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Analysis of Raill Ends under Wheel Contact
Loading

Nannan Zong, Manicka Dhanasekar

Abstract—The effect of the discontinuity of the rail ends and the
presence of lower modulus insulation material at the gap to the
variations of stresses in the insulated rail joint (IRJ) is presented. A
three-dimensional wheel — rail contact model in the finite element
framework isused for the analysis. It is shown that the maximum stress
occursin the subsurface of the railhead when the wheel contact occurs
far away from the rail end and migrates to the railhead surface as the
wheel approaches the rail end; under this condition, the interface
between the rall ends and the insulation material has suffered
significantly increased levels of stress concentration. The ratio of the
elastic modulus of the railhead and insulation material isfound to alter
the levels of stress concentration. Numerical result indicates that a
higher elastic modulus insulating material can reduce the stress
concentration in the railhead but will generate higher stresses in the
insulation material, leading to earlier failure of the insulation material

Keywords—Rail end, material interface, wheel-rail contact, stress,
finite element method

|. INTRODUCTION

FFECT of contacting solids with discontinuous structural

stiffness or different material properties within the contact
region is a problem of great interest in contact mechanics. The
presence of such discontinuity can be found in various
adhesively jointed structures, such as the insulated rail joint
(IRJ). IRJ is a passive system in the railway signaling track
circuit. For automated signaling circuitry, it is required to have
two length of rails electrically insulated from one another at
their rail ends forming a gap, whilst the joint gap capable of
allowing safe passage of loaded wheel. However, due to the
difference between the stiffness of the insulation material and
therail, the IRJ is subjected to high stress concentration, which
induces various failure modes. Higher axle loads and increased
throughput reduce the service life of IRJ, which varies from as
low as 7% to 35% of the life of the continuously welded rails
(CWR).

Fundamental study of geometrical edge effect subjected to
loading due to contacting solidsis a very complex problem that
cannot be solved using closed form analytical methods; in spite
of the advent of computer methods, this problem has received
only limited attention in the literature. Based on the
Boussinesg-Cerruti method for point loading acting on elastic
half-space (Tan and Bushan [1]; Li and Berger [2]; Wilner [3];
Chen and Wang [4]; Liu and Hua[5]),
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Some semi-analytical solutions for 2D and 3D free-traction
edge effect problems subjected to prescribed |oading have been
investigated in (Hetenyi [6]; Keer et al. [7]; Hanson and Keer
[8]). All of these techniques unavoidably introduces internal
shear and normal stresses at the free-traction surfaces and
successive superposition of the solution for the elastic
half-space (correction methods) are required to eliminate the
internal stresses normal to the free surface, which requires
significant computational effort. Recently by (Guilbault et a.
[9]; Guilbault [10]), partial correction methods are presented as
the efficient analytical correction solution procedure.

The fundamental study as mentioned above was then further
applied to the contacting solids problems. Numerical
investigation of awedge contact was performed by Gerber [11],
who evaluated a rigid frictionless punch contacting a quarter
plane (wedge angle equals to 90°) using Hetenyi’s method [6].
Erdogan and Gupta [12] studied frictionless flat punch
contacting with atwo dimensional wedge at arbitrary angles and
discussed the singularity of the contact pressure as a function of
wedge angle when contact approaches the wedge apex. The
contact pressure close to the vertical free edge has been studied
by Hanson and Keer [13] for africtionless contact of an elastic
quarter plane and Keer et a. [14] for a quarter space contact.
The contact distribution at the free edge is shown to exhibit
different characteristics to those away from the free edge even
for smple loading. Bosakov [15] and Guenfoud et a. [16]
conducted the analysis of adeformable rectangular plate resting
on the surface of an elastic quarter-space close to the vertical
free traction edge. They applied Ritz’s method to obtain
accurate results for the contact pressure, and vertical
displacements of an elastic quarter-space.

