A
field installed data recording system has captured the dynamic response of the IRJ due
to wheel passages. The signature of the strain data from the field test is al'so presented

and discussed.



Chapter 7 reports the validation of the FE model. Both the static and the dynamic FE
models are validated using the experimental data and reasonable agreements are
achieved. Two traffic conditions in the field test, namely loaded and unloaded coa

wagon traffic, are selected to validate the dynamic analysis.

The summary, conclusions and recommendations of this thesis are reported in

Chapter 8.



2. Review of Insulated Rail Joints (IRJS)

2.1. Introduction

This chapter presents a review of insulated rait$o(IRJs). As safety critical sections
of the signalling system in rail networks, the gigance of IRJs is presented first in
Section 2.2. Various IRJ designs employed worldwade reviewed in Section 2.3.
The failure modes of IRJs are described in Se@idnand a hypothesis of failure of
the IRJs used in the heavy haul network of the raliah railways is reported in
Section 2.5. Wheel/rail contact impact at IRJs thdielieved to be the key factor of

initiating the IRJ failure is explained in Sectidr6.

2.2. Significance of IRJs

IRJs are used to electrically isolate the railpas of the system to achieve signal
control. Failure of IRJs is a significant safetgus. As such the rail infrastructure

owners take extreme care in maintaining the IR3®und condition.

Structurally IRJs are designed as bolted jointshwaach component electrically
isolated from each other. As for all types of jeimthich involve a discontinuity in the
rail, IRJs are considered to be weak spots indfidrack. The service life of IRJs is
typically 100 MGT, which is considerably shortermathother rail components that
withstand as high as 1000MGT (Davis, 2005). Theuahoost to the Australian rail

industry for the maintenance and replacement ofs|Rds been conservatively



estimated to be $5.4 million in direct costs andL$tillion in indirect costs annually
(RailCRC 2003). Investigation of the failure mecisam of IRJs with a view to

improving their performance has, therefore, assupnechinence in recent times.

2.3. Designs of IRJ

IRJs comprise of an insulation material (end pfiggd between the ends of two
adjacent lengths of rail, and secured by boltedtjbars that connect the two rails.
Several designs of IRJs are reported in the litleeafThe designs vary in terms of the

parameters of the supporting systems, joint bagsrsulation end posts.

Two types of supporting systems of IRJs exist ddpgnon the positionings of the

sleepers with reference to the end post:
i) Suspended IRJ

i) Supported IRJ

As shown in Fig. 2.1, the suspended IRJ has tlepsls positioned symmetric to the

end post. For the suspended IRJ, there is no suppderneath the end post.

On the other hand, for the supported IRJ, the evst 5 placed directly on the

sleepers. There are two types of designs:
i) Continuously supported

ii) Discretely supported



Sleeper

Figure 2.1 Suspended IRJ (RAILFOTO, 2005)

Continuous insulated joints (Fig. 2.2) are contumslyg supported at the rail base using
the specially designed joint bar. A special tigglanown as “abrasion plate” is also

used to support the joint.

Continuous
support at
the base

Abrasion
plate

Figure 2.2 Continuously Supported Insulated JAMREMA, 2006)

The end post of the discretely supported IRJ isctly placed on a sleeper, as shown

in Fig. 2.3.

Fig. 2.4 shows another type of discretely suppolil] which employs two sleepers

together at the centre.



Sleeper directly
positioned beneath
the end post

Figure 2.4. Supported IRJ (Esveld, 2001)

The joint bar designs are characterised by vamooss-section designs and the length
of joint bar, namely 4-bolt joint bar and 6-boltrjbbar. Various cross-section shapes
are shown in Fig. 2.5. For simplicity, instead bbwing the symmetric joint bars on

both sides of rail, the joint bar on just one sy is presented in this figure.



Figure 2.5 Different joint bar designs (AKRailro&006)

The 6-bolt joint bar and 4-bolt joint bar are te&®tmost common designs; a 4-bolt
joint bar is shown in Fig 2.1 and a 6-bolt jointr ig shown in Fig. 2.6. The 6-bolt

joint bars are obviously longer than the 4-bolbjdiars.

Figure 2. 6 IRJ with 6b0lt10|nt bar (LBfoster ZDO ‘
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Joints are also made either square or inclinech¢olangitudinal axis of the rails.

Fig.2.7 shows examples of these types of joints.

(b) Inclined Joint

(a) Square Joint

Figure 2.7 Types of Insulated Rail Joints

The properties of the end post materials play ggomant role in the response of the
IRJs. Polymer, Nylon and Fiber-glass are the comynased IRJ insulation materials.
In addition, the gap size (thickness of end podensl) is also varied from 5mm to

20mm and is a key parameter for the IRJ design.

The design of IRJs also differs with the detailofgend post fitting between the rails.
Glued IRJ and inserted IRJ (non-glued) end pogtifwo common forms employed.
The glued IRJs use adhesive material such as @paxysure full contact between the
steel joint bars and the rail web whilst they remaectrically insulated. The inserted
IRJs are a simple insert of the insulated mateidts the end post gap with thermal

treatment but without any adhesion material.
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Some novel designs of IRJs appear in the markdt witview to enhancing the
structural integrity of the joints. Fig. 2.8 shoas encapsulated IRJ design used in

Canada with the Polyamide 12 as the insulation.

Figure 2.8 Novel design of IRJ in Canada (Nedc@062

The IRJs, like other rail circuits, are laid on theddings” which contains several
flexible layers. Two types of tracks exist, nameétgnventional’ ballasted track and
‘non-ballasted’ (for example slab-track) track. Mo$ the Australian railway tracks
are traditional ballasted and hence in this theslg the ballasted track is chosen as
the rail bedding. Referring to Fig. 2.9, IRJs axed to the sleepers by fasteners. The
sleeper pads are inserted between IRJs and sled@perdallasted track substructure
contains three layers: ballast, sub-ballast an@yrsule. The first two layers usually
consist of coarse stone chippings. The rail trasgesstructure and substructure
together with the wheellrail interaction constituke complete IRJ working

environment.
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Fastening

Q 7
Sleeper pa(\A . :ﬁ / leeper
= e |
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s Ballast ;\Axis of
symmetry

Subgrade

Figure 2.9 Ballasted Track

2.4. Failure of IRJs: An International Perspective
Amongst the various IRJ designs used worldwide,féilere modes of IRJs can be
categorised as follows:

i) Bond failure/delamination of end post

i) Loosening of bolts

iii) Broken joint bars

iv) Battered /crushed end posts

v) Metal flow/material fatigue on rail head

These failure modes, with one aggravating to theemtleading to a vicious circle
accelerating the overall failure of IRJs. Accorditmy survey conducted by Davis
(2005), the bond failure is the most common failorede found in the heavy haul
routes of North America due to high level sheaesstrunder severe wheel loads. Fig.

2.10 presents the bond failure of the end post. Wiheel/rail contact impact and the

13



longitudinal force due perhaps to thermal effed# aontribute to bolt loosening
which further worsen the structural integrity amxtiges higher wheel/rail contact
impact forces. This may consequently lead to ofagure modes, namely, broken

joint bars and battered/crushed end post showigin?EL1.

Figure 2.10 IRJ with failed glue bond (Davis, 2005)

Crushed end post

Figure 2.11 IRJ with end post crushed (Davis, 2005)
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Railhead metal flow/fatigue is another failure makat occurs if the broken joint bar
or battered end post does not occur. This failupderstarts as defects on the railhead
(shown in Fig. 2.12) and progresses to railheadahfatlure (shown in Fig. 2.13).
One of the key factors that causes this failure enigdthe severe wheel/rail contact

impact force and the associated rate dependent piaséicity.

Within Australia, the railhead material failure wretal flow is the most commonly
observed mode and hence is focused in this reseBigh2.13 shows the material
failure in the vicinity of the end post. It exhibitailhead metal flow, which leads to
contact between the rails separated by the end gaussing critical electrical isolation
failure of the IRJ. It is notable that due to thatemial chipping out, severe geometry

discontinuity is generated, which further leadsady structural failure of IRJs.

Railhead defects

Figure 2.12 Running surface defect of IRJ (Davi€)3)
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RailheadMetal
failure

Figure 2.13 Typical IRJ failure in Australian heawyul networks

2.5. Wheel/rail Contact-Impact at IRJs

To understand the railhead failure mechanism ofiks, a quantitative study of the
wheel/rail contact impact is important. Many resbars have contributed their
efforts to this area recently and have developeibws models to investigate the
wheel/rail contact impact. Static analysis is alsvalgelpful to understand the
wheel/rail contact issue; as it is simple, it hagri adopted by many researchers to
study the IRJ characteristics. The key to investighe wheel/rail contact-impact is
however the dynamic analysis. Rigid multibody dyr@{RMD) and finite element

method (FEM) are widely employed to study the whiailcontact-impact.

2.5.1.Static wheel/rail contact simulations

Kerr and Cox (1999) established an analytical stit@ding model of an IRJ. The

deflection near the end post was studied using difrad beam model supported on

16



an elastic foundation. The rail sections and jbiats were modelled as linear elastic
beams, and the epoxy-fiberglass insulation was Igiegp as spring layers by
employing the Zimmermann hypothesis. The contaatl lwas equally distributed to
both rail ends. A static loading test was condudtedalidate the analytical model.
The test results were found to agree well withek&blished analytical model. The

wheel/rail contact issue was not discussed in hegder.

Yan and Fischer (2000) have carried out a staticfiBile element analysis (FEA)
with three different rail models: standard railame rail and a switching component.
By comparing the results with the Hertz contacbtiigHCT), the authors concluded
that the elastic model agreed well with the HCThi# surface curvature of the rail
remains unchanged. For the elasto-plastic modek found that their numerical
results differ from the conventional HCT. The nuroarresults show that the contact
pressure has a lower peak value but flatter digiob than the HCT if material

plasticity occurs.

By establishing an elastic 3D FE rail model, Chad &uang (2002) carried out a
static analysis of an IRJ subjected to vertical @Headings. They found that the
traditional HCT was not valid for predicting thentact pressure distribution near the
joint. The idealised elliptical contact dimensionere also listed to point out the

differences with the HCT predictions.

Chen and Chen (2006) presented a 2D static FE nibdelwas used to study the

effect of an IRJ on the wheel/rail normal and tamige contact pressure distribution.
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Contact elements were used to simulate the whéeehitaraction behavior. In their
model, different traction and braking forces weppleed to investigate the contact
pressure and maximum shear stress distributioherrailhead. Their conclusion was

that the Hertz theory was not valid near the IRJ ahainly to edge effects.

Chen (2003) also investigated the material elgstistic effect to the IRJ under static
loading using a 2D static wheel/rail contact modetl concluded that the elastic
model agree well with the HCT as the contact pasifrom the rail edge over HCT
half contact length exceeded 1.5. However, thet@lalsstic model indicated a
disparate result that the peak pressure had aemallue (around 70% of HCT)
compared to the elastic model or HCT. With the vimeeving towards the rail end,
the Von-Mises stress, plastic zone size increassetuglly whilst the contact area and

the peak contact pressure decrease.

Wiest et al.(2006) compared four different whedlfcantact models at a rail turnout
to examine the Hertz elastic half-space contaatrapions. Hertzian contact method,
non-Hertizan contact method, elastic finite elemamalysis and elasto-plastic finite
element analysis were conducted. The wheel andathewitch were modelled in the
finite element analysis and ‘master-slave’ contagfaces from ABAQUS /Standard
were adopted to solve the wheel/rail interactione Tesults showed that the elastic
finite element method agreed well with the Hertzeamd non-Hertzian method in
terms of contact area, peak contact pressure ametrpéion depth. The results of the
elasto-platic finite element model differed to tbeher three models with a much

larger contact area and smaller peak contact preessu
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2.5.2.Dynamic wheel/rail contact simulations using rigmultibody

dynamics

For the dynamic analysis of IRJs, rigid multibogyndmics were widely employed in
the IRJ studies. Jenkins et al. (1974) studieddipped rail joints using the rigid body
dynamic methods. They modelled the dipped railtjam a dipped continuous beam
supported by sets of springs and dashpots at tagidm of sleepers. Contact between
wheel and railhead is assumed to be of HCT. Theylipred the dynamic contact
force factors (defined as the ratio of dynamicttdis force) between the rail and the
wheel at the assumed dipped joints, and found ttiexe existed two contact force
factors: the first being a high amplitude (5~6) dgh frequency peak (500Hz), and
the second a low amplitude (3~4) and low frequgueak (30~100Hz). The first peak
damps out in a few milliseconds and affects onby ltttal contact area. The second

peak damps slowly and affects most track and wagamponents.

Newton and Clark (1979) also studied the rail/wheéghamic interaction in both
experimental and theoretical methods. The contapttt between the wheel and the
rail introduced by wheel flats rolling over the In@ad was researched and a
comparison of an experiment and theoretical resudts carried out. The experiment
used an indentation on the railhead and strainegaugre used to measure the strain
history. The theoretical model considered the "Heq@ad as a spring and dashpot
layer, sleepers as a mass layer, and ballast disergpring and dashpot layer resting
on a rigid foundation. It was shown that the dyrmaeffects of wheel flats strongly

depend on the rail pad stiffness and the speetheegi
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Sun and Dhanasekar (2002) developed a whole wagdnrail track multibody

dynamics model to investigate the dynamic rail-gihinteractions. The rail track
was modelled as a four layer sub-structure andnibelinear Hertz spring was
employed for the contact mechanism. Several idséigheel/rail irregularities were
imposed as the dynamic load excitations. The reswire validated by several

published models and experiments, and good agréemene achieved.

Wu and Thompson (2003) developed an efficient dyoasail wheel contact model
for rail joint impact noise analysis. Rail and wheghich were assumed as elastic
bodies, were connected to each other using the lHert-linear spring allowing a loss
of contact. The wheel centre trajectories were eygad to model the dipped joint.
The rail foundation was modelled as discrete doidjer system with spring, mass
and damping parameters to model the pad, sleepdvaiast characteristics. Gap size,
vertical misalignment and dip of rail joint wereidied. The impact force was shown
to have 400%~800% of static load at certain coongifor various velocities and

depths of joint dip.

Steenbergen (2006) reported a theoretical 'multitpoontact’ wheel/rail model by
multibody dynamics to investigate the contact gpadiiscontinuity in his paper.
Through a comparison with the common practicahtiooious single point contact'
model which employs the Hertz nonlinear springreesdontact parameter, the author
concluded that by using the 'continuous single tpoomtact' the possibility of impact
would be automatically excluded and that the simatcan be improved by

introducing the vertical velocity change to the ehmass when 'double point contact'
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occurs. However, the rail irregularities such asltRJs are treated as steps and kinks,
which may not be easy to apply to IRJs without @eremt deformations (such as new

IRJs).

Recently many researchers developed efficient a@ges which coupled rigid

multibody dynamics with FEM to study the rollingtiGue, railhead crack and metal
plastic flow at the wheel/rail contact surface gutarities which need a strain and
stress analysis. The rigid multibody dynamics medetre developed to investigate
the wheel/rail dynamic contact force. The resulésemhen transferred into the finite
element model for the detailed strain and stresdyais to investigate the railhead

damage.

Bezin et al. (2005) introduced an approach whiahpéed a multibody system model
and a finite element model together to conductlsstigess analysis. In this research,
a whole wagon/rail multibody dynamics model wasedeped using ADAMS/Rail.

