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Abstract

Under heavy and frequent train loads, large stresses can develop in the rail, of which the
bending stress is an important portion. Bending stress may cause fatigue defects to grow
and also result in rail breaks, which is the dominant failure mode according to the records

of derailments caused by rail issues reported by the Transportation Safety Board of Canada.

In this study, the rail bending stresses under different track and loading conditions when
the axle spacing between adjacent railcars varies were investigated. Finite element models
of different complexities were established using ABAQUS. The Winkler model was also
used in the investigation for comparison and reference. Three levels of track modulus,
which are 13.79 MPa, 27.58 MPa, and 41.37 MPa were studied, representing soft, medium
and stiff track conditions respectively. Two rail sections, the 115 RE rail and the 136 RE
rail, were used, which are common rail sections in North American freight railways.
Location effects of wheel loads on the rail bending stress behavior when the axle spacing

varies were also examined.

It is demonstrated that when wheel loads were applied at the middle of the rail head surface,
under each track modulus and for each rail section, the maximum bending stress at the rail
head generally follows a pattern of first increasing and then decreasing when the axle
spacing increases, while the maximum bending stress at the rail base fluctuates in a small

variation range and does not show a clear pattern.

This thesis provides useful guidance in the aspect of studying the effects of axle spacing
on the rail bending stress behavior. At the end of the thesis, limitations of current work,

recommendations, and future work were also addressed.
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CHAPTER 1:INTRODUCTION

1.1 Background of the research

Freight railway transportation plays an important role in the promotion of economic
developments within Canada due to the efficiency of transporting goods by rails over long
distances. Canada has one of the largest railway networks in the world with a track network
of more than 48,000 kilometers, spanning the continent. This network carries more than
70% of the country’s goods by mass (Transportation Safety Board of Canada (TSB), 2013).
The current trends within the industry are to run more frequent and longer trains, to meet
the growing transportation needs of its customers. These trends have created additional

challenges for the railway operators in ensuring the safe operation of the railway network.

Of the reported main-track derailments in 2015, approximately 15% were attributed to rail
issues, such as broken rails, rail joint bars, or welds within the rail (TSB, 2016). Most of
these rail failures occur due to excessive stress (Igwemezie, et al., 1993) or accumulated
damage to the rail (Lewis and Olofsson, 2009; Lyons, et al., 2009). The cyclic bending
stresses that are generated during the passage of a train are of particular concern as they
contribute to the development and propagation of defects and crack within the rail
(Orringer, 1988; Jeong and Gordon, 2009). The magnitude and location of the maximum
bending stresses in the rail are a result of several factors. These factors include the
magnitude and location of the axle loads, the type of rail, and the supporting property
beneath the rail (Jeong and Perlman, 2013). Of these factors, the spacing of the axles is one
that has not been extensively evaluated to determine if there is the potential to reduce the
rail stresses and the resulting number of rail breaks. This relationship of the axle spacing
between the adjacent railcars vs. the maximum bending stress in the rail is the focus of the

study presented within this thesis.

The different axle spacing dimensions are presented in Figure 1.1. Where L1 is the distance
between the axles of adjacent (coupled) railcars, L2 is the spacing between the two inboard
axles of a railcar, and L3 is the spacing of two adjacent axles mounted on a common truck.

L2 is commonly in the range of 12 m to 18 m, and the spacing between these axles is large



enough that the axle loads at one end of the railcar do not influence the maximum bending
stresses that result from the axle loads at the other end. The dimensions of the trucks which
carry pairs of axles on each end of the railcar is standardized to allow for them to be
interchangeable with different freight car types, and as a result L3 is constant. L1 varies
widely between different types, models, and manufactures of railcars. The axle spacing L1
is short that the maximum bending stresses are a result of the influence of the four axle

loads.

