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ABSTRACT

This study investigates the effect of track irregularities on the dynamic behaviour and fatigue
life of light rail vehicle underframes. This was done by a combination of multibody dynamics
simulation (MBDS) and finite element analysis (FEA). A 3D underframe geometry model was
developed in SOLIDWORKS and integrated as a flexible body to a multibody system dynamic
model in SIMPACK to simulate load time histories for various speed conditions. Stresses were
analysed using FEA with a quasi-static stress method, and fatigue life was evaluated in ANSYS
nCode Design Life. Results show that motor car underframes experience higher vertical and
lateral accelerations than trailer car underframes, with effects intensifying at higher speeds.
FEM analysis indicates that track irregularities have a significant effect at higher vehicle
speeds, thus reducing underframe fatigue life. At 70 km/h, fatigue life reduces to 1.36e° cycles
for motor cars and 7.76e° cycles for trailer car underframes, both lower than standard design
life. The fatigue life results were validated using the Smith-Watson-Topper (SWT) fatigue life
approach and found to be in good agreement. This study provides key findings for improving

underframe durability and maintenance practices in urban transit systems.

Keywords: Track Irregularity, Underframe Structure, Light Rail Vehicles, Fatigue Life,
Multibody Dynamics, Finite Element Analysis, SWT Approach.
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CHAPTER 1- INTRODUCTION

1.1 Background

The railway transportation system is the basis of modern mass transit. It provides high-capacity
travel, operational efficiency, and lower environmental impacts than other forms of
transportation. It is considered the most economical and energy-efficient form of transportation

in the world, second only to water transportation[1][2].

Urban transit systems supply the transportation needs of densely populated cities. These
systems offer high-capacity transportation for urban population to decrease traffic congestion.
[3][4]. Compared to road transportation, urban transit systems reduce greenhouse emissions,
increase air quality, and they are also more environmentally friendly. Metro and light rail

vehicles (LRVSs) are widely used rail vehicles in urban transit systems [5].

1.1.1 Light Rail Vehicles

Light rail vehicles (LRVs) are a form of urban rail transit commonly used for urban public
transportation. They are lightweight rail vehicles running on specially designed tracks. LRVs
are designed for medium-capacity urban transportation. These vehicles can travel in various
environments, such as on-street, they share the street with automobiles and pedestrians, semi-
exclusive, or entirely exclusive tracks [6][4]. These vehicles operate at lower speeds than
standard conventional trains, since they make more frequent stops. They are powered by

overhead electrical lines [7][3].

LRVs are commonly used for city transport for several reasons. First, they are lightweight
vehicles that can stop faster. Therefore, they are ideal for cities with a large number of stops.
Secondly, LRVs use the same roadways as cars, buses, and pedestrians [3]. Furthermore, the

low floor design of the vehicles allows easy passenger boarding.

LRVs are advancing their power supply system from overhead electrical lines to hidden rails
and wireless power (WP) technology. These advancements increase urban aesthetics and also
significantly decrease maintenance needs [4][7].
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Based on a percentage of low floor height, Light Rail Vehicles are divided into two groups:
trains with 70% and 100% low floor height.

100% Low-Floor LRVs: These vehicles have a completely low-floor structure that is between
300 and 350 mm above the rail. The design of the vehicle increases accessibility and makes it
easier for all categories of passengers, including those in wheelchairs, to board and move inside
the train [8].

70% Low-Floor LRVs: In these vehicles around 70% of the floor area is low,
which is about 350 mm above the rail. The remaining 30% of the floor is elevated to shelter

the mechanical and electrical parts of the vehicle [8].

<

70% low-floor
N .

\ A A
350 mm \ /

Single trailing wheels

>

100% low-floor

Single driving wheels

Figure 1.1 70% and 100% low floor LRVs [8]

One of the critical components of a rail vehicle is the underframe car body structure. It is the
basic framework in which the car body is built [9]. It supports the train's main body and gives
it structural integrity [10], [11]. Underframe supports vehicle weight, the vertical load from the
passengers, and the traction and braking forces. Furthermore, underframe also used to mount
electrical and mechanical equipment’s such as, traction converters, traction transformers, and
pantograph compressors [12]. The structural integrity of the underframe is directly related to
the vehicle's overall safety, ride comfort and service life [13]. Therefore, the structural strength

of the underframe is essential requirement for railway vehicle operation.

There are various factors that influence the structural strength of the rail vehicle underframe,

such as passenger overloading, vehicle operating speed, track irregularities, traction and

2026 AAU/CTBE 2
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braking forces, and suspension characteristics [14]. However, among these factors, track
irregularities are the most critical. Track irregularities are the deviations from the actual track
geometry [15]. These track deviations can be caused by traffic density, maintenance practices,

operating speed, and environmental conditions.

The major source of external excitation in a rail vehicle underframe is track irregularities. They
produce continuous vibration and dynamic forces on the underframe structure while the vehicle
is in motion [16], [17], [18]. When the vehicle runs on an irregular track, vibrations and
dynamic forces from the vertical and lateral irregularities are transferred to the vehicle's car
body and underframe. As a result, the underframe will experience cyclic loads, which
accelerate the fatigue damage of the structure. Therefore, track irregularity is chosen as the
main subject of this study since it is the critical factor affecting the structural response and

fatigue life of railway vehicles' underframes.

The main goal of this study is to investigate the effect of track irregularity on the dynamic
behavior and fatigue life of the underframe structure of light rail vehicles by using the Finite
Element Method (FEM) and Multibody Dynamic Simulation (MBDS).

2026 AAU/CTBE 3
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1.2 Statement of the Problem

Track irregularities are the major causes of external excitations in railway vehicles [19]. These
excitations, induced by uneven tracks, increase vibration and also apply cyclic stress on the
vehicle components. The stress accelerates the fatigue damage of the vehicle components [20],
[21].

The underframe is the primary structure that runs the whole length of the train and bears the
weight of the vehicle, mechanical and electrical systems, and the interior furniture [22][10].
When a train runs over an uneven track, the irregular track geometry induces vibration and
stress in the underframe structure. This dynamic load gradually causes fatigue damage and
reduces the service life of the underframe. Consequently, it will result in increased maintenance

needs, higher operational costs, and compromised light rail service efficiency and reliability.

Numerous studies have examined the influence of track defects on the rail vehicle dynamics
and fatigue damage of components. However, most of these researches have been done on
high-speed rail (HSR) systems, and the results of their investigation cannot be applicable to
light rail cars because of the differences in axle loads, operating speeds, track conditions, and
maintenance practices. Furthermore, limited researches have been conducted on the effect of
track irregularities on the dynamic performance and fatigue life of the LRV underframe.

Therefore, extensive research is required to examine the effect of track irregularities on the
dynamic response and fatigue life of LRV underframe. This research will investigate the effect
of track irregularities on the LRV underframe structure by analysing its dynamic responses
under different operating speed conditions and also predicting its fatigue life, using multibody
dynamic simulation (MBDS) and finite element method (FEM).

The findings of this research will demonstrate the critical effect of track irregularities on the
fatigue life of underframe, and also provide operational and maintenance guidelines to increase

the service life of the underframe.
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1.3 Research questions
1. How does the underframe structure respond dynamically to the excitations from track
irregularities at various operational speeds?
2. What is the estimated fatigue life of the underframe at the maximum vehicle speed?

