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ABSTRACT

The goal of this study is analyzing and identifying the stresses on bolted rail joint due to the
wheel load to predict and minimize failures caused. The three dimensional model has been
developed on modeling package of CATIAV5R16. In CATIAV5R16, different components of
wheel/rail assembly i.e. wheel, rail, joint, bars, nuts, bolts are created separately then all
components are assembled, and create a complete model of wheel/rail assembly. Assembly
model has created in assemble workbench of CATIA after individual component of joint had
created on part work bench. After the assembly is accomplished on CATIA, it was imported in to
the ANSYS v14.5 to analyze the stress caused by vertical load. The material properties of the rail
and wheel are assumed to be same. All the material properties and boundary conditions are being
applied to estimate fatigue stress. The analysis using the software ANSYS includes fatigue
stress, fatigue life, von miss stresses, shear stress and Equivalent elastic strain. These values have
been determined under the influence of axle load. The result obtained in this analysis is better
stress values for rail joint assembled by the modified geometry than the existing joint bar. During
the rail joint analysis Joint between the sleepers needed more attention than other parts, to reduce
the problem related to the rail joint.

Key Words: Rail Joint, Modeling, Finite Element Method
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NOMENCLATURE

a: Minor semi axes of the contact ellipse

b: Major semi axes of the contact ellipse

F: Vertical load,  JBG:joint bar geometry

m & n :Hertz coefficients

Kw: Constants that depend on the material properties of railway wheel
v,v: Poisson’s ratio wheel material

E,,: Young’s modulus of the railway wheel material

v;-: Poisson’s ratio of rail material

E,: Young’s modulus of rail material

R, Principal rolling radii of the wheel

R4, Principal rolling radii of rail

R,,,: Principal transverese radii of curvature of wheel
R, Principal transverese radii of curvature of radii

K : Stiffness matrix of the system

U: Nodal displacement vector

I'1: Boundary with zero displacement,

I',. Boundary where measured displacements are given
I's: Boundary with unknown contact forces F

I';. Boundary where there are known applied forces

Fa: Applied forces
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Us1: Displacements on constrained boundary I';

U,. Known and measured displacements on free boundary I',
Us: Unknown displacements on contact boundary I'3
U,: Unknown displacements on boundary "4

o : Stress vector, EFA: Finite Element Analysis
D: Elastic stiffness matrix.

€®: Strain that cause stress

Ex: Young’s modulus in the x direction

Gxy: Shear modulus in the xy plane

Vxy: Major poison’s ratio

Vyx: Minor poison’s

o, Stress in x direction

g, Stress in y direction

o,. Stress in z direction

a,fc: Normal stress failure in x direction

a;.: Normal stress failure in y direction

anyc: Normal stress failure in z direction
0y Shear failure in xy direction

0xy- Shear failure in yz direction

0.y- Shear failure in xz direction
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LRT: Light rail transit

RJ: Rail joint

CWR: continuous welded rail
IRJ: Insulated Rail Joint

FEM: Finite Element Method
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CHAPTER ONE
INTRODUCTION
1.1. Background

A rail joint is the weakest link in the track. There is a break in the continuity of the rail in
horizontal as well as in vertical plane at this location because of the expansion gap and
imperfection in the rail heads at joint. The fitting at the joint become loose, causing heavy wear
and tear to the track materials. There are essentially three different types of rail joints:

(1 Bolted joints

[1 Compromise joints

1 Insulated joints

Bolted joints are used to join two rails in jointed rail territory. In continuous welded rail (CWR)
where rails are continuously jointed in a territory, bolted joints are used to temporarily join rails
before they are welded. Compromise bars are used to join two rails with differing sections.
Insulated joints are further categorized as bonded or no bonded joints. Bonded insulated joints
are glued. No bonded insulated joints are basically bolted joints having some type of electrical
insulating properties [38].

The bolted rail joint in service today in CWR territory is essentially the same joint that was
designed in the early part of the last century to provide vertical and horizontal rail alignment but
allow longitudinal movement to offset rail expansion and contraction due to temperature change.
While the shapes of the joint bars have changed to better match the heavier rails now in service,
the joint is still designed to minimize the contact area between the joint bar and the rail web in
order to accommodate longitudinal rail movement. Their function is to electrically connect two
sections of a track from each other. The sectioning is utilized for signaling purposes: When a
train operates on a track section it’s wheel set will short-circuit the rails. If it can be identified
which track section that is short-circuited the position of the train is known. Insulating joints can
be designed in different ways. A normal configuration is that the rail is cut transversally and an
insulated polymer layer is placed (glued) in the gap between the rail ends. The joint is assembled
using two beams (fishplates) that are bolted to each side of the rail. The joint is often
prefabricated and the joint section assembled in the track by bolting. The running surface was

provided with an uprising edge in order to keep the vehicles on the track. Due to increasing of
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iron production in England in 1760, the wooden rails were covered with cast iron plates, which
caused the running resistance to diminish to such an extent that the application of such plates
soon proliferated. About 1800 the first free bearing rails were applied which were supported at

the ends by cast iron sockets on wooden sleepers.

1.1.1. History of the rail joint

Insulating joints are weak points of the rail that frequently cause problems. This can be attributed
to the mechanical characteristics of an insulated joint. The joint imposes a sudden variation in
track stiffness due to the change in bending and shear stiffness of the rail and the added weight of
the fishplates. Further wheel- rail impact loads are often generated at insulated joints because of
a local rail surface irregularity caused by misalignment and plastic deformations of the rail ends,
[23]. In addition, the insulating layer is very flexible in comparison to the rail. In practice the
insulating gap can therefore be considered as a free end of the rail. This results in a severe stress
concentration at the insulating layer.

bace T

- —

/ b & £

, hd Lighen
vv:\s-‘-

b

45
Ay
n

Wy

Figure 1.1 A newly installed insulated joint on The West Coast Line in Sweden [23]

A fundamental question in the study of mechanical deterioration of insulated joints is whether an
increased joint gap will alleviate or aggravate the problem with deteriorated insulated joints. That
the answer is not straight forward is indicated by the fact that joint gaps currently adopted vary.
In order to answer this question more in-depth knowledge on the consequences of altered
insulating gaps is needed. To this end, a detailed study of the deterioration of the rail material in

the joint close to the insulating layer is performed. There the material accumulates plastic
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deformations, which leads to material failure causing chips of metal to break off.

This may result in the formation of an electrically conductive bridge over the insulating layer,

Causing malfunction of the signalling system. In Figure 1.2 deteriorated insulated joint is shown.
Other failure modes for insulated joints include run-down of the joints resulting in a dipped joint
that will cause high vertical load magnitudes and subsequent secondary damages. Also formation
of corrugation and squats are rather common in the vicinity of an insulated joint due to the non-

continuous track stiffness at the joint.

Figure 1.2: deteriorated insulated joint [24] and [25]

According to FRA’s accident data, a total of 242 accidents related to joint failures occurred from
2000 to 2009 (Figure 1.3). Most joint bar failures occurred due to cracks initiated from bolt holes
or at the bottom or top edges of the joint bars. The number of accidents caused by joint bars was
relatively consistent until 2007. The sharp decrease observed in 2008 and 2009 appears to be due
to lower traffic and the overall downward industry trend in accidents. Rail joints are typically not
one of the five leading track causes of accidents in the FRA accident database. However, the

industry is experiencing some joint caused accidents.
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1 T216 - Broken/missing bolts

T213 - Broken comp,bar

Y Y Y Y Yeals v Vv VvV

Figure 1.3. Joint bar related accidents by year, joint type, and failure mode [26]

The joint bar IJs are subjected to a number of loading 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 kept smaller than the wheel set
spacing in the bogie structure. Therefore, an examination of the behavior of IRJs (either
suspended between sleepers or supported on a sleeper) is essential to understanding of their
performance. Figure 1.4 illustrates the deformation of a suspended and a supported IRJ when

subjected to wheel loading.

"\}l'l/

| +ve BM — Wheel
O O | O O | -

on the joint

I

““““““ I -
“"‘*—-—L‘/
Spacing

v

<
Figurel.4: Behaviors|of suspended (top) and supported (bottom) IRJs in response to wheel
loading. It is clear that edge of a rail end (point of stress concentration zones/ singularities) on a
supported joint is more vulnerable to direct impact from the running wheels. Limited finite
element (FE) studies by [17] confirm that supported joints exhibit higher impact than their
suspended counterparts.
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Many Commercial Vehicles also use bolted rail joint, although their exposed nature can present
problems in certain heavy duty environments. In addition many locomotives and rolling stock
utilize bolted rail joint.