Railcar Rail Rail
P1 P2 ||P3 P4 arieat P5 P6||P7 Pg AN <

L2 L3

Figure 1.1. A common configuration of railcars
1.2 Research objectives

The overall objective of this study is to evaluate the relationship of the axle spacing
between adjacent railcars (L1) vs. the maximum bending stresses generated within the rail.
And, to determine from these results if the spacing could be optimized to reduce the
magnitude of the maximum bending stresses and thus the failure of rail and rail components.
With further analysis conducted to determine the impact of different track moduli (support

stiffness), rail sections and wheel load locations on this relationship.
This overall objective was divided into the three specific objectives listed below.

1) To assemble the necessary background information on the track components,
substructure behaviour and properties, railcar configurations used within the industry,
and the nature of the modelling conducted within previous studies to allow for the
construction of representative numerical models.

2) To evaluate the location of the maximum bending stresses generated within the head
and base of the rail due to the application of the axle loads, and the effect of the

increasing model complexity on these maximum stresses.



3) To determine the relationship between the axle spacing L1 and the maximum bending
stresses in the rail. And, to evaluate the impact of track moduli, rail sections and wheel

load locations on these results.
1.3 Organization of the thesis
These thesis is comprised of five chapters including this first introductory chapter.

Chapter 2 presents a literature review, and assembles the necessary background
information on the composition of the ballasted railway track structure. This is then
followed by previous efforts to model these railway track systems, a review of the rail
stress composition and factors influencing the rail bending stress behavior, and finally a

description of the relation between the rail bending stress and rail defects.

Chapter 3 presents the methodology used in the thesis and provides a detailed description

of the finite element models developed for this investigation.

Chapter 4 presents the results from the modelling for the investigation of the maximum
bending stresses, and the relationship between these stresses with the axle spacing L1 under

different track moduli, rail sections and wheel load locations.

Finally, Chapter 5 summarizes the conclusions developed within the other chapters and

offers recommendations for future work.



CHAPTER 2:LITERATURE REVIEW

2.1 Ballasted railway track system composition

A typical ballasted railway track system can be divided into the substructure composed of
ballast, subballast and subgrade, while the superstructure consists of rails, fastening

systems and crossties, as shown in Figure 2.1.

Ballast is a layer of crushed uniform size granular material. It is the top layer in the
substructure system and has many functions. The most important functions include
retaining the track position by the resistance of longitudinal, lateral and vertical forces
applied on crossties, reducing the pressure in underlying materials through resiliency and
energy absorption, draining away water in the track and storage of fouling materials
through voids, and rearrangement during the maintenance process thus restoring the

required track geometry (Ali et al., 2013).

Subballast

Crosstie \
Subgrade

Fastening system

Figure 2.1. A typical ballasted railway track system composition

Subballast is a layer of broadly graded materials placed between the ballast and the
subgrade. The subballast can assist in reducing the stress or pressure from the bottom of
the ballast layer to a level that is tolerable for the lower subgrade layer. In addition,
subballast can prevent the interpenetration between the ballast layer and the subgrade layer
due to its material property, thus the migration of fine materials from the subgrade layer to

the ballast layer can be reduced. By acting as a surface layer for water to shed away,



subballast can facilitate the drainage in the track system. The attrition between ballast and

subgrade can also be mitigated by the subballast due to separation (Kennedy, 2011).

Subgrade is the final foundation layer of the track system and can be composed of placed
fill or naturally existing soil. It bears the resultant load from all upper components and also

facilitates the drainage of the track system (Steffens, 2005).

Crossties, also called sleepers, are the discretely laid supports under the rails. The main
function of crossties is to transmit rail seat loads to the lower substructure layers. Another
important function is maintaining track gauge, alignment and level by providing stable

supports for rail fasteners (Sadeghi, 2010).

The fastening system is a group of components that form together to attach a rail to the
crosstie below. It provides resistance to prevent the rail from overturning and also prevents
unacceptable movements in longitudinal, lateral and vertical directions. It can also increase
the elasticity of the track system and act as buffering parts for wheel rail impact loads. The
wear due to movements between rails and crossties under impact loads can also be reduced

by tight fastening systems (Vantuono, 2008).

