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Abstract

Development of an integrated numerical method for the
fatigue analysis of railway bogies

B. M. Nickerson
Department of Mechanical and Mechatronic Engineering,

University of Stellenbosch,
Private Bag X1, Matieland 7602, South Africa.

Thesis: MEng (Mech)
March 2017

This study focuses on the creation of a numerical simulation process that can
be used to determine the fatigue life of railway bogies, using the Common-
wealth railway bogie of the class 5M train in South Africa as example. The
numerical simulation is intended for use in future research on railway bogies.
The research is supported and funded by the Passenger Rail Agency of South
Africa (PRASA) Engineering Research Group at Stellenbosch University. A fi-
nite element (FE) model of the bogie has been created using an accurate three
dimensional computer aided drawing (CAD) model, supplied by the PRASA
Engineering Research Group. The FE model has been used to determine stress
distributions due to unit loads applied at the primary and secondary suspen-
sion attachment points. Dynamic load cases have been determined through
simulation of spring-mass-damper models representing the train and track sys-
tems. The load cases have been applied to the FE model stress distributions
and superimposed to obtain stress histories. A script has been coded in Python
to determine fatigue life from the stress histories. The process has been de-
signed in such a way that each component can be altered and refined, allowing
future research opportunities and refinements such as expanding the process
to be applied to other bogies or allowing actual measured track data to be
used as input for determining dynamic loads. Further research is required to
validate and improve the numerical process.
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Uittreksel

Ontwikkeling van ’n geïntegreede numeriese metode vir
die vermoeidheidsanalise van spoorlyn draaistelle

(“Development of an integrated numerical method for the fatigue analysis of railway
bogies”)

B. M. Nickerson
Departement Meganiese en Megatroniese Ingenieurswese,

Universiteit van Stellenbosch,
Privaatsak X1, Matieland 7602, Suid Afrika.

Tesis: MIng (Meg)
Maart 2017

Hierdie navorsing fokus op die daarstelling van ’n numeriese proses wat gebruik
kan word om die vermoeidheidslewe van spoorlyn draaistelle te voorspel. Die
"Commonwealth" spoorlyn draaistel van ’n Suid Afrikaans 5M trein word as
voorbeeld gebruik. Die navorsing word ondersteun en befonds deur die "Pas-
senger Rail Agency of South Africa (PRASA) Engineering Research Group" by
Stellenbosch Universiteit. ’n Eindige element (EE) model van die draaistel was
geskep deur die gebruik van ’n akkurate drie dimensionele rekenaargesteunde
tekenprogram model, wat deur die PRASA Engineering Research Group ver-
skaf is. Die EE model is gebruik om die verspreiding van die spanning in
die draaistel te bereken as gevolg van eenheidslaste op die primêre en sekondêr
veringstelsel punte. Dinamiese lasgevalle is deur die gebruik van ’n veer-massa-
demper model van die trein en spoor sisteme bepaal. Die lasgevalle is op die EE
model se spanningsvelde toegepas en gekombineer om die spanninggeskiedenis
te bepaal. Die kode wat hierdie geskiedenis gebruik om die vermoeidheidslewe
te voorspel, is in Python geskryf. Die hele proses is ontwerp so dat elke kom-
ponent op sy eie verfyn kan word. Dit skep verdere navorsingsgeleenthede soos
studies op ander draaistelle of die gebruik van gemete spoor data as inset vir
die dinamiese model. Verdere norvorsing is nodig om die proses te verbeter en
geldig te maak.
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Chapter 1

Introduction

The class 5M train has been in operation in South Africa since 1958. Most
of these trains are still in use today, although they have been refurbished and
updated (Metrorail, 2007). Some of the challenges currently faced by the rail
industry in South Africa are the poor levels of reliability and predictability and
the high costs of maintenance due to decades of underinvestment (PRASA,
2014).

One of the most critical structural components of a rail vehicle is the bogie
frame. A bogie is a chassis structure used for carrying the wheelsets, attached
to the train car body. The design of the bogie used on the 5M train is also
known as the Commonwealth bogie. It consists of many components and while
some of these are replaced periodically, the cast frames, the mechanical springs
and dampers, and the links typically remain intact. Due to the challenging
operating conditions experienced, the design life of the bogie is often placed
under question.

The importance of bogie fatigue in railway rolling stock has been recognised
as a contributing factor in structural failure (Oyan, 1998). This study will focus
on the development of methods for use in the prediction of the fatigue life of
bogie frames, using the 5M class bogie frame as example.

1.1 Background
The terminology associated with rail vehicles and tracks used in this study is
presented in Appendix A.

The structural component most affected by dynamic loads is the bogie
frame connected to the wheelsets through the primary suspension and to the
car body through the secondary suspension (Luo et al., 1996).

The dynamic loads on the bogie are mostly as a result of track irregularities.
These irregularities exist in both vertical and lateral planes affecting track
geometry parameters, i.e. unevenness, cross levels, alignment, gauge and twist
(Mundrey, 2000). Figure 1.1 shows an example of a vertical track irregularity.

1
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CHAPTER 1. INTRODUCTION 2

Figure 1.1: Example of a vertical track irregularity (Mundrey, 2000)

For dynamically loaded structures, fatigue life is an important design crite-
rion (Dietz et al., 1998). This is because the dynamic loads result in fluctuating
stress magnitudes which can lead to fatigue failure. Thus, bogies need to have
a high fatigue resistance to prevent structural failure.

1.2 Objectives
The aim of this study is to design and implement a numerical process that can
be used to predict the fatigue life of a bogie frame. The objectives outlined to
achieve this aim are:

• To provide a method that determines dynamic loads representing the
operating conditions of the bogie;

• To obtain stress histories of the bogie frame due to the dynamic loading;

• To provide a prediction of the fatigue life of the bogie frame based on
the obtained stress histories.

1.3 Motivation
This research is funded and supported by the Passenger Rail Agency of South
Africa (PRASA).

The current South African rail network includes a number of lines that
are poorly maintained and provide less than ideal operating conditions. Fur-
thermore, the rolling stock used by PRASA is often pushed beyond what it is
reasonably capable of, with carriages remaining on the line when they should
be returning for maintenance. This is partly due to issues with maintenance
scheduling, which the PRASA Engineering Research Chair has implemented
projects to correct, and partly due to having insufficient rolling stock. Rolling
stock is often subject to overloading, especially when delays occur.

It is in this context that this research was initiated by the PRASA Engi-
neering Research Chair, to provide a starting point for predicting whether or
not failure will occur. The organisation is interested in the research as it will

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 1. INTRODUCTION 3

later help them predict the remaining life and reliability of bogies currently
in service. Knowing the remaining fatigue life of the bogies is important for
maintenance, planning for future usage, and evaluating current market value
of assets.

The Department of Mechanical and Mechatronic Engineering, Stellenbosch
University, has access to Finite Element (FE) software necessary for the com-
pletion of the study. An accurate digital 3D model of the bogie was available
for use with the software.

The PRASA Engineering Research Chair at the Department of Industrial
Engineering, Stellenbosch University, was available to provide assistance and
guidance throughout the duration of the study.
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Chapter 2

Literature Review

This chapter presents a review of previous research and how it relates to the
current study.

2.1 Dynamic analysis
The first objective of this study is to determine the dynamic loads experi-
enced by the vehicle during operation. Specifically the interaction forces at
the primary and secondary suspensions that act upon the bogie are needed.
This is because these loads are important for the fatigue life prediction of the
bogie (Stichel and Knothe, 1998), and they can be used as input for a fatigue
strength analysis.

The loads may be defined as recommended by European Standards (EN),
International Union of Railways Standards (UIC), or Japanese Industrial Stan-
dards (JIS). This approach is generally used during the design process to ensure
that components satisfy specifications before they are manufactured and put
into service. Mancini and Cera (2006) make use of the EN 13749 standard (BS
EN 13749, 2011) and investigates the load cases defined within the standard
for use in fatigue failure prediction. They conclude that the use of standards
are viable in the design process. However, as the bogie under investigation is
already in use, standards such as these will be of limited use. They may be
useful as a supplement to load cases determined through other methods.

The loads may also be determined through experimental measurement dur-
ing operation. Studies such as Ren et al. (2011) provide methods to measure
the axle spring load, trailing arm seat lateral force and dynamic stresses of
bogies. Their study focuses on a 350 km/h electrical-multi-unit (EMU). A
similar study could be conducted on the class 5M bogie to measure its op-
erational loads. Another experimental study conducted by Li et al. (2015)
measures the stress histories of the bogie during experimental operation di-
rectly, and these are used to predict the fatigue life. This removes the need
for load measurement or prediction altogether.

4
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CHAPTER 2. LITERATURE REVIEW 5

A final way to determine the loads is through simulation. The loads can
then be used as is, or even combined with load cases presented by standards
to create combined load cases for finite element (FE) analysis. Kim (2006)
follows this approach, where the loads obtained through dynamic analysis are
combined with load cases from the UIC 615-4 (UIC 615-4, 1994) standard.

For the dynamic simulation of railway vehicles the one approach is to use
Multi-body Simulation (MBS) software with track irregularities as input for
the simulation to predict the dynamic loads experienced (Stichel and Knothe,
1998), see Figure 2.1. Dietz et al. (1998) conducted such a study where the
use of commercial MBS software was combined with commercial fatigue life
prediction codes.

A major advantage of MBS software is the ability to make requests for
various analysis features (Dietz et al., 1998), as depicted in Figure 2.2. In the
case of the current research, an inverse dynamic analysis of the bogie could
be performed. Inverse dynamics is the calculation of forces and moments by
using kinematics and data for mass and moment of inertia, effectively using
Newtons second law of motion in reverse (Livingstone, 2008). This would
result in dynamic load histories that can be used to construct stress histories
of the bogie.

Figure 2.1: Concept of railway dynamic simulation, adapted from Stichel and
Knothe (1998)

Due to a general tendency towards lightweight structures, the elastic de-
formations of the bodies in the MBS can no longer be neglected (Dietz et al.,
1998). Small deformations of the bogie can be taken into account by using
FE software to generate flexible bodies for use in MBS software. This also
allows for the direct simulation of the bogie stress history. The flexible bodies
included in the MBS simulation would contain the necessary information to re-
turn the strain and stress fields of the body due to the deformation experienced
during the simulation.

The use of MBS software is predicated on the availability of commercial
software licenses which are often costly. Instead of using MBS software, models
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CHAPTER 2. LITERATURE REVIEW 6

Figure 2.2: MBS-analysis features (Dietz et al., 1998)

representing the dynamic behaviour of systems can be used. These models
typically consist of lumped masses connected via dampers and springs.