The generated dynamic force was then transfertedaiglobal FE model setup using
ABAQUS as the loading condition. In this global Ribdel, the bending stress and
strain of rail and sleeper components establishi¢ll elastic Timoshenko beam and
spring elements were obtained via a static analysiwcal 3D solid finite element

contact model was established to study the comeetsure and stress distribution
which was essential to predict the crack initiateord growth. The contact position
and force were also transferred from the multibdgmamics model. The dynamic
force validation was also carried out by compauwiniy some field measurements and

good agreement was achieved.
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Busquet et al. (2005) reported a quasi-static igkement analysis of the railhead
plastic flow due to wheel/rail rolling contacts. &’bontact force and load distribution
was generated via a multibody dynamics model wigistployed the Hertzian and
Kalker (Chollet, 1999) contact theory. The dynamgsults were then transferred into
the refined 3D solid rail model to calculate thetah@lastic flow. No contact surface

irregularity was concerned in this research.

With assumption that the contact bodies are ritfid, rigid multibody dynamics has
the advantage of simplification of calculation amehce is widely adopted to study
the wheel/rail dynamic interactive behaviour. Hoeg\because the HCT is employed
in the rigid body method, its application to thesearch is difficult as the material

plasticity and discontinuous running surface avelved.

2.5.3.Dynamic wheel/rail contact simulations using finiEement

method

In recent years, some simplified finite element eglschave employed beam elements
to model the wheel/rail dynamic contact behavidarthese models the HCT was
adopted for the wheel/rail vertical interaction ahd rail was modelled with beam
elements. Andersson and Hahlberg (1998) studiedntieel rail impact at turnout
crossings using a finite element model. Trains waesidered as discrete masses,
springs and dampers system and Rayleigh-Timoshdm&am elements were
employed to simulate the rails and sleepers supgpdry an elastic foundation without
any damping. Hertz contact spring was applied fier riail/wheel interaction. Single

wheel, half bogie and full bogie models were sefarpcomparison. Two key factors

22



for impact force of the crossings, rail flexibiliifference and transition irregularity
were investigated. The transition irregularity vidsalised as a trough shaped beam.
Results showed that when the transition irregylants ignored, an impact force
from 30%~50% of static load would be achieved wiile impact factor varied from
100%-200% if the irregularity was considered. Thmntact force increased non-

linearly with the increase in train velocity.

Dukkipati and Dong (1999) studied the dip-joint lpieom employing a discretely

supported finite element rail model. Multi-springopntact was adopted as the
wheel/rail interaction and the joint was modelledhwlimoshenko beam elements.
Both wheel set and bogie structure were considéoedthe vehicle model. The

simulation was validated by comparing its dynanoés with some experimental
results. It was found that the mass of the wholgamasystem shared by the wheel
and rail equivalent mass had a significant infleena the P1 force, while unsprung

wheel mass and foundation stiffness affected theoRR2 significantly.

Koro et al. (2004) established a dynamic finitaredat model to investigate the edge
effects of rail joint. A modified constitutive re¢lan of Herzian contact spring

(Kataoka, 1997) was adopted to model the wheel@railtact. Timoshenko beam
elements were used to model the joint structurelsiding the joint bars. Tie springs
were employed to connect the joint bars to the sapported on a discrete elastic
foundation. Special attention was paid to the gdpmeliscontinuity at the

concentrated loading position using modified doullede Timoshenko beam

elements. Gap size and train speed effects on inip@ae were carefully investigated.
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The results showed that for velocities lower th&AKim/h, impact force was sensitive

to the gap size while the train speed only hadreominfluence.

Wu and Thompson (2004) studied the track non-lirefeact for wheel/rail impact
analysis. A wheel flat was considered as the imgacrce and a Hertzian contact
spring was employed for the wheel/rail interactidhe track was modelled using a
finite element method with beam elements suppdstedon-linear track foundation.

The results showed that the pad stiffness affeetsnmipact amplitude significantly.

The 3D dynamic FE model has been employed recémtigvestigate the wheel/rall
contact behaviour with the development of improeedputing capabilities. Wen et
al (2005) performed a dynamic elasto-plastic fimtement analysis of the standard
rail joints containing a gap and joint bars. Theypéyed a coupled implicit-explicit
technique that imported the initial steady statelioit solution prior to impact into
the explicit solution to determine the impact dymamrocess. They have reported
that the impact load varies linearly with the statkle load but is largely insensitive
to the speed of travel of the wheel. The impaatddistory presented in their paper
exhibitedthree peaks, which were difficult to comprehend given the miodikowed

for only a single wheel.

Wiest et al. (2006) developed a FE model to stidydrossing nose damage due to
wheel/rail impact. A dynamic model was establisbhedimulate the wheel passing
over the crossing nose. The dynamic behaviour efwheel was idealised as pure

rolling and the rail supporting system was con®deass rigid. The cyclic calculation
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was carried out to study the dynamic response aaiémal flow of the rail nose. A
guasi-static sub-model was employed after the dymamalysis to further study the
stress and strain evolution. Two different railheathterials, manganese and

composite, were carefully studied for the mateplaktic flow.

Li et al. (2006) developed a full-scale 3D finiteraent model for wheel/rail contact
dynamic analysis on rail squats. A single wheel eitilwere modelled with solid
elements and contact elements were used for thiaatomodelling. The rail squats
were studied as the contact surface irregularibd a two-layer discrete support
system was employed as the rail foundation. Theaolyo contact force time series
matched well with field measurements. Materialrggth, unsprung mass, traction and
braking, sleeper spacing and fastening system psopéayed an important role on

the dynamic effect.

2.6. A Hypothesis for the Failure of Australian IRJs

There are two key factors that lead to the faibfrtRJs:
i) Wheellrail contact-impact force
i) Material ratchetting

The wheel/rail contact-impact force is excited Hye tIRJ structural/geometry
discontinuity. Under severe wheel/rail loading, thmaterial retchetting/fatigue is
initiated and causes metal flow on the railheade Titiation and progression of the
failure is considered concentrated on the railhieathe vicinity of end post. It is

worth noting that, although the wheel/rail interawtforce has components in both
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the vertical and the horizontal planes, the vertomtact-impact force is believed to
play the major role. This failure mechanism of IRas been widely acknowledged by
Australian practioners. As part of a project tadgtthis failure mechanism of IRJ, this
thesis focuses on the investigation of wheel/raittact/impact forces; the material
ratchetting issue is covered in another ongoing Bt&E3is, using the impact load and

contact pressure obtained from this thesis asihat loading.

The wheel/rail contact impact mechanism hypothissghown in Fig. 2.14. Because
of the difference in modules between the end paeral and steel, as well as their
connection (glued or non-glued), structural disounty exists. As the wheel
approaches the joint, an IRJ running surface diswoity is momentarily generated
which forms a recoverable ‘dipped’ joint. The whewedn ‘flies’ over the end post gap
and ‘lands’ on the Rail 2 (see Fig. 2.14) and gatesr the impact. At the time of

impact, the wheel exhibits ‘two-point contact’ dethe dipped joint.

2.7. Summary

The FE method is widely employed for static whedl/rcontact models. By
incorporating the material plasticity and edge e@feto the wheel/rail contact
behaviour, these models draw a conclusion thahetvicinity of the end post, the
Hertz Contact theory (HCT) is not valid to modeé ttvheel/rail interaction in the

vicinity of the end post.
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Figure 2.14 Wheel/IRJ contact impact hypothesis

For the dynamic analysis, there are two major nusthamployed by rail engineering
researchers: RMD and FE method. For the converit®hHD models, the wheel/rail
vertical contact behaviour is mostly describedsisgle point contact’ and governed

by HCT. The structural imperfections of IRJs areally idealised as surface defects.
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This approach is believed to be improper to prettietwheel/rail impacts dominated
by ‘multi point contact’ at IRJs. The treatmentIBf] structural discontinuity is also
guestionable as the ‘new’ IRJs have instantane@qssuhder wheel passages but no

permanent defects.

With the development of improved computing faaj the finite element method is
increasingly being adopted for 3D wheel/rail dynamontact modelling at IRJs and
other wheel/rail imperfections. The wheel/rail natetions are solved by numerical
methods without any assumptions of the contact\aebhraas a priori. The capability

of modelling the material plasticity and practioachanical structure makes the FEM

the preferred choice for this research.

This chapter has also provided a general reviewlRdf designs and failure
mechanisms. A hypothesis for railhead failure isspnted and relevant literature

reviewed.

The theoretical basis for the analysis of contagiact is described in Chapter 3. A
FE model for contact-impact analysis of IRJs isaleped in Chapter 4 and results

provided in Chapter 5.
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3. Theory of Contact-Impact

3.1. Introduction

This chapter reports the mechanics of contact &edthieory of the finite element
method. Both the classical and the computationabries of contact mechanics are
reviewed first, followed by the solution methods 8EM. The techniques of FE

modelling of contact impact are also presented.

3.2. Brief Review of Mechanics of Contact

3.2.1. Classical theories

Contact is one of the common research topics becalugs wide applications in the
engineering field. The earliest theory of conta@ctmanics is due to the pioneering
researcher Heinrich Hertz who published a clasgpegler on contact in 1882 in the
German language. Subsequently several researchersvied the Hertz contact theory

by relaxing the limitations and extending its apation to more practical situations.

(a)Normal contact of elastic solids — Hertzian conthebry

Hertz contact theory (HCT) is established basedame basic assumptions: elastic
contact bodies, frictionless contact surfaces,inantus and non-conforming surfaces,
small strains and small contact area relative ¢opibitential area of contacting surfaces

(Johnson, 1985) .
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Fig. 3.1 shows two non-conforming solids (Body H d&ody 2) which contact at an
area that is finite and small compared to theiredisions. Assuming that the profile of
each surface is topographically smooth in both onaand macro scales, the profiles of

the contacting bodies are expressed in Eq. (3d)aR).

» Xy plane

=
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The separation between the two surfaces is thenlestd as follows:
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Defining theu_Zl andu_22 as the displacements of points on each surfacegasdthe

compression displacement of two bodies, when paanésin the contact area, the

following expression can be written:

1 . 1
u,+u,=g—-———X 3.4
z1 z2 g 2R 2R y ( )

If Eq. (3.4) is not satisfied (as in Eqg. (3.5)) thodies are said to be separated.

— — 1 ., 1
u,+u,<g-—x 3.5
z1 z2 g 2R 2R y ( )

In Eq. (3.4) and (3.5),1_Zl andu_Zz are obtained implementing the elasticity theorthwi

the contact pressuke that is yet to be determined:

£l

—_ 1—;2 ” p(;’yjdxdy,

i 1-p*° ”p(;}’)dﬁy

B (3.6)

Inserting Eq. (3.6) into Eq. (3.4), an integral agon is obtained employing potential

theory. The resulting pressure distribution is themked out as:

= 3F / xX_y
p(x, y) = == 3.7)

whereaandb represent the major and minor axes respectivetietlliptical contact
zone and can be determined by resolving the follgvget of integral equations once

the curvatures of contact surfaces and R" are determined (Eq. 3.8):

1 _%F 1 p? T

R “an' E :(a +Z)J(a +5)('°2+<()Z (3.8)
1 :E 1-v? ,[

2R 41 E (b2+Z)x/(a +Z)(bz+f)Z
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The analytical solution of contact dimensions anespure distributions between two
smooth elastic bodies is obtained through the alppweess. This problem is strictly
nonlinear because the displacement at any poiobfact depends on the distribution
of contact pressure throughout the whole contacezdhis leads to a significant
complexity to solve the integral equations of cohtpressure for each step in the
dynamic contact condition. As a simplification, thiertz contact spring’ is developed.
Assuming a simple Winkler elastic foundation rattiem elastic half space, the model
is illustrated in Fig. 3.2 which shows an elastiaridation resting on a rigid base and

contacted with a rigid indenter.

[777777777777/7777777/77/77/
Fig 3.2 Hertz contact foundation model (Johnso®5)9

Using the profile of the indent&(x, y) = %xz +% y?and the original compressed

displacement, the displacement profile of the contact surfdasegritten as:

(3.9)

LX) = {g -Z(x.y).9> Z}

0g<Z

The contact pressure at any point is assumed tiependent only on the displacement

at that point as in Eqg. (3.10).

p(x,y) = (K/h)u, (%) (3.10)
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Inserting Eq. (3.9) into Eqg. (3.10), the pressusgrithution is expressed as:

p(x,y) = (K /h)(g —%xz +% v?) (3.11)

By integrationof the pressure distribution thet@ontact force is obtained as:

F=Km*VRR /h (3.12)
where his the depth of elastic foundation. The relationship otact force and contact

indention is thus generated.

(b) Non- Hertz normal contact of elastic bodies

HCT application to practical problems is limited due to isuagption of strict smooth
elastic half space. To solve practical problems, norizHe®rmal contact solutions are,
therefore, developed. For the wheel/rail contact at,|IBésHertzian assumptions are
violated because of edge effect, discontinuous surfeafdepand interface frictions;

Hertz solutions are therefore not strictly applicable fotactrproblems at IRJs.

(i.) Edge effect

The HCT half space assumption is violated for problent®@ntering contact at non-
continuous profiles such as the edge of bodies. Masgarchers have examined the
edge effect in recent decades (Dundurs & Lee (193@putos & Theocaris (1975),
Comninou (1976), Bogy (1971), Khadem & O’Connor §29. Unfortunately
analytical solutions are not possible, with the problergsirang idealisations or gross

simplifications.
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A rigid punch with a square corner was considered @ssa of non-Hertzian contact
theory as the edge of the punch was not continuldusse tilted punch problems were
solved by Muskhelishvili (1949). The pressure distributidose€ to a corner

(s=a— x<< a) can be expressed as:

_ 2(1-v) -1/2
p(s) _—n(s— 4v)(2 a9 “cos{[(1/27)In(3- 4 )]In(2a/ )} (3.13)

where s is the distance from the contact edge corner and the contact patch

dimension.

Furthermore general edge problems that contain anglesrersmther than 90were
considered by Dundurs & Lee (1972) for frictionless taoh and by Gdoutos &
Theocaris (1975) and Comninou (1976) for friction&lations and by Bogy (1971)

for no slip.

(ii.) Discontinuous surface profiles

When there is curvature change within the the contact déineaHertz continuous
surface assumption is violated. The geometries of etfget problems are idealised as
a wedge or cone to formulate analytical solutions. piessure distribution was given

in Johnson’s (1985) book as:

O _ 1/2
p(x) = £S04 @t (@ = XY _ Ercot oy (3.14)
27T 2 Vig
1 1-v* 1-v°® :
whereﬁ = + = and a denotes the semi-angle of the wedge or cone.
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Love (1939) used the indentation of a flat surfagea blunt cone and gave similar
results. Similar work has also been done by Snedd®48) and Spence (1968).
However, the analytical solution for problems detirwith generalised contact profiles

is not yet found in the literature.

(ii.) Interface friction

The interface friction is inevitable in practicalusitions. In the normal direction, the
material elastic deformation in the tangential plarauses traction even without any
relative tangential movements. However, this isyapplicable to the cases that deal
with contacting bodies made of different materidtshnson (1985) has maintained that
the relationship for the normal pressure and wacfq = 1) still is valid for the slip
case. For stick situations, Mossakovski (1954,1%6®) Goodman (1962) studied this
using a 2D problem firstly, and Spence (1968) imptbtheir findings to show that
under appropriate conditions the stress field isssilar at all stages of loading. The
traction distributiong(x) is given as:

a+(d - %)"%
a-(g- %)Y?