Rail in the track system, is the component in direct contact with railcars. The rail functions
as guiding railcars and providing a smooth running surface for the railcars passing on it. In
addition, the rail directly bears and transmits the train loads to the components below it in
the track system (American Railway Engineering & Maintenance-of-Way Association
(AREMA), 2003). Under frequent and heavy train loads, fatigue cracks and other various
types of defects which are usually caused by excessive stress or plastic strain accumulation
may occur in the rail. These defects can harm the performance of the whole track system

and in a severe case, may even cause derailments.
2.2 Numerical models widely used for the railway track system

2.2.1 Beam on elastic foundation (BOEF) model

The classic model used to investigate the railway track system is the beam on elastic
foundation model. It was proposed by Winkler in 1867 (Winkler, E., 1867) and can be
called BOEF model or Winkler model (see Figure 2.2). In the BOEF model, the rail is

taken as an infinite Euler-Bernoulli beam with a flexural rigidity £/ resting on a continuous



elastic foundation, which is called the Winkler foundation and can be seen as a uniform
and infinite line of vertical and uncoupled linear elastic springs with a stiffness of &
(Newton, 1979; Skoglund, 2002). Thus, the supporting force under the rail is proportional
to the deflection of the beam.

Rail beam

ZS2ITIIEETIIIINIL

Figure 2.2. Beam on elastic foundation model

The deflection of the beam denoted by w(x) can be obtained using Equation 2.1.

EI

d;”(x) fw(x) = (%) @

where, x is the length coordinate along the beam, and g(x) represents the distributed load

on the beam.

w(x)

Figure 2.3. Analytical model for rail deflection and bending moment calculation

When a wheel load P is acting on the rail (see Figure 2.3), the deflection and bending
moment can be calculated using Equation 2.2 and Equation 2.3 respectively (Sadeghi,

2010).

—px
w(x) = P’g Z (cos fx +sin fx) (2.2)



M(x)= %e'ﬁ" (cos fBx —sin Bx) (2.3)

where, x is the distance from the load point, w(x) and M(x) are the rail vertical deflection
and rail bending moment, respectively, at the location of x distance from the load location,

U is the track modulus, and S is a parameter that can be calculated using Equation 2.4.

U 1/4
B=C) (2.4)

When the rail is under multiple wheel loads, since the BOEF model assumes linear track
responses, individual responses of the rail under each wheel load can be calculated
separately and then superimposed together to get the final response of the rail under

multiple wheel loads (Skoglund, 2002).

There are some assumptions or limitations in the BOEF model. The BOEF model assumes
continuous foundation and continuous welded rail (CWR). The track response is assumed
to be linear and only vertical responses are considered. The shear deformation of the rail is
neglected due to the Euler-Bernoulli beam assumption. Another evident limitation in the
BOEF model is that tensile response or stress can develop in the foundation which is not
realistic. Other limitations in the BOEF model include circular definition of foundation

stiffness, no time dependent behavior, etc. (Skoglund, 2002).

Some researchers have developed methods trying to avoid one or more limitations in the
BOEF model. For instance, Adin et al. (1985) use the finite element method to solve the
tension problem in the BOEF model by using beam elements especially for a beam on the
Winkler foundation which have exact stiffness matrices. Skoglund (2002) tackles the
tension problem by adding equal opposite loads to the uplift regions in the BOEF model.

In this model, the nonlinearity of supports is also taken into account.

Despite of those inherent limitations, the BOEF model is simple and direct to use, and
meanwhile can give us a good understanding of the track behavior. It is still widely in use
and has often been applied as a reference in railway track design and research. The BOEF
model also forms the foundation of subsequent improvements in railway track model

establishments.



2.2.2 Beam (rail) on discrete supports model

In the BOEF model, track components below the rail are combined together and
represented by a layer of continuous springs, so there is no separation between crossties,
ballast, subballast, etc. In addition, the spacing between crossties is not taken into account,
which is not the case in reality. Another type of model called beam (rail) on discrete

supports model provides some solutions to these problems.