As for the wheel-rail contact problem in the vicinity of the
gap of the IRJ, the interface between the railhead end and the
insulation material defines the problematic vertical edge. More
importantly, this vertical edge is subjected to unknown traction
provided by the insulation material and the analytical or
semi-analytical solution are very complex to formulate.
Therefore, numerical tools are used for exploring the wheel-rail
contact problem. Yan and Fisher [17] used three-dimensional
finite element (FE) model to investigate the wheel-rail contact
problem, their result indicated that the Hertzian prediction can
be applied if the material is assumed to be linear and the
geometrical effect can be ignored such as CWR. Chen [18]
developed atwo-dimensional line contact FE model to simulate
the effect of a free-traction rail end on the contact and stress
variation. Chen and Kuang [19] proposed a three-dimensional
FE model for the study of the effect of the rail ends with
insulation material on the contact stress behavior; however, they
only considered the situations, where the ratio of the elastic
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modulus between the insulation material and ralilelow 0.2.

Besides, limited information was reported in tewwhthe stress

variation at the gap of the IRJ. Dynamic analydighe IRJ
(Wen et al. [20]; Cai et al. [21]) and material et@ration
(Sandstrom and Ekberg [22]) are also solved usifg
modeling.

In this paper, a three-dimensional finite elemewpthud is
described to investigate the effect of the discuuity of the
elastic modulus between the rail end and the itisnlanaterial
in the vicinity of the gap of the IRJ. The normalizcontact
stress and stresses variation are presented anghosenwith

B. Finite element modeling

In this paper, a three-dimensional finite elementet was
established to simulate the wheel-rail contact atious
proximities to the IRJ. As shown in Fig. 1, a cgliical shape of

Fwheel subject to normal log was assumed to contact at the
centre line of the rail for simplicity. The contatistance is
defined as the distance from the initial wheel aohpoint to the
vertical rail end, and the initial wheel-rail cocatapoint is
always regarded as the origin of #oz coordinates system. The
wheel and the rail have the same elastic materigbegaty in
terms of Young's modulug;=210GPa and Poisson’s ratio

Hertzian prediction and results from Chen [18]. Wlor¥2=0.3, while lower elastic modulu&,=0.2, and same

importantly, the effect of various ratios of thestic modulus
between rail and the insulation material are regubrt

Il. WHEEL-RAIL CONTACTMODELING AT IRJ

A. Hertzian contact theory
As the wheel is located far away from IRJ, the aontan be

Poisson’s ratiov,=v; is applied to the insulation materidl.
denotes the insulation material thickness. Dimerssiof the
modeled sections of the wheel and rail were chtsédme large
enough to limit boundary effect. By allowing forasmnable
computational effort, fine mesh with full integmi solid
element (in ABAQUS, 3D8) was used around the wheel
railhead contact region, while coarse mesh withuced
integrated solid element (3D8R) was used in regawey from

treated as Hertzian contact problem. Under the abload F at the contact. In all numerical simulations, the laSon material

the wheel centre, the contact region is in ellgtghape, with & y45 assumed to be perfectly bonded with the raiiée8ince the
major semi axisi and a minor semi-axts The contact pressure gimylation was conducted for different contact atises, the

P distribution in this elliptical contact regiondefined as:

P=R,[1- (g)z - (%)2

@)

rail model was remeshed at each contact distatocmake sure
that fine mesh was placed in the zone of contagtictl finite
element meshes for the wheel-rail contact in tleenity of the
gap of the IRJ is shown in Fig. 2. Definition of ntact

in which Pg is the maximum contact pressure at initial contadhteraction between the wheel and the rail in ABARIJ very

point between the wheel and the rail, and it isesped as:
_ 3F
° 2mab

The semi-axisa and b are along thex axis andy axis
respectively as shown in the coordinate systemign E In
order to calculate the axasandb, the coefficientsn, n, Ky, K
andK; are defined by Dukkipati (2000) aadindb is given by:

3771: (K1+ K2) 1/3
a=—m—————= 3
) ®
3nF (K, +K,)
b =n 1 2/\1/3 4
) @
Travel
Direction Wheel
—
y
)
[
Rail-2 :::'::‘t:;g Rail-1
t| g z

Fig. 1 Wheel-rail contact configuration at IRJ

sensitive to iteration convergence, result accuraoy
computational time. The master/slave contact sarfaethod

(2) was employed throughout the simulations. The whesdd

surface was defined as master contact surfacee wind top
surface of IRJ was defined as slave contact surfdue contact
surface pair was allowed for finite sliding by defig the
friction coefficient between them agg =0.3. In the static
analysis, hard contact was chosen for the contasspre-over
closure relationship in ABAQUS/Standard. The pgnaiéthod
was used to enforce the contact constraints, wdeelnched for
slave node penetrations into the current configomain all

iterations. Contact forces as a function of the epetion

distance were applied to the slave nodes to oppbse
penetration, while equal and opposite forces aoteithe master
surface at the penetration point. As the mastefaserwas
defined using the element faces, the master surdacéact
forces were distributed to their nodes.

a

Symmetrical
plane of wheel
and rail (xoz)

Wheel

)/
=

7
w114

Fine mesh at wheel
rail contact region

Insulation
Material

Fig. 2 Finite element mesh
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IIl.  RESULT AND DISCUSSION

A. Contact pressure

The variations of the contact pressure betweewttezl and
the IRJ at different contact distances was disclissethis

section. Under the wheel load F=XK3), the maximum contact

pressurd®, major semi-axig and minor semi-axib calculated
from Hertz formulations is 1384Pa, 7.5mm and 5.98m
respectively. The normalized contact pressBfg, and the

However, when the contact region extends beyonddlie

end, i.el/a=0.32, 0.0 and -0.4 (-0.4 denotes that the wheel is

located in the middle of the insulation materiazen the rail
ends), the contact pressure distribution alongtivds deviates
significantly from the ellipsoidal shape. Fig. Widtrates that the
contact region is divided into two portions, onegween the
wheel and the rail and the other between the whgdl the
insulation material. Similar to Chen [18], at caritalistance
I/a=0.32, the contact pressure between the wheel tendail

normalized coordinatesx/a and y/b) are presented and slightly increased, while the contact pressure tiveinsulation

compared with the Hertzian prediction as well asiC[18]. As

material has dropped below @# As the wheel further moves

shown in Fig. 3§) and p), the distribution of the contact and contacts with the other rail end (Rail-2) lia= 0 and -0.4,

pressure obtained from the FE model forms the sdlgal
shape and matches well with the Hertzian predici®mvell as
the Chen’s result. The maximum difference in terwhghe
contact pressure, major semi-axis and minor-axisued to be

less than 3% in these two contact distance/ag1.60 and 0.96.

It indicates that the proposed FE model is capabfgedicting
accurate contact result, and also proves that thaact
variations are not sensitive to the contact distanefore the
contact extends beyond the rail end, lil@>0.96 and the rail
ends effect can be ignored.
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Fig. 3 Distribution of contact pressure at contiistances:d)
I/a=1.60; ) /a=0.96
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the contact pressure exhibits two peak values, wlih
maximum peak around 1.Pgin I/a=0 and 1.1P, in |/a=-0.4
respectively. Moreover, a wider contact length veamd with
the deceasing contact distartze
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Fig. 4 Distribution of contact stress along x aadglifferent contact
distances