1.1.2. Failure Modes
As highlighted in this report, IRJs fail due to a range of mechanisms. Each component that forms
the IRJ (including interfaces between these components) fail under severe wheel-rail contact

impact loading. Examples of some of the major failure modes of IRjs reported in the literature

are shown in Figurel.5.

(a) Rail end battering (b) Rail end shelling

d = Initial joint gap

(11

(c) Rail end metal flow (d) Endpost battering/ delamination
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(e) Cracked joint bar (f) Railhead spalling

(9) Chipping at rail end and gage corner (h) Railhead crushing

(i) Typical pull-apart of IRJ in track (j) Dipping of IRJ in track

Figure 1.5: The most common failure modes of rail joints reported in the literature: (a)—(j).[27]

Joints with complete epoxy failure are subject to all of the problems described above for bolted
joints, such as wide rail gaps, broken track bolts, and bolt-hole cracks. In fact, they may be
weaker than a conventional bolted joint, because the shape of the joint bar is optimized for

maximizing the bond surface rather than for sustaining contact loads.
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1.1.3. Rail Length

Rail is manufactured in different length as the mill the country has. Rail length increase over the

years to prevent damage related to joint of the rail by avoiding the discontinuous between the

rails. The rail length increases from 11.8 meter to 25meter. In some country, they can produce at

122meter length of rail. Nowadays, different countries use 25m of rail commonly including

Ethiopia. These extremely long rails were developed in response to reducing the number of rail

joint necessary to produce continuous series of rail. However, extremely long rails require

special handling methods and equipment so that to avoid damage and obviously cannot be

routinely moved over the highway. Such lengths of rail should favorable conditions for delivery

and handling.

1.1.4. Joining Rails

Rails are produce in fixed lengths and need to be joined end-to-end to make a continuous surface

on which trains may run. There are essentially two different type of a rail joint.

Joint

Welded

Thermite

Electric flash

butt

Figure 1.6: Rail joint classification

Bolted

Compromise
bar

Standard bolt

Temporary

Permanent
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I.  Welded joint

In this form of track, the rails are welded together by utilizing flash butt welding to form one
continuous rail that may be several kilometers long, or thermite welding to repair or splice
together existing CWR segments. This form of track is strong, gives a smooth ride and needs less

maintenance. The trains can travel on it at higher speeds and with less friction.

Welded rails are more expensive to lay than jointed tracks, but have much lower maintenance
costs. The first welded track was used in Germany at 1924 and in US at 1930, and it has become
common on main lines since the 1950s [28]. There are two common types of rail welding:
e Exothermic (“Thermite”) Rail Welding

Thermite welds are produced with molten steel cast from a crucible and poured into a specified
gap between two rails. The molten steel is produced by an “exothermic” chemical reaction
between aluminum and iron oxides. Additives in the mix create the other components needed to
make the steel. Thermite welding requires preheating the rail ends in order to create a good bond
between the rail steel and new steel produced in the thermite crucible. It is desirable that the
resultant steel weld material have approximately the same hardness as the parent rail steel.
Manufacturers can produce welds with different hardness’s to provide compatibility with
different grades of rail steel.

Il.  Bolted joint

The purposes of the rail joint are to hold the two ends of the rail in place and act as a bridge
between the rail ends. The joint bars prevent lateral or vertical movement of the rail ends and
permit the longitudinal movement of the rails for expanding or contracting. The rail joint is
considered the weakest part of the track structure and should be eliminated wherever possible.
Joint bars are matched to the appropriate rail section. Each rail section has a designated drilling
pattern (spacing of holes from the end of the rail as well as dimension above the base) that must
be matched by the joint bars. Although many sections utilize the same whole spacing and are
even close with regard to web height, it is essential that the right bars are used so that joint bar
angles and radii are matched. Failure to do so will result in an inadequately supported joint and
will promote rail defects such as head and web separations and bolt hole breaks [29].

There are three basic types of rail joints:
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e Standard(non- insulated) rail joint
Standard joint bars connect two rails of the same weight and section. They are typically 610mm
in length with 4-bolt holes for the smaller rail sections or 940mm length with 6-bolt holes for the
larger rail sections. Alternate holes are elliptical in punching to accommodate the oval necked
track bolt. The standard joint consists: joint bar bolt with nut, washer and joint bar.
Insulated rail joints (IRJ’s) are the epoxy binds the joint bars to the rails and allows very little
relative movement and is widely used throughout the North American rail network.
Most mainline track uses “bonded” or “glued” 1J’s in which the insulator separating the joint

bars from the rails is embedded in a strong epoxy [37]

1.1.5 Joint Bars

While joint bar design has remained relatively unchanged for many years, recent industry
research and development activity for bonded insulated joints has resulted in significant
improvements in the performance of these components over the past 10 years. Some of these
improvements can also be applied to standard (none insulated) rail joints. Current joint bar
designs originated when most track was comprised of jointed rail. The bars were developed to
allow relative movement (with respect to each other) of the rails in a joint. Joint bar used to
connect the two rails together with fish bolt. There are different types of joint bars and some of

them are currently in service.

e Splice
e Full toe
e Short toe

This research uses the modified short toe joint bar to entire study to analysis the joint bar

stresses.
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Bt 53

a. Splice b. Full Toe c. Short Toe

Other types of joint bars

Figure 1.7: Type of rail joint bars [30]
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Cross sectional area for the most commonly used joint bars are shown below.

(@) (®) (©)

Figure 1.8: geometry for the commonly used rail joint bars [31]

Table 1.1 cross sectional areas for the mostly used joint bar [31]

Joint bar type Cross-sectional area(in®)
(@) 1 6.27
(b) Short Toe 5.89
(c) High relief 5.64

The shape of the joint bar largely depends on its intended usage

End expansion
gap

Figure 1.9: Standard rail joint of Ethiopia LRT. [32]
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1.2 Statement of the problem

By their very nature, rail joints create discontinuities in the running surface of the rails. In
addition to bending, residual stresses, rail joints are also subjected to static load due to these
discontinuities. Under normal track and load conditions, joint bars fail due to high cycle fatigue,
which is evident from fatigue striations observed on broken bars. Accelerated track degradation
increases deflections, which further increase joint bar stresses, possibly changing the failure from
high cycle fatigue to low cycle fatigue and in some cases even yielding. The current joint bar
design is meant to support only the railhead and base. This feature is of limited value in
continuous welded rail (CWR) where resistance to longitudinal force loads is also desired. Rail
joint bar failures are a safety and reliability concern for railroads. Because of their redundancy
(i.e. two bars in each joint), a failed joint bar is almost always found and replaced before an
accident occurs. These stresses on the rail head produce the deflection on the joint that causes to
vary on the rail and rail joint profile. As the result, the profile of rail joint component change
from its normal profile it originates the discomfort and safety problem to the passenger and
accident on the vehicle by causing wear on joint part identification and improving of the stresses
on the rail joint assist to increase material property for rail joint, to reduce and avoid the
discomfort of the passenger, rail joint wear and rail joint maintenance cost by using of different

mechanism to decrease the fatigue stress on rail joint component.
This paper tries to address the following questions:

1. What types of stresses are inducing on the rail joint due to wheel load?
2. What are consequences of the stress on rail joint?

3. How can we reduce all these wheel load effects?
1.3 Objective of the Present Study

1.3.1 General Objective
The main objective of the study is analyzing and improving the stresses on rail joint due to the
wheel load, which cause failure. The present investigation is aimed:

» To study fatigue stress analysis of the rail joint at straight rail joint conditions.
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1.3.2 Specific Objective
The specific objective of the research is to:

analyses the von miss stresses caused by wheel load
Reduce the deformation on the rail joint.

>
>
» Determine strain, which generate stress on the joint.
» Reduce Fatigue stresses on the rail joint.

>

Estimate fatigue life of the rail joint

1.4 Methodology of the Research
To fulfill the objectives of the study there are procedures that should be followed. The 3D model
has done on modeling package of CATIAV5R16. Identify the rail joint used to connect the two
end rail and Select the position of rail joint set between the ties. In CATIAV5R16, different
components of wheel/rail assembly i.e. wheel, rail, joint, bars, nuts, bolts are created separately
then all components are assembled, and create a complete model of wheel/rail assembly.
Assembly model has created in assemble workbench of CATIA after individual component of
joint had created on part work bench. One of the basic focus of this research is modifying the
existing joint bar geometry by increasing the section area in CATIA work bench,JBG2 and the
existing joint bar redrawn by CATIA workbench,JBG1[32].After the assembly is accomplished
on CATIA, it was imported in to the ANSYS v14.5 to analyze the stress caused by vertical load.
The meshing type for this research is medium size meshing. All the material properties and
boundary conditions are being applied. During the analysis of wheel/rail contact in ANSYS
software, the parameters have been used axle load, angular velocity and simulation result is

obtained. The vertical wheel load is applied on the axle seat of the wheel.