3. In which parts of the underframe are the stress concentration nodes (hotspots) located?

1.4 Objective of the Study
1.4.1 1.4.1 General objective

The main purpose of this study is to investigate the effects of track irregularities on the dynamic

behavior and fatigue life of the underframe structure of light rail vehicles.

1.4.2 Specific objectives
1. Analyze the dynamic behavior of the underframe due to the track irregularity excitation
at various vehicle operating speeds.
2. Predict the fatigue life of the underframe at various vehicle operating speeds.
3. Locate the stress concentration nodes (hotspots) in the underframe.

1.5 Scope and Limitation of the Study

This study utilized a multibody dynamic simulation (MBDS) to investigate the influence of
irregular track geometry on the dynamic performance of LRVs underframe. The actual vehicle
and underframe data were collected from the AA-LRT rolling stock depot. However, the study
was forced to manually measure the dimensions of the underframe due to the lack of available
design documents. Furthermore, due to the lack of complete measured track data from the AA-
LRT, track geometry data for the MBDS was collected from the Chinese urban rail transit
system. These data were selected because both transit systems follow similar Chinese railway

standards and exhibit comparable moderate levels of track irregularities.

The study is limited to only 70% low-floor light rail vehicles, which may restrict the ability to
generalize results to other vehicle designs. Other affecting parameters, such as curved track
geometry, passenger load variations, and environmental conditions, were not considered in this
research to avoid computational complexity. These factors are therefore recommended to be
addressed in future studies to provide a provide a better evaluation of the performance of an

underframe under realistic operating conditions.
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1.6 Significance of the Study

The significance of this research is to show the influence of track irregularities on the structural
integrity of the light rail vehicles (LRVs) underframe structure. Existing research has mainly
focused on investigating the effect of random dynamic loads on high-speed trains and their
components. However, this research examines the dynamic behaviour, fatigue life, and stress
concentration areas in the LRV underframe when the vehicle is exposed to track irregularity

excitation at different vehicle speeds.

The findings of this research will bridge the knowledge gap on the effects of track irregularities
on the dynamic behaviour and fatigue life of LRV underframes. It also provides insights that
support maintenance planning to prevent fatigue induced failures and enhance vehicle safety,

reliability, and service life.

1.7 Organization of the Study

This study is structured into five chapters.

Chapter One: Introduction presents background information on railway transportation and
light rail vehicles. It also includes the problem statement, research questions, objectives, scope

and limitations, significance of the study, and organization of the study.

Chapter Two: Literature Review discuss previous research relevant to this study. It identifies

gaps in the existing literature and explains how this study aims to address them.

Chapter Three: Methodology explains the research approach and provides detailed

information on the simulation procedure.

Chapter Four: presents the simulation results and discuss the influence of track irregularities
on the underframe dynamic behaviour and fatigue life.

Chapter Five: conclude the main findings of the study, highlights its contributions, and

provides recommendations for future research directions.
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CHAPTER 2 - LITERATURE REVIEW

2.1 Introduction

This literature review discusses the previous studies from different research works that have
been carried out on the effect of track geometric defects on rail vehicles car body structure,
vehicle-track interaction dynamics, vibration response of the underframe, and fatigue life of
the underframe. Numerous researchers have investigated the impact of track geometry faults
on the vehicle car body structure of both passenger and freight trains using dynamic

simulations, computational analyses, and experimental methods.

In this section, the literature review discusses the approaches that have been used by different
scholars, points out the gaps in their findings, and presents some of the recommended solutions
proposed by different academics in the subject. Each of these topics is reviewed in a structured
and detailed way to determine the research gap that needs to be addressed in this study to

accomplish the stated research goals.

To conduct this review, prominent scientific journals such as, Scopus, ScienceDirect, Google
Scholar, Directory of Open Access Journals (DOAJ), Taylor and Francis are used to find
related researches. This procedure ensures that the review is built on reliable and high-quality
sources, providing a strong basis for the current study.

2.2 Railway Track

Railway lines are built to allow trains to transport people and cargo over long distances. These
track structures are expected to guide and facilitate the safe, comfortable, and cost-effective
movement of any rolling stock through them [23]. They are designed to handle both static and

dynamic forces from the trains.

Track components are generally divided into two main groups: the superstructure and the
substructure [24]. The superstructure includes visible components of the track such as rails, rail
pads, concrete sleepers, and fastening systems (bolts, nuts and clips), while the substructure
includes geotechnical components such as sub-ballast, ballast, and subgrade [25]. Both the
superstructure and substructure play a critical role to ensure the safety of passengers during

their journey and the smooth running of freight trains.
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Steel rails are longitudinal steel components placed on evenly spaced sleepers. They are
considered the most important part of the track. They guide the wheels of the rail vehicle, and
they are stiff enough to bear the weight of the trains running on them. Primarily, these rails
carry and transfer the loads to the sleepers below them. Furthermore, in modern electrified

lines, they are used to conduct electrical signals for the trains [26].

Sleeper Weld Rail

Ballast Fastening

Figure 2.1 Railway track [27]

2.3 Track Irregularity

Track design comprises horizontal and vertical curvature, track gauge, and cant to adjust train
stability and safe operation [28]. Variations to this design geometry are caused by the condition
of the superstructure and substructure elements. In addition, factors such as traffic density,
operating speeds, axle loads, environmental conditions, and maintenance practices also play a
significant role. Gradually, because of the repetitive traffic loads, rail wear, settlement, and
other reasons, the running track deviates from its designed profile [24][29]. These deviations

from the intended geometry are referred to as track irregularities [28].

Track irregularities are categorized into five main types based on EN 13848-1 [30][29] as

shown in Figure 2.2 and explained below.

e Longitudinal level irregularities: are deviations in the vertical direction of railway
track geometry [31].
e Alignment irregularities: are deviations in the lateral direction of railway track

geometry [24].
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e Cant irregularities (cross level irregularities): the difference in elevation between
the left and right rails [32].

e Gauge irregularities: are the deviation in the distance between inside of the left and
right rails, usually measured 14 mm below the running surface[31].

e Twist: the difference between two cants taken at defined distance apart, usually

expressed as gradient between the two points of measurement [32].

TR X centre line
\\\ \

. longitudinal level

Figure 2.3 Types of track irregularities [20]

Based on their wavelength () track irregularities are also classified into two types [33] [28].

e Long-wavelength irregularities: have a wavelength greater than one meter (A > 1 m)
and result from track settlement, sleeper spacing, track geometry variations, and, in
some cases, wheel out-of-roundness [34].

e Short wavelength irregularities: have a wavelength less than one meter (A < 1 m)
and can be caused by factors such as rail corrugation, track stiffness variations, and

wheel polygonazation [26].
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To measure track irregularities in railway tracks, different types of machines and vehicles are
used, generally called track-recording vehicles (TRV) or cars (TRC) [35]. TRVS measure the
track geometry and irregularity as they go over the track using an acquisition system made up
of accelerometers, linear variable differntial transforms (LVDTSs), lasers, and cameras
[36].Track geometry trolleys are another commonly used technique where instrumentation is
installed on a trolley. A recent technique that is becoming more common is mounting
accelerometers on the axle boxes, bogie frames, and carbodies to measure track irregularities
[28][30].