The biggest difference between the beam (rail) on discrete supports model (see Figure 2.4)
and the BOEF model is that, the connection between crossties and the beam (rail) is
modelled using discrete spring and damping units that can form a spring-damper system.
The crossties are modelled as rigid masses and also are rested on another spring-damper

system which is linked to the ground.

| i $| 7o ﬁ $| % #ij:iji
Ty sy T % $

Crosstie mass

T4y 34 LIEE. iy 34

(b) Transverse view

Figure 2.4. Beam (rail) on discrete supports model

A more complex model was developed by Oscarsson (2001) in which the ballast and

subgrade masses are taken into account. In addition, the influence of adjacent crossties on



each other is also included by the spring-damper units established between ballast and

subgrade masses (see Figure 2.5).

The equilibrium equation for the beam (rail) on discrete supports model can be written as

shown in Equation 2.5.
Mx+Cx+Kx=f (2.5)

where, x is the longitudinal coordinate of the beam (rail), K, C, and M are the stiffness,
damping and mass matrices of the track system respectively, and f'is the loading function

along the beam (rail).
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Figure 2.5. Rail on discrete supports model with ballast and subgrade mass included

In the beam (rail) on discrete supports models, the distance between adjacent spring and
damping units is set according to the crosstie spacing and its distribution along the track

can be either uniform or non-uniform, which is more realistic since the crosstie spacing



may vary during its in-service life. The stiffness and damping parameters of discrete
supports can be adjusted according to in-situ data. Meanwhile, these parameters can also
be uniform or non-uniform since rail fasteners may be loose at one or more locations and
hanging crossties may also occur, which will change the supporting conditions in the track
from uniform to non-uniform. The difference between track components can be taken into
account by assigning different spring and damper properties to each layer of discrete

supports.
2.2.3 Rails on crossties on continuum foundation model

In the rails on crossties on continuum foundation model, the substructure in the track
system consisting of ballast, sub-ballast and subgrade is modelled using several layers of

three dimensional solid elements (Nguyen, 2011), as shown in Figure 2.6.

Figure 2.6. Rail on crossties on continuum foundation model

In the rail on crossties on continuum foundation model, different material properties (see
Figure 2.7) can be assigned to each layer of solid elements to represent different parts of
the foundation (Shahu, 1999; Connolly, 2013). This type of model is quite useful when we
need to have a deep investigation into the material behavior and responses of the

substructure components in the track system (Powrie, 2007).
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Figure 2.7. Substructure components with different material properties

In addition, the wave propagation from the track system to its surroundings can be
simulated by using the rail on crossties on continuum foundation model combined with a
modelling of its surroundings (Simon, 2006). One important aspect we should keep in mind
is that when the model is small, in order to avoid the wave reflection problem at the
boundaries in the track system, non-reflecting boundary conditions should be adopted for
modelling (Simon, 2006) or suitable dimensions should be determined to improve accuracy.
The rail on crossties on continuum foundation model is the most realistic model and also
costs the most in calculation (Simon, 2006). Popp et al. (1999) states that the general rule
for modelling is that, “Models should be as simple as possible and as accurate as necessary

regarding the task they serve”.
2.2.4 Other types of railway track models

In addition to these numerical models mentioned above, there are several other types of

models that can be used in railway track engineering.

0.25Q O-'Sle
*0.5ch0sstie l l (rail l ‘ . l crosstie

AN 7 /
/ Rail beam

Foundation
bars

Figure 2.8. Simple Euler-Bernoulli beam element model
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In the simple Euler-Bernoulli beam element model in Figure 2.8 (Feng, 2011), the rail is
supported by a layer of discretely aligned springs. The springs in this model can be linear

supports with tension and compression properties or with compression property only.

In the Filonenko-Borodich foundation model (Filonenko-Borodich, 1940) as shown in
Figure 2.9, the top ends of springs are connected to a stretched elastic membrane that is
under a constant tension field 7, in order to consider the interaction properties between
foundation springs. The load-displacement relationship can be expressed by Equation 2.6,

in which the intensity of 7 characterizes the interaction between springs.
q=-TV’w+kw (2.6)

where, V* is the Laplace operator, ¢ is the load applied and w is the displacement.