909 = 2P - &) ¥7in |2 X 4 ing
7 la- X

(3.15)

where S represents the measure of difference betweenlasécematerials of the two

elastic bodies and can be calculated as in Eg6)3.1

A-2v/G 1 2v/ G},

(3.16)
L-viGHl -V G

L=l

whereG is the shear modulus.
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In summary, although the theory of classical cantaechanics is widely used in the
study of wheel/rail contact, the limitation imposky the basic assumptions and the
difficulty to obtain the analytical solution intrade significant challenges to the
specific problem of contact impact at IRJs. Thisesause classical contact mechanics,
especially Hertz contact theory, does not accoonttlie edge effect and material
plasticity. Although several non-Hertz contact $iolus are proposed in the literature,
analytical solutions for more general cases are yedtavailable and hence, their

application to railway engineering still remains fiaam being realised.

3.2.2. Computational theories

Computational contact mechanics is developed orb#is&cs of non-linear continuum
mechanics by employing numerical methods such editlite element method. The
contact is considered as a boundary conditionhis gection, the basis of the finite

element method is reviewed prior to presentingctiraputational contact theory.

(a) Basics of finite element method

Zienkiewicz (1971) has provided a displacement @gghn to solve the generalised

elastic continuum problems numerically as descriedw:

I.  The continuum is separated by imaginary lines ofames into a number of ‘finite
elements’.

ii. The elements are assumed to be interconnected discaete number of nodal
points located on their boundaries. The displacesehthese nodal points are the

basic unknown parameters of the problem.

36



iii. A set of functions are chosen to define uniquedystiate of displacement within
each ‘finite element’ in terms of its nodal disatents.

iv. The displacement functions define uniquely thee stétstrain within an element in
terms of nodal displacement. These strains, togethign any initial strains and
constitutive properties of material will define tisgate of stress throughout the

element and, hence, also on its boundaries.

The finite element method introduces some appraotima to the solution. The first is
the displacement function which only approximategpresents the displacement
profile of the elements. The second relates tolibguim conditions that are satisfied

to within a prescribed level of tolerance.

The process of solving the equilibrium conditioreguivalent to the minimisation of
total potential energy of the system in terms & firescribed displacement field.
Therefore, finite element method applications carektended to almost all problems

where a variational formulation is possible.

Figure 3.3 2D discrete plane with elements
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For simplicity a two dimensional plane stress asialjormulation is provided here. In
Fig. 3.3, a typical finite elemeng, is defined by nodes, j,m and straight line

boundaries. The displacement field within this edetrat any point can be represented

as:

u = Nu, (3.17)

where N is the shape function ang, represents the nodal displacement for an
element. The strain-displacement relations are éxgnessed as:

£ =Bu, (3.18)
Matrix B is strain-displacement transformation matrix. S&tes are determined from:
o=D¢ (3.19)

where D is the elastic matrix.

By imposing a virtual nodal displacemeht,, equilibrium with the external and

internal work is achieved. Egs. (3.17) and (3.18)then rewritten as:
du = Ndu,,de = Bdu, (3.20)

The work done by the nodal forces is the sum ofptteelucts of the individual force

components and the corresponding displacement,
n ext = (due)Fe (321)

where F, is the nodal force.

In the same way, the internal work per unit voluhoae by stresses and body forces is
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worked out as:

M, =(de)o - (du) f (3.22)
or
M = (du,)(Bo - Nf) (3.23)

in which f is the body force.

Employing the virtual work principle that equatbe external work to the total internal

work, Eqg. (3.24) is obtained:
(du,)F, = (du,)(| Barixdy~ [ Nfdxdy) (3.24)

When the material elasticity is valid, substitutiags. (3.18) and (3.19) into Eq.(3.24),

the following equation can be obtained:
F, = [ (B" DBdxdyu, - [ Nfdxdy (3.25)

In Eq. (3.25),ke=jBT DBdxdyis the matrix of element stiffnes$;, is a set of

unknown parameters. In order to determine the atgphent fieldu,, boundary

conditions must be employed to resolve these emumtt the overall system level.

The stiffness of the whole system is obtained seabling the stiffness matrices of

all elements together.
K=Yk’ (3.26)

The principle of virtual displacement used abovsuees the equilibrium of the system
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for the displacement pattern that minimises theemixl energy. The equilibrium
would be complete only if the virtual work equalityr all arbitrary variations of

displacement were ensured.

Balancing the internal energy with the externalky@yq. (3.27) is obtained:
j(de)adv—[j( dy fdv+j( diy f dp=0 (3.27)

The first term of the above equation will be redagd as the variation of the strain

energy, . of the structure, and the second term that ibeénbrrackets is the variation

int

of the potential energy of external loalds,, .

Rewriting Eq. (3.27), we obtain:

d(M,, +M,,)=d(M )=0 (3.28)

int
wherell  is the total potential energy. This means theidiglement method seeks a

displacement field that keeps the total potentiergy stationary and minimised. In

that case, finite element method can be used inpaolylem in which functionlT

could be specified or in the following minimum catneh:

o,
ou,
on, jon, | _
= =0 (3.29)
ou ou,

In practical application, the equilibrium equaticzen be obtained by descretising the
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virtual work equation and expressed as:
F(u)=0 (3.30)

The displacement field can be obtained by solvigg (B.30), and other terms such as

the strain and the force are derived from the obthdisplacement.

So far the finite element process to the lineastadgroblem is introduced. However,
in this thesis, because of the material plastiitgt contact boundary condition, the
non-linearity is involved. Thus the approach iseyafized to accommodate the non-
linear problems. Galerkin Treatment is commonlyduge a weighted residual method
to the general finite element process. On top af, tthe weak form of the differential
governing equations is introduced first. The goiregrequations are written in the
general form as:

H,(u)
H(u) =1 H,(u) ;=0 (3.31)

In a domairQ2 , with the boundary conditions

Jy(u)
Jw=<3(uy;=0 (3.32)

The equivalent weak-form is expressed as

ij(u)dmﬁvJ( ) d =0 (3.33)

Wherewand w are arbitrary parameters called weighted coefiicigq.(3.33) is

called the weakform of Eq.(3.31) and Eq.(3.32) vativer requirement of connectivity
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for displacement function.

The solution in approximation form is written afidaving:

u:ZNiq = Nd (3.34)
Whered is the nodal displacement field. The approximatmthe Eqg. () is written as:
ij(Nd)omj_wJ( Ng @ =0 (3.35)

The H(Nd) and J(Nd) represent the residual obtained by substituticthef

approximation into the differential governing eqaas. Eq.(3.35) is a weighted
integral of such residuals. The approximation tisusalled the method of weighted
residuals. To the weighted residual method, thezeadew treatments; among which,
the Galerkin method is most commonly used. The iG@lenethod chooses the shape

function as the weighted coefficient and written as

w =N (3.36)

J J

As a result, in the Galerkin method, Eq.(3.37)aswkd:

jNH(Nd)dmj NX NJ @ =0 (3.37)

(b) Computational contact theory

For contact problems, the contact between two Isodsetreated as a boundary

condition for each body. The contact pressure eaxdion represented by terfy (EQ.

3.27) are considered as boundary constraints. &lgealhge Multiplier method and the

Penalty method of contact constraint enforcemer amployed to solve the
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equilibrium equations.

Contact is a complex boundary condition becausts ofonlinearity. Before employing
the contact constraint enforcement to solve theliegum equations, the relation
between contact pressure/traction and displacenesds to be set up. As the state of
contact affects the relationship between the confaessure/traction and the
displacement, first the computational approach Ehastablish the occurrence of
contact. The following conditions are required t® dssessed in each computational

step.

non-contact

stick
slip

contacl{

A potential algorithm is presented as a simplesiliation. Consider Fig. 3.4 showing
two elastic bodieB',i =12. x. denotes coordinates of the original configuratitm.
the normal direction of contact, non-penetrationdition is defined as gap function

gy given by:

Figure 3.4 Two bodies in contact

43



> 0(non- contac)
Oy =Ono — (U, —u,) [y =0(contac) (3.38)
< 0(penetratg

Eq. (3.38) is used to judge the state of contantfuntact, in whichn is the normal

vector to the contact surfacg,, is the original gap, expressed as Eq. (3.39):

Ono = (X, =) [N (3.39)
In Eqg. (3.38), in the conditiog, <0, the contacting bodies penetrate into each other

and the penetration is definedgs.

The tangential motions of contact state are astmtiaith stick and slip. Stick refers
to no relative motion between the two contact bedubile slip refers to existence of

relative tangential motion. The motion can be dadirusing a functioru; in the

tangential direction.

For stick condition:

ur =[I =nxn](u;, —u,) =0 (3.40)
while in slip conditions:

ur =[lI =nxn](u, —u,) Z0 (3.41)

where | is the unit matrix. Through Eq. (3.38) to Eq. (3,4the contact states are

determined.

The compressive contact pressyrewithin the contact patch can be expressed as:
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p=nlolh (3.42)

where o is the boundary value of stress on the contadaser For the slip zone, the

frictional tangential traction employs Coulomb fion law and is defined as:

q=p (3.43)

For the stick zone, the frictional traction is eegsed as:
q :5—']']_ pn (3.44)

The stresso is converted to displacement based on the elastielasto-plastic
material model. Thus, the relation between cornpaessure/traction and displacement

is developed.

(i.) Contact constraint enforcement

To solve the equilibrium equations, the contribataf total potential energy from the

contact boundary is extracted and Eq. (3.29) isitm as:

I, =3(M e M ) =0 (3.45)

extint

whereTl is the sum of internal and external energies exitem the boundary of

ext,int
contact, andT, is the energy contribution from contact. TRg,,, term in Eq. (3.45)

is further extended as:

Moo = [{8 T dVH{ICHY v df{ 3 u ] J01.F de (3.46)

The term_ is expressed in different forms depending on tjee tof contact

constraint method used. In this research, two commmethods, the Lagrange
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multiplier method and the Penalty method are emgaloin the static and dynamic

analysis respectively.

1) Lagrange Multiplier method

In this method, the contact potential enefgy is written as:
M, = [(Agy +Au;)dS (3.47)

To get the solution of the multipliedg, A;, variation principle is employed as per Eq.
(3.45). In that process, multiplietg, A, are treated as the unknown variables. The

variation of the total potential energy generatesea of equations from which
multipliers is determined using Newton iteratiomgaithm. The overall process of
solving the contact boundary problem with Lagraihgeétiplier method is illustrated in

Fig.3.5. The multipliers @, and A; ) correspond to the normal and tangential

pressures fand q) respectively.

Begin
increment
Open Determine Closed
/ contact state \\_

Remave Apply
constraint Perfarm constraint
iteration

l W
Paintopens: S Paint closes:
eckchanges
severe p<0 f tac’? gy >0 _ severe
discontinuity inean discontinuity
teration Mo iteration
changes
Check No
equilibrium convergence
Convergence

End
increment

Figure 3.5 Process of solving the contact boungdesplem using Lagrange Multiplier

method (ABAQUS, 2003)
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2) Penalty method

Relative to the Lagrange method, the Penalty metiasithe advantage that in the

variational form the contact pressure and tractppand g are explicitly removed.

Similar to Eq. (3.47), the contact potential energp be expressed as:
1 .
Mo = JOn(gy)* + xyur ) ds (3.48)

where x,,, x; are penalty parameters, agg is the penetration function. The values
of penalty parameterg,, x; are properly set to avoid the ill-conditioned nuice

problem.

For ABAQUS/EXxplicit, which is employed for dynamémalysis of wheel/rail contact,
the process of solving the contact constraint uiegPenalty method can be described

as follows:

1) Surfaces of the two contacting bodies are firsdfireed as a ‘master-slave’ pair.

2) The Penalty method searches for slave node peoetgyf in the current

configuration.

3) Contact forces as a function of the penetratiotadiseg,, are applied to the

‘slave’ nodes to oppose the penetrations, whileaegond opposite pressurngs

are applied on the master nodes as equivalentdofidee penalty stiffness is

used to calculate contact forces.

4) The equilibrium equations with the contact forcesthen solved

Another constraint enforcement method named Kinenméthod is also available in

the ABAQUS/Explicit exclusively for the explicitrtie-integration method. The steps
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of this method are listed as follows:

1) The kinematic state of the model is advanced inforealicted configuration

without considering the contact conditions.

2) The depth and the associated mass of the penetsite®’ nodes are then

determined.

3) The resisting force required to oppose the peneirdtty using the penetration

depthg,,, massM and the time increment is then calculated.

4) The resisting forces are then applied to the ‘nraated the ‘slave’ surfaces to

adjust the contact body from penetrating to comgct

5) The equilibrium equations containing the contactés are then solved.

(c)ALE Formulation

For contact problems, Lagrangian formulation emetbin this thesis, is well
understood and frequently used to solve the paaticgineering problems. However,
this formulation requires considerable computati@aat especially when the contact
model is large in size and the contact area resju@ned mesh. For that reason,
another efficient formulation namely, Arbitrary lraggian Eulerian (ALE), is
recognized and developed in the recent years by mesmearchers such as Nackenhorst
(2004),Ponthot and Belytschko (1997), Brinkmeier(€007). The major ALE

advantages for rolling contact problems can bélgremncluded as:

1) A spatially fixed discretisation is introduced, whienables local refinement

in the contact zone for more accurate analysis

2) Error control and adaptive mesh refinement candyéopmed with respect to
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the spatial discretisation only

3) Superimposed transient dynamics is immediately riest in space domain,

which is required for example for rolling noise bs&s

4) Within a purely Lagrangian description the wholegimference of the wheel
has to be discretised as fine as needed for alettteontact analysis. The
number of unknows is drastically reduced when thHing process is

observed in a spatial observer framework

5) For the treatment of the explicit time dependemaetdiscretisation schemes
have to be involved. A stationary operating poias o be computed starting

from the resting state

However, due to its rare application in the comna¢i@de, which is important for
practical modelling, in this research the Lagrand@mulation is employed. The
basics of ALE formulation is briefly reviewed inghsection for possible further model

development in the future.

For rolling contact problems, the general idea bEAormulation is the
decomposition of motion into a pure rigid motigh)(and the superimposed

deformation p). The material deformation gradient is

A

0=0M (3.49)

Where theQ is the pure rigid body motion and tile is a measure for the deformation

of rolling body.
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The elementary balance laws of solid mechaniceenALE formulation contain two

section: balance of mass and balance of momentbmba&lance of mass is

represented as Eq. (3.50)
M = J.é),odv =j¢,0dv =J P, dVv= cons (3.50)

Where theM is the masspis the mass density and thies the mass volumn. On the
other hand the balance of momentum is written BeWing with respect to the

reference configuration,
A . dv
DivP+pf = pa (3.51)

The P denotes the First Piola-Kirchhoff stress tensis the body force density and

the v the velocity of the material particals. The bouydaondition can be described as:

S

S (3.52)
PN=T

In addition the contact conditions should be siatisf

For approximate solutions using the finite elenmaathod the balance law is re-written

in a weak form as Eg. (3.53)
A dv. ~
j(D|vP+pf —,oa) L\ (3.53)

This equation can be further developed to the mergal finite element representation
of the equations of motion,
Md + Gd +[ K_ NA d:f ext +f inertia _f int (354)

To be solved for the evolution of the displacenfeid
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d" =d"+Ad (3.55)
The K is the tangential stiffness matrix, M is the staddaass matrix

G =j,b( N"A- A N) dV (3.56)
is the gyroscopic matrix and

w=[pA AdV (3:57)
is the ALE inertia matrix obtained from the lineztion of the centrifugal forces.