(a) (b)

Figure 2.4 Track geometry trolly and Axle box accelerometer [37]

2.4 Vehicle - Track Interaction
Vehicle-track interaction (VTI) is the dynamic interaction between a moving vehicle and the
track over which they operate. This dynamic interaction is critical in the design and operation,

performance, safety, and maintenance needs for both the vehicle and the track structure [35].

o, wheel /rail contact force: source
of track/soil vibration

( vehicle/track interaction ]

rail

sleepers

subgrade

Figure 2.5 Vehicle — track dynamics [38]
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The railway vehicle system is vulnerable to excitation from various sources. These include
track defects, rail corrugations, wheel defects like polygonization, turnouts and joints, and
variations in track flexibility [39]. Track defects and variations in track flexibility generate
continuous, random vibrations (stochastic excitation) in the track-vehicle system, while
turnouts and joints cause temporary disturbances (transient behaviour) [40]. Wheel out-of-
roundness, on the other hand, is a self-induced source of strong, high-frequency vibrations,

arising from imperfections on the wheels themselves [30].

L, L,

|
x(t) (O m J :>V
v 2(1)

C1

Zip1 (f)

— = ——

Figure 2.6 2- DOF model moving along rigid track with track irregularities zt present [30].

For safe and comfortable train journeys at various speeds, a railway track structure must be
precisely levelled and aligned. Any irregularities can cause the train to undergo excessive
lateral and vertical movements[19]. These oscillations initiate a series of negative effects.
Passengers experience discomfort due to the vibration, and vehicle and track components are
damaged. Severe irregularities may threaten the overall safety of the vehicle operation [29],
[41].

2.5 Influence of Track Irregularities on Rail Vehicle Dynamics

Track irregularities such as rail joints, track unevenness, and track stiffness variations have a
significant influence on the rail vehicle dynamics, including ride quality and vehicle safety.
[29][42]. Vehicle dynamic responses from these irregularities can be measured directly by

accelerometers or indirectly using strain gauges on the wheelset [31], [43].
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These are the most common parameters measured on the rail vehicles to show their response
to the track conditions [30]:

e Wheel-rail forces: measured by strain gauges mounted on wheelsets. These dynamic
vertical and lateral forces are usually caused by track irregularities, corrugations, and
track stiffness changes and are associated with safety [44]. Tracks with large
irregularities will lead to high dynamic forces between wheel and rail, which might
cause increased wear and track and rail component failures [35].

e Accelerations: Vibrations are measured using accelerometers placed on bogie frames,
axle box and the car body [34], [37]. Bogie frame and axle box accelerations are more
safety-related, while car body accelerations primarily impact ride comfort.

e Movement between suspension steps: Excessive movement between suspensions can

pose a safety risk [31].

Different types of track irregularities have different effects on rail vehicle components and their
dynamic performance [45]. Longitudinal level irregularities, also known as vertical
irregularities, can cause the vehicle to pitch and bounce[42]. On the other hand, alignment
irregularities (lateral irregularities) and gauge irregularities induce significant lateral forces on
the vehicle wheels, and under severe conditions, they can also lead to derailment. Derailment
is a catastrophic accident in train operations. It happens when the vehicle movement causes the
wheels to leave the track [35]. Derailment occurs due to several reasons, one of the most
common cause is flange climbing [29]. Another cause is cross-level irregularity, which has a

strong influence on the vehicle’s lateral behaviour, increasing the derailment coefficient [46]

Figure 2.7 Lateral and vertical force at contact patch [47]
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The derailment coefficient is a critical indicator of potential derailment and is determined by
the ratio of lateral to vertical forces acting on the wheel [29].

. .- Y L 65—
Derailment coefficient = = = = = 200K (2.1)
Q V 1+4utand

Where, Y (L) = lateral force, Q (V) = vertical force, u= friction coefficient, = flange angle,

and [ = contact angle of the rail and wheel flange [29] .

To prevent wheel climbing during train operation, the derailment coefficient must not be
greater than 0.8 [29].

2.5.1 Dynamic Effects of Short and Long-Wavelength Track Irregularities

Track irregularities wavelength has a critical effect on the dynamic response of railway trains
[29]. The influence of short-wavelength irregularities is very different from that of long-
wavelength ones. Short wavelength irregularity (railhead corrugations) presents a greater
safety risk by increasing the derailing coefficient [42]. In addition, they generate unwanted
noise and vibration. On the contrary, long-wavelength irregularities mainly have effects on ride
comfort, vehicle stability, and induce low-frequency oscillations in trains [29][48]. Since a
typical train's natural frequency is around 1 Hz, the resonance caused by long wavelengths
increases the oscillations. Then, it finally reduces the RCL (ride comfort level) [33]. Moreover,
it is the short-wavelength irregularities that mostly affect vehicle performance, although the
long-wavelength ones are very significant regarding lateral forces and accelerations [49].

Haigermoser et al. [34] explored the influence of track irregularities of long wavelength on the
high-speed vehicle vibration levels through field tests and 3D finite element analysis. Car body
vibrations were largely influenced by long-wavelength irregularities. Similarly, Hung et al.
[33] used a numerical vehicle-track system dynamics model (VTSDM) to understand the
dynamic responses of high-speed trains to long-wavelength track irregularities. The results
indicate that there is a strong correlation between train speed and natural frequency with long-
wavelength irregularity. A study by Karis et al.[29] showed that longitudinal level
irregularities, particularly at long wavelengths, have a strong influence on vertical body

acceleration, which is related to ride comfort.

Song et al. [50] investigated the effect of short-wavelength track irregularity excitation on the

dynamic response of the EMU car body underframe using a rigid-flexible vehicle model.
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The accelerations on the concerned locations of the underframe were measured while the EMU
was in service. The centre of the underframe selected to compare simulation results with the
experimental result from the test line. The test line results revealed that the dominant frequency
is 30 Hz and no low frequencies (below 10HZz) present. Song et al. [50]concluded that
experimental and simulation compression results showed that rigid — flexible coupled model
accurately simulate high frequency vibration of car body.

2.5.2. Longitudinal and Alignment Irregularity

Longitudinal irregularities are caused by rail contraction and expansion due to temperature
change (thermal forces), train braking system forces and acceleration, ballast settlement, and
ballast crushing [45]. These geometric defects can cause a car body to pitch and bounce; these
exert strong wheel-rail vertical force, increase vehicle components damage, and reduce ride
comfort [42]. On the other hand, track alignment can cause a vehicle to sway and yaw,
producing significant lateral wheel and axle forces that impact ride comfort, running safety,
and fatigue damage to the vehicle and track components. Cross-level irregularities are another

frequent geometric defect in tracks that can lead to a car body rolling and swaying [29].

2.6 Underframe Car Body Structure

The underframe, also known as the chassis, is the fundamental structure on which the car body
is built. It provides structural integrity and support for the train's main body, allowing it to
withstand the forces and vibrations experienced during operation[51][52]. It is the primary
structure that runs the whole length of the train and bears the weight of the train, mechanical
and electrical systems, and the interior furniture [22]. The structure is designed to support the

vehicle’s weight, and vertical load from the passengers, the traction and braking forces, the

horizontal load transmitted through the coupler, and the dynamic load transferred by the bogie
[53].