1.5 Significance of the Research
This research has a great role for future analysis and uses of rail joint, in general for newly
constructing Ethiopian railway by finding the new research. In the future, it will add new
knowledge about existing one with analysis of rail joint stress, strain, deflection under vertical
wheel load, which cause wear, fracture and deteriorations of the rail. This paper try to figure out
those problems related to the rail joint due to the wheel load in between the sleeper supports

based on engineering mechanics.
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1.6 General Parameters and Conditions
1.6.1. General parameters
There are parameters to analyze the stress at the rail joint between the sleeper supports of the

rail. These parameters can be classified as follows:

e Vehicle parameters: operating speed, Empty vehicle, Seating capacity and overload
capacity
e Track parameters: Rail and joint bar profile, tie space and rail joint geometry (straight,

location of rail between the tie).

1.6.2. General conditions
During the preparation of this paper the general conditions that have been using the effect of the

wheel and rail contact at rail joint. It is performed based on the Hertz contact theory. These are:

e The surface of contacting bodies is assumed smooth.
e The contact is assumed elastic.

e Isotropic and homogeneous material.

1.7 Scope and Limit of the Thesis
As it can be seen, numerous types of simulations can be carried out regarding to railway
track joint. In this research, asitis mentioned -earlier, fatigue stress analysis of a rail joint
structure are carried out. Nonlinear behavior which components could experience is not
dealt with and, linear and isotropic material models are used for the entire analysis. In
the static analysis, damping properties of the structures is not considered. The analysis is
carried out only at the middle between the sleepers of rail joint. The effect of bolt torque and
friction is not taken into account when the analysis preformed. This study is to reduce stress to
succeed the rail joint. The limitations of the researches are lack of data, lack of high performance

computer and lack of enough reference books to the research.

1.8 Organization of the Paper
The body of this study is divided into five main chapters. The first chapter discusses background,
objectives and methodology of the study. In addition, the details of the rail joint type and rail
joint used for analyze. The second chapter covers the review of some of the journal
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articles, conference papers and publications which were referred to during the study. Also,
in relation and comparison with previous works, what is done in this study will be
stated. Analysis of stress on rail joint is discussed in the third chapter. Modeling contact at rail
joint, stress model using hertzian theory, rail support and wheel rail simulation presented. In
addition, it covers discretization of the solid model of the rail joint used for the analysis and load
condition. The results obtained from the static and fatigue analysis of the rail joint and
discussions based on these results are included in the fourth chapter. Finally, the fifth
chapter cover conclusions drawn based on the results of the analysis, recommendations and

future work.
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CHAPTER TWO

2.1 REVIEW OF LITERATURE
2.1.1. Related Research

Fatigue life estimates can be used to guide the selection of inspection intervals for rail joint bars
in service. A three -dimensional finite element model for rail joint bars is developed and
dynamic load is applied to estimate the fatigue life of the joint bars. Different components
of the rail joint bars are being created separately and assemble in ABAQUS. The model consists
of assembly of the rail, joint bars, bolts, nuts, washers, and wheel. A three -dimensional finite
element analysis of rail joint bars is carried out in ANSY'S after importing from ABAQUS [34]

[1] Create relatively complex and realistic three-dimensional structures that can be analyzed
much more quickly and still provide reasonable results for studying the effect of critical
parameters. And puts some of the sections that describe the methodology behind the creation of
rail elements for use in a standard joint model utilizing shell elements. This was performed in
order to investigate the effectiveness of shells in modeling rail elements and to compare the

results to the investigations by [1].

In the study [1] investigated a standard joint configuration connecting two sections of open track.
A wheel load of 19958.064kg and a longitudinal thermal-induced load of 90718.474kg were
used. Additionally, foundation stiffness’s of 10342135.9397N/m? and 31026447.819N/m? were
used for summer conditions and winter conditions, respectively. A tie spacing of 0.6096m was
used but the tie width was not provided. The total length of the structure was 12.192m, in which
two 240 pieces of rail were connected at the standard joint. Additionally [4] only considered
the case where the ends of the rail are suspended by the rail ties at the connection. That is, there
is no tie directly beneath the ends of each rail. The standard bolted joint relied on bearing on the
joint bar / rail interface and the bolts to carry load across the joint [4]. On the other hand, the
bonded insulated joint model transferred all load through the epoxy layer between the rail and
joint bars [2]. The model created for the present study utilizes a combination of friction between
the joint bar and rail, bearing between the joint bar and rail, and the bolted connection to resist
the wheel load. Given the known limitations of the shell model and the differences between the
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models, the results in were considered acceptable and the general behavior of the model matched
expectations. The stress result is the von Miss stresses around the bolt holes of one of the rail
segments when subjected to different combinations of longitudinal and vertical loading. In this
case, the foundation stiffness was held constant at 20684271.84N/m? for each loading case to
isolate the effect of the load on the response around the bolt holes. In the top image, a
2068427187.9535N/m? longitudinal load was applied at the end of each rail to simulate winter
contraction of the rails. The bottom image shows the stress contours when the structure was
subjected to the 224079612.0253N/m? wheel load only. It is apparent that the contribution of the
longitudinal tensile load to the von Miss stress is significantly greater than the contribution from

the vertical wheel load.

[4] Performed finite element analyses to examine the behavior of standard, bolted rail butt joints.
They also performed finite element investigations into temporary joint-strengthening solutions
and new joint designs. The goal of their research was to devise a new joint design that would
improve the performance of bolted rail-rail joints in the field under ever-increasing axle loads.
[4] Also used three-dimensional solid elements to create realistic models of the joint elements.
Their analysis [1] considered both winter and summer conditions, particularly because a larger
portion of joint failures occur during the winter [1]. In the winter, the foundation provides added
stiffness but there is a large tensile, longitudinal load imposed on the joint due to the tendency of
the rails to shrink under very cold temperatures. Their first study concluded that the standard

joint used in practice for many years is structurally deficient for the current vertical loads.

[35]: Studied investigates an engineering analysis of different designs and failure modes of the
IRJ by using a 3D finite element model for analyzing the stresses and strain on rail head. It was
present a sensitivity analysis of different joint bar thicknesses (30mm, 34mm, and 40mm) to
compare stress and strain distributions on the railhead. It was a small reduction in the stresses
encountered by the rail when joined with a pair of joint bars of increased moment of inertia
considering the thickness range considered. It suggests that increasing bending stiffness by
increasing the thickness of the joint bar is not a good way to reduce stresses and displacements of
the rail joint. An important way of increasing bending stiffness of the bar is to increase its height.
The increase of stiffness of the bar by increasing height is more dominant compared to that of

thickness.
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[3] The response of the standard joint model under vertical loading is considered. The designed
section considers the effects of mesh refinement on vertical deflection of the standard joint. The
vertical deflection of one rail when using three different meshes. “Fine” refers to the mesh with
the most elements, while “Coarse” refers to the least refined mesh. [3] beam on elastic
foundation model for a piece of straight rail without a joint, the joint should deflect significantly
more than the infinite beam under loading and the model results reflect this. Additionally, the
mesh refinement results in very little improvement in the accuracy of the vertical deflection.
Although the global deflection changed very little during mesh refinement, the finest mesh did

result in some small improvements near the application of load.

[23] carried a numerical analysis combining dynamic and plastic deformation and material
deterioration of IRJ’s to investigate the influence of the rail joint on generation of wheel-rail
impact load and subsequent material deterioration of the joint. It was argued that these joints
form local irregularities and result in a local change of dynamic track stiffness. It was observed
that not only the dynamic characteristics of the track by virtue of the presence of the IRJ were
altered, but also the surface irregularities caused a high increase in contact load. Consequently, a

high stress concentration and a corresponding plastic deformation occurred at the joint.

[5] Studied the stress around fish bolt hole by using static loading tests and field tests then
compare to stresses were calculated by using FEM. Tensile stress field in the vertical direction
occurred when joint bolts were fastened and the maximum stresses were generated at lateral
positions of holes. Maximum stress amplitudes were observed at 45-degree position to
longitudinal axis of rail under a vertical load. Based on results, they established a method to
evaluate the stresses at the edges of fish bolt holes when fish bolts were fastened and trains
passed.

[6] Studied change on insulated rail joint design in order to improve the performance of the
insulated joint by using finite element method. ABAQUS software is used to model the
supported butt joint. In this model, the rail, joint bars, epoxy, and ties surrounding the joint are
modeled using solid elements. The remaining ties are modeled as an elastic foundation. The rail
is subjected to a tensile load, as well as a vertical wheel load that is applied to the rail using
Hertz contact theory. Parametric studies are performed by varying the tie width, joint bar length,

and joint bar dimensions. Two different wheel load locations are also investigated: centered

FATIGUE ANALYSIS OF AALRT BOLTED RAIL JOINT, 2015 Page 18



AAIT School of Mechanical and Industrial Engineering

about the end post, and halfway between the tie under the end post and the tie just to the left of
the end post.