For the contact boundary condition, the normal amgential contact can be treated
locally decoupled. For the normal contact, the mm@ment of the Signorini condition

is written as
gy <0,p=0,pg, =0 (3.58)

Well established algorithm for contact computaiwam be applied directly to enforce
the normal contact constraints. The penalty metboéxample leads to the contact

force contribution

contact —

—T
f ——j N x'g,da (3.59)
Contribution to the tangent matrix:

K —.[)(nNTargnTNda (3.60)

contact

However, the well established techniques develeg#dn a pure Lagrangian
framework can not be applied directly to enforoe tdngential contact constraints
within the ALE picture. This leads to the additibtraatment from the Lagrangian to

ALE formulation and can refer to Ziefle’'s (2007) ko
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3.3. Review of Solution Methods for Finite Element Madh

The solution methods for non linear problems canlassified into two types:
* Time independent
* Time dependent

The time independent algorithm is explored foristatoblems without considering the
inertial effect, while the time dependent algoritlesuitable for the dynamic problems
in which the inertial effect is not negligible. Boof the two methods are employed in

the finite element model used in this research.

3.3.1 Algorithm for time-independent problems

For static non-linear problems, iteration methodshsas the Newton’s method are
widely used in the finite element analysis to sdle system of equilibrium equations.
The entire procedure of solving the non-linear ¢igua is divided into several

increments and each increment is subdivided ietatitons.

Eq.(3.30) can be written as follows with the supeps n representing the increment

n:
F'(u)=0 (3.61)

Theu is the exact solution of displacement. To obtéiat tsolution, assume that an

approximationu; is obtained after the iteratian The Au, is the difference betwean

andu,, so:
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F (U +Au) =0 (3.62)

Expanding the left-side of this equation in a Tageries gives:

n 2 n
F"(ui)+ai(ui)Aui +9 F2 (u)Au’+...=0 (3.63)
ou. ou

1 I
Sinceu, is a close approximation to the solutidxy, should be small. As a result, the

second and higher order terms/af, can be neglected. Eq. (3.63) is simplified as:

K'Au, = -F" (3.64)

WhereF" = F"(u; )Jand K" is the Jacobian matrix which is solved as:

k=" () (3.65)
du

Au, can then be obtained from Eq. (3.64) and the aeptoximation is expressed as:

Uy =U; +AU, (3.66)

The iteration continues until thiu, is small enough that the solution is considered

convergent.

3.3.2 Algorithm for time-dependent problems

For dynamic problems, two algorithms have been lyidsed in the finite element
method: explicit time integration method and implitime integration method.

Wriggers (2002) gives basic instructions aboutéhes methods:

» Explicit time integration methods are easy to impdat, since the solution

at timet,,, depends only upon known variablestat These methods are
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extremely efficient when the mass matrix is appnaxed by a lumped
mass matrix which is diagonal. Explicit methods eoaditionally stable,
which means that the time step size is governethdy ourant criterion
(a condition on numerical method calculations reog that the time
interval employed be no greater than that requifed a stress wave to
cross the characteristic length of elements).

* Implicit time integration method schemes approxertane derivatives by

quantities which also depend upon the last timp gtand upon the still
unknown values at timg,,. These methods require a solution of a

nonlinear equation at each time step. They are mundne expensive,
since they have to be combined with, for exampk Newton procedure.
However, implicit schemes can be constructed sot ey are
unconditionally stable, and hence can be appliethwi far bigger time

step than the explicit schemes.

The time step size for both these two methods digpen the nature of the problem.
For high frequency response problems, such as imaamall step size is necessary
which should be lower than the time period of thersl wave travelling through the

characteristic length of element.

For dynamic problems, the inertial force is notligggle and the system is in dynamic

equilibrium which is expressed as:

Mi+C,u+ Ku= F (3.67)
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(a.) Explicit time integration

In the finite element method, a central differersohieme is widely applied where

velocities and accelerations at tirfyeare approximated by:

u

v — Yna T

un—l

— un+1 ~ 2un + un—l

" (At)?
Inserting the above functions into Eq. (3.63), B069) can be obtained:

At At
(M +7C)upy = (Y[ F, = KuJ += Cyuy, + M2 4y )F (3.69)

To solve, initial conditionsy, andu, are required. Note the term_, exists, which
means at the first step, needs to be determined first. By using a Taylatese

expansion at time_,, we obtain:

2
u, = uO—Atuo+%'u0 (3.70)

whereli, is obtained from Eg. (3.67) as follows:
U, =M [-C,i, — Ky, + F] (3.71)

The process introduced above is the concept ohssicial approach of solving the
equations explicitly. Different finite element cadedopt different algorithms. In
ABAQUS/Explicit, the equations of motion for the dyo are integrated using the

explicit central difference integration rule:

I .
SO A (3.72)

1 .
i+= i
2
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l‘Ii+1 = l‘Ii +Ati+1u_ 1 (373)

+=

where u is velocity andi is acceleration. The subscriptefers to the increment
1 1 - .
number andi —— and i += refer to mid-increment values. The central diffeen

integration operator is explicit in that the kindroatate can be advanced using known
values ofu , and, from the previous increment:
i1
2
t; =M " [Fy, — F) (3.74)

where M is the nodal mass matri¥

Text

is the applied external load, af, is the

internal force.

Special treatment of the mean velocitieg, u , etc. is required for initial conditions,
i+= i-=
2 2

certain constraints, and presentation of results. ffesentation of results, the state

velocities are stored as a linear interpolatiothefmean velocities:

U, =u , +%Ati+1[ii+l (3.75)

i+=
2
The central difference operator is not self-startilecause the value of the mean

velocity u ; needs to be defined:
2

U, =U, +—L, (3.76)

2

Substituting this expression into the updated esgiom foru , yields the following
i+

definition ofu , :
2
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= U, -2 (3.77)
0 0

The explicit procedure requires no iterations andangent stiffness matrix (See Eq.
(3.74)), thus explicit integration dynamic analysegjuires less computation cost for
each time increment. However, as the central diffee operator is conditionally stable,
the increment should be significantly small. Thebdity limit for the operator is given

in terms of the highest Eigenvalue in the system as

M<—2 (f1+&7)-8) (3.78)

wm ax

where ¢ is the fraction of critical damping associatedhatiie highest mode. Another

conservative estimate of the stable time incremantbe given by the minimum taken

over all the elements:
At =min(L,/C,) (3.79)

where L, is the characteristic element dimension @dis the current effective

dilational wave speed of the material which is tedawith density, elastic modulus,

and Poison ratio of the material:

C,= |__E@-v) (3.80)
pL+u)1-)

ABAQUS/EXPLICIT uses the explicit integration algbm for solving equilibrium
equations. Simulations using this method generake of the order of 10,000 to

1,000,000 increments, but the computational casinpeement is relatively cheap.
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(b.) Implicit time integration

One of the most widely applied implicit methodghie Newmark (1959) method. The
approximations of displacement and velocity at tijpeare based on the following

two functions:

2
U, =Uu, +At, +%[(1—2z9)uﬂ+ 290, ],

U, = U0, +Af(1l-v)b, +ou,,].

(3.81)

where the constant parametefsand v can be chosen freely and the order and
accuracy of the method is determined. By inserkng (3.81) into Eq. (3.67), we can
get the equilibrium equation which can now be stlisg using some iteration method
such as the previously introduced Newton method. dBjaining the solution of

accelerationi,,,, other variables like displacement and velocity @ worked out

using Eq. (3.81).

In summary, for the solution of wheel/rail dynansientact at IRJs, both implicit and
explicit methods may be used. However, there ammesaignificant differences

between them. The implicit method calculates theral dynamic response of the
structure in each iteration while the explicit nethemploys the wave propagation
solutions associated with relatively local respoimseontinua. The implicit method is

unconditionally stable because of the iterationcpss. In contrast, the conditionally
stable explicit method is only stable when theéneent is small enough relative to the

stress wave propagation.

The nature of impact problems determines thatithe increment should be small and

hence the number of increments would be numeroysisihg the implicit method,
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the computational cost would be unacceptablely esipe as every increment would
involve a number of iterations. By contrast, theleit method would provide a much
cheaper solution by computing local response i @@rement; a reasonably accurate

result can be guaranteed if the increment stepps $mall.

3.4. Discussion of Contact Impact

The impact condition emerges as the rate of loadifigh and the dynamic effects are
important. In other words, in wheel/rail rolling sliding contact, the material inertia
flows through the deforming region and influencles stress field. This leads to the
stress propagation wave in the contact bodies aserial plasticity may be caused
under the high rate of loading. Referring to Jon&®85), the stress wave amplitude
is expressed as:

0 = pc,V (3.82)
where o is the stressp is the contact body density, is the stress wave propagation
velocity andv is the deformation velocity of the contact bodfy.tHe stress value
exceeds the yield stre¥s, the material yields. To keep the material instta
condition, the deformation velocity must be lesatthe certain value:

v<Y/pc, (3.83)

For steel material employed in this research, thkl\stress is 780MPa, the density is

7800Kg/m®and therefore the stress propagation speed is 5800%s a result, the
maximum impact velocity in the deformation directidor elastic deformation is

16.95m/s. Deformation rates above this magnitudeesmaterial yield.
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3.5. Summary

In this chapter contact mechanics was first brieflyiewed. For classical theory, the
Hertz contact theory has provided the analyticaitact solution with the elastic half
space assumption. Non-Hertz theory has also besnistied and it was shown that it
better represents some special contact situatibmsever, it has also been shown that
both Hertz and non-Hertz theory did not provideracpical solution for wheel/rail
contact at IRJs. For computational contact meclsatie contact boundary conditions
have been introduced through constraint enforceniér@ Lagrange Multiplier method

and the Penalty method appear advantageous faptitact solutions.
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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).

62



R
16.0
1 1

L ‘ :Oa.ch point

; Neutral axis | & /300
g3 o ¢ Bolt holes T—

T4.5 79.23 80.0

o]
-0
(]
)
n

Figure 4.2 60kg Rail dimension (Standards Austr&02)
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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.

R=460mn

Conicity

Flange | Tread |
oo S g
i I I
I Flange | _—
H root ___+—= 120
i P e P L - - o
1 N\ F .
A i
) ) ~ Railhead
Gauge sid Field side !

!
- T .
Rail wely
|
!
Rail footi

Rail can

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.

2
6 3
1

\
[ I 4
il) [ ] i Sleeper pad and fastener
i e—— x e
Ballasted substructure
\ S

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).

65



! I

8511 — -1 5:-5-—:

= : il

L\
FaSteneEb) Top view

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.

=

| U
t] n |  :

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.

’— |
' (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&

69



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.

2
1.,
1

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.

- +:”_ ~
- T
(7Y
/ Y lﬂw/ i
/ 14/,
s 6, g. |7 |'{
¢ 2 4/
, / PR
/ /k c= A ;‘\::____M
63 —~ :\,

- .

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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N

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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5. FE Evaluation of Contact-Impact Forces

5.1. Introduction

This chapter reports numerical examples of wheaktomtact impact at IRJs obtained
using the FE model described in the previous chaptes results of the examples are
presented as the wheel-rail contact force timeotiest. The contact patch parameters,
the peak contact pressure and the contact disoibaivay from and close to the end
post are also discussed; where possible compara@enmade with Hertzian contact
theory. The effects of some selected IRJ desigarpaters to the magnitude of the

impact force are studied through several sengitamitalyses.

5.2. Numerical Example: Typical Input Data

All simulations are run on the Altix 3700 BX2 supeomputer installed at the
Australian Partnership for Advanced Computing (ABACanberra. The system
contained CPU type Itanium2 (1.6GHz) and the maximmemory allowance for
each run has been 4069Mb. Typical computationa fion the combined static and

dynamic analysis was 35 hours, of which the dynaanalysis took 28 hours.

A wheel with a vertical load of 150KN (corresporglito gross wagon mass of 120
tonnes) was assumed to travel at a speed of 120&w@hthe IRJ. Although most
freight wagons and all coal wagons run at a maxingpend of 80 km/h, a higher

speed (120km/h) was adopted to reduce the duratiomavel for simulating the
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required travelling length of 400mm. The examplehwa lower speed (<80km/h)

corresponding to the field test is reported in Geap.

Fig. 5.1 shows the load and boundary conditionsl irse¢he static analysis. The bolt
pretension load of 200KN corresponding to the terqi1050Nm was applied to the
bolt shank and the wheel load of 150KN was appledically downwards at the axis
of the wheel (identified as B in Fig. 5.1). In thiatic analysis, the wheel/rail contact

position was located at 218mm away from the IRJdregishown in Fig. 5.1).

@A

uspension system

Beam element

v
Bolt Pretension load =200KN
K\ Solid element
[ ~a

<2l
. Elastic supporting system 218m

Figure 5.1 Typical wheel/rail static contact modelRJ

For the purpose of smooth transfer of static amalyssults into dynamic analysis
input data, it was required to apply the centrifuigaece (see Fig. 4.23) due to the
steady state velocity of the wheel in the statialgsis. This was achieved by
prescribing the velocity at Point B in ABAQUS/CAIEhe mass of the wagon shared

by the wheel was also applied (at point A in Fig.)30 enable smooth transfer of the
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static results into the dynamic analysis input data

In the dynamic analysis, the model was preloadettdnsferring the results from the
static analysis. The longitudinal speed 120km/hthedotational angular speed 72.46
rad/s were applied to the wheel as the initial aomas. A similar approach is also
adopted for the simulation of automobile tyre-roatraction problems (ABAQUS,
2003). Initial condition instabilities were mininaid by allowing the wheel to roll a
sufficiently long distance (218mm) prior to impatithe IRJ. The total duration of

this simulation in real time was 12ms.

The mechanical properties of the material are showirable 5.1. In this example, the
end post thickness was kept as10mm and the endnadstial was assumed glued to
the rail ends for simplicity. The suspension systemd the elastic supporting system
were modelled as spring/dashpot sets, and theihamézal properties are shown in

Table 5.2.

Table 5.1 Mechanical properties of steel and irteuiamaterial (Chen, 2002)

Property Sed Nylon66

Young’'s modulug 210GPa 1.59GPa

Poisson’s ratio | 0.3 0.39
Density 7800kg/im® | 1140kg/m®
Yield Stress 780MPa
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Table 5.2 Properties of the Supporting and Susperssistem (Wen, 2005)

Elastic support system Suspension system

StiffnesK, (MN/m) | StiffnessK, (KN/m)
26.8 220

DampingC, (KNs/m)| DampingC, (Ns/m)
14.5 138

5.3. Typical Results

In this section, typical results of static and dyi@analysis are presented. The static
results are presented first; the contact impactefoobtained from the dynamic

analysis is presented later.