Figure 2.8 AA-LRT vehicles underframe structures
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The structure and part of the underframe are not the same for both passenger and freight trains.
For example, the underframe in passenger trains may incorporate passenger door openings and
gangway openings in the end walls for easy access and mobility, whereas in freight trains,
underframes are specifically designed to accommaodate the cargo to be carried. Passenger train
underframes may take many different forms depending on the train type and purpose; for
instance, High-speed trains have underframes designed for stability at high speeds. These
structures are often lighter and more aerodynamic, incorporating advanced materials like
aluminium alloys to minimize weight while maintaining strength [54]. In contrast, LRVs (Light
rail vehicles) have underframes specially designed to handle the unique operational demands
of urban transit systems. This structure of LRVs needs to be strong enough to support the
frequent stopping and starting, and weight from the passengers. Some of the most common
structural components in conventional passenger rail vehicle underframes include centre sill,
side sill (side beam), end beam, bolster, cross bearers, cross beam, and traction beam, and an
end buffer beam [55][51][56][57].

e Centre sill: - forms the foundation of the chassis and extends longitudinally through the
centre of the car. It transfers the majority of buff and draft forces through the vehicle [58].

e Side sill: - are longitudinal members, which extend the whole length of the car body on
both side of the vehicle [59].

e Bolster: - is across member used to transfer lateral and vertical loads forces from the car
body to the bogie and support the traction motor [57].

e Cross bearers: - are lateral members that joins centre sill to side sill and assist in
distributing the weight among the car's longitudinal members [60].

e Cross beams: - mostly used to suspend various equipment beneath the vehicle body.

e Traction beam: - are mostly encounters vertical compression forces and also subjected to
significant bending moment.

e End buffer beam: - is mostly utilized for the car body's end connectors.

Together, these parts form a system that helps keep a vehicle's structural integrity and
camber.[57].
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floor

buffer beam

cross beam

body bolster

Side beam
traction beam

Figure 2.9 Underframe of Electric multiple unit [52]

Steel is commonly used for the chassis structure, mostly low-alloyed steel with a small number
of alloying elements like chromium, molybdenum, or nickel. These alloying elements improve
the strength, toughness, and durability of the steel. Besides, some modern high-speed trains use
aluminium alloys for the chassis. A7N01P-T4 and Al-Mg-Zn aluminium alloys are widely used
due to their light weight and high strength [54].

2.7 The Fatigue Life of rail vehicles Car Body Structure

Fatigue occurs when a material is subjected to cyclic loading over time [61] [62]. In railway
vehicles, fatigue life cycle refers to the number of load cycles a rail vehicle can endure before
structural failure. Fatigue is a critical design parameter, since the vehicle's car body is the main
load-bearing structure [63]. Higher dynamic stress is the principal cause of rail vehicles car
body fatigue damage [64]. These excessive dynamic loads result from wheel-rail interaction,
track imperfections, breaking, and coupling effects. Such loads increase the car body's natural
frequency by producing stress cycles that concentrate in weak areas, such as welded joints,
bolted connections, and cut-outs. When the dynamic stresses repeatedly exceed the fatigue
strength of the material in these weak areas, cracks start to initiate and gradually propagate [52]
[64].This cumulative process leads to visible fatigue damage or even failure if not detected on

time.
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Table 2.1 Summary of published literatures on the fatigue life of rail vehicle car body structure

SN | Researcher | Year Research Objective Methodology Key Findings Identified Gaps

[65] | Yaohui Lu, | 2018 | Investigated the dynamic Using MBDS and FEM | welded areas of the vehicle's body | It considers general random
Linyuan reliability of high-speed train exhibit less fatigue resistance than | loads without varying defect
Dang car body under random load. base metal, making them more | severity.

prone to failure.

[66] | Yaohui Lu, | 2019 | Studied the fatigue damage of | Use theoretical The longitudinal load has a Only considers a high-

WeiBi high-speed train car bodies due | modelling, numerical significant effect on the fatigue frequency, and small-amplitude
to longitudinal loads. simulations, and damage of the car body. excitations.
analytical techniques.

[67] | Miao, B. R. | 2012 | Studied the effect of vehicle | Using MBDS and FEM | The vehicle dynamic behaviour of | Does not calculate the fatigue
Zhang, W. dynamic behaviour on the car a vehicle has a significant effect | damage of car body at high-risk
H. body fatigue damage. on fatigue property of car body. areas.

[68] | Bingrong 2009 | Evaluate the fatigue life of Using MBDS and FEM | Predicts the fatigue life of critical | It didn’t examine the effect of
Miaoa, railway vehicle car body nodes in the car body. track defects to fatigue damage
Weihua structures under random of car body.

Zhang dynamic loads.

[10] | Wang, 2017 | Evaluate the vibration response | Using MBDS and FEM | Captures local resonance at 30 Hz | Focuses only on vibration at the
Cheng- of an Electric Multiple Unit in EMU underframe using rigid- | centre of the EMU car body
Qiang (EMU) car body underframe. flexible model with short wave | underframe.

excitation.
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2.8 Research Gap

In general, based on various studies summarized in Table 2.1 above, even though vast research
has investigated the dynamic behaviour and fatigue damage of vehicle car bodies, most of them
have focused on high-speed railway vehicles. These studies mainly examine the dynamic
behaviour of the entire car body structure, while the underframe, one of the most critical load-
carrying components subjected to cyclic stresses during service, has received limited attention.
Furthermore, previous studies have generally considered random dynamic loads without

specifically analysing the effects of track irregularities on the vehicle's car body.

For light rail vehicles, particularly those operating within urban areas the effect of track
geometric defects on underframe dynamic behaviour remains unstudied. The particular
operating conditions, maintenance practices, and environmental conditions of LRVs
additionally limit the direct generalization of findings from high-speed rail investigations. As
a result, there is a wide research gap in the field of the effect of track geometry defects on the
light rail vehicles underframe structures at various speed conditions. The current study is hence
motivated to investigate the dynamic response and fatigue life of underframe structures under

irregular track profiles.
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CHAPTER 3- METHODOLOGY AND MULTIBODY SIMULATION

3.1 Introduction

This research utilized a combined approach of multi-body dynamics (MBD) simulation and
finite element analysis (FEA) to predict the fatigue life of a light rail vehicle’s underframe car
body structure subjected to track irregularity excitation. The entire research process is divided

into three major phases.

In the first phase (data collection), input parameters and reference data were collected from the
relevant literature and the AA-LRT depot. Comparable research and international standards

were also reviewed for validation purposes.

The second phase (modelling) involved developing the vehicle and underframe structural
models. A 3D model of the underframe car body structure was created in SOLIDWORK. Then
the model was exported to Ansys APDL to generate substructure files (cdb & sub). These files
were then converted to flexible body interface (FBI) file format for SIMPACK. Concurrently,
the multibody model of a 70% low-floor LRV was developed in the SIMPACK simulation
package. The vehicle model consists of three car bodies, front motor car (MC1), trailer car (TP)
and rear motor car (MC2), as well as three bogie frames and six-wheel sets, which are regarded
as a rigid body. Subsequently, the underframe FBI file was imported as a flexible body in the
SIMPACK multibody system.

In the third phase (simulation and fatigue analysis), the dynamic simulations were performed
in SIMPACK at three operating speeds using track irregularity data as the excitation input.
From the SIMPACK Postprocessor results, the lateral and vertical accelerations experienced
by the MC1, TP, and MC2 underframes were extracted and used to calculate force time
histories. These loading histories were then applied in ANSY'S n-Code Design Life to estimate
the fatigue life of the underframe. The results were compared and validated using the Smith-
Watson-Topper (SWT) fatigue approach and international standards. The overall research

methodology is illustrated in the flowchart presented below.
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Figure 3.1 Research methodology flowchart
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3.2 Data Collection
All the parameters of vehicle data required for multibody dynamic simulation were derived
from AA-LRT rolling stock department. For reference and validation purpose related research
works were gathered from international standards such as EN and UIC and from published

literatures, journals, conference papers.

