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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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
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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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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
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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.

17



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

18



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
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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

25



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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