Stretche }embrane HTT%/l

FEiiriiianiiiit

Figure 2.9. Filonenko-Borodich foundation model

In the Pasternak Foundation model (Pasternak, 1954), the shear interactions between
springs are introduced by connecting the spring top ends to an incompressible layer
resisting transverse shear deformation only. Then the load-displacement relationship can

be expressed by Equation 2.7.
q G / 2 ( )

where, k; is a parameter of the incompressible layer.

In the Reissner Foundation model (Reissner, 1958), it is assumed that the horizontal
displacements at the lower and upper boundaries of the foundation are zero, and in-plane
stresses through the foundation are negligibly small. Then the load-displacement

relationship for the elastic case can be obtained by Equation 2.8.

12
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in which H is the foundation layer thickness and £ ro G r

are constants relating to the material property of the foundation.

In the Vlasov Foundation model, variational method is used and certain restrictions are
imposed upon the possible deformations of the elastic layer. Details of this type of model

can be found in the work of Vlasov (1949) and Vlasov and Leontiev (1966).
2.3 Rail stress composition

Rail stress can be taken as a superimposition of three parts, as Figure 2.10 (Jeong, 2011)
shows: live load stress caused by railcars running on the rail, thermal stress caused by
temperature change, and residual stress that may develop during the manufacturing process
and also the in-service process of the rail. For live load stress, it includes wheel-rail contact
stress and bending stress due to flexural behavior of the rail under train loads.

v Live load stress Thermal stress Residual stress

LK ‘q§

Figure 2.10. Superimposition of rail stresses (Jeong, 2011)

The bending stress can be calculated as a sum of three components caused by vertical loads,
lateral loads and torsional loads on the rail, as shown in Figure 2.11 (Jeong, 2013). Among
these components, while the bending stresses from lateral loads and torsional loads have
influence on the rail performance, the bending stress due to vertical loads dominates

(Cannon, 2003).
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Figure 2.11. Bending stress composition in the rail (Jeong, 2013)

Thermal stress is the uniform stress in the rail originated from the difference between the
rail neutral temperature or stress-free temperature and the rail instantaneous temperature.
Rail neutral temperature is the temperature at which there is zero longitudinal stress or
force in the rail. The initial rail neutral temperature is the temperature when the rail is
installed (Lim, 2003). Afterwards, due to the temperature change in environment, the rail’s
temperature may increase or decrease, thus causing in the rail either compressive stress,
when the rail instantaneous temperature is above the rail neutral temperature, or tensile
stress, when the rail instantaneous temperature is below the rail neutral temperature,
respectively, which are called thermal stress (Zerbst, 2009). When the thermal stress
reaches a certain limit, it can lead to the rail buckling due to excessive compression
(Szelazek, 1992) or facilitate the rail cracking with tension (Hirao, 1994), which are great
threats to the railway transportation safety. Thus, after some time, the thermal stress in the
rail needs to be released through maintenance and the initial rail neutral temperature may

change during and after this process (Kish, 2005).

Residual stress is mainly developed from the manufacturing process and can also develop
during the in-service life of the rail. To be specific, the manufacturing process is comprised
of three steps which are hot rolling, cooling and straightening. In each step, residual stress
can develop, although the straightening step has been proven to contribute most to the
residual stress in the rail (Biempica, 2009). When the rail is in service, under cyclic wheel
load passages, the plastic flow from wheel-rail contact will also add to the rail residual

stress (Jeong, 2011).
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2.4 Factors influencing the rail bending stress behavior

2.4.1 Track modulus

Track modulus is a measure of the rail foundation vertical stiffness (Selig and Li, 1994)
and it is defined as the supporting force needed of a unit length of rail per unit deflection,

as expressed by Equation 2.10.
U=0/w (2.10)

where, Q is the vertical supporting force of a unit length of rail and w is the corresponding

rail deflection.