The collection of track irregularity data from the AA-LRT system presented significant
challenges. The available data in the civil infrastructure department, which was obtained
through manual measuring systems during track inspection, was incomplete and contained
large missing data to use in multibody dynamic simulations conducted in SIMPACK. To
achieve robustness and credibility of the study, track irregularity data were instead obtained
from the Chinese rail transit [69]. This data was selected as appropriate since both transit
systems operate under Chinese standards and present moderate track irregularities, indicating

similar track characteristics.
Table 3.1 Track irregularity from China rail transit [69]

Parameters A B C D E F G

Left rail, vertical = 0.127  -2.1531 1.5503 4.9835 | 1.3891 | -0.0327 | 0.0018

Right rail, vertical | 0.3326 -1.3757 | 0.5497  2.4907 | 0.4057 | 0.0858 | -0.0014
Left rail, lateral 0.0627  -1.184 0.6773 | 2.1237 | -0.0847 | 0.034 -0.0005
Right rail, lateral | 0.1595 -1.3853 | 0.6671 | 2.3331 | 0.2561 | 0.0928 | -0.0016

3.3 Underframe Structure Design and Material Specifications

In 70% low-floor LRVSs, the motor car underframe comprises both the high-floor and the low-
floor configuration. The high-floor configuration includes the floor beam, longitudinal beam,
side beam, draft sill assembly, and bolster. Meanwhile, the low-floor configuration comprises
the lower floor beam, lower cross beam, side beam, end beam, and lower hinge joint seat. The
trailer car underframe is similarly composed of the bolster, side beam, end beam, floor beam,

and lower hinge joint seat [10].

The underframe structure of AA-LRT vehicles is made of SS00MC high-strength carbon steel
panels and weathering steel 09CuPCrNi-A [70].
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Table 3.2 Mechanical properties of carbon steel panel SS00MC [70]

Material Property
carbon steel panel | Density Tensile | Yield Modulus | Poisons | %
S500MC strength | strength | of Ratio Elongation
elasticity
7880Kg/m3 | 689Mpa | 345Mpa | 210pa | 0.265 | 40
Table 3.3 Chemical component of high weathering resistant structure steel [70]
Material Chemical component %
Type C Si Mn P S Cu Cr Ni
Q345GNHL | <0.12 | 0.25 0.20 0.07 <0.035 | 0.25 0.30 <0.65
~0.75 | ~050 |-~0.15 ~0.55 |~1.25

MC underframe

TP underframe

Figure 3.2 Motor car and Trailer car underframe in AA-LRT vehicles [70]

3.4 Vehicle and Track Parameters

AA-LRT rolling stock are 70% low-floor light rail vehicles powered by 750V DC. The
maximum operating speed of the vehicles is 70km/h [71]. Each train set is composed of three

cars: two motored cars (MC) and one trailing car (TP). The car body is mainly constructed by

the underframe, roof, side walls, and end walls.
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The design strength of these vehicles shall meet EN12663-PIV, and the compressed load is 40
tons. The car body steel structure mainly utilizes SUS301L stainless steel and 6005A-T6

aluminium profile, which are specially used for railway vehicles[70].

Table 3.4 Mechanical properties of SUS301L stainless steel [70]

Material type Yield strength Tensile strength | Percentage
(N/mmz2) (N/mmz2) elongation (%)
SUS301L-DLT >345 >689 >40

Table 3.5 Chemical component of SUS301L stainless steel [70]

Material | C Si Mn P S Ni Cr Others
SUS301L | <0.03 | <1.00 | <2.00 | 0.045 | <0.030 | 6.00~8.00 | 16.00~18.00 | <0.20
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Figure 3.3 AA-LRT Vehicle [70]

To calculate the fatigue damage and simulate the influence of track irregularity on the

underframe structure, the following data is required.
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Table 3.6 AA-LRT vehicles and Track parameters [70]

Vehicle parameter Value

Wheel set base for motor 1.9m

bogie

Wheel set base for trailer 1.8m

bogie

Wheel set mass 880kg

Wheel set diameter 660m

Wheel set moment of inertiax ~ 176kgm?
Wheel set moment of inertiay ~ 70kgm?

Wheel set moment of inertiaz ~ 176kgm?
Wheel Profile S1002
Primary spring stiffness along ~ 7.00E+05N/m?
X

Primary spring stiffness along ~ 7.00E+06N/m?
y

Primary spring stiffness along ~ 8.00E+05N/m?

z

Primary damping along x

1.53E+05N.S/m

Primary damping along y

1.53E+05N.S/m

Primary damping along z

1.53E+05N.S/m

Secondary spring stiffness 0.00E+00N/m?
along x
Secondary spring stiffness 1.65E+07N/m?
alongy
Secondary spring stiffness 2.72E+08N/m?

along z

Secondary damper along x

1.4E+03N.S/m

Secondary damper along y

4.00E+06N.S/m

Secondary damper along z

8.00E+06N.S/m

Vehicle parameter Value
Train Total length 28.8m
Motor car body length 12m
Trailer car body length 3.6m
Height of car body excluding 3.61m
pantograph

Height of car from the ground 0.655m
Width of car body 2.65m
Car body mass (Maximum load) 63000kg
Car body mass (Normal load, 48000kg
only sitting)

Car body mass (Normal load 59200kg
sitting and standing)

Car body mass (no load) 44000kg
Moment of inertia of the car body = 4375kgm?
about x-axis

Moment of inertia of the car body  8750kgm?
about y-axis

Moment of inertia of the car body  8750kgm?
about z-axis

Car body mass (TP) 12325kg
Car body moment of inertia about  3081kgm?
X- axis

Car body moment of inertia about  6162km?
y- axis

Car body moment of inertia about  6162km?
z- axis

Bogie mass for motor bogie 5120kg
Bogie mass for trailer bogie 3120kg
Bogie frame mass 985kg
Bogie base distance 10.4m
Bogie Moment of inertia along x ~ 1250kgm?
Bogie moment of inertiaalongy ~ 1870kgm?
Bogie moment of inertia along z 2182kgm?
MC Underframe Length 12m

TP Underframe Length 3.6

Width of Underframe 2.65m
Lateral wheel position 0.75m

Track Parameters Value
Track Profile UIC 60
Track Gauge 1.435m
Track Length 1000m
Track Super Elevation 0.1m
Friction Coefficient 0.4
Friction Coefficient 0.4
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3.5 Geometric Modelling of Underframe

A three-dimensional model of the motor car (MC) and trailer car (TP) underframe was
developed based on technical specifications of AA-LRT using SOLIDWORK 2019. The
underframe model includes major structural members, including longitudinal beams, side
beams, end beams, and cross beams. For each car, three separate underframes were modelled
and assembled into an MC1-TP-MC2 configuration. The 3D models were saved in Parasolid
(x.t) file format and exported to ANSYS APDL to generate the substructure model of the
underframe to create flexible body interface (FBI) files, and integrate the 3D underframe model

into the multibody dynamic system SIMPACK.

