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SynopsisTheinsulated rail joint(IRJ)is a safety dtical component ofthe rail track infrastructure TheRJ
provides the dual function of electrical isolation and structural stabilityto the track Unfortunately, IRJg
possess the shortegineanservice life amongt all railway track componentsand their service life is found tq
be highly variable The Australian heawyhaul rail track system is experiendng increased operational
throughputt both in terms ofincreasedmagnitude of axle loading andigher frequency of wheel passage
across the joints Consequently, predicting the service life of IRJsto avoid any potential accelerated

undetected premature failures and to approach the problem of management of-service IRJs rationatfty

is more pressing than ever beforeProject R3.100BT17representsa timely response by the CRC for Ra
Innovation to the needs of the Australian heavy-haul track industry. The fundamental objective of the
project is todevelop alongerlife IRJechnologyin the context of maintaining structural integrity, safetygnd
the operational efficiency of railway systerm Similar collaboratve research amongst the rail industry an
suppliersis ongoing in various heavhaul industriesaround the world, with researchreports onmaodification

to the existing conventional designs and testirg innovative productsregularly reported in industry forums
conferences, magazines and academic journalis report presents currentstate-of-the-art research
outcomes onlR&with particular attention to heavyhaul track applications.
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Executive Summary

In this report, the stateof-the-art in researchreported on bonded insulated rail joints (IRJs) is summarised. The

following conclusions can be drawn based on the review:

Under heawvyhaul railway traffic load, bonded IRJs fail at a greater rate when compared to any other
railway track component.

Designand manufacture of IRJs to date are controlled by fewer technologies. IRJs are usually factory
manufactured under high quality control as evidenced by testing to standards and codes of practice. New
technologies that do not require factory manufacturing @merging in the market.

Recent Australian research (Rail CRC Project 75) has advocated reducing the thickness of endposts fro
8.5mm to 5mm. The industry has adopted this recommendation.

Design solutions for increasing the service life of IRJs vary between countries. For instance, the Unitec
{GFriSaQ RSaA3ay A& YlIAyfte F20dzaSR 2y AYONBIFAAY:Z
dimensions of joint bars, whilst other natioase primarily focused on material innovation (e.g. steel with

a higher yield point, or composites) without modifying the conventional IRJ design parameters.

There is no agreement on best practice when installing, maintaining, and repairing IRJs. Thetitks pra
advocates directly supporting the joint section of the IRJ on a sleeper, whilst the Australian and other
comparable heavaul national systems recommend that the joint sections be suspended symmetric to
two sleeper supports.

Although the US practicis to embed geogrid within the ballast layer in the vicinity of IRJs to improve
lateral stiffness, little research has been conducted into the effect of ballast and subgrade stiffness on the
impact loading of IRJs and how these variables might correldtelRJ service life. . This PhD study is the
first of its kind to examine the effect of variation in ballast stiffness on the performance of IRJs.

There is no universal agreement regarding the common modes of failure of bonded IRJs. For instance, the
North American heawpaul railway tracks report adhesive debonding followed by joint bar cracking,
whilst the Australian heaviaul railway tracks report railhead metal flow in the vicinity of the endposts

as the most frequent mode of IRJ failure.

Field visitvisual observation reports indicate that there is significant statistical variability and deficiency
with regard to IRJ installation, maintenance, and repair practices.

There is a paucity of literature regarding the availability of efficient numerical togléools for IRJs that

can be used for accurate prediction of railhead material accumulated plastic deformation failure and
subsequent fatigue fracture problems under cyclic wheel loads.

There is a renewed interest in IRJ research around the world, especially in regard to their service-in heavy

haul applications.
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Introduction

Bonded insulated rail joints (IRJs) are integral parts of the railway track system. Theirdesign is diradéaiotaal

butt joints, but with due care for maintaining electrical insulation between all surfaces of contact between various
parts. A typical IRJ is shown in Figure 1; &8strically isolate track into discrete sections to facilitatesignal
control. IRJs are also required to possess adequate structural strength to enable safe passage of wheels acro
the joint. As such, bonded IRJs are safety critical components that must satisfy the requirement for structural

integrity as well as the isolationtigtion for the railway signalling system.