A number of researchers have opted for the use of such models in their
studies. These include Grassie et al. (1982), Zhai and Sun (1994), Nielsen and
Igeland (1995), Sun and Dhanasekar (2002), and Ferrara et al. (2012).

In particular Sun and Dhanasekar (2002) constructed a detailed and vali-
dated vehicle-track interaction model that can be used to predict interaction
forces between various components. Their model is depicted in Figure 2.3 and
consists of a ten degree of freedom vehicle model representing the bounce and
pitch of the carriage and bogies and the bounce of the wheelsets, resting in a
four layer track model representing the rail, sleepers, ballast and subballast.
A model such as theirs can be used to predict the forces at the primary and
secondary suspensions due to irregularities modelled on the wheel or rail.

2.2 Fatigue analysis
Once the loads have been determined, a structure can be analysed for its
fatigue resistance. Again, this can be done either based on the standards,
through experimentation, or through numerical simulation.

A fatigue failure can be defined in stages provided by Budynas and Nisbett
(2011). The first stage is the initiation of microcracks due to cyclic plastic
strain. These cracks are often not visible to the naked eye. The second stage
sees a progression from micro- to macrocracks forming parallel fracture sur-
faces separated by longitudinal ridges. During loading, these cracked surface
repeatedly open and close which causes crack growth. The final stage occurs
when the remaining material can no longer support the applied loads and a
sudden fracture occurs.

The fatigue life prediction is often conducted using one of three major
approaches (Budynas and Nisbett, 2011). These approaches are:
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Figure 2.3: Dynamic model developed by Sun and Dhanasekar (2002)

• The stress life (S-N) method;

• The strain life (ε-N) method;

• And the fracture mechanics method.

The S-N method makes use of experimental material testing on a large
number of specimens. The specimens are exposed to repeated cyclic loading
at various stress amplitudes and the cycles to failure is counted. An S-N curve
is then plotted, which provides the relationship between stress amplitude and
cycles to failure for the given material. This method is the most widely utilised
due to its ease of use and the large amount of published data available for its
use (Budynas and Nisbett, 2011), and is most suited to high cycle fatigue life
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CHAPTER 2. LITERATURE REVIEW 8

prediction. It is, however, generally the least accurate method especially when
predicting low cycle fatigue failure.

Where the S-N method only looks at elastic strains, the ε-N method takes
into account plastic strains that occur when material fails due to fatigue. When
fatigue failure occurs, it will often take place at some stress concentration.
Should the stress at this location exceed the material’s elastic limit then plastic
strain will occur which alters the elastic limit of the material. This method is
better suited for low cycle fatigue than the S-N method.

The fracture mechanics approach focuses on monitoring crack growth within
a material. An initial crack length is assumed or measured and the failure can
be assumed by predicting the growth of the crack subject to a given stress
cycle. This method is especially useful when a fatigue crack has already been
identified and requires analysis.

The majority of researchers in the literature have used the S-N method for
the fatigue life prediction of bogies. The reason for this is that the simpler
S-N method provides sufficiently accurate predictions for high cycle fatigue,
removing the need for using the more complex methods. Furthermore, Dowling
(2007) states that for high cycle fatigue lives, where elastic strain dominates,
the ε-N and S-N based approaches can be considered equivalent. One way of
using the S-N method is to consider the endurance limit of the material. The
endurance limit method has been the main one used since the issuing of the
UIC leaflets (Cera et al., 2008) and it is also used for the analysis of fatigue
static tests. In this method the maximum and minimum stresses generated by
all the load cases separately applied are determined on each point of the bogie
frame (Cera et al., 2008). From these values the mean stress, σm, and stress
amplitude, σa, are defined:

σm =
σmax + σmin

2
(2.1)

σa =

∣∣∣∣σmax − σmin2

∣∣∣∣ (2.2)

The mean stress and fatigue cycle amplitude can then be compared with the
fatigue limit of the material, using some specified failure criterion. Figure 2.4
depicts a number of these failure criteria.

This method is particularly useful to quickly determine whether or not
fatigue failure will occur. It is also the method recommended in standards
such as EN 13749 for use in the design process. However it cannot predict the
number of cycles to failure should it occur. For this to be done, a cumulative
damage method needs to be used along with an S-N curve.

Cumulative damage models consider all the effects due to combinations of
load cases (Cera et al., 2008). Miner’s rule is one of the most simple cumulative
damage theories, being a linear damage rule (Fatemi and Yang, 1998). It states
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Figure 2.4: Fatigue failure criteria for endurance limit method (Budynas and Nis-
bett, 2011)

that if there are k different stress levels and the number of cycles to failure at
the ith stress level (Si) is Ni, then:

k∑
i=1

ni
Ni

= D (2.3)

where ni is the number of cycles accumulated at the stress level Si and D is the
fraction of life used due to the cycles at each stress level. When the damage
fraction is equal to 1 then failure is assumed to occur. The cycles to failure
can then be determined as the inverse of the damage fraction. The stress level
Si is determined using the σa and σm of the cycle. The σa is first corrected
using the cycle’s σm, in order to obtain the equivalent stress level (Si) at a zero
mean stress. This is necessary as often an S-N curve is obtained using fully
reversed loading, where the mean stress is zero, and the effect of the mean
stress on the stress amplitude must be taken into account before a comparison
with the S-N curve can be made. The corrected amplitude is then compared
to the S-N curve to retrieve the value of Ni.

Fatemi and Yang (1998) also study more advanced cumulative damage
theories and compare them. They provide a summary of cumulative damage
theories from 1945 to 1992, including linear damage rules, nonlinear damage
curve and two-stage linearisation approaches, life curve modification methods,
crack growth approaches, approaches based on continuum damage mechanics
models, and energy based theories.

In order to make use of cumulative damage methods for the fatigue life
prediction of a bogie, the stress or load history of the bogie under its opera-
tional conditions needs to be determined. This is the second objective of this
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study and can be achieved through experimental measurement or numerical
simulation.

Dynamic loading experienced by structures will often vary drastically over
time and contain cycles at various amplitudes. Therefore cumulative damage
models also need to apply cycle counting methods to the stress histories to
determine the number of cycles experienced at a given stress amplitude. A
number of cycle counting techniques are discussed by Lee et al. (2005). A
large number of previous researchers, such as Dietz et al. (1998), Stichel and
Knothe (1998), Luo et al. (1998), Han et al. (2013), and Li et al. (2015), have
made use of the rainflow cycle counting method.

In the study conducted by Li et al. (2015), stress histories were directly
measured at key locations on a Beijing Subway vehicle bogie. These stress
histories were then analysed using rainflow cycle counting and the S-N method
along with cumulative damage rules. Figure 2.5 shows the process followed in
their study. The fatigue analysis of stress histories obtained in this study will
be conducted in a similar fashion.

Figure 2.5: Process for fatigue analysis (Li et al., 2015)

Some studies that have made use of numerical simulation include Luo et al.
(1996), Dietz et al. (1998), Stichel and Knothe (1998), Kim (2006), and Han
et al. (2013). In general, the approach has been the same. FE software has
been used to conduct a stress analysis of the bogie and to determine critical
points within the structure. These critical points are then further analysed for
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fatigue resistance and this is used to predict the fatigue life of the structure. As
the Department of Mechanical and Mechatronic Engineering at Stellenbosch
University has access to licenses for FE software, this is a promising route for
the current study.

A weakness of using FE software lies in the assumptions made for the
boundary conditions (Dietz et al., 1998). For static structures the boundary
conditions may be defined easily. This is not necessarily so for dynamically
loaded structures as is the case with the railway bogie. The time varying
boundary and load conditions can be determined using MBS software, which
delivers realistic loads for the analysis of stresses and life cycle calculations
(Dietz et al., 1998).

Another possibility is to substitute the inertia relief analysis technique Liao
(2011) for the use of boundary conditions. This technique allows for the anal-
ysis of unconstrained structures by calculating the sum of the forces and mo-
ments and applying an equivalent inertial load to force a state of equilibrium.
It is available in most commercial FE software packages.

It should be noted that the use of cumulative damage theories is conducted
within the time domain. The stress history of the bogie can also be analysed
in the frequency domain. Younesian et al. (2009) studied these two approaches
in their research, comparing cumulative damage to estimate fatigue life in the
time domain and estimating fatigue life in the frequency domain. To do this a
power spectral density (PSD) of the stress is obtained using FE software. The
fatigue life is estimated by applying the Rayleigh technique in random fatigue
theory to the PSD. They found that the use of cumulative damage in the time
domain lead to more conservative fatigue life estimates. They also show that
the frequency domain facilitates simpler analysis of random vibrations. As
the dynamic loads in this study will be determined using specifically defined
irregularities, the more conservative time domain method will be preferred.

Based on the reviewed literature and considering the resources available for
this study, it was decided to make use of a dynamic model to determine opera-
tional loads acting on the bogie. Furthermore, the stress histories of the bogie
will be determined using an FE model in conjunction with the determined
loads and the fatigue analysis will be conducted using the S-N method.
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Chapter 3

Outline of the Numerical
Simulation Process

The complete numerical simulation process proposed by this study is sum-
marised in Figure 3.1.

Figure 3.1: Numerical simulation process

The process consists of three separate numerical procedures, each of which
is aimed at achieving one of the specified objectives of the study as outlined
in Section 1.2.

The dynamic load determination is achieved through a simple rail vehicle-
track interaction model, that only simulates vertical track irregularities and
the responses caused by them. The model is defined mathematically through
the use of Newton’s Second Law and equations of motion. The Newmark-
β numerical integration scheme is used to solve the model at each time step
during simulation. The inputs for the model are taken from literature. Though
this will not provide practical results, the results are sufficient to prove that
the model performs adequately. The model provides the load histories of the

12
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interaction forces at the primary and secondary suspensions as output. The
development and validation of the dynamic model is detailed in Chapter 4.

The stress history determination is achieved through the use of FE software
combined with the outputs of the dynamic model. A detailed FE model of the
class 5M bogie has been constructed and is used to obtain stress fields due to
unit loads applied at the primary and secondary suspension attachments. The
stress fields due to each unit load are then multiplied by the dynamic load
histories of their respective suspension system, and superimposed to obtain
stress histories for each element in the FE simulation. The creation of the FE
model is detailed in Chapter 5.