[7] studied the effects of epoxy deboning on the stress and strain are in a bonded insulated joint
subjected to longitudinal force. Finite element method is used to model the different type of
deboning feature. They studied the effect of the deboning by using ABAQUS software from their
result; it shows under thermal tensile loads, strains at the center of the outer surface of the joint
bar tend to increase as deboning begins near the end post. The strain at this point tends to
stabilize after the deboning reaches the innermost bolt hole. Strain at a point between the
outermost and middle bolt holes starts relatively stable, but increases after deboning passes the
innermost bolt hole. From the standard joint model it was concluded that: the results from the
shell element model matched the expected behavior of straight rail and a standard joint
reasonably well, based on comparisons with prior numerical simulations and analytical beam on
elastic foundation theory. As aforementioned rail joint is the weakest link in the track the
components should be optimized by strong materials as well as parameter variation and to
increase the bolt connection strength of the joint to have the best stress values.

[8] Is another relevant name in the study of dynamic loosening is, he was the first to study
bleeding due to a transversal vibration. In addition, the testing machine he designed for
conducting tests has become the typical device for testing joints under transversal vibrations. He
stated, “Bolted connections loosen because the combined external force and circumferential

component of the normal thread force overcome the friction forces holding the joints.”

The Colorado-based Transportation Technology Centre, Inc. (TTCI) has been testing several IRJ
(joints) prototypes in collaboration with the Association of American Railroads (AAR), the
Federal Railroad Administration (FRA) and various rail industry organizations. These prototypes
comprise new designs as well as modified versions of existing conventional joints. The focus of
this collaborative design project is to develop stiffer and stronger joints that can withstand heavy
axle loads without exhibiting any of the frequently observed failure mechanisms (i.e. adhesive

deboning followed by joint bar cracking). [11-15]

[9] Carried out an analysis of insulated rail joints subjected to vertical wheel loads. They
presented a semi-analytical relationship to illustrate bending moment distribution in the vicinity

of joints and central deflections. It was indicated that the bending moment distribution leads to
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delamination failure due to the large deflections at the joints. The most frequent cause of 1J
insulation failure, as documented by the railroads, is adhesive debonding. The weakened
adhesive bond allows moisture intrusion causing metal corrosion and adhesive deboning the
higher stiffness of epoxy adhesives, as compared to the rail steel, seems to be responsible for
cracks at the end post. In cases where most of the epoxy bond is still intact, shearing action in the
bolts and friction at the deboned surfaces has little effect. On the other hand, when the epoxy
deboning becomes extensive enough, the relative displacement between bars and rails grows
larger. This allows the bars and rails to bear directly on the bolts, concentrating forces at the
edges of the bolt holes. It also creates shear stress on the deboned surfaces that exceeds the

maximum static friction stress and causes slippage

[10] In addition to bending, thermal, and residual stresses, rail joints are also subjected to
dynamic loads due to these discontinuities. A lower difference in elastic modulus can reduce the
interface stress magnitude in the rail ends; however, it could adversely result in higher stress in
the insulation material, which may lead to its earlier failure. Electrical failure often results when
the loose joint experiences contact between metal surfaces on the rails and joint bars or bolts — a
result of fretting, deterioration or wear in the insulator, relative component movement, and
related processes. According to FRA’s accident data, a total of 242 accidents related to joint
failures occurred from 2000 to 2009. Most joint bar failures occurred due to cracks initiated from
bolt holes or at the bottom or top edges of the joint bars. The number of accidents caused by joint
bars was relatively consistent until 2007. The sharp decrease observed in 2008 and 2009 appears
to be due to lower traffic and the overall downward industry trend in accidents.

Bolted joints are used to join two rails in jointed rail territory. In continuous welded rail (CWR)
territory, bolted joints are used to temporarily join rails before they are welded. Compromise bars
are used to join two rails with differing sections. Insulated joints are further categorized as
bonded or non-bonded joints. Bonded insulated joints are glued. Non bonded insulated joints are
basically bolted joints having some type of electrical insulating properties. While these three
types of rail joints perform differently and have different operational objectives, they share many
similar design features. For example, they all use bolts and bars and create a discontinuity in the
running surface of the rail. Bolts generally fail due to yielding, and bars usually fail due to

fatigue. The discontinuity in the running surface of the rail creates conditions that can accelerate
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track degradation around the joint. At a minimum, the gap at the rail ends within the rail joint is a
source of impact loading from passing wheels. Left unchecked, these impact loads increase rail
end batter, thereby deteriorating the foundations, which further increase the impact forces

generated by passing wheels.

[15] Has studied that the finite element model for reverse bending calculates joint bar bending
stresses that are comparable to the engineering estimates based on beam on elastic foundation
theory. The engineering estimates are, therefore, an efficient method to estimate the tensile
reverse bending stress at the top outer fiber of the joint bar, which is important for fatigue crack
growth calculations. However, the finite element model for the wheel over the joint calculates

stresses that are higher than the engineering approach.

Joint bar strength should be at least equal to the surrounding rail. Strength can be increased either
by using higher strength materials or by increasing the cross section of joint bars. Joint bars have
high residual stresses induced during manufacturing processes. Controlling residual stresses can
be useful. Residual stresses should be tensile or compressive on joint bar locations where service
loads induce compressive or tensile bending stresses respectively. This approach will not only
increase joint bar load capacity, but also increase fatigue life. The shape of the joint bar largely

depends on its intended usage

[16] research project, sponsored by the Federal Railroad Administration (FRA) has sponsored
and managed research on safety matters related to railroad track and equipment for several
decades rail integrity is an area of research under the FRA Track Safety Research Program,
which deals with the prevention and control of rail failures. Rail failures, or broken rails, usually
originate from defects that form and grow in the rail head as a result of metal fatigue. Past rail
integrity research focused on defects that occur in continuous welded rail (CWR), primarily
because of an increasing trend in the railroad industry to replace bolted joint rail . Rail joints,
however, cannot be completely eliminated. For example, bolted joints are often used to connect

strings of CWR. Bolted joints are also used for temporary repairs.

Observed problems from the study of surveyed Bars surveyed by FRA joint assemblies were
identified as either a standard, compromise, or insulated bar [33]. Compromise joint bars are

designed to join rail sections of different sizes while keeping the gage and running surfaces in
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alignment. Insulated joint bars are needed where track circuits exist for signaling purposes. In
addition, the surveyed bars were characterized as either angle, head-free, or head-contact bar (see
Figure 2.1). Table 2.1 lists the number of failed or defective bars for these three different types

found during the field surveys.

B C
Angle Bar Joint Assembly Head-Free Joint Assembly Head-Contact Joint Assembly
Figure 2.1: angle, head-free, or head-contact bar
Table 2.1: Composition of Defective Bars in Field Surveys
Type  Number of Defective Bars
(% Total)
Long-Toe Angle Bar 47 (39%)
Head-Free Joint Bar 68 (56%)
Head-Contact Joint Bar 6 (5%)
TOTAL _ 121

From the above table the number of defective bars for the Head contact joint bar is small

comparing to the others so that this joint bar is the main focus of the study [33].

2.1.2 Conclusions from Literature Review
The considerable numbers of problems caused by fatigue failure makes it an important point of
research from economic and safety point of view. The engineering estimates are, therefore, an

efficient method to estimate the tensile reverse bending stress at the top outer fiber of the joint
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bar, which is important for fatigue crack growth calculations. However, the finite element model
for the wheel over the joint calculates stresses that are higher than the engineering approach.

[15] The finite element model for reverse bending calculates joint bar bending stresses that are
comparable to the engineering estimates based on beam on elastic foundation theory. The
engineering estimates are, therefore, an efficient method to estimate the tensile reverse bending
stress at the top outer fiber of the joint bar, which is important for fatigue crack growth
calculations. However, the finite element model for the wheel over the joint calculates stresses
that are higher than the engineering approach. Joint bar strength should be at least equal to the
surrounding rail. Strength can be increased either by using higher strength materials or by
increasing the cross section of joint bars.

In addition the related thesis studied in 2014 studies the stresses values in three cases: joint away
from the sleeper, joint approaching to the sleeper and joint on the sleeper however the different
stresses values are higher when the joint between the sleepers so that the main focus of the study
in this research is when the joint between the sleepers by modifying the geometry of the joint

bar.
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CHAPTER THREE
MODEL AND FEA ANALYSIS OF STRAIGHT RAIL JOINT USING ANSYS

Most numerical approaches on rail joint indicated that a rail joint are the weakest link in the
track. There is a break in the continuity of the rail in horizontal as well as in vertical plane at this
location because of the expansion gap and Imperfection in the rail heads at joint. The fitting at
the joint become loose, causing heavy wear and tear to the track materials. For analyzing the
fatigue analysis, it is very useful to use FEM simulations based on the adopted analytical model
for defining fatigue load sources at surfaces which are in contact with the joint.