In general, track modulus is an indication parameter of the track quality and a higher track
modulus is usually associated with better track performance (Selig and Li, 1994). From
Equation (2.2)-Equation (2.4), we can see that, the deflection and bending moment of the
rail are both greatly dependent upon the track modulus U. Since the bending moment is
directly related to the bending stress generated in the rail, the track modulus U will
influence the rail bending stress behavior. A track modulus value of 27.58 MPa (4000 psi)
is recommended by the AREMA (2006) for a typical railway track with light to medium
rails. In addition, a minimum track modulus value of 13.79 MPa (2000 psi) is needed to
ensure a satisfactory railway track performance (Hay, 1982; American Railway
Engineering Association, 1991). Raymond (1985) suggested an optimum track modulus
value between 34.47 and 68.95MPa (5000 to 10000 psi). Ahlf (1975) concluded that when
the track modulus is less than 13.79 MPa, the track quality is poor, when it’s between 13.79
MPa and 27.58 MPa, the track quality is average, and when higher than 41.37 MPa, the
track quality is good. In general, a higher track modulus is considered to provide higher
track performance. However, a too high track modulus will not always be good since it is
beneficial to have some track resilience to accommodate dynamic vehicle-track interaction

(L1, et al., 2002).

For a certain track condition, the general method to determine the track modulus is to
measure the deflection of one rail under a given load and with both rails on each side of a

crosstie loaded simultaneously. The track modulus can also be obtained using numerical
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methods. Details about how to obtain track modulus through field tests or numerical

methods are discussed by previous researchers (Kerr, 1985; Selig and Li, 1994).
2.4.2 Rail section

The rail section has evolved from a variety of early shapes (eg. the cast-iron plate created
in 1767) to the modern self-supporting T-rail section still in use today (Armstrong, 2008).
The T-rail section, since first rolled in 1831, has been the standard in North American
railways (AREMA, 2003). The rail section is identified using a number indicating the rail
weight per unit length followed by a code representing the engineering group that created
the design plan for the rail section. Some common section codes are the following: “RE”-
AREMA, “REHF”-AREMA “head free” section, “ASCE”-American Society of Civil
Engineers, and “ARA-A/B”-American Railway Association “A” section or “B” section
(AREMA, 2003). Based on these identification rules, the 115 RE rail section means the
rail has a nominal weight of 115 Ib/yd and the rail section is rolled to standard specifications

established by the AREMA.
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Figure 2.12. The 115 RE rail section (AREMA, 2011)
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Figure 2.12 and Figure 2.13 give examples of the 115 RE rail section and the 136 RE rail
section from the AREMA Manual for Railway Engineering (AREMA, 2011).

7.3125

* 2000008

Figure 2.13. The 136 RE rail section (AREMA, 2011)

The cost of rail is directly related with the rail weight, thus the rail section with the heaviest
rail weight is usually reserved for tracks carrying the highest level of traffic loads. The rail
size can vary from 90 1b/yd, which is used for light transit tracks, to 141 1b/yd, used for
heavy-haul railway operations (Armstrong, 2008). Except for specific purposes (e.g.
special track work, repair rail and insulated joint replacement), the new rail sections
recommended by the AREMA to be purchased are limited to the 115 RE, 136 RE and 141
RE sections (AREMA, 2011).

Assuming that the entire rail cross section is elastic, the rail bending stress under the

vertical wheel load can be obtained from Equation 2.11 (Hibbeler, 2010).

o, =_Mlvy (2.11)
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where, My is the vertical bending moment at the rail cross section, y is the distance of the
point on the rail cross section to the rail neutral axis, and / is the moment of inertia of the

rail cross section with respect to its neutral axis.