The final numerical procedure determines the fatigue life for a given stress
history. It takes as input the stress histories determined through use of the FE
model. A script has been written using Python based on the S-N method for
fatigue life prediction. The script provides a cumulative damage parameter and
the number of cycles to failure for the stress history provided for each element
in the FE model. These parameters can then be displayed and investigated.
The development and validation of the fatigue script is detailed in Chapter 6.

These procedures are designed to be independent of one another and each
procedure can receive inputs from or pass outputs to another source. For exam-
ple, the fatigue life prediction script could receive a stress history determined
from experimentally measured strain data as an input.

Finally, these procedures are combined and implemented to determine the
fatigue damage experienced by the bogie for a given track irregularity. The
integration of the numerical procedures is explained in Chapter 7.
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Chapter 4

Dynamic Modelling

This chapter details the development and validation of a numerical dynamic
model that can be used to predict the interaction forces at the primary and
secondary suspensions of a rail vehicle. These forces represent the operational
loading of the bogie as the vehicle travels along a track.

4.1 Description of the dynamic model
The model is based on similar models found in literature reported in Sec-
tion 2.1. The model is depicted graphically in Figure 4.1

Figure 4.1: Dynamic model for vertical interaction of rail vehicle and track systems

For the model, it is assumed that the responses are symmetric across the
vertical plane and thus only half of the system is modelled. This means the

14

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 4. DYNAMIC MODELLING 15

model is effectively half a vehicle resting on top of a single rail. The vehicle
is assumed to move at a constant speed in the longitudinal direction. Only
vertical interactions between and within the vehicle and track components are
modelled.

The vehicle system consists of the carriage body, and the leading and trail-
ing bogies each with two wheelsets. The wheelsets are connected to the bogies
through the primary suspension, whilst the bogies are connected to the car-
riage body through the secondary suspension. Both the bounce and pitch of
the carriage and bogies are taken into account in the model.

The rail track system is a three layer model. It consists of a discretely
supported beam, representing the rail, with ends situated far enough away for
the beam to be considered infinitely long. The discrete supports represent the
sleepers which rest on the ballast.

4.2 Equations of the dynamic model
The equations used to construct the dynamic model depicted in Figure 4.1 are
presented in this section.

4.2.1 Rail vehicle equations of motion

The free body diagram (FBD) of the leading bogie is presented in Figure 4.2.

Figure 4.2: Free body diagram of leading bogie

From this FBD the equations of motion for the bogie are derived using
Newton’s second law, Equation 4.1. This states the sum of forces applied to
an object is equal to the product of the mass of the object and its acceleration.
Similarly, the sum of moments applied to an object is equal to the product of
its mass moment of inertia and its angular acceleration.
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ΣF = mẍ (4.1a)

ΣM = Jθ̈ (4.1b)

The two equations derived for the leading bogie using Equation 4.1 are
given below. Equation 4.2 describes the bounce motion of the bogie and Equa-
tion 4.3 describes the pitch motion of the bogie.

Mb2ẅb2 + (Cs2 + 2Cs1)ẇb2 + (Ks2 + 2Ks1)wb2 − Cs2(ẇc + Lcθ̇c)

−Ks2(wc + Lcθc)− Cs1ẇw3 −Ks1ww3 − Cs1ẇw4 −Ks1ww4 = Mbg (4.2)

Jb2θ̈b2 + 2Cs1L
2
b θ̇b2 + 2Ks1L

2
bθb2 − Cs1Lbẇw3 −Ks1Lbww3

− Cs1Lbẇw4 −Ks1Lbww4 = 0 (4.3)

whereMb is the mass of the bogie, Jb is the mass moment of inertia of the bogie,
Cs1 and Cs2 are the primary and secondary suspension damping coefficients,
Ks1 and Ks2 are the primary and secondary suspension spring constants, Lc
is the distance between bogie centre lines, Lb is the distance between a bogie’s
wheelsets, g is the gravitational acceleration constant, and w and θ are the
vertical displacements and angular displacements of the components with sub-
scripts c, b, and w representing the carriage, bogie, and wheelset respectively.

Similarly, equations describing the motion for the remaining vehicle system
components have been derived. For the carriage:

Mcẅc + 2Cs2ẇc + 2Ks2wc − Cs2ẇb1 −Ks2wb1

− Cs2ẇb2 −Ks2wb2 = Mcg (4.4)

Jcθ̈c + 2Cs2L
2
c θ̇c + 2Ks2L

2
cθc + Cs2Lcẇb1 +Ks2Lcwb1

− Cs2Lcẇb2 −Ks2Lcwb2 = 0 (4.5)

For the trailing bogie:

Mb1ẅb1 + (Cs2 + 2Cs1)ẇb1 + (Ks2 + 2Ks1)wb1 − Cs2(ẇc − Lcθ̇c)
−Ks2(wc − Lcθc)− Cs1ẇw1 −Ks1ww1 − Cs1ẇw2 −Ks1ww2 = Mbg (4.6)

Jb1θ̈b1 + 2Cs1L
2
b θ̇b1 + 2Ks1L

2
bθb1 − Cs1Lbẇw3 −Ks1Lbww3

− Cs1Lbẇw4 −Ks1Lbww4 = 0 (4.7)
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And for the wheelsets:

Mwẅw1 + Cs1ẇw1 +Ks1ww1 − Cs1(ẇb1 − Lbθ̇b1)

−Ks1(wb1 − Lbθb1) = Mwg − Pwr1 (4.8)

Mwẅw2 + Cs1ẇw2 +Ks1ww2 − Cs1(ẇb1 + Lbθ̇b1)

−Ks1(wb1 + Lbθb1) = Mwg − Pwr2 (4.9)

Mwẅw3 + Cs1ẇw3 +Ks1ww3 − Cs1(ẇb2 − Lbθ̇b2)

−Ks1(wb2 − Lbθb2) = Mwg − Pwr3 (4.10)

Mwẅw4 + Cs1ẇw4 +Ks1ww4 − Cs1(ẇb2 + Lbθ̇b2)

−Ks1(wb2 + Lbθb2) = Mwg − Pwr4 (4.11)

where Mc is the mass of the carriage, Jc is the mass moment of inertia of the
carriage, Mw is the mass of the wheel, and Pwr is the contact force between
the wheel and rail.

The above equations describe the complete vehicle system, consisting of
ten degrees of freedom (DOF).

4.2.2 Rail track equations of motion

The track system consists of the rail modelled as a beam and supported by a
spring-mass-damper system representing the sleepers and ballast. An FBD of
the beam is provided in Figure 4.3.

Figure 4.3: Free body diagram of Euler-Bernoulli beam rail
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Equation 4.12 gives the equation for the beam according to the Euler-
Bernoulli beam theorem:

EI
∂4wr(x, t)

∂x4
+mr

∂2wr(x, t)

∂t2
= −

Ns∑
i=1

Fsriδ(x−xi) +
4∑
j=1

Pwrjδ(x−xi) (4.12)

in which δ(x) is the Dirac-delta function, E is the rail modulus of elasticity, I
is the rail cross section area moment of inertia, mr is the rail mass per meter,
wr is the rail displacement, Ns is the number of sleepers, and Fsr is the force
between the rail and sleeper.

Before this beam model definition could be incorporated into the model, it
was necessary to transform the partial differential equation (PDE) into a set
of ordinary differential equations (ODE). Having a set of ODE meant that the
equations could be included within a matrix, along with the track equations of
motion, which could then be explicitly solved at each time step. See Section 4.3
for further details on the solution method.

The principal of modal superposition was used to transform the PDE.
Equation 4.13 approximates the deflection of the beam at a given location
and time as the linear combination of a number of its mode shapes. The
more mode shapes used in this calculation, the more accurate the deflection
approximation becomes.

wr =
Nm∑
n=1

Φn(x)qn(t) (4.13)

where Φn and qn are the nth mode shape function and mode time coefficient
respectively, and Nm is the number of mode shapes.

Note that due to the pinned boundary conditions of the beam, the mode
shapes take the form:

Φn = sin(
nπx

Lr
) (4.14)

Substitution of Equation 4.13 into Equation 4.12 yields an ODE in terms
of the variable q, given in Equation 4.15.

mrq̈n + EI

(
nπ

LT

)4

= −
Ns∑
i=1

FsriΦn(xi) +
4∑
j=1

PwrjΦn(xj) (4.15)

where LT is the total length of the rail, and n = 1, 2, . . . , Nm.
The interaction forces for the sleepers can be expressed due to the deflection

of the rail as:

Fsri = Cp

Nm∑
n=1

Φ(xi)q̇n +Kp

Nm∑
n=1

Φ(xi)qn − Cpẇsi −Kpwsi (4.16)
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where Cp and Kp are the railpad damping and stiffness coefficients, and ws is
the sleeper displacement.

From Equation 4.16 the sleeper forces that are associated with the nth mode
are:

Fsri = CpΦ(xi)q̇n +KpΦ(xi)qn − Cpẇsi −Kpwsi (4.17)

Substitution of Equation 4.17 into Equation 4.15 yields the final equation
of the beam, Equation 4.18, that is solved along with the equations of motion.

mrq̈n + EI

(
nπ

LT

)4

qn + Cp

Ns∑
i=1

Φn(xi)Φn(xi)q̇n +Kp

Ns∑
i=1

Φn(xi)Φn(xi)qn

− Cp
Ns∑
i=1

Φn(xi)ẇsi −Kp

Ns∑
i=1

Φn(xi)wsi =
4∑
j=1

PwrjΦn(xj) (4.18)

The remaining equations used to describe the track consist of the equations
of motion for the sleeper and ballast. These are derived in the same way as
the vehicle equations and are given in Equations 4.19 and 4.20 respectively.
Note that the continuity of the ballast in the longitudinal direction is modelled
through the use of massless viscoelastic elements connecting the consecutive
ballast masses.

Msẅsi + (Cp + Cbl)ẇsi + (Kp +Kbl)wsi

− Cblẇbli −Kblwbli − Cp
Nm∑
n=1

Φn(xi)q̇n −Kp

Nm∑
n=1

Φn(xi)qn = 0 (4.19)

Mblẅbli + (Cbl + Csg + 2C ′bl)ẇbli + (Kbl +Ksg + 2K ′bl)wbli

− Cblẇsi −Kblwsi − C ′bl(ẇbl(i−1) − ẇbl(i+1))−K ′bl(wbl(i−1) − wbl(i+1)) (4.20)

whereMs is the sleeper mass,Mbl is the ballast mass, Cbl andKbl are the ballast
damping and stiffness coefficients, Csg and Ksg are the subgrade damping and
stiffness coefficients, wbl is the ballast vertical displacement, and C ′bl andK ′bl are
the damping and stiffness coefficients of the viscoeslastic elements connecting
each ballast block to its neighbouring ballast blocks.