The results are presented with two main objectifiest; to provide some confidence
that the results are indeed plausible, and seconénsure that an engineering
interpretation of the results is possible. In ortiedemonstrate the plausibility of the
results, fine meshes were used, especially in tdigc sanalysis. Unfortunately these
fine meshes could not be adopted for the completysis, especially for the
dynamic explicit analyses, due to the limitation thé super computing facilities
provided for the project. It should be remembeleat the dynamic solution could
only be obtained after 28 hours of computer CPletimith coarse mesh. Therefore,

even with larger resources, fine meshes would aeé ibeen economically viable.
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5.3.1.Results of static analysis

First the contact pressure contour obtained from dlastic and the elasto-plastic
analyses are presented and compared with the HGMhaaen in Fig. 5.2. The dashed
ellipse represents the HCT contact patch. Tablepe3ents the dimensions of the
major and minor axes of contact areas, as wehasantact areaz@b ) and the peak

pressure obtained from the elastic and elastoiplBEt analyses and that of the HCT.

(a) Elastic FE/

(b) Elasto-plastic FEA

Figure 5.2 Contact pressure distributions
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Table 5.3 HCT and FEA comparison

HCT Elastic FE Elasto-platic FE

v Values %
Diff. Diff.

Major axisa 7.9mm 8.5mm 7.6% | 8.5mm 7.6%
Minor axis b 6.3mm 6.0mm 4.7% | 6.0mm 4.7%

Contact area A 157mm? | 161mm® | 2.5% | 162mm® | 3.2%
Peak pressur
I:)0

Values Values

e
1434MPal 1549MPa| 8.0% | 1513MP3g 5.5%

It is notable that all parameters of the contadtipabtained from the elastic and
elasto-plastic analyses compare well with thathef HCT. Further refining of the

mesh would have reduced the percentage differeateelen the FE results and the
HCT predictions. However such attempts were notiegrout as even the mesh
shown in Fig. 5.2 had to be made coarser for theashjc analyses for reasons

explained earlier.

One interesting observation is that the FE analysese predicted slightly larger
contact areas as well as higher contact pressimésed both methods must satisfy
static equilibrium for the applied wheel load ofOLKN. To examine the matter
further, the HCT and FE pressure distributions @mpared in Fig. 5.3. From the
non-continuous distribution of the contact pressuredicted by the FE (especially
along the minor axis), the reason for higher peaktact pressure becomes obvious. It
should also be realised that the HCT is an ovetbalised theory and hence its
prediction of smooth, continuous distribution oégsure should be treated carefully.
As an idealised theory, the HCT pressure distrisutiould be regarded as ‘average’

from Fig. 5.3.
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Figure 5.3 Contact pressure distribution X-Y plot

Another observation to make is the effect of péistito peak pressure; only a

marginal reduction in peak pressure has occurredalthe load of 150KN being just
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sufficient to initiate the plastic deformation dswn in Fig. 5.4. Higher loads would

have caused reduced pressure with the correspomdilaggement of contact area.

Such analyses were not carried out as the mairctolgeof the FE model was limited

to the determination of the contact impact foraeshie vicinity of the end post. The

reason for the elaborate discussion of the comgattth is primarily to demonstrate

that the FE contact model is appropriate.

Plastic Dissipasion(Nmm)

50.00

40.00

30.00

20.00

10.00

0.00

0.00

30.00

60.00 90.00 120.00 150.00
Load (KN)

Fig 5.4 Plastic energy history

Unfortunately, as described above due to compunatiesource limitations, the mesh

that has provided good static results (from thetaxnpatch perspective) is not

affordable in the dynamic analysis. In order to the dynamic model within the

constraints of available resources, the mesh wakermaarser. The refined mesh used

in the above two cases and the coarser mesh adémtddrther analyses in the

contact zones are shown in Fig. 5.5. It showsttiaelement size is enlarged by four

times in the longitudinal direction (along axis While in the radial and vertical
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directions the element size has been kept unaltered

(a) Refined MesH).9mmx 0.5mmx 0.5mm (b) Relaxed Mesi8.6mmx 0.5mmx 0.5mm

Figure 5.5 Mesh in the contact zone

The contact pressure distribution was obviouslgratl due to the coarser mesh as
presented in Fig. 5.6. The analysis consideredefaastic rail steel properties. It
indicates that due to the coarser mesh the coataet is enlarged by 17.3% ((190-
162)/162) and the peak pressure is reduced by 1016%3-1352)/1513). However,
the results reported in the next section on dynaanialysis shows that the contact

force and peak pressure are still sufficiently aatau

Ak II ‘.h‘

[

|

I

i

[ —
T

2b=11.4mm

'liV iil.."!l
T AL

M
Wl

R e el oS

|
|

3
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5.3.2.Results of dynamic analysis

ABAQUS/Explicit permits two methods for contact straint enforcement: the
Penalty method and the Kinematic method. The effecess of these two methods
was first examined. Fig. 5.7 indicates that bothhmds produce the same magnitude
of the impact force, 174KN. However, the contactéohistory due to the Kinematic
method has exhibited more severe vibration thandba to the Penalty method. This
might have been associated with the algorithm efimematic method that advances
the kinematic state of the model into a predictefigurationwithout considering the
contact conditions. The computational times of these two methodsfaire similar.
The Kinematic method is therefore not chosen father analyses because of its
severe numerical vibration; all calculations catrigut and results reported in this

thesis were based on the Penalty method.
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Figure 5.7 Contact force history using Penalty mdtAnd Kinematic method
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(@) Contact forces

Dynamic analysis of the IRJ has provided the raitttesheel contact force time

history, which is shown in Fig.5.8.

Contact force history Travel distance (mm) | 74N

x10°] 0.00 100 200 o m 400

T T T T ‘.."".__‘ 7 r| T
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Vertical Contact Force (N)
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. - - \ . Travelling direction
5000 — Running swface ofrail head IRJ gap size % ]
: =10 mm
O.M 1 I 1 l 1 I 1 1 1 l 1
1.000 1.002 1.004 1.0006 1.008 1.010 1.012

Time (Sec.)
Figure 5.8 Rail/wheel contact force history

Fig.5.8 shows that, at the beginning of the dynaamalysis, the contact force has
increased sharply just above 150KN and stabiliseth¢ static wheel load value of
150kN after a short period of approximately 1.2 liseconds. As the wheel
approached the end post, a drop in the contact {d27kN) occurred due to the local
deformation of the edge of the railhead that ie@#d by the difference in the
material properties between the two interacting emals (rail steel and endpost
Nylon). Within 0.54 millisecond the contact foreceieased from 127kN to 174kN (or
37%) indicating the occurrence of the rail/wheettegt-impact. The impact occurred
at 7.1 millisecond since the start of the wheebdtawith the corresponding impact

factor of 1.16 (calculated from the quotient of mwpforce on static load (1+(174-
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150)/150)). The concept of wheel/IRJ contact impactdescribed previously in

Chapter 2 Section 2.6 (See Fig. 2.14).

It is believed that the wheel impact at the rajeds due to the momentary “loss” of
contact leading to wheel flight across the end pott the wheel landing on the edge
of the other railhead. The exact location of tHeewl tending to lose contact and re-
landing on the railhead can not be precisely esdéthérom the FE model. As 0.54
millisecond of “flight time” of the wheel travellj at 120km/h corresponds to
18.0mm which is larger than the end post (10mm g¢aipkness, it is inferred that the
hypothesis of wheel impact in the vicinity of thedepost is approximately validated.
After the impact, the contact force has graduadynged down to the static wheel
load level of 150 KN. It should also be observeshf Fig. 5.8 that the post impact
history is associated with high frequency noiseicvlwas relatively calm in the pre-
impact stage. This again reinforces that the whesl actually caused impact at the

forward section of the railhead.

10<rﬂm
End post
Top of Railhea
Line of measuremé'nt
) 180mn ]

Figure 5.9 Measurement line on the top of railhead

The inferences discussed above can be further pnitd the displacement profile of

the IRJ as the wheel passing over the joint. The bf measurement is selected
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through the nodes at the top centre line of radheaface as shown in Fig. 5.9. The

displacement of the selected nodes on this lis@asvn in Fig. 5.10.

Fig. 5.10 demonstrates that during pre-impact, Rdibs a lower profile than Rail 2
as the wheel load is primarily distributed on Raillt shows that the end post was
severely compressed by the uneven forces fromwbedils which leads to a pop-up
zone close to Rail 2. Because of the higher prafil®ail 2, the approaching wheel
would hit Rail 2 severely at the edge of Rail 2 evhis considered as an impact. At
the moment of impact, the end post material undieeek contact loading dipped
down significantly more than the two rail ends dodower modulus. This deformed
profile illustrates that only two point contact dfe 460mm radius wheel in the
vicinity of the end post as hypothysed in Sectio® ®ould be possible. During the
post impact stage, the deformation profile appeairsor-imaged to that of the pre

impact behaviour.

(b) Contact pressuresand dimensions

Contact pressure distribution at the top of théhesid obtained during one of the
increments of the rolling of the wheel, correspogdio the pre-impact stage, is
shown in Fig. 5.11. The shape of the contact presgzane appears approximately
elliptical with the major axis oriented along tlengitudinal direction (shown by the
single headed arrow) of travel. The dimension & tlontact ellipse (a=10.35mm,
b=6.35mm) is close to the static analysis usingsmanesh (see Fig. 5.6 in which

a=10.65mm and b=5.70mm).
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Travelling directiol

12.7mnr

20.7mn

Figure 5.11 Contact pressure distribution (pre ichpa

The peak pressures of the dynamic and static asmlyistained from the coarse mesh
are 1352MPa and 1452MPa respectively. It is appdinan the dynamic rolling of the
wheel has narrowed the peak pressure zone (contpareed contours of Fig. 5.11
and Fig. 5.6) with the corresponding increase engbak pressure. As peak pressure is
perhaps the most important parameter that affeetslamage, its determination using
dynamic analysis appears more appropriate, as ishikkely to provide a less

conservative estimation of the damage.

The contact pressure on the railhead was monithredighout the travel of the wheel.
Until the wheel approached the edge of the IRJs@ldo the end post), the contact
pressure shape remained approximately elliptic. Wthe wheel just crossed the IRJ,

the shape of the contact pressure distribution gtesvn two point contact of the
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wheel spanning across the IRJ as illustrated in big2. The maximum contact

pressure in this case was 1231MPa.

IRJ=10mn Travelling directiol
[ ——
! 13.Smm
[
[
[
o —
27mm

Figure 5.12 Contact pressure distribution (durmgact)

Fig. 5.12 shows that the contact area was dividéal tiwo parts and the middle part
corresponding to the end post was considered owbofact. In this situation, the
continuous contact surface assumption of HCT wakaited. This figure together with

Fig. 5.10 infer that, at the time of impact, theeghand rail are under a condition of
‘two-point contact’ in contrast with the ‘single4pb contact’ beyond the vicinity of

the end post. The post-impact contact pressurgldison on the railhead is shown in
Fig. 5.13. It indicates the peak pressure of 149&8MRd the elliptical dimensions of
major and minor axis are close that of the casegter to impact as shown in Fig.

5.11.

104



Travelling directiol
[ e——

13.3mn

20.Smm

A
v

Figure 5.13 Contact pressure distribution (postaatp

The area of the contact patch obtained at eaclenment of the explicit analysis is
plotted as a time history in Fig. 5.14. In thiguiie the contact area predicted by the
HCT is also shown (as the horizontal straight lingJhilst the HCT predicts the area
as 160 mrfy the explicit dynamic analysis predicted areasedaaround a value of
approximately 260 mfprior to impact, and has registered a sharp iseréa the
contact pressure area to 450 famthe time of impact, and 280 ripost impact. The
consistent deviation between HCT and FE resulfgrimarily due to coarse mesh.
Based on the discussion in Section 5.3.1, sho@drtésh be refined it is believed that

the contact area pre and post impact would beyfeidse to the HCT.
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Figure 5.14 History of total area of contact

The time series of the maximum contact pressusbasvn in Fig. 5.15. Except for the
influence of the initial conditions, the contactagepressure fPdetermined from the
explicit FE analysis has exhibited reasonable agess with that of the HCT analysis
until the wheel was located approximately 20mm atvayn the edge of the rail and
then started deviating from the HCT predictioniietets of impact. Just after crossing
the end post, Fhas shown a steep raise to 1600MPa. The coarde apeear to have

not affected the peak pressure significantly.
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Figure 5.15 Time series of peak presswe P
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(c) Stresses

The Von-Mises stress distribution presented in Bid6 shows the most part of the
IRJ (excluding the contact patch of wheel and nailsubjected stresses lower than
150 MPa (which will not cause any plastic deformal}i The bolt pretension load has
only a localised influence on the IRJ as shownig B.16. The magnitude of Von-
Mises stress in the bolt zone is also below 200MHR&ough these results, the
assumption on the localised plastic zone of the uBdd in the FE modelling is

validated.

Prior to impact, the wheel/rail contact force reneal at a stable level that produced a
maximum Von Mises stress of 645MPa (the yieldsstref steel was 780MPa). The
maximum stress occurred at a point 3.75mm belowallieead surface shown in Fig.

5.17&5.18.

5, Mises
(Ave. Crit.: 75%)
+7.967e+02
+7.303e+02
+6.6306+02
+5.976e+02
+5.3126+02
+4.6486+02
+3.984e+02
+3.320e+02
+2.657e+02
+1.993e+02
+1.3206+02
+6.651e+01
+1.302e-01

Figure 5.16 Von-Mises stress distribution
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Travelling directiol
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Figure 5.17 Von Mises stress contour (top of raimw) prior to impact

] Maximum stress poi
S, Mises 3.75Mm

Figure 5.18 Von Mises stress contour (longitudiretical symmetric plane through

the rail) prior to impact

At the time of impact, the contact force reachesl mtaximum magnitude; the
corresponding Von Mises stress distribution is gimdw Figs. 5.19 & 5.20. The
contours indicate that the Von Misses stress onsthréace of the railhead was 668
MPa and the maximum stress of 798.7 MPa (greatan the rail material plastic

stress) occurred at 3.19mm below the railhead serrfahis shows the impact is the
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major cause of the initiation of the damage nearetige of the rail in the vicinity of

the end post.
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Figure 5.19 Von Mises stress contour (top of regiw at impact
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Figure 5.20 Von Mises stress contour (longitudireatical symmetric plane through

the rail) at impact

The Von-Mises stress distribution post impact i®veh in Fig. 5.21&5.22. The

maximum stress is 736Mpa and located at 3.02mmallertkee railhead.
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Figure 5.21 Von Mises stress contour (top of ragiw post impact
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Figure 5.22 Von Mises stress contour post impact

Comparing the results of Von-Mises stress (Fig$7 30 5.22) and contact pressure
distribution (Figs.5.11 to 5.13), it appears thaimapact, the peak contact pressure
reduces (approx. 18.4% and 27.2% relative to pgatchand post impact respectively)
due to an apparent increase in contact area. ta spithe reduction in peak contact
pressure, the maximum Von-Mises stress at impalarger relative to the pre and
post impact stages (approximately 21.2% and 12.&8pectively). Discontinuity of
rail in the vicinity of the end post appears tothe primary factor influencing the

large increase in Von-Mises stresses.
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(d) Energies