Fig. 5 depicts the contact pressure variationsgatbay axis
at different contact distances. Generally, therithistion retains
a symmetrical shape at these different contactauigs.
However, the magnitude reduced significantlyat0 and -0.4.
The peak contact pressurel/@=0 is reduced to 84% &, in
current FE model and 80% Bf in Chen [18]. When the wheel
was symmetrically located between rail ends,lia=-0.4, the
peak contact pressure further reduced to only afalo¥d,.
Fig. 6 @ and f) show the three-dimensional contour plots of
the contact pressurel&=0 and -0.4 respectively. The effect of
the rail ends is obvious and can be concluded &sathe
wheel-rail contact is located between the rail etlos wheel is
partially losing contact with the insulation magrdue to the
difference of the elastic modulus between the aaiti the
insulation material. This results in significarteahtion in terms
of the magnitude and the distribution of the conpaessure.
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Fig. 5 Distribution of contact stress along y aatiglifferent contact
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Fig. 6 Three-dimensional contour plot of contaotss distribution at
contact distanceaj 1/a=0.0; () I/a=-0.4

B. Stresses variations

The distribution of the normalized maximum sheaesst
TmadPoalong the depth of the symmetrical axis of the eadl
surface at various contact distances were presémfed. 7. It
can be seen that the maximum shear stress ishi@s9OtP,in
both of the FE model and Chen [18] at the contéstadce

I/a=1.60, and the rail ends are experiencing highsstre

concentration. However, with the wheel moving ctogethe
rail end, the maximum shear stress has signifigantreased

especially from the railhead subsurfag@%£2) to railhead top
surface #/a=0). Meanwhile, the peak value is shifting up
towards to the rail head top surface. When the hWikdeaded

right over the rail end, i.¢/a=0, the peak maximum shear stress

Tma Po is crowded at the corner of the rail end, valuezlind

0.54P, for the FE model and 0P for Chen [18]. With the
wheel further moving in between the rail ends,lia=-0.4, the

peak maximum shear stress topped up toR).6Because the
maximum shear stress reflects the failure of thsulation

material adhesive, the results from Fig. 7 indicttat the

development of high level of shear stress alongitkerface

between the rail end and the insulation materiay fead to

delamination of the insulation material.

|
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Fig. 7 Maximum shear stress variation along therfate between rail
end and insulation material at different contastatices

The von Mises stress is an important factor desuagithe
possibility of the material plastic deformation anuhterial
deterioration, the variation of the normalised Wises stress
a/Pyalong the depth of the rail end is presented assioFig.
8. The behaviour of the von Mises stress is simitarthe
maximum shear stress as presented in Fig. 7. Wieewheel
approaches the rail end, the peak von Mises stnégsites to
the corner of the rail end, with increased valu@pgat |/a=0

and 1.P,atl/a=-0.4, they are above yield strength of high yield

strength steels used in railhead, whose averagdd sfrength
oy is around 78MPa (0.56P).
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Fig. 8 Von Mises stress variation along the intefhetween rail end
and insulation material at different contact dists
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The distribution contours of the von Mises stressthe Wheel
symmetrical plane of the rails at different contdistances are Fasition
shown in Fig. 9, which illustrates the stress cotedion at the
rail end surface. The upper limit of the stresstritistion
contour is bounded at 0.B§ which represents the yield stress 1
of the raiby. It is found that as the wheel moves close tadlile
end i.e. froml/a=1.60 to 0.32, the stress concentration zone'®
above oy is shifting towards the rail end and its area is , |
increasing. Moreover, the maximum von Mises stréss
migrating from the subsurface to the corner of thi end,  2° .
valued 1.€, atl/a=0.32. As the contact region further extends , | \ / Rail
to the other rail end, i.6a=0 and -0.4, the maximum von Mises ; T ‘ T ‘ ] T \ ]
stress in both of the rail ends retains at theiners and valued 00
1.77P, (Rail-1) and 1.4R, (Rail-2) atl/a=0 and around 2.5
in both of the rail ends dfa=-0.4. This stress concentration
zone crowded at the rail end corner region andidgs level of
magnitude reveals that the vertical rail end isrgosis problem
from the wheel-rail contact perspective as it asts point of  C.Effect of insulation material