Figure 1A Typical IRJ

As the result of the weak link nature of the bonded IRJs (lower stiffness at the joint section compared to the
surrounding rail) and axle load dynamic load amplification at the joints (as a result of spatial discontinuity &
possible geometric dipping at the joints), bondedsI&& susceptible to accelerated mechaal failure.This is
particularly so in heaviiaul corridors where axle load and annual gross haulage are on the rise. Consequently,
IRJsroutinely fail after carryingas little as 50 million gross toas of freight traffic (approximatelyl-2 years)
resulting insignificant maintenance coster the rail industryand service interruptiongdue to accidentsround

the world. [1¢4] The common mechanical failures include plastic flow and fatigue damage near raithese o

the endposts, joint bar cracking, adhesive debondingd degradation of track stiffness in the vicinity of the

joints.

Research indicate that the meanservicelife of IRJsis only about 20%hat of nortinsulatedjoints including
continuous welded rail (CWR addition,the number ofIRIeplacementsis estimated to be20¢50% of thesum
total replacements ofll rail trackcomponents [5¢7] On heavyhaul railway tracksn particulat the relatively

short servie life of IRJsvhen compared to all other running surface track systeomponentshas becomea
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significant economic concerf8] Thestatisticalvariability in theservicelife of these IRJs is another major concern
affecting §t KS NI A f abilityy/ t8 dainfidéiBly@alculate the predicted the life of IRJs and fornhate

maintenance strategied.his variability also increases the potential for premature failure.

As a safety critical component of the railwanack infrastructure, IRJshould ideally possessgreater mean
strength with less variability. Thigdvancement isvital to maintaining the structural integrity, safety,and
operational efficiency of the rail systenThis development will also impradecision making regardingRJ
maintenarce and replacementherebyreducing the rislof train collisiondue tothe undetected failure ofin IRJ.
Ongoingnternationalresearchprojectsin collaboration withthe rail industryare focussed on the developmenof
a new IRJdesignwhich will provide an extended servicdife. The NB & S | Nafpko&cN.BaQ been tonodify
existing designs and tetite effectiveness of these modifications in the fielthistrial-and-error methodologyis

expensive, anthusfar inconclusive.

The aim of this report is to review the statd-the-art in IRJ technologies, with particular reference to the heavy
haul rail sectorthrough a comprehensive literature searclOnly papers on rail joints and IRJs are taken into
account. No reference is made to the greater body of extensive information reported on rail Tiselcope of

the report embraces factors identified withie literature that are recognised as affecting the performance of
IRJs, including design, loading environment, installation, and maintenance processes. Failure mechanisms of IR
reported in the literature and based on limited field surveys are also iedudhe report is only focussed on
design issues related to materials and structural aspects of IRJs, and not on electrical isolation aspects, a

insulation  effectiveness is assumed to have been satisfied in all designs priori
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1. Designs of IRJs

Thedesin optionsfor bonded IRJs reported in the literatuege presentlylimited. B2 G K a 02 Yy @Sy G A2y |
IRJesigns have been tested on heawyul railway tracksvith unsatisfactory resultCurrentresearch and design

efforts toward improving IRJ&re targeted at two main areas:

e Structural innovation, which may include improving the support systdmsrent options are
suspended, continuouslgupported, and discretely supported systémgeometrical shape and size of
joint bars sleeper sizes and spag, insulation material thicknesand geometry ofcut joints, among

others.

e Material innovation, where the improvement of joint bar strength, insulating mater@lsdhesivess

the main objective.