For each mode shape used to describe the beam, the system has a DOF
in q. For each discrete support, the system has another DOF each for the
sleeper and ballast. As an example, a track described by 50 mode shapes and
50 sleepers would result in a 150 DOF system. Zhai and Sun (1994) shows
that for acceptable convergence in rail deflection, more than 60 mode shapes
are required to describe the beam.
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The ballast in the track system is modelled using the ballast pyramid model
developed by Ahlbeck et al. (1975). This model is depicted in Figure 4.4 and
provides an effective method to model the continuous ballast as a lumped
mass system. Hbl represents the effective height of the ballast, Ll represents
the effective length of the support area, and Bl represents the effective width
of the support area.

Figure 4.4: Ballast pyramid model

The expressions for the ballast mass and stiffness derived from this model
are given in Equations 4.21 and 4.22 respectively. Ahlbeck et al. (1975) rec-
ommends a value of 20° for the ballast internal friction angle θbl.

Mbl = ρbl

[
LlBl +Hbl tan θbl(Ll +Bl) +

4

3
H2
bl tan2 θbl

]
(4.21)

Kbl =
2 tan θbl(Ll −Bl)Ebl

ln
(
Ll

Bl

Bl+2 tan θblHbl

Ll+2 tan θblHbl

) (4.22)

where ρbl is the ballast density and Ebl is the ballast modulus of elasticity
Equation 4.23 for the subgrade stiffness was adapted from Sun and Dhanasekar

(2002), in which the stiffness is the product of the elastic modulus of the sub-
grade and the contact area between the ballast and subgrade.

Ksg = Esg(2 tan θblHbl + Ll)(2 tan θblHbl +Bl) (4.23)

where Esg is the elastic modulus of the subgrade.
Sun and Dhanasekar (2002) recommends that the damping coefficients for

the ballast and subgrade be set to 40% of their critical values, which is a
realistic damping ratio for earth structures. They also show that the values
obtained using this damping ratio are within the range proposed by Grassie
et al. (1982).

The coefficients of the viscoelastic elements used to model ballast continu-
ity are determined by Sun and Dhanasekar (2002) as the ballast stiffness or
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damping multiplied by a factor of 0.3. They show that this factor in insensitive
to the dynamic responses at the rail vehicle and track interface.

4.2.3 Interface between vehicle and track

The rail vehicle equations of motion (Equations 4.2 to 4.11) and rail track
equations (Equations 4.18 to 4.20) are combined to give the matrix Equa-
tions 4.24 and 4.25. These two matrix equations represent the dynamics of the
vehicle and track respectively.

[MV ]{ẅV }+ [CV ]{ẇV }+ [KV ]{wV } = {FV } (4.24)

[MT ]{ẅT}+ [CT ]{ẇT}+ [KT ]{wT} = {FT} (4.25)

where

{wV } = {wc θc wb1 θb1 wb2 θb2 ww1 ww2 ww3 ww4}T

{wT} = {q1 q2 · · · qNm ws1 ws2 · · · wsNs wbl1 wbl2 · · · wblNs}T

The contact force between the wheel and rail is modelled using non-linear
Hertz contact theory, as shown in Equation 4.26.

Pwrj =

{
CH(wwj − wr(xwj)− wirr)3/2 if (wwj − wr(xwj)− wirr) > 0

0 if (wwj − wr(xwj)− wirr) < 0

(4.26)
where wwj is the displacement of the jth wheel, wr(xwj) is the rail displacement
at the jth wheel, and wirr represents a wheel or track irregularity such as those
described in Table 4.1.

The Hertz contact coefficient, CH , can be determined through use of Equa-
tion 4.27 (Johnson, 1985).

CH =

4G

√
Rw

(
rwrp
rw−Rw

)
3(1− ν)

(4.27)

where G is the shear modulus, ν is the Poisson’s ratio, Rw is the wheel rolling
radius, rw is the wheel profile radius, and rp is the rail profile radius.

4.3 Solution of the dynamic model
The model is solved by applying the Newmark-β numerical integration scheme
to Equations 4.24 and 4.25. For more information on this numerical integration
scheme please refer to Appendix B.
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Irregularities are modelled on the rail or wheel during the simulation in
order to obtain the rail vehicle’s operational response. These irregularities can
be used to model real world operational flaws such as wheel flats or corrugations
on the rail. Some examples of irregularities are given in Table 4.1 (Sun and
Dhanasekar, 2002).

Type and geometry Mathematical expression

Harmonic excitation

Wheel flat wirr = a
2

(
1− cos

(
2πV t
Ld

))

Indentation on rail surface wirr = a
2

(
1− cos

(
2πV t
Ld

))

Impulse excitation

Raise on weld joint Vimpulse = V
(√

2H
Rw

)

Dipped joint Vimpulse = V (α1 + α2)

Table 4.1: Examples of track/wheel irregularities Sun and Dhanasekar (2002)
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As the rail vehicle is simulated moving through these irregularities, the
vertical interactions throughout the vehicle or track can be extracted. In this
case, the interactions at the primary and secondary suspensions are the main
concern.

4.4 Validation of the dynamic model
The model has been validated against numerical models published in literature,
the first by Zhai et al. (2001). In their study, they present the experimental
and numerical wheel-rail contact force determined for a freight car wheel. The
wheel in question included a rounded wheel flat, the expression for which is
given in Table 4.1. The experimental results were obtained by the Luoyang
Rolling Stock Maintenance Department in China. The vehicle was travelling
at 27 km/h during measurement. The results can be seen in Figure 4.5.

Figure 4.5: Wheel-rail contact force response due to wheel flat reported by Zhai
et al. (2001)

Figure 4.6 shows the results obtained from the model developed here, using
the parameters reported by Zhai et al. (2001). The results of these models
show a decrease in contact force as the irregularity is encountered, due to the
separation of the wheel and rail. Following the decrease is a sharp increase
in contact force due to impact between the wheel and rail. This impact is
referred to as the P1 force (Zhai et al., 2001).

It can be seen that the two models agree with each other relatively well,
especially in the prediction of the P1 force. The differences in the model are
attributed to the fact that not all the necessary parameters were provided by
Zhai et al. (2001). The missing parameters include the Hertz contact coefficient
and the primary suspension characteristics. The Hertz contact coefficient was
assumed based on those given by Sun and Dhanasekar (2002). The primary
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suspension characteristics were assumed to be rigid for this simulation. This
is due to the fact that freight trains do not make use of primary suspensions,
and the wheelsets are directly connected to the bogie.

Figure 4.6: Wheel-rail contact force response due to wheel flat for model developed
here

The second case from literature is the application of the model developed
by Sun and Dhanasekar (2002) to the experimental results provided by New-
ton and Clark (1979). The data published by Newton and Clark (1979) was
obtained through experimental measurements of the wheel-rail contact force
as the vehicle travelled through a long indentation on the rail. The vehicle
was travelling at 117 km/h during measurement. As Newton and Clark (1979)
provided very few vehicle and track parameters, Sun and Dhanasekar (2002)
assumed parameters based a well known system used in Australia. The exper-
imental and numerical results can be seen in Figure 4.7.

Sun and Dhanasekar (2002) attribute the difference between the experi-
mental and numerical results in Figure 4.7 to the damping coefficients of the
pad and sleeper in the model. They show that the contact force is sensitive to
these parameters, and as they use assumed values there results differ.

The results obtained using the developed model with the parameters pro-
vided by Sun and Dhanasekar (2002) are presented in Figure 4.8.

It can be seen that the results of the developed model differ slightly from the
results provided by Sun and Dhanasekar (2002). The difference is attributed
to the use of the Euler-Bernoulli beam formulation used in the modelling of the
rail. Sun and Dhanasekar (2002) made use of the Timoshenko beam theory
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Figure 4.7: Wheel-rail contact force factor due to rail indentation from Sun and
Dhanasekar (2002)

to model their rail, which provides a better response at higher frequencies.
Though the developed model predicts a P1 force that is close to that of Sun
and Dhanasekar (2002), it is shown that this model is more accurate for lower
frequency responses. Both models over predict the experimental contact force
due to the assumed parameters.

This validated model can be used to extract the interaction forces at the
primary and secondary suspension. The extracted forces can be multiplied
with the stress distribution of the bogie due to unit loads and superimposed
to obtain stress histories. The finite element model used to obtain the bogie
stress distribution is discussed in the following chapter.
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Figure 4.8: Wheel-rail contact force factor due to rail indentation for developed
model using parameters from Sun and Dhanasekar (2002)
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Chapter 5

Finite Element Modelling

This chapter presents the creation of the FE model of the class 5M bogie frame.
This FE model is used to determine the stress distribution within the bogie
due to loads experienced at the primary and secondary suspension attachment
areas.

5.1 Three dimensional model of the bogie
assembly

A three dimensional CAD model of the full bogie assembly has been pro-
vided by the PRASA Engineering Research Chair and is shown in Figure 5.1.
This CAD model contains the bogie frame and the various components it
houses, such as the primary and secondary suspensions, the traction motors,
the wheelsets, and the brake rigging. Data from a three dimensional scan of
an existing bogie frame was used to produce the provided drawing of the bogie
frame.

The component of interest in the study is the bogie frame, pictured in
Figure 5.2. It is this component that the fatigue study is focused on.

5.2 Finite element model of the bogie frame
In order to aid possible future research in this area, it was decided not to
simplify the bogie frame model and instead create a complex FE model. Thus
the entire frame, including elements such as the attachments for the brake
rigging, was modelled. It is also worth noting that the bogie frame is a cast
structure, meaning that there is no need to take account of welding in the FE
analysis. Welding can often cause issues in FE analysis that must be taken
into account such as residual stresses or localised material variation.

The FE model was constructed using MSC Apex. This software was chosen
because of the powerful tools available for geometry manipulation and meshing.

27
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Figure 5.1: Three dimensional model of 5M bogie assembly

Figure 5.2: Three dimensional model of 5M bogie frame
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Due to the thin-walled nature of the bogie frame design, the FE model was
constructed using the midsurfaces of the bogie frame CAD model. Though
this is a simplification that may not be valid throughout the bogie structure,
it was necessary to reduce the number of elements that were modelled.