This study will use the FEA software ANSYS14 version to carry out fatigue stress analysis and
the mechanical stresses of a railway rail joint during wheel running conditions will be

determined.

3.1 Introduction to Finite Element Analysis

Finite Element Method is a numerical procedure for solving continuum mechanics of problem
with accuracy acceptable to engineers. Finite Element Method is a mathematical modeling tool
involving discretization of a continuous domain using building-block entities called finite
elements connected to each other by nodes for once and moment transfer. This process includes
Finite Element Modeling and Finite Element Analysis.

In displacement based FEM, stiffness of the entire structure (Part or assembly) is assembled from
stiffness of individual elements. Loads and boundary conditions are applied at the nodes and the
resulting sets of the simultaneous equations are solved using matrix methods and numerical
techniques. In short, FEM is a numerical method to solve ordinary differential equations of
equilibrium. Starting with simple linear static stress and heat transfer analysis, complex
simulations involving highly non-linear, fluid flow and dynamic events can be successfully
analyzed on a personal computer using a host of popular software like ANSYS. In practice, a

finite element analysis usually consists of three principal steps.

Preprocessing: Create and discretize the solution domain into finite elements. This involves
dividing the domain into sub-domains, called 'elements’, and selecting points, called nodes, on
the inter-element boundaries or in the interior of the elements. Assume a function to represent the

behavior of the element. This function is approximate and continuous and is called the "shape
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function™. Function”. Develop equations for an element. Assemble the elements to represent the

complete problem. Apply boundary conditions, initial conditions, and the loading.

Analysis: Solve a set of linear or nonlinear algebraic equations simultaneously to obtain nodal

results, such as displacement values, or temperature values, depending on the type of problem.

3.2 Rail
Rails support and guide the wheels of the train vehicles. Rail profile has been the object of

continuous improvement since the beginning of railways. The cross-sections of gauge rails have

been standardized by the UIC.
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Figure 3.1: Rail profiles UIC 50 (50 E1), UIC 54 (54 E1), UIC 60 (60 E1) and UIC 71 (71 E1)
[36]

Uic50 has been chosen to design and analyze. At first we notice the sizes offered by Vossloh

conifer’s company, these sizes have been shown in the table below:
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Table3.1: The parameters of used rail uic50.

Parameters. Dimensions in(mm)
The overall height of the rail 152
The width of rail 125
The height of railhead 49.4
The width of railhead 72.2

The rail is designed as a beam with the cross section of a UIC 50kg/m standard rail which is
presented in Figure 3.2.Because the rail is interacting with wheel and transfers the sleepers, it
remains the real cross section profile with exact dimensions, in order to keep the accuracy of the

results.

UIC50
Figure 3.2: Cross section of 50kg/m standard rail [36]

Rails are produced in fixed lengths and need to be joined end-to-end to make a continuous
surface on which trains may run. However, presence of the joint caused the high stress on the
rail, which produces the diverse type of wear at the rail head. This paper concerns on the stress

distribution on rail joint under vertical wheel load.
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Table 3.2: Dimensions and Specification

Item

No | Technical parameters values

1 Type of rails for main lines and depot | 50 kg/m
2 Track gauge: 1435 mm
3 Wheel diameter (new wheel) <660 mm
4 Plate length 820 mm
5 Plate thickness 19 mm

6 Sleeper space 625 mm

7 End gap 5mm

8 Joint bar bolt and nut M28(AT109)
9 Spring washer ®34mm
10 | Cross sectional area of rail 64.16cm2
11 | Height of the rail 152mm
12 | Length of the rail 25m

13 | Tram car length 28400mm

3.2.1 Assumptions

e Material properties are isotropic and independent of the temperature;

e The nominal surface of contact between the rail joint and the wheel in operation is equal
to the apparent surface in the sliding motion.

e The contact pressure distributed over friction surfaces is considered as symmetric.

e The average of the intensity of force into rail joint on the contact area equals.

e The surface of contacting bodies is assumed smooth.

e The wear on the contact surface is negligible.

e The effect of the load is not affected by season.
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3.3 Joint bar

From [31] the most used joint bars; the cross section of short toe bar is changed. It is chosen
since the surveyed bars were characterized as either angle, head-free, or head-contact bar (see
Figure 2.1). Table 2.1 lists the number of failed or defective bars for these three different types
found during the field surveys is short toe bar.

According to the study a Head-free bar which is the short toe bar was the most common design
found during the surveys [31] and research on Stress Analysis of Rail Joint under Wheel Load
[32], the short toe bar is chosen. When they are installed, head-free joint bars contact the rail at a
single point in the head-web fillet region and the rail base. Head-contact joint bars are in full
contact at the bottom of the rail head. Head-contact joint bars are assumed to promote rail
failures by head-web separation, but are also claimed to provide additional stiffening for better
ride quality. Therefor development is done on the head contact joint bar which is the short toe

bar. The cross section of the short toe bar is 3799.9924mm2 depicted on table 1.1.

Table 3.3 shows overall dimensions of the JBGland JBG2 bars.

h(mm) | b(mm) | Easement region of the | Easement region Of
bar(mm) the uic50 rail (mm)
Top bottom Top bottom
JBG1 121 53 R22 R20 R22 R20
JBG2 121 53.8 R22 R20 R22 R20
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Figure 3.3: a) Short toe joint bar (JBG1) [31] b) the modified short toe joint bar (JBG2)

Cross sectional area for the short toe joint bar is
5.89in°=0.0037999924m?=3799.9924mm?

But the cross sectional area for the bar developed is approximately 4374mm? =6.779in?

3.4 Model and analysis of rail

Fatigue life estimates can be used to guide the selection of inspection intervals for rail joint bars
in service. A three-dimensional finite element model for rail joint bars is developed and static
load is applied to estimate the fatigue life of the joint bars. Different components of the rail joint
bars are being created separately and assemble in CATIA. The model consists of assembly of the
rail, joint bars, bolts, nuts, washers, and wheel. A three-dimensional finite element analysis of
rail joint bars is carried out in ANSY'S after importing from CATIA.

Surfaces of engineering components are consistently subjected to contact, thermal and others
loading due to these large stresses applied over localized area. Many researchers studied different
parameters and their influence to improve the failurities of the different component of the contact

area.

There are different theories, analytical, numerical formula and finite element method developed
in different time to solve the problem related to contact component and to increase the
performance of the contact area. Although, railway systems are a transportation system still now

it has a large number of unsolved problems that related to contact surface.
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There are many theories on the contact geometry. However, many published papers use the hertz
theory to understand it easily. The hertz theory has been developing since [22]Hertzian contact
theory, explain a relationship for determining the contact pressure distribution and contact area
of a solid bodies while in contact with an elastic sphere or cylinder under an applied load. This
theory has its own assumption to solve the contact area and stress distribution of two solid

bodies.
The following are the hertz theory assumption:-

«» The contact between elastic bodies should be frictionless.
% The significant dimensions of the contact area should be much smaller than the
dimensions and the radii of curvature of the bodies in contact.

¢+ The contact between elastic bodies should be described by second-order polynomials.

The hertz theory has different type of contact for different shape of the solid body contact. The
contact between the wheel/rail is elliptical contact. For wheel/rail contact hertz theory is much

preferable than others theory.

The analysis of the wheel/rail contact is covered by using the elliptical contact shape to solve the

stress, strain, deformation and fatigue life caused by the vertical load.

Figure 3.4: Full elastic contact mechanics model of hertz [17].
3.4.1Modeling Contact at Rail Joint

The wheel profile consists of a flange to guide the trains along the rails and a conical tread that
contacts rail head, and rail has many curvatures to guide wheel properly. The contact positions of
the wheel / rail are different in the different situation. However, this paper uses the contact

between the wheels tread and rail head.
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The contact area between wheel and rail are very small compared to their dimension.

\  whelred [ hyy
N '\ / ! ﬁc
g T~k
\J o\;‘ WL "
;\\ \ [ C/¢‘

Figure 3.5: Contact zone of wheel/rail.
3.4.2 Stress Model Using Hertzian Theory

High stresses are inducing when a vertical load applied on the rail joint. This can cause serious
problem on rail joint. Hertz developed a theory to calculate the contact area and stress between
the two contact surfaces. The purpose of this paper is to focus on the hertz theory, when the
wheel and rail contact occur at the end gap of the rail, however the contact is not a full contact
due to the end gap. As shown in the figure below the joint bars are connected at rail web, so that

the wheel doesn’t contact to the joint bar

Figure3.6: Wheel/rail contact at rail joint.
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3.4.3Wheel/rail Contact Mechanics
Surfaces of engineering components are routinely subjected to contact loading, where large
stresses are applied over highly localized area. Many researchers have studied different

parameters and their influence on the dynamic behavior of rotational system.