In this section, kinetic energy%(mvz) and plastic energygz(aap) time series are

presented. The kinetic energy time series of thkeisRplotted in Fig.5.23. The kinetic
energy remained very high throughout the duratibnwbeel travel due to the
significant contribution from the wagon mass whighs 15 tonnes or 96% of the
mass of the whole model. During the steady stdtmg, the kinetic energy recorded
a gradual reduction until the impact imparted higleels of kinetic energy. The
maximum peak of the kinetic energy occurred atBildsecond of travel time, which
shows a delay of 0.9millisecond to the time of maxin impact force (Fig. 5.9). This
time delay is in accordance to the theory of stremge propagation in solids. When
impact occurred, the stress waves propagated isdhds are reflected back as they
reached boundaries. The reflected stress waveg e#usel response and propagated

into the entire system. This whole process tookestime and caused the time delay.
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Figure 5.23 Kinetic energy time series

The Plastic energy history is plotted in Fig. 5.B#pact has sharply increased the

plastic strain energy to a higher value that grigwaept to a maximum steady state
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level towards the end of the analysis. It has beemd that the sharp increase of
plastic energy occurred between 6.6ms and 7.1megsponding to the impact (Fig.
5.9). This shows that the material is significarphasticised due to wheel impact

almost instantaneously.
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Figure 5.24 Plastic energy time series

Although the results presented so far illustrateltgical occurrence of impact in the
vicinity of the end post, to further prove the agprateness of the FE model for the
contact-impact analysis, the end post materialofm§6) was replaced with the rail
steel itself. This modification has effectivelynreved the joint (discontinuity), with
the FE model of the IRJ becoming a rail with nanfpias such the model should
predict no impact. The contact force time histeinpwn in Fig. 5.25 proves that the
FE model works well, as no impact is found with ttentact force remaining at
150kN level (equivalent to static wheel load) thgbaut the travel and with the
distinct absence of impact. The FE model is theeefegarded as being appropriate

for the contact-impact study in this thesis. Thededds further validated using some
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limited experimental data as explained in Chapéend 7. The FE model is then
used to examine the sensitivity of the design patars of the IRJ with a view to

determining a low impact (or, optimal) design oflIR
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Figure 5.25 Contact force history of Nylon66 andebend post material

5.4. Sensitivity Analyses of Design Parameters of IRJ

There are a range of designs of IRJ available smudsed in Chapter 2. Sensitivity of
a few major design parameters is reported. The lilesiign parameters examined are
illustrated in Fig. 5.26; the sensitivity of theparameters to wheel/rail impact are

reported in this section. The design parametersidered are:
i) End post bonding detail: glue or inserted
(ii.)  Gap size: 5mm or 10mm

(iii.)  Supporting system type: flexible or rigid
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(iv.) Length of joint bar: 4 bolts or 6 bolts long
(v.) End post material: Nylon66, Fibreglass or Polyfaitaoethylene (PTFE).
(vi.)  Joint suspended or directly supported on sleeper

In addition to the above, an operational parametamely sliding of wheels across
the joint was also considered and compared todti@g case. In all analyses, other

than the sliding analysis, the wheel was considasadndergoing pure rolling.

Insulation material

Enc post materit
\h/ bonding typ

O 0 »0 O

£ £ < \ £ £
= : Gap siz by ey

Joint bar typée

N

Supporting system type
Sleeper position

Figure 5.26 IRJ design parameters examined

5.4.1.Design cases considered

Each design case is uniquely identified by a comiiom of characters and/or
numbers. The first character represents the endbposling detailG for glued and

for inserted (i.e. non-glue). The next two digisor 10 represents the gap size 5mm
or 10mm respectively. The fourth characteror R is used for the flexible or rigid
support at the base of the rail. The fifth andsizharacters stand for the length of
joint bar, namelydB or 6B standing forthe 4-bolt joint bar or 6-bolt joint bar. The
seventh charactel\, F or P is used to specify the insulation material Nylon66

Fibreglass or PTFE respectively. The final threarabters sus/ ’sup’ stand for
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whether the joint is suspended between sleeped#extly supported on the sleeper.
The design parameter sensitivity was inferred bygaring the results from one or

two design cases with Case (1) that served aseadase as shown in Table 5.4.

Table 5.4 Sensitivity study plan

Case Sensitivity Exolanation
Number | Studies P
(1) G10F4BNsus Base case

Compare (2) to (1) for the determination |of
2) | 10F4BNsus effectiveness of end post bonding detail

Compare (3) to (1) for the determination |of
(3) GOSFABNsus effectiveness of gap size

Compare (4) to (1) for the determination |of
(4) G1O0R4BNsus effectiveness of supporting system at rail base

Compare (5) to (1) for the determination |of
) G1O0F6BNsus effectiveness of length of joint bar
(6) G10F4BPsus Compare (6), (7) and (1) for the determination| of
(7) G10F4BFsus effectiveness of type of end post material

Compare (8) to (1) for the determination |of
(8) G10F4BNsup effectiveness of suspended versus supported joint|

5.4.2.Sensitivity studies

In this section, the sensitivity of design parameetis reported by comparing the
design cases discussed above. The wheel/IRJ comtpatt force, which is the key

cause of IRJ failure, is chosen as the basis fusigety study.

Two types of wheel motion, namely pure rolling gnare sliding, are investigated
first. Locked wheels due to heavy braking/ tractiend to slide and are known as the
primary reason for “wheel burn” type damage everrals with no joints. The FE
model developed was used to analyse the effedidifig wheels near the IRJ on the

contact force history. The IRJ containing a gleed post was used for this purpose.
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Degree of freedom 5 of the wheel was arrested raulsite dragged wheels. The
contact force history shown in Fig. 5.27 illusteatthe increase in impact force
(194kN — 174kN = 20kN for a static wheel load oDEBN representing 13% increase)
that is significant. It is, therefore, importartet operating vehicles ensure good

rolling of wheels through application of gentle kirgy/ traction torques.
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Figure 5.27 Contact force history of wheel purdimgland pure sliding

(a)Effect of end post material bonding detail

Fig 5.28 shows the modelling of the glued and ireskend post.

it

o y —
\/ ™End post material \ /v\ _
integrated End post material
removed
Glued end post Inserted end post

Figure 5.28 Modelling of end post material bonditegail
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As the ‘inserted’ end post (non-glued) does notvisl® additional stiffness to the
entire IRJ structure unlike the glued end postisitgenerally expected that the
‘inserted’ type would generate higher impact. Mdidgl of the ‘inserted’ case of the
end post is complex. To truly model this case,ghd post surfaces and the rail end
surfaces should all be initially defined as freeogPessively due to deformation, the
model should account for the development of conbettveen these surfaces. For
simplicity, the end post for the ‘inserted’ caseswamoved. Therefore it is expected
that the model would predict high impact force asbenefit of partial support from
the end post is accounted for in the model. Thedjland inserted case modellings

can therefore be regarded as lower and upper basuodts.

Fig. 5.29 presents the contact-impact force hissoof these two cases. The damage
potential due to the increased impact of each wpastage (185kN — 174kN = 11kN
for a static wheel load of 150kN, or 8% increasgjuires further investigation as the
costs of gluing the end post against the poteim@kase in railhead damage requires
economic justification. For the inserted (non-gluedse, the impact occurs 0.15ms
later than for the glued case, corresponding tom&ravel for the speed of 120Km/h.

This suggests enlargement in the damage area tR&he

(b)Effect of gap size

The gap size of conventional IRJ designs normalhge from 5mm to 10mm. In this
sensitivity study, two sizes of gap (thicknessmd @ost material) of 5mm and 10mm

have been considered. The FE modelling was simgalised by partitioning the end
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post zone for 5mm or 10mm, as shown in Fig. 5.3QHe two cases respectively.
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Figure 5.29 Contact force history of glued and iitesijoint
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Figure 5.30 Modelling of gap size

The impact force time series for these two casase& (3) and (1)) are compared as

shown in Fig. 5.31. The numerical result indicdtest the small gap size reduces the
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impact force by 11KN (174KN-163KN) or 7.3% of thiatsc load of 150KN. Further
economic and technical assessment is requiredeathiliner gap may increase the

possibility of early electrical isolation failure.
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Figure 5.31 Contact force history of 10mm and 5nap gize

(c)Effect of support condition

The modelling of the rail support foundation hagmetudied by many researchers.
Models using discrete spring/dashpot sets repriegenhe supporting system are
commonly adopted for railway track studies. Howewke constants of springs and
dashpots are varied depending on different prdctomditions and models. To

examine the effect of the spring constant, the stppbeneath the rail base were
either considered as either flexible or rigid, whis an extreme case for rigid springs.
The flexible supporting system has been alreadydiced in the previous chapter.
The rigid case is realised by removing the spriagiighot sets and directly fixing the

rail bottom to the ground at the positions of sk¥ep
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The result illustrates that without the dampingeeffof flexible springs, the impact
force can reach as high as 205KN with an increag24 KN over the flexible case or
14% of the static load of 150KN. Fig. 5.32 alsoensf that without foundation

damping the wheel/rail contact exhibits more vilmatand is slower to stabilise after

impact.
s 174KN 205KN
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S 20000 -1 e '\ BA--]
§ 100,00 o = o= =gl - = oo A — =
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Figure 5.32 Contact force history of flexible amgid support

(d)Effect of joint bar length (number of bolts)

Two types, namely 4 bolt long and 6 bolt long jdiatrs as shown in Fig. 5.33 have
been considered. The cross sections of these intohjars were kept the same and the

longitudinal lengths were 576mm and 830mm respelstiv

I S 7 S 7 7. S
S == —

3 <>
—J 576mm ; 830mm
]
4-bolt joint bar model 6-bolt joint bar model

Figure 5.33 4-bolt and 6-bolt joint bar IRJ model
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In this design case the 4-bolt joint bar is 254nmorter than the 6-bolt joint bar in the
longitudinal direction. As bolt pretension loackispt same, the four bolt joint bar has
had lower pretension force in the lateral directielative to the six bolt joint bar case.
Fig. 5.34 illustrates that the 6-bolt joint bar IBdnerates a slightly larger impact
force of 178KN compared to the 4-bolt joint barea$ 174KN. A conclusion can be
drawn that the effect of the joint bar length andnber of bolts on the impact force is

not evident for reasons as explained below.
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E 180m N ) -I-—ll)olt ! . ! 5 ‘I/ I ! =
< 17000 [----- T T B emee
160.00 t---~------ -E ------ : N,

-- - -

-
8

8 ;
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" 1 " 1

1000.00 1004.00 1008.00 1012.00 [x10%
Time(Sec.)

Figure 5.34 Contact force history of 4-bolt anddtfoint bar

Considering the sleeper clear spacing is 564mm. #85), joint bars always span
across sleepers whether 4-Bolts (576mm) or 6-B@&0mm) designs are used.
Therefore their effect on impact is not significamtthe cases considered. However,
with 6-bolt joint bars, a larger sleeper spacing/rha adopted. In the event of larger
sleeper spacing, the 4-bolt case might generatgsrlampacts due to the larger dip

(deflection) under wheel passage.
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Figure 5.35 lllustration of sleeper spacing andtjtiar length

(e)Effect of end post material

Three insulation materials have been investigatethis study: Nylon66, PTFE and
Fibreglass (case 1, 6 and 7). Table 5.5 showsitiredtass is the stiffest material and
the PTFE is the softest of the three materials. fEiselt of the study is presented in
Fig 5.36, which shows that the IRJ with fibreglassibits the lowest impact force
level of 168KN while the other two cases both red@4KN. Although the peak
impact forces are the same for Nylon66 and PTFEs;ake PTFE case shows more
post impact vibration during the wheel passages thrdpeak value has occurred
1.2ms later than the other two cases, correspondid@mm length. This would mean
that the damage area may larger for PTFE. In centthe fibreglass case shows not

only a lower impact force but also less post impauatation.

Table 5.5 Mechanical properties of insulation matgChen, 2002)

PTFE  NYlon66  Fipreglass
Young’s modulusE  400MPa 1590MPa 45000MPa
Poisson’s rativ 0.46 0.39 0.19
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PTEFE. Impact=174EKN

— Nylon66, Impact=174KN
Fibreglass, Impact=168KN
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Figure 5.36 Contact force history of different gga$t material

(f) Effect of sleeper position

The sleeper position effects on the wheel/rail aohtmpact at the IRJ were studied
by positioning the end post either symmetric to #heepers (suspended IRJ) or
directly on the sleeper (supported IRJ). Fig. B@ws these two cases (case 1 and 8

respectively). The sleeper spacing was kept theedanboth cases.

Suspended IRJ Supported IRJ

Figure 5.37 Position of sleepers
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Fig. 5.38 shows that the supported IRJ has germeamenpact force of 192KN, while

the suspended IRJ has generated just 174KN imparce.f The impact force

difference is almost 12% of the static load of 180KThe supported IRJ also

exhibited significant post impact vibration. A siariresponse was also exhibited for

the case of rigid support (Fig. 5.32). This sholaat when either the support is stiffer

or the IRJ is directly supported, the waves geedratue to impact reflect more

strongly resulting in the post vibration effecttiag longer.
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Figure 5.38 Contact force history of IRJs susperatesipported

5.4.3.Discussion of sensitivity study results

Through the analyses of these eight design calsesffects of the selected design

parameters on the wheel/rail contact-impact forees investigated and a few

conclusions are drawn.
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* The glued IRJ performs better than the inserted-@oed) IRJ. The IRJ with

a smaller gap size generates less impact.

* The higher the flexibility of the supporting systethe lower the wheel/rail

contact-impact.

* The effects of joint bar length seem to not be ificant to the wheel/rail
impact force based on the numerical results. Bagh4t-bolt joint bar and the
6-bolt joint bar have just enough length to spass the clear spacing of the
sleepers. Should the sleeper spacing be largertiiead bolt joint bar length,

the result would have been different.

» The stiffer the end post material (fibreglass iis tase), the lower the impact
forces. This is because the material with mech&ipiczperties closer to steel

decreases the discontinuity in stiffness in thoénity of the end post.

* It seems not a good choice to place a sleepertljiresderneath the IRJ end
post. The directly supported IRJ generates mugetampact forces relative

to the suspended IRJ.

In summary, to minimise the wheel/rail contact ictpéorce at the IRJ, the best
design parameter combination is a fibreglass estlywith 5mm gap size that is glued
to the rail sections suspended between the flesilymorting system305F4BFsus).

Fig. 5.39 indicates that the impact force is laygeliminated in this case. From a

practical perspective, this case may be considedthically optimal.

125



[J(‘lﬂ':] 155KN

= 180.00 — : — —
= 170.00 —----------- SAREEEE Z —————— Soooee
8 16000 LA 4o e DN ARl S (R
o ' ; ; ; :
L 150.00 (- -1\ : : |
g 140.00 ff----- e b GREET R R
§ 13000 [t
O 4000l 1 . & . & i . i
1000.00 1004.00 1008.00 1012.00 [x10™]
Time(Sec.)

Figure 5.39 Contact force history for ca8385F4BFsus

5.5. Summary

The wheel/rail contact impact at IRJs has beeniedtiudnd reported in this chapter.
The wheel/rail contact force history indicates ttiad¢ impact is generated due to a
‘two-point contact’ as the wheel passes over tiv due to a flexible deformation of
the joints in the vicinity of the end post. ThigXibility causes an early reduction in
the contact force below the static wheel load. & time of impact, the wheel lands
on the end of the rail on the other side of thatjowith the impacting point several
millimetres away from the rail end and whilst thestf rail end is still in contact with
the wheel. It is notable that the structural defation of IRJs during the impact is
recoverable, although some plastic deformation meye occurred at the rail head.
The impact mechanism can be explained as one caligethe IRJ stiffness
discontinuity leading to the temporary geometrycdiginuity under wheel passages

as:

Whee G di tinuit
Stiffness discontinuity eomety discontinuit Impact
Passac of running surface
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It has been shown that the contact pressure disivifly in particular the contact patch
dimensions and the contact area, are significaafflycted by the mesh size. Due to
the limitation of the computational facility, theesh was made coarse. It was found
that, in the dynamic analysis although the consaet was consistently larger than
HCT, the peak contact pressure was not affectettatidg mesh changes to the

distribution of pressure within the contact patch.