These surfaces were then meshed using linear shell elements. The FE model
also made use of symmetry so only half of the frame was modelled. This is
acceptable in this case as the loads from the dynamic model were also assumed
to be symmetric. Had the dynamic model been constructed to take into ac-
count different irregularities on either rail, the loads on either side of the bogie
would differ and a full model would be required.

The intent for the FE model is to provide a separate stress field for each
load at the suspension attachment areas. These fields can then be scaled by a
factor, such as the dynamic loads obtained using the model in Chapter 4, at
each time step and superimposed to determine the entire stress distribution in
the bogie. In this way, a resource intensive transient simulation is not necessary
and is replaced with a single static simulation utilizing several load cases.

5.2.1 Boundary conditions

The boundary conditions consist of symmetry boundary conditions and the
implementation of inertia relief to remove rigid body modes. Inertia relief was
used as it was a close representation of the actual operating conditions. This
technique allows for the analysis of unconstrained structures by calculating
the sum of the forces and moments applied to the structure, and applying an
equivalent inertial load to force a state of equilibrium. This is equivalent to
the sum of the loads applied to structure being equal to the product of the
structure’s mass and acceleration. The inertia relief method determines and
applies the acceleration necessary for a state of dynamic equilibrium. Intro-
ducing further boundary conditions, other than those required for symmetry,
would artificially stiffen the bogie frame.

Rangwala (2006) states that using inertia relief along with symmetry bound-
ary conditions is acceptable on condition that the reaction forces are zero at the
symmetry constraints, so that the model is not over constrained. To confirm
this statement, a small pilot study was conducted using a simple beam element
model of a bogie frame and simulated using the MSC Patran/Nastran envi-
ronment. Figure 5.3 shows the model used for this pilot study and Table 5.1
presents the results.

The model was solved using inertia relief, first on a full model and then a
half model. It was seen that both models returned the same stress results. The
displacement results of the inertia relief simulations give relative displacements
and each model had different reference nodes. However it was found that the
stress was the same irrespective of the reference node selected.

At any given point in the load history of the bogie frame, it would be subject
to unbalanced loads causing a non-zero acceleration. The models in the pilot
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(a) Full model

(b) Symmetric model

Figure 5.3: Pilot model used to investigate symmetry and inertia relief

study were also simulated using unbalanced loads. This verifies that the inertia
relief method is applicable not only to static simulations of unconstrained
structures, but also to structures that experience non-zero accelerations.
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Table 5.1: Results of pilot study to investigate symmetry and inertia relief

Model Stress at node 8
Full model 1.58 GPa
Symmetric model with inertia reference node 1 1.58 GPa
Symmetric model with inertia reference node 8 1.58 GPa

5.2.2 Superposition

It was also necessary to investigate the effect of inertia relief on the superpo-
sition of the FE model. The principle of superposition states that a structure
subjected to multiple loads can be analysed by taking the contribution of each
load and summing them to determine the combined effects of the loads.

To this end, the pilot study of Section 5.2.1 was extended and the symmetric
model simulated under each of its applied loads separately. The results in
Table 5.2 show that using superposition with inertia relief still achieves the
correct result.

Table 5.2: Results of pilot study to investigate superposition and inertia relief

Model Stress at node 8
Symmetric model with 500 N load 0.08 GPa
Symmetric model with 2 kN load 1.34 GPa
Symmetric model with 1 kN load 0.16 GPa
Symmetric model with all loads 1.58 GPa

5.2.3 Convergence of the finite element model

Once it was confirmed that the assumptions made with regards to inertia
relief and its influence on symmetry and superposition were correct, the shell
model’s convergence was investigated. This was done by applying 1 kN loads
at the primary and secondary suspension attachment points and monitoring
the maximum stress hotspots. This load case is representative of the static load
that will be experienced by the bogie. The plot in Figure 5.4 shows the stress
convergence at said hotspot. These results are also tabulated in Table 5.3.

Table 5.3: Convergence of bogie finite element model using shell elements

Number of elements Hotspot stress
19 039 1.48 MPa
67 224 2.00 MPa
255 986 2.28 MPa
1 544 542 2.15 MPa
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Figure 5.4: Convergence of bogie finite element model using shell elements

It can been seen that the convergence of the model is irregular. Upon
closer inspection of the elements at the hotspot location, it was noted that
stress discontinuities are present. This is due to sharp re-entrant corners that
are present in the area. The stress discontinuity is displayed in Figure 5.5.
Here it can be seen that a single element displays a high stress while the
neighbouring elements experience much lower stresses.

The presence of the discontinuity results in inaccurate fatigue life calcu-
lations for the nearby elements. Due to the high risk of this area for fatigue
failure, it was decided to incorporate a solid mesh to obtain more accurate
stress results for fatigue analysis. Figure 5.6 shows the stress results at the
hotspot using solid elements.

The inclusion of the solid mesh creates further stress discontinuities at the
interface between shell and solid elements, however as these areas are known
to not be of concern with a full shell mesh or a full solid mesh under the same
load case, these discontinuities can be ignored. Furthermore, the solid mesh
removes the possibility of errors due to the thin-walled assumption in the areas
of interest.

With the solid elements incorporated, the convergence is reinvestigated.
Figure 5.7 shows the convergence of the solid elements and the results are also
tabulated in Table 5.4.
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Figure 5.5: Stress distribution at hotspot using shell elements, showing stress
discontinuities

Table 5.4: Convergence of bogie finite element model using solid elements

Number of elements Hotspot stress
57 859 1.97 MPa
94 391 2.66 MPa
293 176 3.05 MPa
1 096 937 3.38 MPa
3 839 280 3.53 MPa

5.2.4 Details of final finite element model

The final shell FE model is presented in Figure 5.8 with a summary provided
in Table 5.5. The material properties used for this model are those typical
of steel, Table 5.6. Though these are not the correct properties for the bogie
structure, they are sufficiently representative for the development of the model.

Table 5.5: Summary of finite element model of bogie frame

Number of elements 172 031
tet10 102 400
quad4 66 969
tria3 2 662
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Figure 5.6: Stress distribution at hotspot using solid elements

Table 5.6: Typical material properties for steel

Property Value
Modulus of elasticity 200 GPa
Poisson’s ratio 0.3
Density 7850 kg/m3

Yield strength 260 MPa
Ultimate tensile strength 490 MPa

The mesh for the final FE model of the bogie frame was obtained by apply-
ing a surface mesh to the midsurfaces of the bogie frame. The thickness and
offset properties of each element were derived using the solid CAD model of
the bogie frame. Solid elements were introduced to reduce stress discontinu-
ities in areas of high risk fatigue failure. Stress hotspots were identified during
the convergence study and the mesh has been refined in these areas only. This
allows the use of relatively few elements overall while still having a significant
number of elements in the regions of interest.

The stress distribution in the bogie frame, due to unit loads applied at
the suspension attachments, is then determined. Figure 5.9 shows where these
loads were applied. Note that the secondary suspension load has been split
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Figure 5.7: Convergence of bogie finite element model using solid elements

Figure 5.8: Finite element model of bogie frame: Shell elements are represented in
red, while solid elements are cyan
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the secondary suspension is attached to the bogie at two points. The loads
were applied to the bogie as point loads distributed across the suspension
attachment areas via use of RBE3 elements. As the areas of interest with
regards to stress are relatively far from the load points, any localised effects
introduced at the load points do not affect the stress results at the areas of
interest. A static simulation is performed using the final mesh of the bogie
frame. The simulation consists of three separate load cases, each having a
single unit load of 1 kN applied at one of the two primary suspensions or the
secondary suspension, with the 1 kN load split at two attachment points in
the case of the secondary suspension.

Figure 5.9: Load cases applied to bogie frame: Shell elements are represented in
red, while solid elements are cyan

A load of 1 kN rather than 1 N was used to prevent large errors during
superposition. When the simulation is performed, an area of zero stress will
in fact have a stress value due to numerical noise. This numerical noise will
be multiplied and superimposed leading to errors. By using a 1 kN load, the
noise is at least a factor of 1 000 smaller than the stresses of interest.

The three stress distributions, one for each suspension, can then be multi-
plied with the dynamic load histories determined using the model in Chapter 4.
This is done assuming that the bogie frame structure remains within the linear
range.

For the bogie frame structure to remain within the linear range, the fol-
lowing conditions must hold:

• The material must be linear. This is assumed in the defenition of the
material properties.

• Material deformations are small and the material does not yield. This
is a fair assumption as railway bogie frames are designed for high-cycle
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to infinite fatigue lives, and will most likely not be subjected to loads
causing the structure to yield.

The stress histories can then be superimposed to provide the full stress
history of the bogie frame. Finally, this stress history can be analysed using
the fatigue script developed in the following chapter to estimate the fatigue
life of the bogie frame.
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Chapter 6

Fatigue Simulation

This chapter focuses on the fatigue simulation script that has been developed,
using Python v2.7, for use in this study. The script is capable of receiving
stress histories from a source and returning cumulative damage parameters
and cycles to failure for those histories.

6.1 Stress-life method
The developed script makes use of the S-N approach, as opposed to the ε-N
or fracture mechanics approaches. The script can however be expanded to
include these approaches if the need arises in future work.

The S-N approach was selected because of the expectation that the bogie
has a high cycle fatigue life. Typically, the ε-N approach is preferred for
low cycle fatigue applications. For high cycle fatigue, where elastic strain
dominates, the ε-N and S-N based approaches are equivalent (Dowling, 2007).

In order to predict the fatigue life using the S-N approach, an S-N curve
is necessary. This curve predicts the number of cycles to failure at a specified
stress amplitude. The S-N curve for the assumed material properties, Table
5.6, is estimated based on a process outlined in Budynas and Nisbett (2011).
For a more detailed view on how S-N curves are estimated, please see Appendix
C. The estimated S-N curve for these properties using completely reversed
loads (mean stress is equal to zero) is shown in Figure 6.1. Note that the S-N
curve must be obtained based on completely reversed loads. This is because
the stress levels compared to the S-N curve are corrected based on their mean
stress values. The correction is done in order to obtain an equivalent stress
level at zero mean stress which can then be compared to the S-N curve. Further
details on the mean stress correction are provided in Section 6.3.

38
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Figure 6.1: Estimated S-N curve using typical steel properties

6.2 Stress cycle counting
As the stress history used to predict fatigue life often contains cycles at various
amplitudes, it is necessary to use a cycle counting method to determine how
many cycles are experienced at each stress amplitude.