The stress field created by the contact stresses was first introduced by [39] Assessment of contact
stresses at the wheel-rail interface is one of the most important aspects of railway research,
considering the many phenomena involved. For this reason, many scientists have approached the
problem mainly by means of theoretical or numerical solutions based on the Hertz’s theory,
which can be considered the basic starting point for all subsequent research. However, there are
limiting conditions for the applications of the Hertz contact theory:
I.  The contact between elastic bodies should be frictionless,
ii.  The significant dimensions of the contact area should be much smaller than the
dimensions and the radii of curvature of the bodies in contact.
iii.  The contact between elastic bodies should be described by second-order polynomials.
iv.  An elliptical contact area and an ellipsoidal normal contact pressure distribution are

created at contact of the wheel and rail.

Figure3.7: An elliptical shape of contact stresses [40].

Due the above reason hertz’s theory applied only for the straight surface and smooth it is not
applied on the roughness and joint part of the rail head. Other method need to analysis the rough
surface and join part of the rail head. Researcher also used different mechanism to deal the

interaction between the wheel and rail.
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When two elastic non-conforming bodies get together, according to the Hertz contact theory, the

contact area is elliptical in shape with a major semi-axis “a” and a minor semi-axis “b”

The contact pressure distribution in this area represents as semi-ellipsoid, which can be

expressed as:

PIO=p0 (1= =L e, 3.1

—
" ‘ 5m|71 end gap

"
|

B —————f

@Ps) Wheel| load P@)

'
—1

Figure3.9: Pressure distribution at contact zone of rail joint [18a].
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Based on the Hertz contact theory, the contact point is very small relative to the overall
dimension of wheel and rail surfaces. This very small contact point has elliptical shape. There is
small gap on the pressure distribution due to the end gap on the joint.

From the above formula a and b are semi axes of the contact ellipse whereas x and y are the
required coordinates to specify the point of contacts on the rail head based on the lateral rail

surface parameter.

If x=0 and y=0 the point of contact is on the centerline of the rail head the stress is

maximum,which is equal to:

P=p, , where p,= TSR 3.2

2w ab

F is the vertical load act on the rail head

Based on the size and orientation of the contact, the positions of the contact point may be
shifted in different directions based on the direction of x or y. However, based on Hertz contact
formula and assumptions, the stress due to wheel/rail contact decreases and becomes zero when
it goes far away from the centerline of the rail head. Similarly, the wheel/rail contact stress is

inversely proportional to the major and minor axis of the contact ellipse[19].

The contact area determined as follows:

a= m(gﬂF(K‘:;;jr))l/?’ ............................................................................. 3.3
b= n(37TF(K‘:;<-3Kr))1/3 ............................................................................... 3.4

m and n are Hertz coefficients and they are given as a function of the angle (0°-180°)

0= cos L 35
K3

@ is rail curvature
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M,n are obtained by € and from the table below:

Table 3.4: m,n quantities [20]

B M N
90 1 1

80 1.128 0.893
70 1.284 0.802
60 1.486 0.717
50 1.754 0.641
40 2.136 0.567
30 2.731 0.493
20 2.778 0.408
10 6.612 0.319

Kw and K; are constants that depend on the material properties of railway wheel and rail

respectively.

v, and E,, are Poisson’s ratio and young’s modulus of the railway wheel material respectively.

K is constants that depend on the material properties of railway wheel.

_ 2
K= 22 3.7

TE;
v, and E,. are Poisson’s ratio and young’s modulus of rail material

K is constants that depend on the material properties of rail.

Ks= 2=+ ==+ ——F+ =), oo 3.8

Riw  Raw  Rir Ror
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1,1 1 1
Ke= (G- =) + &

+ RLZT)Z +2 (RL — L) (i - i) cos2p)’? ... 3.9

1w Row/ \Rir  Ryr

K3 and K4 are depends on the geometric propeties of the two bodies.

R;,, and R, are the principal rolling radii of the wheel and rail respectively.

R,,, and R,, are the principal transverese radii of curvature of the wheel and radii respectively.
@ is straight segment curvature of the rail.

The direction of the axes of the contact ellipse can be determined based on the radii of curvature
and the rolling radii for the two bodies in contact.

If 2 + - >+ - the transverse semi axis of the contact ellipse (y direction) is greater

Riw  Row Rir  Ror

than or equal to the longitudinal semi-aixs.

If = + - < — 4+ —: the transverse semi axis of the contact ellipse (y direction) is less than

Riw  Raw = Rir Rar

or equal to the longitudinal semi-axis.

3.5 Finite Element Theory For Contact Body

Finite element theory is used to show that relationship among the contact force, applied force,
support and free displacement of wheel /rail contact. During the formulations of finite element

the contact between the wheel and rail is assumed:

e Isotropic
e Homogeneous

e Linear elastic body Q with boundary conditions
The linear elastic bodies have four boundaries condition as shown in the figure below.

e Iy isthe boundary with zero displacement,

e I, isthe boundary where measured displacements are given,
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e TI;is the boundary with unknown contact forces F. and unknown contact deformation or
displacements,
e [, is the boundary where applied forces F, and the other are free surface except those

mentioned above. The displacements on boundary I';are unknown.
Let’s recall the general form of static finite element system, which is
KU=F [18] i 3.10

K, U and F are stiffness matrix of the system, nodal vector displacement, and nodal vector
forces. According to the classification of the boundary, it constructs the finite element equation

in the following form:

[ Ku K Kiz Ky |[ Us F1
Ko Ko Kz Ku|| U = F 3.11

Kai Kz Kiz Ka || Us Fs

Kii Ko Kz Kaa Ug Fa
Kij and F,are sub-stiffness matrix, and vector of reaction forces on the boundary I';.

F, is a vector forces on the boundary I'; with measured displacements, usually there is no force

on the measured boundary.

Fc and F, are vector of unknown reaction or contact forces on the boundary I's and vector of

known applied forces on the boundary I's.

U; and U, are known displacements on constrained boundary I"';and measured displacement on

free boundaryI™,

Uz and U, are unknown displacements on contact boundary I'3 and unknown displacements on
boundary I'4with known applied force Fa, the free surface with no applied force and the internal

nodes where net force is zero.
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Figure 3.10: Contact model analyze [21].

The stiffness matrix is singular and no unique solution for displacement is possible if the
structure is unsupported for the above structure stiffness equation. For this reason all
displacement on the boundary I'jare zero, that means U;=0.When apply this condition to the

system matrix and vector in equation 3.11 FEA equation becomes:

Matrix and vector in equation 3.11 FEA equation becomes:
Kzz K23 K24 U2 FZ
Kz Kz Kag Us S FC e 3.12

Kz Kiz Ku U, Fa

To calculate the contact forces F. at U, Multiple 3@ row of the stiffness matrix with

displacement matrix, then equation became:
KUz + KisUs +KgaUs = Fa e, 3.13
Us= Kas [Fa—KaoUp-Kaz Usl oo, 3.14
Multiple the 2" a row with displacement column, the equation became;
Kso Uy +Ks3Us+KsaUs = Fo e, 3.15
Us= Kaz ™ [FC —KaaU2 —K3aUs] oo 3.16

When equation 3.13 substitute in the equation 3.14, U3 became;
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Us= Kas [Fe-(Kas- Kaa Kaa™ Kaz) Uy —KaaKas™ Fa + KaaKas ' Kaz Us] oo 3.17
Therefore the displacement at the contact point is:
Us= Kaz ' [Fe-(Kas~ Kas Kaa™ Kaz) Up —KasKas™ Fa + KagKag'Kaz Ug] ... 3.18

Generally, the contact between the wheel and rail are considered to determining the failure effect

of rail end and rail joint. Stress -strain relationship of structural analysis

Lo K€ Y o, 3.19

ee', o and D are elastic strain vector, stress vector and elastic stiffness matrix.