The HCT is proved valid as long as the wheel/railtact area remains away from the
joint. Dynamic results indicate that the Hertz @mtttheory is not strictly valid due to

edge effect and material plasticity during the oence of impact.
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6. Strain Gauged IRJ Experiments

6.1. Introduction

To validate the FE model presented in Chapterid,thtiesis has taken advantage of a
major field experimental program carried out jomnthy the Centre for Railway
Engineering (CRE) and Queensland Rail (QR). Thisedrment involves laboratory
tests and field tests. In this chapter, the deeigiie experiment is presented first in
section 6.2. The strain gauge positioning stratesgyeported in section 6.3. The
manufacturing process of the strain gauged IRdtieduced in section 6.4. The setup
details of lab test and field test are presentedeictions 6.5 and 6.6 respectively.
Analysis of typical test data is presented in sec.7 followed by the summary of

the chapter in section 6.8.

6.2. Strain-Gauged IRJ Experimental Strategy

The experimental program contained two parts: kdi &and field test. The main
purpose of the lab test was to ensure the straigegawere properly working prior to
installing in the field. The lab test was conductedhe Heavy Testing Laboratory
(HTL) and the field test was carried out in theslnailway track. The lab test involved
six loading positions as shown in Fig. 6.1 (Omnma&@ 50mm, 100mm, 150mm and
200mm from IRJ centre). A static load of 150KN vegoplied to the railhead and the
IRJ was simply supported at the two ends 300mm dweaty the IRJ centre (end post)

as shown in Fig 6.1.
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2
jﬂ 600mm .3 3

Figure 6.1 Loading positions in lab test

In the field test, the wheel/rail contact impactla IRJ was indirectly inferred from
the strain time series under wheel passages. Refdo Fig. 6.2, the passing wheel
triggers the solar powered data recording systemmguan ultrasonic sensor. The
signals from strain gauges were amplified and =r using the National
Instruments DAQ card. The DAQ scanning frequencyg s&t as 20 kHz, sufficient to
capture the high frequency dynamic responses. ake récording only occurred for
10 seconds (200,000 data points) with a view toimiging the size of data files.
Each passing train triggered collection of the datt were stored in separate files.
After each recording, the ultrasonic sensor renthio# line for two minutes and

started scanning for the next passing wheels.

1
IRJ Amplifier
A7 TN

3 2 // \\
Ultrasonic -~ i
sensor -~ Wire to CAQ

Solar powere
data recordin
system

Figure 6.2 Data recording system for the field test
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6.3. Strain Gauge Positioning Strategy

Positioning of the strain gauges is critical to shkecessful outcome of this experiment.
As a principle, the locations for strain gaugesusthde fairly sensitive to the high
magnitude strains under static and dynamic loadsilbeing technically feasible. To
acquire the IRJ impact response that is of intethststrain gauges are also required
to be as close as possible to the end post arfttaall Strain gauges can only be
placed on the surfaces of IRJ parts; the top ofréileead surface is automatically
excluded because of the wheel passage; the rail amedalso excluded as it would be
difficult to detail the strain gauge wires and strgauges in a safe manner. As a result,
the rail web, the rail bottom and the joint bare gossible locations. Numerical
results from the dynamic FE model are employeddeniify the most sensitive

positions for locating the strain gauges.

Determining the rail strain is a complex problenhisTis because rail is constantly
subjected to thermal strain and under the actiomwlnéel loads; it is subjected to
bending and shear stresses. Therefore three stfaies (two normal and one shear)
on two mutually perpendicular planes would establsx independent strain
components. As two of the out of plane shear sréif), & E,;) and lateral normal
strain E;;, are of less significance in tangent track railsitif@ut regard to
braking/traction forces), only three strain compusethat are sensitive to the
wheel/rail normal contact (the vertical normal str&,,, the shear straif,;and
longitudinal normal straik,,) have been measured. The FE results indicatettibat

rail web is sensitive to th&,, and theE,;, while the rail bottom is more sensitive to

theE,,. The joint bars are not sensitive to any of thpanant strain components.
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The snap shots of the vertical strain distributitom the dynamic analysis
corresponding to three wheel positions (15mm bedmick post, at end post and 15mm
after end post) are shown in Fig. 6.3 (a), (b) ér)drespectively. Before the wheel

hitting the end post, the maximum strain valuehisvén as 43Q@s located at the fillet

radii between the railhead and the web, 110mm abaiebottom. For the wheel

loading at Omm and 15mm after the end post, theimar strains are 664 and
620 us respectively. These strain values are sufficierllyge for reasonable

measurement accuracy by electrical strain gauges.

Hence, there are four symmetric points (1, 2, 3&d)both sides of rail web at both
rails selected for gauging the vertical normalistEg, and shear strai,, shown in

Fig. 6.4. The longitudinal normal strain on thd raéb, although captured by these
strain gauge rosettes, remain very small througtimitvheel travel in the vicinity of

the end post.

For the longitudinal straig,,, the most sensitive and practical position is rthié

bottom. Referring to Fig. 6.5, with the wheel loaidthe IRJ centre, the maximum

longitudinal bending strain is around 642 The contour demonstrates a symmetric
distribution of E,, at the bottom of both rail endg,, is concentrated at the positions

approximately 60mm away from the joint. Hence ttrais gauges (Strain gauge 5 &

6) are symmetrically positioned to measureRfeas shown in Fig. 6.6.
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Figure 6.3 Snap shots of the vertical strain distion from the dynamic analysis
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Figure 6.4 Strain gauge positions fy, and E,, measurements
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Figure 6.5E,,distribution on the rail bottom
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In summary, there are six positions on two bothsegtions (four on rail web and two
on rail bottom) of IRJ selected for strain gaugiBgrain gauges 1, 2, 3 and 4 on the

rail web surface are used fé&,, and E,;measurement and Strain Gauges 5 and 6 on

the bottom are selected to measureghe

Strain Gauge 5 location Strain Gauge 6 IocatiQ

(a) Bottom view

Strain gauge 5(6)
location

(b) End view
Figure 6.6 Strain gauge positions fiéy, measurements

6.4. Preparation of Strain Gauged IRJ

6.4.1.Selection of strain gauge rosette

The 45° 3-gauge rosette selected for the measutewienhe vertical normal

strainE,,and shear straif,, is shown in Fig. 6.7. The middle gauge B is al@yme
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the vertical direction for thé&,, measurement, and the,, is calculated from the two

45° aligned gauges A and C. A linear gauge D isl agethe rail bottom surface for the
E,, measurement. Eq. (6.1) was used to convert thesure linear strains to the

normal and shear strain;

E22 = EBB
E,; =Ecc —Epm (6.1)
E33 = EDD

3-gauge rosette Single gauge

7 o

C
B
3

Figure 6.7 Strain gauge rosettes

To withstand the high temperature involved in tRa lassembling process, Vishay
Micro-Measurement CEA gauges with a fully encapsalayrid and exposed copper-
coated integral solder tabs were selected. Thansgauge had a wider working

temperature range from (-50°C) to (+250°C).

6.4.2.Installation of strain gauges on IRJ

The strain gauges were positioned at the rail wabthe rail bottom. Installation of
the rail web strain gauges was comparatively morapiex as they were positioned
on the rail web covered by the joint bar. The baittom strain gauges were stuck on

the exposed rail bottom surface after the IRJ wwhsdated in the factory.
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The rail web strain gauges were installed durirggptocess of assembling of the IRJ
in the factory. First the strain gauges were stckoth sides of the rails (Fig 6.8).
The rail bottom strain gauges were stuck on aftediRJ was assembled in the factory,

and covered with a plastic layer of water proofingterial.

Strain
gauge
rosette

Fig 6.8 Strain gauges stuck to the rails

6.5. Lab Test of Strain Gauged IRJ

In this section, details of IRJ laboratory testupeire presented. Some typical test
data are also reported; the data were used toataltie FE model as described in the

next chapter.

6.5.1.Laboratory test setup

The overall IRJ test setup in the laboratory igldiged in Fig. 6.9. The IRJ was

supported on two steel bars in such a way thatdihdottom surface contacted with
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the bar top surface. The smooth contact surfacegebke the rail bottom and the steel
bars allowed the IRJ to move freely in the longibadl direction. The span of the IRJ
was kept as 600mm. The static load driven by theador was transferred to the
railnead through a steel block. The steel block prasided with the railhead profile

to ensure a conforming contact. The actuator wagmlby a hydraulic pump and the
loading rate was controlled as 1kN/s to satisfydtatic loading hypothesis. Fig 6.10

shows how the load was transferred from the actiatthe railhead.

\\y\\\\\“““}iﬁ

Actuator

Profiled
steel block

Pivol

(a) Loading blocl (bfLoad tran§fer to railhead
Fig 6.10 Loading equipments

The strain gauge response signal was acquiredurydfechannel National Instruments

DAQ cards. In this lab test, all fourteen straimugg channels were connected to the
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DAQ card for data collection. The Quarter-Bridgpdywas employed for the strain

gauge circuit (Fig 6.11), where thBl=R2=500Q,R3=350Q are resistors,
Rl = 276Q is the wire resistance and strain gauge resisfagee350Q . Vex =5V is

the bridge excitation voltage anb is the calibrated bridge output voltage. The strai

is calculated from the voltage as:

£ =—ANr * (L+ Rl / Rg) /[GF * (L+ 2Vr)] (6.2)

Where Vr =(Vo/Vex) and gauge factorGF is 2.11 in this case.

R

Rl‘ﬁ / WV

Fig 6.11 Quarter-bridge routine for strain gauges

6.5.2.Typical data

The data collected from the strain gauges were exted to the objective strain
components: vertical normal strdi,, shear strairE,;and longitudinal strait,,

using Egs. (6.1) and (6.2). Strain gauges 1, 2n® 4 were used foE,, and E,,

measurement and strain gauges 5 and 6 on theottohib were used fdg,, .
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Fig 6.12 lllustration for position of strain gaugesd load

It was extremely difficult to ensure the symmetiyl@ading (see Fig. 6.10); some
eccentricity was unavoidable. Therefore it was fbdhat the strain data collected
from Strain Gauges 1 and 2 and Strain Gauges 3 aagied. To ensure linearity and
repeatability checks, it was considered sufficienaverage the corresponding strains
to both sides of the rail web. Fig. 6.12 shows thatloading position is 20mm away

from the IRJ end post centre. Fig. 6.13 and 6.t4cate that under the 150KN static
load, E,, from Strain Gauges 1/2 is 35.6 microstrain and.Afdfor Strain Gauges
3/4. The shear straik,, for the Strain Gauge 1/2 is 474 while Gauges 3/4 show a
value of 234.5:,s. The longitudinal tensile strain is plotted in F&15. It indicates
that Strain Gauges 5 and 6 have had a very similagnitude of 118.2s and

123.1us respectively.
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Figure 6.13 Averaged vertical strakf,
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6.6. Field Test of the Strain Gauged IRJ

In this section, the details of IRJ field test getwe presented and the typical test data

are also reported.

6.6.1.Field installation

The strain gauged IRJ was installed in the fieldréglacing a continuous weld rail
section (Fig. 6.16). A data recording housing wadt mear the track for automatic

wheel passage detection and data recording.

Figure 6.16 Installed strain gauged IRJ as a wagpassing over

The wires from strain gauges were connected torapliier used to amplify the

voltage signals to improve the signal receptione Bignals from the amplifier were
transferred to the data recording system. A solawgred data recording system
consisted of a National Instruments compact DAQ &andger, ultrasonic sensor,

solar panels (2 x 80W), charger and storage haid di
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The strain gauge circuit used in the field test Wssame as that of the lab test. Due
to the limited number of DAQ channels, the straguges on only one rail of the
strain gauged (Strain gauge 1, 2 and 5) IRJ wetwaded. The DAQ channel
scanning frequency was kept as 20 kHz and the dewpduration for each passing
train was limited to 10s, which corresponded to Q00 data points from each

channel for each train. A data processing progrargmias coded in MATLAB.

6.6.2.Typical data

In this field test, Strain gauges 1 and 2 were usedmonitoring E,, and E,;and
Strain gauge 5 was used for measurementEgQf. The converted strain

componentE&,,, E,, and E,; are presented in Fig. 6.17, Fig 6.18 and Fig. 6.19

respectively.
Strain gauge 1 Strain gauge 2
10X1O-4 ; ; ; 8)(10_4 i i
8
6,
6,
= 24
ooyl
& &
2,
2,
Ox 0]
0 0.5 1 15 2 % 05 1 15
Data points x10 Data points x10

Figure 6.17 Vertical normal straliy, history

It can be seen there are many ‘impacts’ in eaehdid each ‘impact’ represents a
passing wheel. The horizontal axis is the record& point number (which can be

converted to time divided by 20,000) and the vattaxis is the strain magnitude. The
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recorded peak value d,, and E,, are in the order of0? 15 while E,, has a lower

value at the order D' zs. The strain time series d&&,, exhibits quite noisy signals

due perhaps to the strain gauges being located dwmay impact locations.

Furthermore, longitudinal strains are affected lexudre due to other wheels as well

as thermal longing.
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Figure 6.18 Shear stralfy, history
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Strain gauge 5

Strain
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Figure 6.19 Longitudinal strat,, history

N

The data from Strain gauge 1 are shown in Fig.;8Hi9 indicates that the strains on

both sides of the rail caused by the passing whereldifferent due primarily to
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eccentric positioning of the wheels. As an appr@tion in the first stage of analysis,
the eccentricity in the wheel position was disrelgaras the strain data from Strain
gauges 1 and 2 were averaged. Figs. 6.20 and 6gsemi the averaged strain

componentsE,, andE,,. A set of even peaks are shown in these figureaus® the

wheel eccentricity was eliminated.
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6.7. Analysis of Field Data

The field traffic condition is an important factéor FE model validation. A close
examination of the field test data helps with ustlrding the traffic condition and

the characteristics of the wheel/IRJ impact asril®sd in this section.

6.7.1.Traffic classification

As the IRJ was subjected to mixed traffic condisiavith coal, freight, and passenger
trains travelling at different speeds, differenteaboads and even different directions,
it became necessary to sort out the data accordinthe type of train prior to

analysing the strain history carefully.

Fig. 6.22 illustrates the averaged vertical norstedin dataE,, corresponding to an

unknown train. All we can state is that each impapresents a passing wheel. As the
data show that there are 5-impacts as a ‘groumwshcircled in Fig. 6.22) at the
beginning of the record, it is inferred that theefimpacts correspond to that of the
rear bogie (three axles) of a diesel locomotive #Hredfront bogie (two axles) of a
wagon. It should be noted that due to the delalyiggering of the DAQ system by
the ultrasonic sensor, generally the first thregié® of the two locomotives are

missed. Subsequent impacts occurred generallyoumpgrof four wheelsets.