Equation 2.11 indicates that the rail cross section property is related to the rail bending
stress. Many studies conducted on the rail bending stress behavior have used different rail
sections. For example, Jeong (2013) examined the rail bending stress and deflection for
various conditions combining rail sizes, foundation modulus and the FRA (Federal
Railroad Administration) track class. It was found that the minimum rail size needed to
support heavy wheel loads (174 kN and above) while not exceeding the allowable bending
stress and deflection limits depends on foundation modulus and track class. In the technical
report of Shahin (1986), rail size is used as a parameter input to the track model to
determine the track structural condition indicators including the rail bending stress. Jeong
(2009) investigated the defect growth curves of the 115 RE rail and 136 RE rail using a
risk assessment model. It was found that, the crack propagation life of detail fractures in
the 115 RE rail is approximately 29% less than that in the 132 RE rail. This finding is
consistent with the fact that rail bending stresses are increased due to smaller section

properties.
2.4.3 Axle spacing

The proportion of different types of railcars in North America railways by the 1% quarter
of 2016 is shown in Figure 2.14 and the data is from the railroad industry equipment
database, UMLER®. Among these eleven types of railcars, the three dominant railcar types
are covered hoppers (26%), tank cars (21%) and gondolas (12%). For different types of
railcars, the range of axle spacing L1 varies. From the statistics of CN, CP, TTX, BNSF,
etc., the range of axle spacing L1 for different types of railcars can be summarized as shown

in Figure 2.15.
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Figure 2.14. Umler Equipment Index for different types of railcars in North America by
the 1% quarter of 2016
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Figure 2.15. The range of axle spacing L1 for different types of railcars

Figure 2.15 shows that, for the three dominant types of railcars, covered hoppers, tank cars,
and gondolas, which together comprise 59% of common railcars running in North
American freight railways, the range of their axle spacing L1 falls in 2.0-4.0 m. Even for
other types of railcars, for example, the hoppers, which represents 7% of all railcars, the
range of axle spacing L1 is 2.0-2.5 m, still within the range of 2.0-4.0 m. For boxcars, flats

and other types of railcars, the axle spacing L1 has a wider range, which can reach 2.0-8.0
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m. However, these types of railcars are not the dominant types of railcars in North America
freight railways. Therefore, an axle spacing L1 range of 2.0-4.0 m may be suitable for our

investigation.

There is research conducted using different types of railcars that have different axle
spacings. However, in these studies, the axle spacing usually is not treated as an
independent parameter thus the results are not comparable for investigating the axle
spacing effects. For example, in the work of Sadeghi and Shoja (2015), the emphasis is on
investigating the effects of train speed, sleeper spacing, railpad stiffness, etc. on the load
amplification factor. Although five types of railcars, which have different axle spacing L1,
were used in experiments, data for studying the effects of the parameter axle spacing L1
remains incomplete because the focus is not on the axle spacing effects. In the work of
Bowess et al. (2007), seven types of railcars were used in experiments and their axle
spacing varies. However, the axle load of these railcars are also different. Displacements
in the track system were measured to assess the performance and robustness of their

measurement systems.

This thesis investigates how the variation of the axle spacing L1 can affect the rail bending
stress behavior and hopes to provide meaningful results for future research and practice in

this aspect.
2.5 Rail defects

Under long term frequent and heavy train loads, various types of defects may occur in the
rail, e.g. wear, corrugation, squat, shelling, head checking, transverse defects, etc. Some of
these defects are shown in Figure 2.16 (TSB, 2010; Lewis, 2009; Cannon et al., 2003;
NRS&IT).

Among various types of rail defects, transverse defects dominate in today’s heavy haul
railway transportation and it’s also one of the most prevalent and problematic rail defects
in North America (Cannon, 2003; Clark, 2004). Transverse defects is a kind of fatigue
defects, of which the crack plane is perpendicular to the running direction of the rail (TSB,
2006). Detail fracture and transverse fissure both are transverse defects (TSB, 2008; Fowler
and Don, 2013).

20



(c) Squat Shelling

g

(e) Head checking (f) Detail fracture

Figure 2.16. Examples of common rail defects (Transportation Safety Board of Canada,

2010; Lewis, 2009; Cannon et al., 2003; NRS&IT)

Transverse fissure, also called tache ovale or kidney defect in different countries around
the world (John L. and Roy A., 2015), is a type of progressive crosswise 