(@) (b)

Figure 3.4 3D CAD model of (a) MC underframe, (b) TP underframe

Figure 3.5 Assembled 3D model of train underframe (MC1-TP-MC2)
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3.6 Multi-Body Dynamic Model of Vehicle

A Multibody dynamic model of the 70% low-floor LRV was modelled in SIMPACK
multibody dynamic software according to the design specifications of the AA-LRT system, as
presented in Table 3.6. The model consists of three car bodies: two motor cars and one trailer
car, three bogie frames, and six wheelsets, which are connected by force elements and hinge
joints. The suspension elements are considered as spring-damper elements. The track was
modelled as a straight track 1000m long, and track irregularity has also been imported as an

excitation input.

(a)

(b)

Figure 3.6 (a) Front view, (b) Isometric view of LRV model in SIMPACK.
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Figure 3.7 Force Elements used between car bodies
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To integrate the 3D underframe model into the multibody dynamic system SIMPACK, first,
the 3D model was saved in Parasolid (x.t) format and then imported into Ansys APDL. Material
properties were assigned, and the structure was discretized using solid 185 elements. After
meshing, master nodes were defined in both the MC and TP underframes. The master node
links the flexibility with the adjacent multibody system. This master node is defined during the
reduction in the FE code by specifically choosing the nodes of the reduced finite element
model. Additionally, the master node of the simplified model in the finite element method will
produce the markers in the flexible structure [64][72]. From the Ansys APDL solution output,
substructure files (sub and cdb) were created to represent the flexible underframe. These files
are then used to generate an intermediate FBI (Flexible Body Interface) file for SIMPACK.

Finally, the FBI file was imported into the multibody dynamic mode.

SOLIDWORK ANSYS APDL
Save the 3D Assign Mesh MC and Define |
underframe Material [ TP —  Master node
model in Properties Underframes
Parasolid (x.t)
format Substructure
Model of
Underframe <
(sub and cdb)
\ 4
SIMPACK FBI Files
Multibody Dynamic Model

Figure 3.8 Integration of underframe 3D model into MBD model
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Figure 3.10 Defining Master nodes in ANSYS APDE

Figure 3.11 Front view of vehicle in MBDS
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Figure 3.12 Isometric view of vehicle in MBDS

3.7 Simulation Parameter

The dynamic behaviour of the underframe structure when the vehicle is running on the irregular
track was simulated by a detailed multibody dynamic model in SIMPACK. The simulation was
performed on a 1000m straight track, where track irregularity data was incorporated into it.
Simulations considered three vehicle speeds, 36 km/h, 50 km/h, and 70 km/h to examine the
effect of speed on the chassis response. Each simulation has been performed for 30 seconds,
with a 1000 Hz sampling frequency, to accurately capture the dynamic effects. From each
simulation, acceleration-time history data consisting of 30003 data points were extracted at the
selected locations of the underframe from the SIMPACK postprocessor. These acceleration-
time histories were converted into force-time histories using Newton’s second law for fatigue

analysis of the underframe, as shown in Figures 3.13 and 3.14.

To validate the multibody dynamic simulation model, the dynamic responses of the underframe
were compared against the limits specified in UIC 518. Each simulation procedure has been
run for a simulation time of 30 seconds to finish the whole 1000m path on a HP Windows 10,
4GB Ram, 2.6 GHz processor laptop computer. The next chapter contains a detailed discussion

of the simulation's results.
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Figure 3.13 Vertical force of motor car (a) at 36km/h, (b) at 50 km/h, and (c) at 70km/h
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Figure 3.14 Vertical force of trailer car (a) at 36km/h, (b) at 50 km/h, and (c) at 70km/h
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3.9 Finite Element Analysis

The foundation of car body fatigue analysis is the determination of the dynamic response of
the car body structure. This dynamic response is commonly expressed in the form of a stress
or strain time history. One of the standard approaches used to obtain the dynamic stress for
fatigue life calculation is quasi-static stress analysis [68]. In this method external load history
acting on the structure can be substituted by a static unit load at the same place and in the same
direction as the load history. The quasi-static stress analysis is then executed for each unit load.
Dynamic stresses for each distinct load history can be determined by multiplying the load
history by the static stress influence coefficients (SICs) from the respective unit load [68], [73]
The stress influence coefficient (SIC) is the stress generated by the unit load applied to the car
body at the same location and in the same direction as the applied load histories. The
mathematical representation of this approach, applied to a particular finite element

configuration under plane stress conditions, is expressed as follows [68]:

(F ()]
i)y o) a| "
eilt)] [7nl) 2020) - 2]

L . (3.1)

where Fi (t) is the number of load histories, n is the number of load histories, and oxi, Gyi , Txyi

are the stress effect coefficients.

The underframe's fatigue life was estimated by combining multibody dynamic simulations with
FEM analysis. Applying Newton's second law (F = ma), force time histories were calculated

using the dynamic responses derived from the simulations.

To estimate fatigue life, a quasi-static stress analysis was performed. Unit loads (1N) were
applied at selected areas of the underframe to obtain stress distributions. These stress results
were exported to Ansys n-Code Design Life for fatigue analysis. Then, dynamic loads at the

same locations and directions as the unit loads were applied to the model to predict fatigue life.
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SOLIDWORK

3D Model of
underframe (igs)

ANSYS

Apply
Boundary
Condition

Assign Material —» Mushing of
Underframe

Stress and Strain Apply Unit
at unit load 1 Load

Fatigue life of
underframe

Force- time Ansys n-code
History data Design Life |

Hotspot areas
of underframe

Figure 3.15 Fatigue life methodology flow chart

In the FEM analysis, the mesh size of 20 mm was used to get the necessary results. The MC
underframe was meshed with 1073407 nodes and 674395 elements, while the TP underframe
consisted of 516255 nodes and 326069 elements. The mesh independence analysis was done
on both MC and TP underframes, and both underframe models was converged in under

allowable change of 2% for von-miss stress.

The boundary conditions were applied as fixed support at the bolster area of both frames, as
shown in Figure 3.18, and the unit loads were then applied to the critical region of the frames.
And finally, the resulting stresses at unit load (IN) were solved for fatigue life analysis as

illustrated in Figure 3.20.
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Figure 3.17 Enlarged view of underframe mesh
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Figure 3.18 Boundary condition of (a) MC1 and (b) TP underframe
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Figure 3.19 Unit load application (a) MC1 and (b) TP underframe
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Figure 3.20 Stress Distribution of (a) MC1 and (b) TP underframe at unit load
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CHAPTER 4- RESULTS AND DISCUSSION

4.1 Result

This chapter presents the simulation and analysis results conducted to examine the effect of
track irregularities on the light rail vehicle underframe car body structure. The dynamic
response of the underframe due to track imperfections for three speed cases is presented in the
first section. These findings offer important insights about the influence of track deviations on
the structural behavior of the underframe and form the foundation for the following fatigue life
predictions. The second section describes the simulated underframe fatigue life prediction
from ANSYS n-Code design life by using the simulated dynamic load history. The third
section presents the key stress concentration nodes in the underframe. Finally, the chapter
compares the simulated fatigue life of the underframe to the calculated fatigue life to validate
the results. The discussion presents these results with appropriate explanation to address the

objective of the study.