The traffic condition is worked out by conductirftetdata analysis with additional
help of QR operational data. Due to confidentialitye processing details of traffic
conditions are not provided in this thesis. Thaesbout traffic condition was applied

to the FE model for model validation.
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Figure 6.22 lllustration of rollingstock travelling field test

6.7.2.Vertical strain signature

By zooming into one of the ‘impacts’, the straigraature caused by the moving
wheel load is examined. Typically two types ofstrsignature were found according
to different travelling directions. The first signee is shown in Fig. 6.23 where the
strain remains at near zero magnitude before theeivhits the IRJ. As the wheel
approaches the IRJ, the strain value sharply isesato a peak value of

491.9us within a very short duration. After impact, theastr value damped relatively

slowly. It is notable that the passing wheel causespeaks when the strain gauge is
located after the joint. The first peak has a higmagnitude than the second peak.

The time interval between the two peaks is 0.95corsesponding to approximately
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20.0mm with the train longitudinal velocity of 7&B/h. Considering the strain
gauge located 15 mm from rail end and the thickradsend post material being
10mm, it is believed that the first peak is gersdaby the wheel/IRJ impact and the
second peak is due to the wheel passing abovertiia gauge position (15mm from
the rail end) as shown in Fig 6.26. It indicatest tihe wheel/rail impact at the IRJ is

captured in this signature.
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Figure 6.23 Zoom-in of vertical strain history Bowheel passage
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Figure 6.24 lllustration of two peaks generatingchanism

147



The second signhature records a train travels ipp®site direction to the above case.
The signature changes as shown in Fig. 6.25. la tlaise, the strain increases
gradually to a peak value. After reaching the pealke it dives sharply to a constant
level near zero. As the ‘two peak’ form does ngbeqy, it is inferred that the impact
is not acquired by the strain gauges as they asd@tigoed on the ‘first’ rail end,
referring to Fig. 6.26. It is also inferred thdthaugh the impact is generated by ‘two-
point contact’, the impact force is mostly concated on the ‘second’ rail end of the

IRJ.
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6.8. Summary

The strain gauged experiment introduced in thisptdraprovides a platform to
validate the FE model of wheel/rail contact-impattthe IRJ. The static loading
experiment was carried out prior to the major fiedt. The field test was carried out
in the live railway track that was designed to captthe dynamic response of the
wheel/rail contact impact. The dynamic FE model wagployed to identify the best

possible locations for strain gauges.

In the lab test it was difficult to ensure the exagmmetry of the application of
loading. In the field wheels generally run unsymmcatly on the rail head. As such,
both tests have exhibited varying levels of strainsopposite faces of the rails due to
lateral bending caused by eccentric loading. Thairet were therefore averaged and
all analyses thus considered a pseudo symmetriinigastate. From the field strain
data, it was shown that the traffic direction cob&didentified. It was also possible to
sort out the data as per the type of wagons. The ake used to validate the FE

models (static and dynamic) as reported in Chapter
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7. Validation of the FE Model of IRJ

7.1. Introduction

The FE results are compared with the strain gaegedrimental data in this chapter.
Both the static and the dynamic FE analyses resutsvalidated using the lab and

field tests respectively. The comparison has gélgdryaen regarded as satisfactory.

The experiment is conducted as part of an ongasgarch project at the Centre for
Railway Engineering (CRE) with the support from QRhis thesis takes the
advantage of the experiment by collecting limitegheximental data for FE model

validation. The vertical strain is selected for thsult comparison.

7.2. Validation of Static FEA Model

The IRJ was supported in the lab test differerthéocondition in the field; hence, the
boundary condition of the static FE model was medif The results of the modified

FE model are validated with the lab test data.

As introduced in the Chapter 6, in the static thstIRJ bottom was supported on two
steel bars allowing free movement of the IRJ inltdraitudinal direction. Referring

to Fig. 7.1, for simplicity, the effect of the stdar contact surface width (18mm) was
modelled through coupling the rail bottom to thpmart bar via a reference node. The

boundary condition of the reference nodes’ DOF 8 g&t free and the remaining
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five DOFs were arrested. The beam element wasratsoved from the FE model as
the IRJ section was only 2.4m long in the lab té&&ie boundary condition of the
wheel was kept the same as described in Chaptemich DOF 2 was set free and

DOFs1 and 3 were arrested. The 150KN vertical isasl applied to the railhead.

Lfading

- : :f R
SUDDOVI/' (a) Longitudinal view T_2>3
1

N

(b) Zoom-in bottom view

Figure 7.1 Support system of static test

Six different loading positions were simulatedhe static FE model. The positions of

strain gauges and loadings are illustrated in Fig).

200mm
._.-._._._._._._._._._._._.,l
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Figure 7.2 Positions of strain gauges and loadings
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In Figs. 7.3 and 7.4, the horizontal axis represehe loading positions and the
vertical axis shows the vertical strain magnituBigy 7.3 shows that the FE results
agree well with the tests for the Strain Gauge TH& maximum difference appears at
the loading position at the centre (Omm) where riggult of the lab test is 264.9

microstrain, while the FE model gave a magnitud@8.1 with the difference being

2.57% ((264.9-258.1)/264.9). As the loading positimoves, theFz2 strain value

from SG 1/2 decreases sharply to a low level. Thibecause at the Omm loading
position, half of static load is distributed to R&j where the load is moved to other
positions, the static load is concentrated on Rdil is worth to note that in this thesis,
for plotting convenience, the compression strainregarded as positive and the

tension strain is regarded as negative.

:%\ Strain Gauge 1/2 E22
2 300
g ‘ ‘ ‘ ——Test
s —-=—FEA
T 250 - —— — | — — —
S ‘ ‘ Load‘nq zon
ﬁ 200 - _— ‘— — N —
3 o oy o o
$ 150 4 e
> )

100 4 ‘ SG 1/2 ‘

50 A ‘

. | | |
0 50 100 150 200

Loading positions (mm)

Figure 7.3 Vertical strairk,, comparison of Strain Gauge 1/2

The results from SG 3/4 exhibit a different tresdlze loadings are positioned at both
sides of the strain gauges. Referring to the Fig). the peak value dE,, emerges at

the 20mm loading position which is closest to ttrais gauges (strain gauge 3/4 is
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positioned at 20mm from the IRJ centre). At thisnpahe simulation error is 3.16%

((464.7-450.0)/464.7).
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Figure 7.4 Vertical straire,, comparison of Strain Gauge 3/4

7.3. Validation of Dynamic FEA Model

The major traffics on the rail route selected foe field test were the fully loaded
heavy haul coal trains heading from left to rightl@oming back with empty wagons.
In this section, two traffic conditions with diffemt vertical wheel load, velocity and

travel directions are investigated and compareH thi¢ dynamic FEA results.

Chapter 6 has provided brief details of how th&itra&ondition of the field test has

been sorted out with the recorded strain time sefer the loaded coal wagons, the
wheel travelling speed was approximately 74.5 Karild the vertical wheel load was
130.7 KN. This traffic condition was applied to thgnamic FE model and the strain

time series of dynamic FEA were obtained. Becahsestrain gauges are on the Rail
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2, referring to Fig. 7.5, the impact response betwthe wheel and the IRJ was

captured by the strain gauges as explained inréheéqus chapter.

Travel directiol V=74.49km/h |
Left — Wheel load=130.74KN Right

Rail 1 \ Rail 2

Strain Gauge 3, 4,

Figure 7.5 lllustrations of strain gauge locatiowl aravelling direction

There were 20 strain time series from 20 recordégel passages presented and
compared to the FEA results. It is worth notingttihe wheel loads were
approximately close to 130.7KN calculated from @R operational data which may
lead to minor strain magnitude difference amongehstrain time series. The results

of the comparison of vertical strefif),is presented in Fig. 7.6. The vertical strain

time series presents a satisfactory agreement battie field test and the FEA. The
peak strain caused by the impact at the joint viaava@rage 491.9 microstrain for the
test and 469.3 microstrain for the FEA. The ersof.69% ((491.9-469.3)/491.9). For
the FE model, the second peak due to the locafiatrain gauges was not exhibited
as prominently as in the field test data. The csimeatch well with similar curve

slope and the steady strain value before impact.

In the other traffic condition, the empty trainvieds from right to left with a speed of

80.6 km/h and vertical wheel load of 28.91 KN, lasven in Fig. 7.7. In this condition,
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the major impact occurs on the Rail 1; as onlydtrains in Rail 2 were monitored,
the strains close to impact were not recorded. kewstrain peaks corresponding to
wheel passage over strain gauge location was trkceéor the purpose of validating

the dynamic FE model, such data was consideretsu.
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Figure 7.6 Vertical strairk,, comparison of Strain Gauge 3/4
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Figure 7.7 lllustrations of strain gauge locatiow @aravelling direction
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Fig 7.8 presents that the peak values of FEA agld fest are found relatively close.
Before the peak, the FEA has predicted higher vafug to negative 60 microstrain.
In the field test the strain were 10-20 microstsaat the beginning and gradually

increases to 45 microstrain before the sharp dortfee peak.

A U0 oo

e I S A Travel directior |

Strain (Microstrain)

Time (Millisecond)
Figure 7.8 Vertical straire,, comparison of Strain Gauge 3/4

7.4. Summary

In this chapter the results of the tests and FEahedre compared. The static results
generally demonstrated satisfactory agreement leetwike lab test and static FE
model. In the dynamic FE model validation sectibmp traffic conditions were

investigated. Similar to the static analysis, tleetical strain on the rail web showed
reasonable agreement between the FEA and teserlera@, as the purpose of this
research is to investigate the contact-impact fatdde IRJ, the agreements of strain
results are acceptable considering the explicietimegration method has certain

short coming with regard to strain/stress leveliaacy.
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8. Summary & Conclusions

The wheel/rail contact impact forces that occur in the vicinity of the end post at the
insulated rail joints (IRJs) has been examined and reported in this thesis. The Finite

Element Method and strain gauged experiments have been used in the examination.

The 3D wheel/rail contact-impact FE model employed a two-stage analysis strategy in
which the wheel-IRJ railhead contact was first established in the static analysis and
the results transferred to dynamic analysis for impact simulations. This strategy was
proven efficient to obtain a fast and efficient solution of a steady state rolling contact
prior to the impact. The explicit FE method was employed in the dynamic analysis.
The master/dlave contact surface method was adopted for both the static and the
dynamic analyses. To achieve a reasonable model size which is acceptable to the
available computing facility, several idealisation and simplification strategies have

been employed in following aspects:
* IRJassembly and wheel profile
* material modelling
* boundary conditions
Some specia attention was also paid to the following FE modelling strategies:
* loading
» contact modelling

* meshing
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The wheel/rail contact-impact in the vicinity of the end post was exhibited via
numerical examples from the FE modelling. The wheel/rail contact impact
mechanism was investigated and reported. The associated results of wheel/rail contact
were also compared with the HCT. Through a series of sengitivity studies of several
IRJ design parameters, it was shown that the IRJ performance can be largely

improved with optimised design parameters.

The strain gauged lab and field experiments were reported. The data collected from
both tests were processed and compared to the numerical results. The signature of the
strain data from the field test was discussed. Both the static and the dynamic FE
models were validated using the experimental data. In the lab test, the IRJwas simply
supported and subjected to a static load and investigated with several different loading
positions along the length of the IRJ. Two traffic conditions in the field test, namely
loaded and unloaded coal wagon traffic, were selected to validate the dynamic

analysis. Reasonable agreements between the FEA and tests have been achieved.

8.1. Conclusions

From the FEA and experiments as reported above, there are several general
conclusions obtained as stated in the following part. The specific conclusions can be

drawn from the numerical examples and the corresponding experimental data
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8.1.1. Genera conclusions

(1) The whedl/rail contact impact mechanism can be explained through the stiffness
discontinuity of the IRJ structure causes a running surface geometry discontinuity
during the wheel passages which then causes the impact in the vicinity of the end

post.

Wheel G gi o
Stiffness discontinuity eofmetry_ |scor1]:[|nU|ty Impact
Passage of running surface

(2) At impact, the peak contact pressure reduces due to an apparent increase in

contact area. In spite of the reduction in peak contact pressure, the maximum Von-
Mises stress at impact is larger relative to the pre and post impact stages.
Discontinuity of rail in the vicinity of the end post appears to be the primary factor

influencing the large increase in Von-Mises stresses.

(3) At the impact, the wheel contacts both rails across the end post.

(4) This 3D wheel/rail contact impact FE model appropriately predicts the wheel/rail
contact impact at the IRJs. It is also suitable to be used to conduct the sensitivity

study of the design parameters and further improve the design.

(5) The sensitivity study has shown that the impact forces have generally been

reduced when any one of the following design parameters are adopted:
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* Gluing the end post

* Reducing the gap size

» Adopting flexible support system

» Using end post material with mechanical properties closer to those of steel
» Suspending IRJs between deepers

The numerical example showed that when all these options employed, the impact

factor (between a new IRJ and a new wheel) was reduced to a negligible level.

(6) The static analysis has shown that the elastic model agree well with the HCT in
terms of the contact area dimensions and contact pressure distribution. The HCT

has been found to be not valid at impact due to the edge effect.

(7) The mesh size influences the contact results significantly. Accurate results of the
contact area dimensions and contact pressure distribution require fairly refined
mesh within the contact zone. However, the global-scale result such as contact

force is not so sensitive to the mesh size within the contact zone.

8.1.2. Specific conclusions

(1) The comparison between two available contact constraint enforcement methods in
ABAQUS/Explicit, namely, Penalty method and Kinematic method, shows that

the Penalty method is more stable numerically.

(2) Under 150KN vertical wheel load and 120K m/h longitudinal velocity, the impact
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factor of 1.16 was generated between a new wheel and a new IRJ.

(3) The stress contour showed that the maximum stress was located at 3mm~4mm
beneath the contact surface of the railhead. The 150KN wheel load caused fairly

localised material plasticity in the wheel/rail contact zone.

(4) The pure sliding motion of awheel (wheel under braking) generates higher impact
load than the pure rolling wheel motion by 13% in the example. This finding
indicates the braked case is more likely to cause railhead damage in the vicinity of

an end post.

(5) The experiment data analysis indicates that the positions on the railweb of an IRJ
in the vicinity of the end post are suitable for dynamic load response capture using

strain gauges.

8.2. Recommendations

There are several recommendations listed as follows which could further improve the

study on the wheel/rail contact impact at IRJs:

(1) To exactly measure the contact impact forces, only expensive systems such as the
fully instrumented wheelsets are practically used at this stage. The strain gauged
experiments reported in this thesis could be further developed to an inexpensive
wayside monitoring technique that determines the contact-impact forces inversely

through strain signatures.
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(2) The mesh used in the dynamic analysis could be further refined with a higher
performance computing facility to obtain more accurate results for the contact

associated parameters (such as the contact area, contact pressure distribution etc.)

(3) The permanent deformation or damage on the railhead aggravates the contact-
impact force, generating a vicious circle accelerating the overall failure of IRJs.
Progressive wheel |oads could be applied to the model to investigate the long term

impact growth under this scenario.

(4) Although efficient meshing strategy is developed in this thesis, the computational
cost is still considerably high, which limits the model for further development.
Comparing with the Lagrangian formulation, the ALE formulation maybe more
efficient for rolling contact problems. The ALE configuration, despite its rare
application for commercial FE codes, may be considered as an alternative option

in the future.
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