The cycle counting method chosen for this study is rainflow counting. The
reasons for this are:

• Fuchs and Stephens (1980) state that good counting methods count every
portion of each overall range once and only once. They further state that
there are three well documented methods that achieve this: range-pair,
rainflow, and racetrack counting.

• Dowling (1971) shows that methods other than range-pair and rainflow
counting can result in inconsistencies and significant differences between
actual and predicted fatigue lives.

• Both Dowling (2007) and Suresh (1991) state that the most widely used
cycle counting method is rainflow counting.

The rainflow cycle counting method has been implemented using the al-
gorithm provided by the ASTM E1049-85 standard (ASTM E1049-85, 2011).
The counting method works as follows: let X denote the range under consid-
eration, Y the previous adjacent range, and S the starting point in the cycle
history. The following steps are then performed as outlined in ASTM E1049-85
(2011):

Stellenbosch University  https://scholar.sun.ac.za



CHAPTER 6. FATIGUE SIMULATION 40

1. Read following peak or valley. If there is no remaining data then go to
step 6

2. If there are less then three peaks/valleys in memory then go to step 1.
Form ranges X and Y using the three most recent peaks/valleys that
have not yet been discarded.

3. Compare the absolute values of X and Y .

if X < Y then go to step 1

if X ≥ Y then go to step 4

4. If range Y contains starting point S then go to step 5, otherwise: count
range Y as one cycle, discard the valley and peak of Y , and go to step 2.

5. Count range Y as one half cycle and discard the first point (peak or
valley) in Y . Move the starting point S to the second point in range Y
and then go to step 2.

6. Count each range not previously counted as a half cycle.

An example of this counting method taken from the standard is shown in
Figure 6.2. The cycle history is counted as follows:

1. S = A; Y = |A−B|; X = |B − C|; X > Y ; Y contains S so count A-B
as a half cycle and discard point A; S = B. Figure 6.2b.

2. Y = |B − C|; X = |C − D|; X > Y ; Y contains S so count B-C as a
half cycle and discard point B; S = C. Figure 6.2c.

3. Y = |C −D|; X = |D − E|; X < Y .

4. Y = |D − E|; X = |E − F |; X < Y .

5. Y = |E−F |; X = |F −G|; X > Y ; Y does not contains S so count E-F
as one cycle and discard points E and F . Figure 6.2d. Note: a cycle is
formed by pairing range E-F and a portion of range F -G.

6. Y = |C − D|; X = |D − G|; X > Y ; Y contains S so count C-D as a
half cycle and discard point C; S = D. Figure 6.2e.

7. Y = |D −G|; X = |G−H|; X < Y .

8. Y = |G−H|; X = |H − I|; X < Y . End of data.

9. Count ranges D-G, G-H, and H-I as half cycles. Figure 6.2f.

10. End counting.
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Figure 6.2: Example of rainflow cycle counting (ASTM E1049-85, 2011)

As each range is counted, as either a full or half cycle, the stress amplitude
(σa) and mean stress (σm) for that range is also determined using Equations 6.1
and 6.2 respectively. The number of cycles to failure for a given stress ampli-
tude can then be determined by comparing it to the S-N curve after it is been
corrected for its mean stress value.

σm =
σmax + σmin

2
(6.1)

σa =

∣∣∣∣σmax − σmin2

∣∣∣∣ (6.2)
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where σmax and σmin are the maximum and minimum values in the range
respectively.

6.3 Mean stress correction
Before the equivalent stresses can be compared to the S-N curve, they must
be corrected for mean stress. The effect of mean stress has been included as
tensile mean stress will reduce fatigue life, as shown by Frost et al. (1974).
They also show that should the mean stress be compressive the fatigue life
may be extended. They suggest, however, that a compressive mean stress be
treated as a zero mean stress and therefore it does not need to be corrected.

The stress amplitudes obtained during cycle counting are corrected to
equivalent stress amplitudes at zero mean stress, based on their tensile mean
stress values. Various mean stress correction relationships are available for
use, such as those shown in Figure 2.4. Two of these have been included in
the fatigue script. The Goodman relation, Equation 6.3, is recommended for
brittle materials and the Gerber relation, Equation 6.4 is recommended for
ductile materials (Suresh, 1991).

σac =
σa

1− σm
SUT

(6.3)

σac =
σa

1−
(
σm
SUT

)2 (6.4)

where σac is the corrected stress amplitude and SUT is the material ultimate
tensile strength.

The use of a mean stress correction method is explained using the Goodman
relation as an example. Figure 6.3 shows graphically how the correction is
implemented using Equation 6.3. It can be seen that a positive, or tensile,
mean stress increases the stress amplitude which in turn causes higher fatigue
damage and lowers the fatigue life.

Applying this mean stress correction to a stress history as shown in Fig-
ure 6.4(a) results in the corrected history given in Figure 6.4(b). The effect
of the mean stress in this case is to double the stress amplitude. The original
stress amplitude would likely cause little to no damage being below half the
ultimate tensile strength, which is typically the endurance limit for metals.
However, the corrected stress amplitude is much more likely to cause damage
as it is higher than half the ultimate tensile strength.

The Gerber relation described in Equation 6.4 provides a parobolic curve
instead of the straight line provided by the Goodman relation.
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Figure 6.3: Goodman mean stress correction (Bak, 2016)

6.4 Damage accumulation
The fatigue damage is determined using a cumulative damage calculation. The
cumulative damage factor is determined using Palmgrin-Miner’s linear damage
summation rule, presented in Equation 6.5. This rule sums the ratios of cycles
experienced at a given corrected stress amplitude (ni) to cycles needed to fail
at that stress amplitude (Ni). When the sum of the ratios (D) is equal to one,
the structure is assumed to have failed.

k∑
i=1

ni
Ni

= D (6.5)

The ni cycles used in Equation 6.5 are determined through cycle counting
as described in Section 6.2. The Ni cycles are determined by comparing the
stress amplitude to the S-N curve constructed in Section 6.1. The stress am-
plitudes that are compared to the S-N curve are equivalent Von Mises stresses
as recommended by Dowling (2007) and Suresh (1991).

6.5 Validation of the fatigue script
The fatigue script that has been developed is outlined in Figure 6.5. The script
has been tested against a study presented by Chen and Wang (1997) in which
a roller quenched and tempered RQC-100 steel cantilever beam is subjected
to a sudden tip load. The beam is allowed to oscillate to equilibrium and a
fatigue analysis is performed on the resulting stress history.
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(a) Stress history with σa = 100 MPa, σm = 150 MPa, and SUT = 300
MPa

(b) Corrected stress history with σac = 200 MPa

Figure 6.4: Stress amplitude compared with mean stress corrected ampltude

The study was recreated using an FE model of the beam constructed using
the MSC Patran/Nastran environment. The stress history at the fixed end of
the beam was then exported to the fatigue script. The fatigue life was calcu-
lated using a 99% reliability factor for the endurance limit (see Appendix C) on
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Figure 6.5: Outline of developed fatigue script

the S-N curve. A comparison of the results for a 100 N tip load at a damping
ratio of 0.025 is presented in Table 6.1. Included in this table are the analytical
results using Euler-Bernoulli beam theory.

The FE model developed for the current study agrees with both the ana-
lytical results and with those obtained by Chen and Wang (1997). The results
predicted by the developed fatigue script used in the current study show an
11% difference to those of the study done by Chen andWang (1997). The script
is more conservative and the differences in the results can be attributed to the
use of an estimated S-N curve rather than the experimentally determined one.
It was however necessary to show that this script will work acceptably when
using the estimated curve.

In general, it is near impossible to predict fatigue lives to the correct number
of cycles. According to Fuchs and Stephens (1980), fatigue lives may vary by
as much as a factor of 10 or more for the same material or loading conditions.
Researchers in the literature find it acceptable to predict fatigue life to the
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Table 6.1: Comparison of results from Chen and Wang (1997) and fatigue script

Chen and Wang
(1997) Current study Analytical

Finite element model
First natural frequency 40.74 Hz 40.74 Hz 40.75 Hz
Second natural frequency 255.29 Hz 255.17 Hz 255.35 Hz
Third natural frequency 714.68 Hz 713.82 Hz 714.98 Hz
Maximum static stress 291.80 MPa 292.00 MPa 291.82 MPa
Maximum displacement 19.32 mm 19.32 mm 19.32 mm
Fatigue
Damage parameter 5.05e-6 5.66e-6 -
Cycles to failure 198 170 176 575 -

correct order of magnitude and thus the results predicted by the script are
satisfactory.

This fatigue script can now be used to analyse the stress history obtained
by combining the results of the dynamic model in Chapter 4 and the FE model
in Chapter 5. This process is detailed in the following chapter.
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Chapter 7

Integration of Numerical
Procedures

The FE model, dynamic model, and fatigue script presented in the previous
chapters are now integrated to predict the fatigue life of the bogie frame. The
results are integrated through use of scripting done in Python v2.7.

The FE model developed in Chapter 5 is used to create result files con-
taining the stress distributions due to unit loads applied at the suspension
attachments. Three stress distributions are necessary, one for each load case
in the FE model.

The FE results are then read into the script through the use of the py-
Nastran library (Doyle et al., 2016). This library acts as an interface between
Nastran and Python, allowing importing and postprocessing of results within
the Python environment.

For each element in the FE model, the equivalent Von Mises stress is ex-
tracted. This is done for each of the three unit load cases resulting in three
Von Mises stress values per element.

Load histories are then obtained through the use of the dynamic model
presented in Chapter 4. The load histories are multiplied by the Von Mises
stress values for each element. This process results in three stress histories per
element, one for each load case.

Finally, the stress histories for each element are superimposed to obtain
the full stress history per element.

The fatigue analysis is conducted through the use of the fatigue script
developed in Chapter 6, using the obtained stress histories for each element.

Figure 7.1 summarises the integrated numerical procedure. Results from
the integrated numerical procedure are presented and discussed in the following
chapter.

47
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Figure 7.1: Summary of integrated numerical procedure
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Chapter 8

Results

This chapter presents the results of the numerical processes developed in the
previous chapters. The results presented show that the process can be used
for the prediction of the fatigue life of the bogie for given parameters. How-
ever, further research is required to validate and improve the accuracy of the
predictions.

8.1 Simulation parameters
The material properties used for the FE and fatigue simulations are given in
Table 8.1. The S-N curve for the fatigue analysis was constructed using a 99%
reliability factor on the endurance limit.