4.2 Effect of Track Irregularities on Underframe Dynamic Behavior

This section presents the dynamic behaviour of the underframe under track irregularity
excitation at vehicle speed of 30 km/h, 50 km/h, and 70 km/h. The responses, specifically the
vertical and lateral accelerations of the front motor car (MC1), trailing car (TP), and rear motor
car (MC2) underframe, are examined to understand their behaviour due to the track
irregularities. The simulation results are presented as vertical and lateral acceleration time

histories.
Case 1: Dynamic response of underframe at speed of 36 km/h

The dynamic response of the underframe due to the effect of track irregularities at a vehicle
speed of 36km/h was analysed, as shown in Figures 4.1 and 4.2, which present the vertical and
lateral acceleration responses for the three chassis sections. Vertical accelerations are
consistently higher than lateral accelerations across all underframe structures, with maximum
values of 0.307 m/s?, 0.182 m/s?, and 0.324 m/s? for MC1, TP, and MC2, respectively,
compared to corresponding maximum lateral accelerations are 0.189 m/s?, 0.143 m/s?, and
0.193 m/s2.
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Motor car underframes experience greater accelerations in both vertical and lateral directions
compared to the trailer car. This behaviour arises from the structural and mass characteristics
of motor cars, which make them more susceptible to dynamic excitation, and their positions at
the front and rear ends of the vehicle. Motor cars experience the initial input disturbances
directly since they are the first and last to encounter track abnormalities. On the other hand, the
centrally located trailer car experiences a partially damped and filtered response since the motor
car moderates the irregularities. As a result, motor car underframes are more affected by track

imperfections than trailer cars.
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Figure 4.1 Vertical acceleration of MC1, TP and MC2 underframe at 36km/h
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Figure 4.2 Lateral acceleration of MC1, TP and MC2 underframe at 36km/h

Case 2: Dynamic response of underframe at speed of 50 km/h

Figures 4.3 and 4.4 present the underframe dynamic response to track irregularities at a vehicle
speed of 50 km/h. The maximum vertical accelerations are 0.989 m/s?, 0.383 m/s?, and 0.975
m/s2 for MC1, TP, and MC2, respectively, whereas the corresponding maximum lateral
accelerations are 0.398 m/s?, 0.309 m/s?, and 0.343 m/s2. Compared with the results at 36 km/h,
these values show a clear increase in dynamic excitation with speed; i.e., higher operating
speeds increase vertical as well as lateral accelerations of the underframe. In both motor car
and trailer car underframes, vertical accelerations are consistently greater than lateral ones,
indicating that track irregularities have a greater impact in the vertical direction. Furthermore,
the motor car underframe shows greater sensitivity to dynamic excitation than the trailer car,
consistent with the response observed at 36 km/h. This confirms that MC underframes are more

susceptible to vibration and dynamic loading caused by track deviations.
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Figure 4.3 Vertical acceleration of MC1, TP and MC2 underframe at 50km/h
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Figure 4.4 Lateral acceleration of MC1, TP and MC2 underframe at 50km/h

Case 3: Dynamic response of underframe at speed of 70 km/hr

When the vehicle speed is increased to 70 km/h, the underframe dynamic response to track
irregularities becomes more significant. The resulting lateral and vertical accelerations for the

three chassis structures are displayed in Figures 4.5 and 4.6.
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Figure 4.5 Vertical acceleration of MC1 TP and MC2 underframe at 70 km/h
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Figure 4.6 Lateral acceleration of MC1, TP and MC2 underframe at 70km/h

The maximum vertical accelerations are 1.91 m/s?, 1.80 m/s?, and 1.87 m/s? for MCL1, TP, and
MC?2, respectively, whereas the corresponding maximum lateral accelerations are 1.23 m/s?,
0.781 m/s?, and 1.04 m/s2. These results confirm that vertical accelerations are continuously
higher than lateral ones across all underframe structures, as in the previous cases. Additionally,
the motor car underframes are more affected by track irregularities compared to the trailer car,

which is consistent with the previous speed cases results.

From the three speed cases examined above, there is an observed common trend: as operating
speed increases, the vertical and lateral accelerations increase as well, which is consistent with
the pervious researches [74][75][76]. This implies that the effect of track irregularities becomes

more significant at higher vehicle speeds.

This occurs mainly due to the excitation frequency induced by the track irregularities. This
excitation frequency (f) is directly proportional to the vehicle operating speed (v) and inversely

proportional to the track irregularity wavelength (A) [77]; which can be expressed as:
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)'- 4.1
As the operating speed of the vehicle increases, the excitation frequency generated by the track

irregularities also increases. When this excitation frequency approaches natural frequency of

the vehicle (1 Hz), the dynamic responses of the vehicle increase significantly[77].

According to the Chinese standard for operational comfort, the vertical acceleration of the
vehicle body should not exceed 0.13 g (=1.275 m/s?) [78]. The underframe response remains
within this limit when the vehicle operates at 36 km/h and 50 km/h; however, at 70 km/h, the
underframe vertical acceleration exceeds this limit (1.91 m/s?, 1.80 m/s?, and 1.87 m/s? for
MC1, TP, and MC2, respectively). Although this study does not focus on ride comfort,
exceeding this limit proves that the dynamic excitation increases at higher speeds. Generally,
the results show that track irregularities at higher speeds induce stronger excitation forces,

which lead to greater structural vibrations.

Table 4.1 Summery of maximum accelerations

Underframe configurations
Speed (km/h) Accelerations MC1 (m/s?) TP (m/s?) MC2 (m/s?)

Vertical 0.307 0.182 0.324

36 km/h Lateral 0.189 0.143 0.193
Vertical 0.989 0.383 0.975

50 km/h Lateral 0.398 0.309 0.343
Vertical 1.91 1.80 1.87

70 km/h Lateral 1.23 0.781 1.04

In order to verify the accuracy of the multibody dynamic simulation model, the car body
acceleration responses for the vehicle were verified against limits specified in UIC 518. Under
UIC 518, it is required that the vertical and lateral car body accelerations should not exceed 2.5
m/s? for safe running [79]. As shown in Table 4.1, the maximum accelerations of the
underframe car body in the simulation were all under the specified value, confirming that the

model accurately captures the dynamic response of the vehicle under irregular track conditions.
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4.3 Fatigue Life of Underframe

The fatigue life of the underframe was estimated using the FEM software Ansys n-Code Design
Life. The analysis was performed at vehicle speeds of 36 km/h, 50 km/h, and 70 km/h, and the
corresponding results are given in Figures 4.7, 4.8, and 4.9. For motor car underframe, the
predicted fatigue life is 2.59¢°, 2.45¢’, and 1.36e° cycles at 36km/h, 50km/h, and 70 km/h,
respectively. For the trailer car, the corresponding fatigue life is 3.10e%°, 1.12e8, and 7.76€°
cycles at the same operating speeds. These results show that underframe fatigue life decreases
significantly with increased vehicle speed. The highest fatigue life for both the MC and TP

underframes occurs at 36 km/h, while the lowest is at 70 km/h.

This is because with higher speeds, there is increased dynamic loading that leads to greater

fatigue damage within the structure.

Operating speed has an important influence in the fatigue durability of rail vehicles car body,
higher speeds significantly reduce the car bodies service life. As shown in Figure 4.7, at 36
km/h, the MC underframe achieved a fatigue life of 2.59¢° cycles, while the TP reached 3.10e'?
cycles, indicating a longer life for the TP underframe under the same operating conditions.
When the speed increased to 50 km/h, fatigue life of both underframes decreased significantly,
with MC decreased to 2.45¢’ cycles and TP tol.12e® cycles. The most severe reduction
occurred at 70 km/h, where the MC underframe predicted life declined to 1.36e° cycles and the
TP to 7.76e° cycles. At all speeds, the TP underframe had a higher fatigue life than MC.