{o}={0X,0y,0Z 6Xy,0yZand OXZ} .........ccoeriiiiiiiiiii 3.20
e = () - {61 L, 3.21
(3 {E} M+ DI O} oo 3.22
_1Ex -Vry/Bx - Vxv/Ex 0 0 0 ]
- Vyz /B 1By - Vyzi By 0 q il 3.23
{Dl}=| -v=E -vo B 1E 0 2 0
0 i} 1/Gay 0 il Q
0 b} i 1Gyz o9
K 9 0 0 o UGk

Exand Gyy are young’s modulus in the x direction and shear modulus in the xy plane
V,y and vy, are major poison’s ratio and minor poison’s

Also the {D™} matrix is presumed to be symmetric, so that

v v
o 3.24
Ey Eyx
v v
o 3.25
E, E,
v v
Y 3.26
E, Ey
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v v

o 3.27
E; Ex

v V;

e, 3.28
E, Ey

The element integration point strain and stress are:
{ e®={BHU} - {€} ™, for this case, {€} Miszero ............cccenn.... 3.29

Lo =D € Y oo, 3.30
B and{€} ™ are strain - displacement matrix evaluated at integration point and thermal strain
e is strain that cause stress

Maximum stress failure criteria

/’

Oyc Oxy
o f
Oyc Oxy

. g o
£,= maximum of < e OSSO PO R OO UUPUPPPPPPP 3.31
Oy Oyz

Ozc Ozx

_ crgc’ fozx
ox, Oy and o, are stressinx,y, z direction

i

o ye

xc

and z are normal stress failure in x, y, z direction.

Oxy, Oxy aNdoy,, are shear failure in Xy, yz, xz direction.
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3.6 Geometrical Model

In the three-dimensional model of rail joint and wheel, single surface of its symmetry in axial
direction is not insulated owing nature of considered phenomenon of loading. It has six holes to
fasten bolts. The geometry of the rail on CATIA is illustrated in Fig 3.11.
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Figure 3.11: 3D model of rail joint

Figure 3.12: 3D model of wheel /rail contact at a rail joint
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3.7 Definition of Material

Materials of the rail joint given the principal requirements involved, the steels generally used for
wheels and rails have a predominantly pearlitic microstructure incorporating hard cementite
lamellae that guarantees high resistance to wear. The microstructure produced by transformation
close to thermodynamic equilibrium simultaneously ensures more sluggish transformation in

operation than, for instance, a bainitic or martensitic microstructure [22]
3.7.1 Materials used

The railway tracks are mostly steel material in accordance to the EN 13674-1:2011 (E). It can be
produced with tensile strengths exceeding 5 GPa. Steel contains 50% iron and one or more

alloying element.

These elements generally include carbon, manganese, silicon, chromium, phosphorus, sulpher
etc. Each element has a specific role in the steel making process or in achieving particular
properties E.g. Strength, hardness and quality. Most of the materials used in this specific project
are based on Addis Ababa Light rail Transit (LRT). In this study the wheel has approximately
similar material properties to the rail. Properties of joint bars and rail are the same for the

simplicity of the problem, but for the concrete sleepers with a density of 2300kg/m3.

Table 3.5: Mechanical property of rail material

Item No | Mechanical property value

1 Poison’sRatio 0.3

2 Young’s Modulus (MPa) 207 MPa
3 Ultimate tensile strength (MPa) 880 MPa
4 Yield strength 640 MPa
5 Density 7800 kg/m
6 Elongation 12 %
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Table 3.6: Mechanical property of Concrete material

Young'’s Poisson’s | Density,
modulus, | ratio kg/m3
MPa

Concrete 300000 0.18 2300

Table 3.7: Chemical composition of rail

Item No 1 2 3 4 5 6
Chemical element | C Si |[Cr |[Mn |p S
composition 08 (08 |-—- |1 0.04 |0.05

Table3.8: Mechanical property of joint washer, bolt and nut

Item No Mechanical property value

1 Poison’sRatio 0.3

2 Young’s Modulus (MPa) 207 MPa
3 Ultimate tensile strength (MPa) 880 MPa
4 Yield strength 640 MPa
5 Density 7800 kg/m
6 Elongation 12

3.8 Load and Support

Material properties and data are used based on Ethiopia Railway Corporation, Addis Ababa
Light rail Transit (LRT). Vertically downward load is sum of 3% allowance, maximum axle
load. The overall load is the sum of the total tram weight and carrying capacity of the vehicle.

The overall load is classified to each axle of the vehicle then the axle load is classified to each
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wheel vehicle. Carrying capacity of vehicle has calculated by take average of 60kg/ person and

the total rate of passenger inside of the tramcar is 317.

Table 3.9: Seating capacity of vehicle

Item No | Number of passengers (persons) Seated | Standing | Total
1 Seats (AW,) 60 5 65
2 Seating capacity (AW,) (standing: 6
65 190 254
persons/m?)
3 Overload capacity (AWs)(standing:
paclty (AWSEtending: | oe 1252 | a1
8 persons/m®)
Table 3.10: Vehicle weight
Item Carbody | Passenger )
Loads _ ) Total weight
No weight | weight
1 Empty vehicle
Py 44 0 44
(t)
2 Seating capacit
9 capacty 44 15.24 59.24
(t)
3 Overload
) 44 19.02 63.02
capacity (t)
4 Axle load <11 (1+3%) t
5 Axle number 6

Note: Take 60kg as average weight of each passenger.

FATIGUE ANALYSIS OF AALRT BOLTED RAIL JOINT, 2015

Page 44



AAIT School of Mechanical and Industrial Engineering

3.9 Analysis of Straight Rail Joint Using ANSYS 14.5

3.9.1 Meshing
In the finite element analysis the basic concept is to analyze the structure, which is an
assemblage of discrete pieces called elements, which are connected, together at a finite number
of points called nodes. A network of these elements is known as a mesh. For this analysis, the
model of rail joint was meshed with the tetrahedral finite element were used in ANSYS rather

than defining the nodes individually (fig.3.13). The finite elements used for the meshing were

Free triangular. The size of the meshing type is medium size mesh.
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Figure 3.13: Meshed Model of rail joint
3.9.2 Finite element simulation computation model

A 3-D finite element model for element model for wheel/rail rolling contact is developed on the

most critical section of rail track i.e., rail joint to calculate finite element analysis and stress

response in the contact region.
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0.00 1000.00 2000.00 {mm)
500.00 1500.00

Figure3.14: Finite element modeling of wheel rail set

3.9.3 Wheel load

In this model, the load is the static load on wheel, which is applied on the center of wheel. The
position of applied load and direction on wheel are shown in Figure 3.15. But in case of the tram
car we do have three bogies each having two axles and the wheel load will be one half of the

weight of the axle load. The total numbers of the axles are six.

Figure 3.15: the position of applied wheel load

FATIGUE ANALYSIS OF AALRT BOLTED RAIL JOINT, 2015 Page 46



AAIT School of Mechanical and Industrial Engineering

The total vertical load is calculated as follows:

a. Tram car weight =44 ton
e The load apply on each axle = 7.333 ton = 73333N
e The load apply on each wheel = 3.667 ton = 36667 N

b. Carrying Capacity = 60kg/person *317 person = 19020N
c. Over all capacity = Tram car weight on each wheel + Carrying Capacity
d. Maximum Axle load = 11,000 kg x 9.81m/s
=107,910N
e. The total vertical load = maximum Axle load +3% maximum Axle load

=111147.3N
f. The load on each wheel = 55573.63N
3.9.4 Velocity on wheel

As the wheel is rolling on the top of rail, its velocity has two components, namely the moving
velocity and angular velocity. Their relationship is that, the product of angular velocity
magnitude and radius of the wheel equals to the magnitude of moving velocity.

Table 3.11: Operating speed of tram

Item No Parameter Speed

1 Maximum operation speed 70 km/h
2 Average travelling speed >20km/h
3 Operation speed during car wash | 3~4 km/h

The maximum operation speed of the tramcar is 70km/h and Wheel diameter is 660mm then the

rotational velocity can be calculated as:

From V=wr, w= Y =70km/h /330mm =58.9225rad/s

r
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3.9.5 Boundary conditions

To ensure to achieve the satisfactory results, some constraints should be applied to the
components. The surfaces which need to be constrained are shown as solid filled areas in Figure
3.16. All the material properties and boundary conditions are being applied strictly as per the
guidelines made available according to the researcher. The wheel runs at constant speed of 70
km/hr. UIC 50 rail is used for analysis. The initial temperature of wheel and rail is taken as 22C*
for analysis in ANSYS Friction coefficient is 0.15[41]. The material’s density is 7800 kg/m3.
Material properties of the rail and wheel are assumed to be same. The diameter of wheel is 660
mm. The axle load is 111147.3N Figure below shows boundary conditions and load conditions

on rail joint.