The parameters used for the dynamic model were taken from Zhai et al.
(2001), who provides parameters for both the track and a passenger train such
as the class 5M. The bogie and carriage lengths and weights were substituted
for those of the class 5M used by Metrorail in South Africa. The loaded mass
of the carriage was obtained by adding the mass of the passengers to the tare
mass of 30 500 kg. The carriage can hold 160 passengers, and the average
body mass in South Africa is reported as 65.6 kg (Walpole et al., 2012). The
bogie mass and length were determined from the provided three dimensional
model. The parameters are presented in Table 8.2.

Table 8.1: Material properties for FE and fatigue simulation

Property Value
Modulus of elasticity 200 GPa
Poisson’s ratio 0.3
Density 7850 kg/m3

Yield strength 260 MPa
Ultimate tensile strength 490 MPa

49
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Table 8.2: Parameters for dynamic simulation

Parameter Symbol Value
Carriage mass (loaded) Mc 40 500 kg
Carriage mass moment of inertia Jc 2.312× 106 kg.m2

Bogie mass Mb 2 000 kg
Bogie mass moment of inertia Jb 2 200 kg.m2

Wheelset mass Mw 1 900 kg
Primary suspension stiffness Ks1 2.312× 106 N/m
Primary suspension damping Cs1 1.2× 105 N.s/m
Secondary suspension stiffness Ks2 8.0× 105 N/m
Secondary suspension damping Cs2 2.174× 105 N.s/m
Length between bogies Lc 16 m
Length between bogie wheelsets Lb 2.75 m
Rail flexural rigidity EI 6.62× 106 N.m2

Rail mass per meter mr 60.64 kg/m
Sleeper mass Ms 118.5 kg
Ballast mass Mbl 739 kg
Railpad stiffness Kp 1.2× 108 N/m
Railpad damping Cp 7.5× 104

Ballast stiffness Kbl 1.82× 108 N/m
Ballast damping Cbl 5.88× 104 N.s/m
Subgrade stiffness Ksg 1.47× 108 N/m
Subgrade damping Csg 3.115× 104 N.s/m
Inter ballast stiffness K ′bl 7.84× 107 N/m
Inter ballast damping C ′bl 8.0× 104 N.s/m
Distance between sleepers Ls 0.545 m
Hertzian contact stiffness CH 87.0× 109 N/m3/2

8.2 Dynamic model results
The dynamic model has been simulated using the parameters in Table 8.2 with
a train travelling at 50 km/h, 60 km/h, and 80 km/h. A track irregularity in
the form of an indentation on the rail surface was included. A small irregu-
larity will likely not cause fatigue failure due to the safety factors inherent in
the bogie’s design process. The irregularity is therefore exaggerated in order
to facilitate the occurrence of fatigue failure. The length and depth of the
irregularity were 150 mm and 6 mm respectively.

The contact force at the leading wheelset predicted by the dynamic model
is shown in Figure 8.1. It can be seen that as the wheel enters the irregularity
at 0.05 seconds that the contact force reduces to zero indicated derailment
of the wheelset. Following this is a large impact, the P1 force, as the wheel
makes contact with the rail once again. In the case of Figures 8.1(a) and 8.1(b)
multiple instances of derailment occur. It was found that increasing the speed
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of the train resulted in a higher P1 contact force between the wheel and the
rail. The contact force however is damped more significantly at higher speeds
and there is less chance for multiple derailment.

The contribution of the bogie’s trailing wheelset to the contact force at the
leading wheelset can also be seen. In the case of Figure 8.1(a), the trailing
wheelset hits the irregularity at 0.254 seconds.

The suspension forces are provided in Figure 8.2. It was found that at
higher speeds, more energy from the impact was dissipated into the track and
through the suspension dampers. This, along with the contact forces being
more significantly dampened at high speeds, leads to the suspension forces
becoming smaller. Thus, at higher speeds the fatigue damage is reduced for
the type of irregularity simulated here. It should be noted that this is not
necessarily true in general.

8.3 Fatigue results
The fatigue analysis has been conducted on the bogie FE model using the pa-
rameters in Table 8.1 and the results of the dynamic model in Section 8.2. It
was found that the bogie fails in the stress hotspots identified in Chapter 5, in
the areas where mesh refinements were performed, as depicted in Figure 5.6.
Figure 8.3 shows the geometry represented by the solid elements and high-
lights the hotspot that experienced the highest fatigue damage. This hotspot
is located on the inside join between the bogie’s leading crossbeam and the
sideframe. Figure 8.4 shows the cycles to failure at this hotspot for each speed
that was simulated.

In Figure 8.4 the elements are considered not to fail if their life extends past
one million cycles. Figure 8.4(a) shows a fatigue failure beginning at 15 552
cycles. In essence, this means the bogie is capable of experiencing the defined
irregularity 15 552 times while travelling at 50 km/h before a fatigue failure
occurs. It should be noted that due to the unsure nature of fatigue prediction
and the assumed parameters used in this study, this number cannot be taken
to be exactly accurate. Similarly, Figure 8.4(b) shows that a fatigue failure
occurs after 208 200 cycles when the train travels through the irregularity at
60 km/h. At 80 km/h, as seen in Figure 8.4(c), fatigue failure does not occur.

The results achieved here are significantly localised which indicates the
possibility of mesh irregularities in this area. As stated in Chapter 5, solid ele-
ments were introduced into the FE model specifically to alleviate this problem
when it occurred while using only shell elements. Closer inspection of the FE
model in this local region reveals that these elements are simply experiencing
high stress values under the specified loading conditions and there does not
appear to be a stress irregularity caused by the mesh. The localisation of the
fatigue failure results could be due to the fact that the element stress values
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were used for the fatigue analysis. It is possible that using nodal stress values
will provide a better distribution.

It was also noted during post-processing of the fatigue results that failure
was occurring at the interface between the solid and shell elements. This was
due to artificial stress concentrations imposed on the model by joining the
solid and shell elements and were thus ignored for the purpose of fatigue life
prediction.

The results presented in this chapter show that the integrated numerical
procedure can be used to predict the fatigue life of the Class 5M railway
bogie. However, further research is required in order to make more accurate
predictions. Recommendations on future research opportunities to better the
results achieved with this study are provided in the following chapter.
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(a) V = 50 km/h

(b) V = 60 km/h

(c) V = 80 km/h

Figure 8.1: Contact force for leading wheelset at various speeds
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(a) V = 50 km/h

(b) V = 60 km/h

(c) V = 80 km/h

Figure 8.2: Suspension forces for leading bogie at various speeds
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Figure 8.3: Bogie fatigue failure hotspot
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(a) V = 50 km/h

(b) V = 60 km/h

(c) V = 80 km/h

Figure 8.4: Cycles to failure for leading bogie at various speeds
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Chapter 9

Recommendations and Future
Work

This chapter provides recommendations for future research.

9.1 Finite element modelling
This research assumed properties for the FE and fatigue analyses, based on
those typical of steel. The bogie is made from BS3100 Grade A2 steel, and
greater accuracy could be achieved by determining and using the bogie’s actual
material properties. This should preferably be done by obtaining test samples
from bogies. Furthermore, test samples from a variety of bogies at different
stages in their life cycle could be tested to provide data for comparative or
statistical studies.

Furthermore, there are more loads present on the bogie than those of the
suspensions. The other attached components such as traction motors, the
brake rigging, the bolster and more also provide additional forces and stiff-
ness to the bogie frame. The additional effects of these components could be
investigated.

9.2 Dynamic modelling
The simulations of the dynamic model developed for this research made use of
a number of parameters defined in literature. The results of the model can be
made more accurate if parameters more representative of the 5M train and the
tracks in South Africa are obtained. This would require extensive experimental
work, especially to characterise the track properties.

With regards to the dynamic properties of the train, the spring and damper
properties of the suspensions are of primary concern. A prototype compres-
sion spring test rig has been designed and was refined by Smith (2016). The
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rig can be used to determine the spring properties of the primary and sec-
ondary suspension springs. An image of the prototype test rig is provided in
Figure 9.1(a). The damper properties can be determined using a load frame
capable of applying cyclic loads at various amplitudes and frequencies, such
as the MTS load frame shown in Figure 9.1(b) which is available for use at
the Department of Mechanical and Mechatronic Engineering at Stellenbosch
University. Further investigation is required as to the suitability of the use of
this load frame.

(a) Prototype compression spring test
rig

(b) MTS load frame

Figure 9.1: Experimental equipment for spring and damper testing

The dynamic simulation can also be conducted through the use of com-
mercial Multi-body Simulation (MBS) software. Packages such as VI-Rail
(VI-Grade, 2016), a rail specific add on for MSC Adams, can simulate rail
vehicles in a multitude of various operating conditions.

Possible research includes the opportunity of including a bogie FE model
as a flexible body within the MBS software. This will then allow the direct
calculation of stress due to operating conditions which can be exported for
fatigue analysis, or analysed using built in commercial fatigue codes. Due to
this an FE model need only be constructed and imported to the MBS software,
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with no further FE analysis necessary. The additional components mentioned
in Section 9.1 can also easily be added to the bogie model in the MBS software
to investigate their effects.

The software also facilitates the creation of predefined tracks or tracks
defined using measured data from established railways. This allows the direct
simulation of operating conditions of the rail vehicle as experienced in real
world applications.

It should be noted that the creation and validation of models using com-
mercial software can be complex. Furthermore, the integration of multiple
software environments such as MBS and FE modelling is also not easily done.

Other MBS software with rail simulation capability include SIMPACK
(Simulia, 2016), NUCARS (Transportation Technology Centre, Inc, 2016), and
VAMPIRE (Resonate Group, Ltd, 2016).

9.3 Fatigue simulation
As stated in Section 9.1, the developed fatigue script makes use of assumed
material properties which leads to the use of an estimated S-N curve. The
accuracy of the analysis can be increased through experimental determination
of the S-N curve for BS3100 Grade A2 steel.

The fatigue script can be expanded to include other fatigue estimation
methods such as the strain-life approach, which is more appropriate for low
cycle fatigue, or the fracture mechanics approach, which is useful when a fa-
tigue crack has already been identified. Further damage estimation rules can
also be included, that are more complex than the linear Palmgrin-Miner rule.

It was noted that the fatigue life results obtained for the bogie were sig-
nificantly localised. This could be due to the fact that the element stress
values were used for the fatigue analysis. The fatigue code could be altered
to determine the fatigue life based on the nodal stress results instead of the
elemental ones. This will require a considerable amount of postprocessing of
the stress results as Nastran does not export the stresses at midside nodes
directly. These stresses will need to be interpolated based on the corner node
stresses of each element.