The design of IRJs generally invelseme degree oboth structuraland material innovationthe extent of each is

largely dependnt on the particular expertisef eachresearch institution.
1.1. International IRJ Designs

1.1.1. North America: USA

The Coloradebased Transporation Technology Centreinc. (TTClhas been testing severdRJprototypesin
collaboration with the Association of American Railroads (A#e)Federal Rilroad Administration (FRA) and
various rail industy organisations.These prototypesomprise new desigs as well as mofied versions of
existing conventional IRJs. The foofihis collaborativadesignprojectis to develop stiffer and stronger IRJs that
can withstand heavy axle loadvithout exhibiting any ofthe frequently observed failure mechanisms (i.e.

adhesive debonding followed by joint bar cracRirig§g12]

Other changes to the design Bt3 have been explored by researchers with a view to extending their service life.
Trials reported in the literaure include increasing the length and cresectional dimensions of joint bars,
increasing the width of sleepers, providing multiple supports and/or continuous supports underneath the IRJs,
using stronger and tougher insulating materiais adhesives and introducing special stiffening materiafsr

centre liner insulatorsExamplesof two recent design improvementre shown in Figures 2 and 3. Several series

of field test to evaluate the performance ofarious IRJ designs installed at thef / rhaédlére andFacility for
Accelerated Service Testi(fgASTtest trackshave beerreported bythe TTCI since 200f8¢12] These trials have
focusSR 2y AYONBIaAy3dI (GKS WaGNBy3IlIKQ 2F Lwwa dzaAy3
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increase in track support stiffness and its effect on increased dynamic load appear tbdeavelisregardedn

the approach followed by the TTCI researchers.

Figure 2 depidsome of the IRJ designs provided by Protec Rail Products Inc. that have stedladron various
railway tracks for performance testingy the TCClThetarget servicelife for these IRJs is approximate2p00

million gross tonnes (mgtlield test reports indicate thatis of 2008none of the above IRI&dbeen subjected

to more than 850mgt.

Figure 2HighmodulusIRJs [1412]: 12m long joint bars on test with TTCI, 275mm wiigs and insulated three
tie plate (left); 1.2m longpint with centre liner (ight).

A newly introduced advanced design of IRJs, knowthasMitre Cut Insulated JoingFigure 3 is a longangle

cut/lap joint. This joinperformed poorly during field testing on the mainline traokainly as a result of railhead

materialfailure. [11¢12]

Figure 3Lap joint detail design componen(keft); mitre-cut/long-angle cut insulated rail joint (right)11¢12].

¢ KS L3 2NJ LISNF 2 Nwtitkey @& £ 2 F | LK & wing yida thé/design ihvohesh idtavéariziNl INR 2
and angled cut along the railhead and rail foot as well as a long shatigle inclined cut along the rail web. At

the railhead and rail foot, the cugeometry exhibits sharp corners that are potential stress concentration
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locatiors. A section bthe railhead almost turns into the nose section of a turnout that in itself is a weak spot for

impact.

1.1.2. North America: Canada

Recently,Canadiancompanies havéntroduced new IRJdesigns.Thed | S NX dzidévélaped bywNatrFast Inc.
(Figure 4)ffers alonger servicelife, improvedsignal reliability and faster, moreeconomical field installatioin
comparisonto existing conventional IRJs. However, the performance of such IRJs in-Haedhvailway
applicationshas not yet been reported. The significant differer@eS G 6 SSy K SRJ G@rid SheID@t S &
designss thatthe & | S NXislaieéhanically designed to withstand higher wheel loads without the use of glued
bonds.A furtheradvantage is thathe ¢ | S NXjaint ciribé entirely assembledn the field without any need for

field welding [13¢14] The field assemb} process appeardboth straightforward and versatile joints can be

formed either on tangent track or at turn outs/corners as shown in Figure 4.

Figme 4.0 1 SNOdzZf Sa¢ aSNASE Ayaldef[13 SR NI Af 22AYyI

Py EALS KEOdzd £the@ v \§ENYIRAs Shivin suspended between sleepers. It therefore appears
0KFG GKS designérdliaviziefied én more thatatic gructural principleso achieve joint strength

The Canadiadistributor NedCan Productsnc provides the North American rail industry wighnon-bondedIRJ
manufactured by the Swiss compafignconiSA A 1 S G KS b 2 NI IRIddesnbtire/ vidwlabir@sivé § K

bond to acquire thanecessangtrength to withstand heavaxle traffic load (Figure 5).
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Figure 5Tenconid-bolt mechanicalR] (transition joint) (left); anotherehconimechanicalR] variant (right)[15]
These IRJsfeature high tensile steel encapsulated with a special blendPafamide 12to attain their
electromechanical characteristics. The joint is currently undergoing testitigeat ¢ / L Q&  Cand isitial i NI C

reportsregarding its performance in comparistmconventional bonded joints aencouraging[15]