The types of loading that can be applied in a static analysis include:
e Vertical wheel load (force).
e Standard earth gravity

e Rotational velocity

2/10/2015 3:02 PM

. Fixed Support /
Standard Earth Gravity: 9806.6 mm/s f
B Force: 55574 N 8
@ Rotational Velocity: 58.922 rad/s

Figure 3.16: the boundary conditions of supports on FE model

Note: The maximum axle load is taken to perform the analysis
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CHAPTER FOUR
RESULT AND DISCUSSION
4.1 Results

The analysis is performed by using finite element model consist of fatigue analysis, to determine
the impact of the wheel load on a bolted rail joint. Different support location is used to perform
finite element analyses, although the geometry and load application are the same for all support

location.

4.1.1  Static Analysis
A static structural analysis is determine the deflection, stresses, strains, safety factor, and fatigue
stress of structures caused by loads that do not induces significant inertia and damping effects.
The load and the structure responses are assumed to vary slowly with respect to time that means
steady loading and response condition are assumed.
4.1.1.1. Stress
Stress is defined as the average force per unit area that some particle of a body exerts on an
adjacent particle, across an imaginary surface that separates them.

)i Equivalent (von- miss) stress (MPa)

32.791 Max
29,148
23,504
21861
18.217
14,574
10.93
7.2869
3.6434
4.5475e-7 Min

Figure 4.1: VVon miss stress.

As shown in above figure, the maximum von miss stress is 32.791MPa and the minimum von

miss stress is 4.5475e °MPa,
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I1) shear stress in MPa

16.866 Max
14.992
13.118
11244
9.3701

74061
56221

Figure 4.2: shear stress
As shown in the above the max shear stress is 16.866MPa and the min shear stresss is 2.6157¢”

I11) Normal stress

6.6871 Max
4724

2. F606

0.79726
-L16G1L
-3.1295
-5.0928
-1.0562
-9.0196
-10.983 Min

Figure 4.3: Normal stress (bending stress)(Mpa)

As shown in above figure, the maximum normal stress i1s6.6874MPa and the minimum
normal is -10.983MPa,

The table below shows the comparing the different stress values of research result values of

JBG1 and JBG2 using same tram car wheel load.
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Table 4.1: von miss stress shear stress and normal stress values of the JBG1 and JBG2 at

the rail ends of each side.

Von mises | Max 105.86 32.791
stress(MPa) Min 0.0087346 4.5475¢”
Shear Max 10.661 16.866
stress(MPa) Min -10.751 2.6157¢”
Normal Max 22.26 6.6874
stress(MPa) Min -38.536 -10.983

L151de-3
-6.989e-6
-2.5492e-3
-4,3996e-3

-6,2408e-5
-8, 1002e-5

Figure 4.4: Equivalent elastic strain

24.26 Max
20,877
17.445
14,113
10,73
73481

3.9658
0.58353
-2.7948

Figure4.5:Maximum principal stress
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4.1.1.2. Fatigue stress

Life
Type: Life
Time: 0
2/18/2015 10:25 &AM

le6 Max
! 1le6 Min

Figure4.6:Fatigue life( In cycles)

l 1000 Max
1000 Min

4.8: Fatigue damage

22.806 Max

Figure 4.10: Equivalent alternating stress
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15 Max
10

3.7797 Min

Figure4.7: safety factor

0.99373 Max
0.77221
0.55068
0.32916
0.10764
-0.11384
-0.33541
-0.35693

Figure4.9: Biaxiality indication
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24.0741 Max
20,70
17.334
13.97:
10604
723649

4.9014e-3 Max
3.0226e-5
L1438e-5
-7.340%e-6
-2.6138e-5
-4,4925e-5
-6.3713e-5

-H 1e-

Figure 4.12: Normal elastic strain

4.2 Discussion
A three-dimensional finite element model is used to analysis the rail joint section of track. The
finite element program ansys is used to model the joint analysis. This ANSYS is used to simulate
the loading and boundary conditions of the rail and wheel contact for a stress analysis. This
section of the paper specifies the result obtained from the ANSYS software based on hertz
contact theory. The von miss stresses, maximum shear stress and Equivalent elastic strain have
been determined under the influence of axle load.
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Table4.2: Static stress result summary [32]

Analysis type | Type of load Casel | Case2 Case3
Von mises stress(Pa) | Max. | 1.88e” | 1.029¢” | 10.58¢’
Min. | 87.22 332.69 8739.6
Normal stress(Pa) Max. | 6.28¢° | 4.34¢° 2.22¢’
Min. | - -4.60e” | -3.853¢’
9.544¢°
Shear stress(Pa) Max. | 3.869¢° | 2.76€° 1.066¢’
Min. | -2.14¢° |-3.33¢° | -1.075¢’
pressure(Pa) Max. | 2.432¢° | 2.904e® | 1.99¢°
Min. | -7.1e° |-2.59¢° | -6.5976¢’
Alternating  stress | Max. | 1.88e” | 1.029¢” | 2.226¢’
(Pa) Min. | 87.22 332.69 -3.85¢’
@ Biaxial induction Max. | 0.987 0.994 0.988
%‘ Min. | -0.999 | -0.998 -0.999
§ Safety factor Max. | 15 15 15
g Min. | 0.1429 |2 0.81428
Table 4.3: stress results for the research JBG1 AND JBG2
Analysis type Type of load Case3 of the| JBG2
JBG1
w Von mises stress(Pa) | Max. | 10.58¢’ 32.791¢°
g Min. | 8739.6 1.008¢”
= Normal stress(Pa) Max. | 2.22¢’ 4.1676€°
Min. | -3.853¢’ -7.1595¢°
o ﬁ Shear stress(Pa) Max. | 1.066e’ 12.51€°
B g Min. | -1.075¢’ 3.0526¢°
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Safety factor Max. |15 15

Min. 0.81428 3.77185
Alternating  stress | Max. | 2.226¢’ 20.316¢€°
(Pa) Min. [-3.85¢’ 1.00084¢°
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CHAPTER FIVE
CONCLUSION RECOMMENDATION AND FUTURE WORK
5.1 Conclusion
Relatively simple models of rail wheel were used for static analysis of the research. The
prescribed method in this research may be used to estimate the fatigue life of bolted rail joints in
a variety of conditions. The finite element model for reverse bending calculates joint bar bending
stresses that are comparable to the engineering estimates based on beam on elastic foundation
In this study, the responses of a bolted rail joint component are determined under static, the
results are assumed to be significant. The analysis can include stress, strain and fatigue
responses of bolted rail joint caused by vertical wheel load. The load applied is only when the

rail joint is in between the sleepers. The stress value is reduced for the new geometry.

5.2 Recommendation

During the joint analysis Joint between the rails needed more attention than other parts, to reduce
the problem related to the rail joint. This paper recommends that during the analysis of rail joint
the position of the study is when the joint is between the sleepers. For the similar problem
engineers can develop the solutions by modification of the geometry of rail joint component part
Since rail joint is the weakest spots in the railway track and Rail joint are used to connect the
ends of two rails horizontally and vertically it needs special attention. The continuity of the
railway track is breaks due to the existence of rail gap and difference in the height of the rail
heads. Because of the above reasons rail joints are weaker than the rails and subjected to large
stress.

5.3 Future Work

In this paper the stress caused by vertical wheel load and some results of rail joints are obtained
for only when the rail joint is between the sleepers. This paper studies mainly on finite element
analysis, but to improve the problem related to the joint, it is also needed field data to identify the

results for the problems.

The Joint part of the rail track needs more attention to eliminate problem related to the wheel/
rail contact like fracture of rail and joint bar hole, looseness of bolt, nut, and dislocation and

distorted of the rail joints.
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To minimize the rail and joint wear, the looseness of bolt and nut, and safety problem issues and

maintenance cost of the railway track. It is also good to study and see more on following area:

e Study the Cause of stress on rail joint due to thermal, lateral force and

longitudinal force.
e Study on the effect of vibration on the joint part of the rail
e Developing materials with cyclic load resistance.
e Analysis stress of bolt and nut at joint by adding toque.
e Developed strong material for bolt and nut and rail hole.
e Testing and investigating of materials of components of the rail joint
e ldentifying the crack initiation at rail hole.

e Identifying the stress by changing the bolt geometry.
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APPENDIX
1. Strain amplitude (in log scale)

Mean Stress Correction Theory

Elastic

Flastic Total

Strain Amplitude (log scale)

Reversals to Failure, 2N (log scale)

Figure 5.1 Strain amplitude (in log scale)
4 Constant amplitude load

Constant Amplitude Load
Fully Reversed

Figure 5.2: Constant load amplitude
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3. Mean stress correction

Mean Stress Correction Theory

SN-None

Goodman Soderberg Gerber

Endurance

0 Yield Ultimat:

Figure 5.3: Mean stress correction theory

3 Velocity converge

Figure 5.4: Velocity converge

4  Load converge

100 AN

200 N

30000 ™

Ao N

50000

ST

Figure 5.5 : Load converge
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