7 = e
/7 Max:1677 Max;1676 5

0 0.5 1 1.5 2 25 3
(d)
Fig. 9 Distribution of von Mises stress at IRJ iffiedent contact
distances:d) I1/a=1.60; ) 1/a=0.32; €) 1/a=0.0; {d) l/a=-0.4

singularity leading to excessive material detetiora The results in the above sections are presentedrigidering
the most commonly used insulation material withrdte of the
Wheel elastic modulug€,/E;=0.2 between the insulation material and
0 et the rail steel. In this section, the effect of eliéint ratios&,/E;)
0.5 is investigated. Four different ratios were studiad compared,
1 namelyE,/E;=0.002, 0.2, 0.5 and 0.8.
Fig. 10 and Fig. 11 show the effect of the moduhti® on the
39 contact pressure along tkeaxis andy axis at contact distance
2 - I/a=0 and -0.4 respectively. At contact distahlee0 and -0.4
25 as shown in Fig. 10 (a) and (b), the shape of tact pressure
) i . along thex axis is affected by the materials of the rail &imel
g Ml I I — /IR'""T insulation material. It is found that the contactgsure on the
3 25 -2 5 1 05 0 05 1 15 2 25 3 railhead increase and the insulating material daserevith the
(a) reduction inE,/E; from 0.8 to 0.002.
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Fig. 10 Effect of various elastic modulus ratiostbe contact stress Fig.

Fig. 10 (b) and Fig. 11 (b) illustrate the confareissure along
the y axis at contact distances I/a=0 and -0.4. Geneth#
pressure distribution keeps approximately an étfptshape
irrespective oE,/E;, and the magnitude decreases a<ifie;
reduces. To further demonstrate the effect of thetenal
modulus ratio on the contact pressure. Fig. 12 aiepi
three-dimensional contour plots of the contactsstrior the
cases ofE,/E;=0.002 and 0.8. The presence of extreme low
elastic stiffness for the insulation material E&/E;=0.002, will
result in the loss of the contact and magnify tikends effect,
while the insulation material with high elastic nubak, i.e.
E,/E;=0.8 could provide more support to the wheel logdin
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Fig. 12 Three-dimensional contour plot of contaetssure Fig. 13 Distribution of von Mises stress along ifiterface between
distribution rail end and insulation material at contact distartg) 1/a=0.0; (b)
Ila=-0.4
Following the study of the effect of the elasticdntus ratio »
(Eo/E1), the von Mises stress/Pyand the shear stregs./Po /
along the interface between the insulation matena the rail >
end are presented in Fig. 13 and Fig. 14 respégtivés found 1 ==
that the magnitude of either the maximum sheasswethe von / /
Mises stress will increase with the decreasingielasodulus of 2 / Ha=6:0
insulation material, and they reach as high asf.84d 1.6%, s ///
atl/a=0.0 and 1.1Byand 2.®,atl/a=0.0 forE,/E;=0.002. The %
behaviour of such stresses reduction could be logaiefor 1 ==E2/F1=0.002
slowing the process of delamination of the intezfaddowever, // —E2/F1=0.2
further analysis in terms of the peak von Misessstin the rail | TE2/EI=0.5
end and insulation material suggests that it isheays positive E2/k1=08
to increase the elastic modulus of the insulatiatenial. As
shown in Fig. 15, the difference of the maximum \Mises * oz s oe s |
stress between the insulation material and thehasl been Toax / Po
significantly reduced &8,/E; changes from 0.002 to 0.8. As for @)

E,/E;=1, the rail joint will act as the continuously et rail
(CWR) and the majority of the stress concentratione will
shift into the insulation material as predictedHiertzian contact
theory. This trend reveals although the higherBWE; can
slow down the interface delamination, the incregisimess level
in the insulation material could lead to earliemdae or failure
of insulation material, resulting the electricaldee of IRJ.
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e » The effect of the difference of elastic moduluswesn the
/ insulation material and the rail was investigatBesults
: show that that a lower difference in elastic moduban
reduce the interface stress magnitude in the nalse
however, it could adversely result in higher strgsshe
ifa=0.4 insulation material, which may lead to its earfagture.
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