1.1.3. South Africa

Both square and inclinedcut bondedIRJssimilar to conventional gluéJsare being usedn heavyhaul railway
tracks in Souttfrica [16] According to the supplier,AE South Africaboth square and inclinedcut IRJs can be
provided as prdabricated joints glued into short rail pieces even though the bonded IRJsadghare cut can be
made in the track. A new IRJ development reported to be currently underthesty L + D 2shdwyf iin Eigure A &

6. Thisvariant features an oblique design in head of rail with a simultaneously obtuse design in the web

Figure64-6 2t G LwW giK aljdzx NE Odzi marufactuied by VAELgmBIghB. pLG] y ( ¢ ¢

1.2. AustralianIRJ Design

The dbsign, manufactue and testing of IRJs in Australia is largely basestralian StandardS1085.12 2002[17]
(Figure 7).The typicalAustralianiRJassemblyis abonded,double buttstrap joint consisting of two steel joint
barsfixed to the rails with an epoxy adhesiithat may contain a fibreglass reinforcéusulaton material), an
insulating endpost, higkensile bolts,and other assorted component8oth 4bolt and 6bolt bonded IRJs are
currently in service on variouAustralianrailway tracksManufacturers can supplydth square and inclinedcut
insulated jointsfactory pre-assembledThese jointscan also bdield-assembledn accordance wittAS1085.12

provisions.

Prior t02007 AustralianlRJs were manufactured wihminimum8.5mminsulatingendpostthicknesgo minimise

the risk of joint metal flowbridgingthe endpostd W O f 2 Railz8BC(Péoject 75 masommended that insulating
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endpost thicknessbe reducedo 5mmto minimiseimpact loading. Current IRJs are manufactured with endpost

thicknesses of 5mm (in some cases 4.5mm) based on the Projestdimmendation

Joint Bar - may be
covered in insulation
or, as shown here,
separated by 2
sheet! of flexible
insulation material

Joint bar- ~Nut

{@/ (/w
' Gam)

Insulating 'evruzej

Flexible Insulation Bolts

material

Figure 7 Exploded view of aAustralianbonded IR&s depicted in Australian Standak&$1085.12 2002

The supportsystemfor IRJs on Australian railway traiskprimarily 0 K S & & dz& LIS y RtBeReéntrediod LIS
centre span betweerthe two sleeper supportsrariable depending on whetheil 4-bolt or 6-bolt IRJ is used.
However, visual inspectiorm®nductedduring field visitdhave identifiedsignificant inconsistencies with regard to

the support conditions ofglued IRJs on Australian railway trackexamples of all ofhe following support
conditions can currently be found on Australian railway tracksymmetricallysuspended, asymmetricatly
suspended, single sleeper support underneath the IRJ close to endandisingle support underneath the joint

bar ends.Additional variations may also be in usggure 8showstypical support conditions of bondekdRJsn

Australianrailway tracks.

Figure 8 Examples ofypical support conditionfor IRJs observeih Australianrailway track: symmetric support

(left); asymmetrical support (middle); and center support (right).
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Currently, there is littleinformation available with regard to the availability of any new Australian IRJ designs
which are being installed and tested on hednaul railway tracks. The exception to thidiedd testingpresently

being conducted by the Australian Rail Track Copmmg ARTCYf existing IRJs modified with a lasezld to the
railhead in the vicinity of endpost. On Australian railway track, railhead metal flow is the most common cause of
failure of bonded IRJs. The cyclic accumulation of railhead material deformatider repeated wheel impact

load (or ratcheting) ultimately leads to railhead fatigue failure and possible closure contact between the two rail
ends separated by thensulatingend post(resulting in signalling failufje Queensland RailQR is currently

trialling high yieldstrength materiainnovations for IRJs.
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2. Loading

IRJs are subjected to a number lofding scenarios in the field. Their ability to withstand these loads will

determine their service life.