Further refinement of the FE model will also likely result in different fatigue
life predictions. The sensitivity of the fatigue life prediction with regards to
the level of mesh refinement should be investigated in the validation of the
process.

9.4 Reliability analysis
The developed numerical procedure can be used to provide statistical data for
the fatigue reliability analysis of the bogie.
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A possible method to investigate reliability is to use Monte Carlo Simula-
tion (MCS) to produce a hazard function for the expected life of the bogie.

A hazard function can be defined as the rate of change of the conditional
probability of failure, given that a system has survived to time t (Singh et al.,
2007):

h(t) = lim
∆t→0

R(t)−R(t+ ∆t)

∆tR(t)
=
−R(t)

R(t)
=
f(t)

R(t)
(9.1)

where R(t) is the reliability function that can be determined based on a prob-
ability density function f(t) or a cumulative distribution function F (t), Equa-
tion 9.2.

R(t) =

∫ ∞
t

f(t)dt = 1− F (t) (9.2)

Basically a hazard function describes the failure rate of a system, the ratio
between the number of failures in time t and number of survivors in time
t (Patev, 2015). Most engineering systems have a low failure rate for the
majority of their useful lives, with higher failure rates at the beginning and
end of their useful lives (Singh et al., 2007). Therefore for most systems, the
hazard function will form a bathtub distribution as shown in Figure 9.2.

Figure 9.2: Bathtub distribution for hazard function h(t) (Singh et al., 2007)

The dynamic model can be used to generate a database of dynamic load
cases that can be used as a domain of possible inputs for the MCS. The loads
will be selected randomly based on a probability distribution over the domain.
The selected loads can then be used as input for the fatigue analysis to predict
the fatigue life for that sample. Furthermore, a statistical material database
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can be built up through material testing, and this can form another input for
the MCS. This process will have to be repeated to build a database of samples
that can be used to accurately predict the reliability of the bogie. The process
is summarised in Figure 9.3.

Once the hazard function is constructed, it is a simple matter to predict
the reliability of the bogie at any given time in its life cycle.

Figure 9.3: Summary of the reliability analysis process, adapted from Patev (2015)
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Chapter 10

Conclusion

A numerical process has been successfully designed and implemented to predict
the fatigue life of the Class 5M railway bogie. This numerical process includes:

• A model that determines dynamic loads acting on the bogie for some
given operating conditions;

• An integrated script that provides the stress histories of the bogie due
to the dynamic loads through the use of an FE model and that provides
a prediction of the fatigue life of the bogie based on the obtained stress
histories.

This process can be useful in the analysis of currently employed or new
rolling stock, and can be expanded to analyse other classes of bogies. How-
ever, further research is required to validate and improve the accuracy of the
predictions provided by the numerical process.

Recommendations to improve the accuracy of the process have been pro-
vided, including the testing of material and dynamic properties of components
to provide more appropriate results.
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Appendix A

Rail Vehicle and Track
Terminology

The terminology used in this study to describe the rail vehicle and track is
presented in this Appendix.

A.1 Vehicle terminology
The terms used to describe the rail vehicle include:

• the carriage,

• the bolster,

• the bogie,

• the equaliser beam,

• the spring plank

• the primary and secondary suspensions,

• and the wheelsets.

The carriage represents the load carrying portion of the train, either filled
with cargo in the case of a freight train or transporting passengers in the case
of a passenger train.

The bogie is the chassis that holds the wheelsets, suspension, traction
motors, and brake rigging. Typically, a carriage will have two bogies, a leading
bogie in the front and a trailing one in the rear. The carriage and bogies can
be seen in Figure A.1.

A more detailed computer generated image of the bogie can be seen in
Figure A.2. Here the bolster can be seen which connects the bogie assembly
to the carriage. The secondary suspension between the bolster and bogie
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Figure A.1: Metrorail 5M2A train (Kritzinger, 2006)

and primary suspensions between the bogie and wheelsets are also clearly
shown.

The load path of the bogie system is summarised in Figure A.3. The
vertical forces experienced by the wheel sets is transferred through bearing
adaptors to the equaliser beam. The load then travels through the primary
suspension, a parallel spring-damper system, to the bogie frame. Swing arms
then transfer the loads to cross beams placed under the spring plank. The
loads are then finally passed through the secondary suspension, consisting
of a set of parallel springs and damper, and onto the bolster which transfers
the load to the carriage.

A.2 Track Terminology
The terms used to describe, as detailed by Iwnicki (2006) the track include:

• The rail of a modern track has a flat bottom with a cross section derived
from that of an I-profile. This is also known as a Vignoles profile.

• Railpads are placed between the sleepers and rail to help protect the
sleepers from wear and impact damage. They also help to electrically
insulate the rails.
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Figure A.2: Metrorail 5M2A bogie

Figure A.3: Load path of the class 5M railway bogie

• The sleepers provide discrete support for the rails as well as maintain
gauge length (distance between railheads), level, and track alignment.
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The sleepers transmit forces form the rail into the ballast. Sleepers can
be constructed from concrete, wood, or steel.

• The ballast is formed through the use of coarse stones that form a bed.
The sleepers are embedded within the ballast, which is tightly compacted
around them.

• The subballast forms a transitional layer between the ballast and sub-
grade. It is included to help prevent penetration of the subgrade and
ballast.

• The subgrade forms the foundation of the track and consists of a levelled
surface of earth or rock.

These components are depicted graphically in Figure A.4.

Figure A.4: Cross section of rail track showing its various components (Iwnicki,
2006)
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Appendix B

Newmark-β Numerical Integration
Scheme

This numerical integration scheme was first presented by Newmark (1959). It
has since become a popular solution method for structural dynamics and has
been improved and modified by a number of researchers (Wilson, 2002). This
method can be used to solve dynamic equations of the form:

Mẍt + Cẋt + Kxt = ft (B.1)

Through direct Taylor series expansion, the following two equations can be
derived:

xt = xt−∆t + ∆tẋt−∆t +
∆t2

2
ẍt−∆t +

∆t3

6

...x t−∆t + ... (B.2)

ẋt = ẋt−∆t + ∆tẍt−∆t +
∆t2

2

...x t−∆t + ... (B.3)

Newmark (1959) provides truncated versions of Equations B.2 and B.3 of
the following form:

xt = xt−∆t + ∆tẋt−∆t +
∆t2

2
ẍt−∆t + β

...x t−∆t (B.4)

ẋt = ẋt−∆t + ∆tẍt−∆t + γ
...x t−∆t (B.5)

where γ and β are truncation constants he introduced.
Furthermore, if the acceleration is assumed as linear across the time step

then

...x t =
ẍt − ẍt−∆t

∆t
(B.6)
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Substituting Equation B.6 into Equations B.4 and B.5 results in Newmark’s
equations in their standard form:

xt = xt−∆t +

(
1

2
− β

)
∆t2ẍt−∆t + β∆t2ẍt (B.7)

ẋt = ẋt−∆t + (1− γ) ∆tẍt−∆t + γ∆tẍt (B.8)

Equations B.7 and B.8 are then solved by performing an iteration at each
time step.

Wilson (1962) reformulated Equations B.7 and B.8 to remove the need for
iteration. He proposed rewriting the equations as:

ẍt = b1 (xt − xt−∆t) + b2ẋt−∆t + b3ẍt−∆t (B.9)

ẋt = b4 (xt − xt−∆t) + b5ẋt−∆t + b6ẍt−∆t (B.10)

where

b1 =
1

β∆t2

b2 =
1

β∆t

b3 = β − 1

2

b4 = γ∆tb1

b5 = 1 + γ∆tb2

b6 = ∆t (1 + γb3 − γ)

Equation B.1 can be rewritten, through substitution of Equations B.9
and B.10, in terms of the unknown solution vector for the current time step,
Equation B.11. This equation can then be solved directly at each time step.

K̄xt = f̄t (B.11)

where

K̄ = K + b1M + b4C
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f̄t = ft + M · (b1xt−∆t − b2ẋt−∆t − b3ẍt−∆t) + C · (b4xt−∆t − b5ẋt−∆t − b6ẍt−∆t)

Wilson (2002) shows that this method is unconditionally stable if

1

2
< γ < 2β

however errors occur if γ is larger than 1
2
.

For the solution of the model presented in this study, the average acceler-
ation assumption is used. This gives γ = 1

2
and β = 1

4
. The base code used

to implement the integration scheme was provided by Irvine (2012). The code
was then altered in order to work with the developed model.
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Appendix C

Process for Estimation of
Stress-life Curves

A stress-life (S-N) curve provides the relationship between cycles to failure and
the applied stress level. An example of an S-N curve is provided in Figure C.1.
This appendix provides a method to estimate an S-N curve for a given material
based on its material properties.

Figure C.1: Example S-N curve for UNS G41300 steel (Budynas and Nisbett, 2011)

In general, the S-N curve provided for a material has been determined under
a fully reversed loading condition. In other words, the mean stress experienced
is equal to zero.

In order to construct the estimated S-N curve, it is necessary to define
three points. These points exist for steels at N = 100, N = 103, and N = 106.
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At N = 100 the fatigue strength is equal to the ultimate tensile strength of
the material (SUT ). At N = 103 the fatigue strength is a factor of SUT , where
the factor can be determined using Figure C.2.

Figure C.2: Fatigue strength fraction for SUT at 103 cycles (Budynas and Nisbett,
2011)

At N = 106 the fatigue strength is equal to the endurance limit for the
material. Should the stress amplitude be lower than this limit, the material
will theoretically have an infinite life. This limit is assumed to be half of SUT
and can be further modified by factors that take into account the size, type
of loading, temperature, surface finish, and reliability. The reliability factor is
determined through use of Table C.1.

Table C.1: Determination of reliability factor (Budynas and Nisbett, 2011)

Reliability (%) Reliability factor

50 1.000
90 0.987
95 0.868
99 0.814
99.9 0.753
99.99 0.702
99.999 0.659
99.9999 0.620

Once these three points are known, they are connected using Equation C.1.
This equation is defined between two points on the S-N curve.
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S = aN b (C.1)

where a and b are constants that can be solved using two points on the S-N
curve.

Note that this equation will only be valid between the two points it is
solved for, hence two equations need be defined for the two regions (N = 100

- N = 103 and N = 103 - N = 106).
Once these equations are defined, for a given stress level S the number of

cycles to failure N can be determined from Equation C.2.

N =

(
S

a

) 1
b

(C.2)
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