At any given instance, only one wheel can be located within the span of a sleeper as the sleeper spacing is kej
smaller than the wheelset spacing the bogie structure. Thereforegan examination of the behaviour of IRJ
(either suspended between sleepers or supported on a sleefgeressential tounderstanding of their
performance. Figure Blustrates the deformation of a suspended and a supedrtRJ when subjected to wheel
loading It is clear thatdge of a rail endpoint of stress concentration zones/ singularities)a supported joint

is more vulnerableto direct impact from the running wheels. Limitefinite element(FB studies by Pang [18]

confirm that supported joints exhibit higher impact than theuspended counterpast

\\r,"/
+ve BM¢ Wheel
o o ' O O Mc
on the joint
= ' —
—— - i ———=
\\L_»-»l//
Spacing

|
-ve BM ¢ Wheel on “
the mid span of ra{il O O ‘\

to left of joint

I Spacing ‘ ‘

Figure 9Behaviour of suspended (top) and supported (bottom) iRdssponsdo wheel loading

Notwithstanding the method of support, the railhead ends in IRJs are subjected to wheel impacttieaia (i S LIQ

mechanism schematically illustrated in Dhanasekar €@07)¢ (Figure 10.
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iI——_> Direction of Travel

End Post

Figure 104 { G SL¥ Y SOKLrgilimpatt 2 F 6 KSSf

¢CKS WaldsSLI F2N¥a Saxit behaioufpledice@ NSy &SI QY & KBdzZ dzav 2 7F
and the endpost material (generally nyloand the type of contact between the two material$o minimise the

W3 G SLIQT idaBised ihateizal Rat is as stiff as that of stefhe ARTC conducted an unsuccessful field
trial of a cerami¢zrconia) endpost in a heavyaul corridor. Altlbughzrconiaand railhead steel exhibit simil&

values[between190 and240gigapascalsgPa),the zirconiaultimately proved too brittle in this application

In addition towheel loading, IRJs are also subjected to loading dupetmanentdifferential settlement of

adjacent supporting sleepers (Figure 11).

Figurell.Measuring the differential settlement arourah IRJ using a strire (left); typicalpoor support

condition ofan IRJright).

IRJs may also be subject tiher loading including:
e diurnal variation of temperature (indirg tension/ compression in joints especially orthe endpost)
¢ earthquake

e bush fire/ flooding and other environmental loading

The kehaviour of IRRunder these types of loading is not reported in the literatuaed hence is notonsidered in

the scope othis report.
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2.1. Failure Modes

As highlighted in this report, IRJs fail due t@ageof mechanisms. Each component that forms the IRJ (including
interfaces between these components) fail under severe wiaitlcontact impact loadingexamples of@me of

the major failure modes of IRjs reported in the literatame shown in Figure 12.

(a) Rail ad battering (b) Rail end kelling

d = Imitial joint gap

I

d]_
(c) Raiend metal flow

(e) Cracked jointdr (f) Railheadsalling

(g) Chipping atail end and @gecorner (h) Railheadtrushing [12]
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; o g

() Typical pulapart of IRJ itrack [8] () Dipping of IRJ in track

ALY

Figure 12The most common failure modes of IRJs reported in the literature(jfa)

(h) Railheadtrushing [12]

(i) Typical pulapart of IRJ itrack [8] () Dipping of IRJ in track

3. Modelling and Analysis

3.1. Finite Element Model

Numerical simulation studies of bonded IRJs are often carried out using various modelling metiwdding

finite element (FE) models as well as mechanistic analytical models. Bothdihmeasional () and on a limited
number of cases, twdimensional (2D) FE modelling techniques have been used as the main tool for analysis and
design of bondedRJs Parametric3-D solid FE modelling of IRJ$0 study variation in load casegdesign
parameters, mesh density) amyclic plasticitfwhich requires multiple wheel passage$ very demanding on the

computational time.

3.1.1. 3-D FE Models
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