When the vehicle operating speed increases from the lowest vehicle speed (30 km/h) to the
maximum vehicle speed (70 km/h) the fatigue life of the underframe decreased significantly,
as shown in Figures 4.7, 4.8, and 4.9. This trend is consistent with the dynamic response of the
underframe due to track irregularity excitations. As the vehicle speed increases, the excitation
frequency from the irregular track geometry approaches the natural frequency of the
underframe. This leads to higher dynamic stresses in the underframe. The higher dynamic
stresses cause fatigue damage accumulation, and gradually decrease the fatigue life of the

underframe.
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Figure 4.7 Fatigue life of MC and TP underframes at 36 km/h

Life (Repeats)

Mo Data

2762e+14
7.630e+13
2.108e+13
S.8d3e+12
1.608e+12
4.443e+11
1.227e+11
3.390e+10
9.365e+09

258Te+08
Max = Beyond Cutoff
At Node 707186

Win = 2. 587ES
At Node 189259

Life (Repeats)

= Mo Data
- Beyond Cutoff
- 1.733e+14
1
,I'i;-l-.‘ : 3.005e+13
- 5.210e+12
i
I."I""u""-":'-l-l.l.: 9.031e+11
|H-u..'|_:__“ 1.566e+11
1 T 1
i 2 714e+10
Ay
1 { 4.705e+09
| - 8.15Te+03
1.414e+038
[ ]
2.452e+07

Max =

Beyond Cutoff

At Node TOT185

Min = 2 452E7
At Node 185255

Figure 4.8 Fatigue Life of MC and TP underframes at 50 km/h
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Figure 4.9 Fatigue Life of MC and TP underframes at 70 km/h

The fatigue life analysis results clearly show that the effect of track irregularities increases with
vehicle running speed and correspondingly reduces underframe fatigue life. The design life of
underframe is greater than 1 x 10”cycles, equivalent to approximately 30 years of service [80].
Both MC and TP underframes satisfy this requirement at 36 km/h and 50 km/h running speeds.
However, at 70 km/h, the estimated fatigue life falls below this limit, and therefore, the effect
of track irregularities is severe at this speed.

4.4 Stress Concentration Nodes in Underframe

Stress concentration nodes (hotspots) are nodes that have significantly higher stress than the
surrounding nodes, which can lead to fatigue failure. These hotspots are significant to engineers
to determine where design improvements should be implemented for increased durability. The
MC and TP underframe hotspots are identified by using Ansys n-Code Design Life based on
fatigue life analysis. The MC underframe hotspot nodes are presented in Figure 4.10, where
the most critical nodes are highlighted and the corresponding damage values for all operating

speeds are summarized in Table 4.2.
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Figure 4.10 Hotspot nodes in MC underframe

The most critical hotspot nodes are consistently found in the high-floor area, particularly at
bolster area, as shown in the Figure 4.11. This indicate that the high floor area governs the

fatigue performance of the MC underframe, whereas the low-floor area remains less affected.

Node: 217050

Figure 4.11 Hotspots on the MC underframe concentrated at the high-floor area.

At all operating speeds, fatigue damage is localized at a few key nodes, as shown in Table 4.2
At 36 km/h, the damage is minor and within the design threshold, but when the speed increases
to 50 km/h and 70 km/h, these key nodes experience a sudden rise in damage, reaching 10°° at
the highest speed. Node 189259 is identified as the most critical hotspot under all the operating
conditions, and therefore the most probable site for fatigue failure. The fatigue life of this node
at 70 km/h is 1.36e° cycles, as shown in Figure 4.9, which is below the acceptable threshold.
This critical node is followed by nodes 216745 and 217050, which also exhibit relatively

higher fatigue damage compared to the other nodes.
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Table 4.2 Fatigue damage of hotspot nodes on MC1 underframe at various vehicle speeds.

Damage
No Node At 36 km/h At 50 km/h At 70km/h
1 189259 3.865E-10 4.079E-8 7.357E-6
2 216745 2.752E-10 2.904E-8 5.237E-6
3 217050 2.378E-10 2.509E-8 4.525E-6
4 216779 2.106E-10 2.222E-8 4.008E-6
5 216732 1.432E-10 1.511E-8 2.725E-6
6 217025 1.406E-10 1.484E-8 2.677E-6
7 5526 1.179E-10 1.244E-8 2.244E-6
8 216755 9.412E-11 9.934E-9 1.792E-6
9 217041 7.998E-11 8.441E-9 1.522E-6
10 225977 2.157E-11 2.278E-9 4.109E-7

Similarly, TP underframe hotspot nodes are illustrated in Figure 4.12, and the corresponding
damage values are listed in Table 4.3 for the three vehicle speeds. At 36 km/h, the damage
remains negligible and within safe design limits. At 50 km/h and 70 km/h, however, these
nodes show a significant increase in damage at the maximum speed. Among them, node 79861
is the most critical node with a fatigue life of 7.76e° cycles at 70 km/h, indicating a potential
risk of fatigue failure. Node 79861 is followed by nodes 104839, 113206, and 127107, which
also exhibit relatively higher damage compared to the rest.

Figure 4.12 Hotspot nodes in TP underframe
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Figure 4.13 Enlarged picture of hotspot nodes in TP underframe

Table 4.3 Fatigue damage of hotspot nodes on TP underframe at various vehicle speeds

Damage
No Node At 36 km/h At 50 km/h At 70 km/h
1 79861 3.225E-11 8.939E-9 1.288E-6
2 104839  7.158E-12 1.992E-9 2.871E-7
3 113206  6.629E-12 1.845E-9 2.659E-7
4 127107  6.567E-12 1.828E-9 2.634E-7
5 106728  6.433E-12 1.791E-9 2.581E-7
6 106316  6.026E-12 1.678E-9 2.418E-7
7 81093 1.56E-12 4.422E-10 6.373E-8
8 3983 1.191E-12 3.395E-10 4.893E-8
9 106718  9.903E-13 2.843E-10 4.098E-8
10 117563  2.956E-13 9.207E-11 1.328E-8

4.5 Validation of Fatigue Life Simulation

To validate the accuracy of the fatigue life simulation in ANSYS n-Code Design Life, the
fatigue life is also calculated using Smith-Watson-Topper (SWT) modified form of Manson-
Coffin approach. This method considers stresses as well as strains induced in the structure. The
results from the simulation are validated with the results obtained from the SWT analytical
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calculation. The expression for the SWT fatigue life approach is presented in Equation (4.1)
[81].
Ae (o))

_ 7 2b Fol e b+c

The symbols ¢f, af’, c and b represent various fatigue properties; the fatigue coefficient of
ductility, fatigue coefficient of strength, fatigue exponent of ductility and fatigue strength
exponent, respectively. While omax, Ae/2, N¢ and E stand for maximum stress, strain amplitude,

fatigue life cycles and modulus of elasticity, respectively [81] .

The underframe steel material fatigue properties were adopted from [27], with of'=930 MPa,
£f'=0.298, b=—0.106, c=—0.49, and the modulus of elasticity as E=204GPa [50]. Based on
these parameters, the fatigue life was calculated using Python programming and compared with
simulation results from ANSYS n-Code Design Life.

The maximum dynamic forces in the underframe were applied to the FEM model in ANSYS
workbench, to get the maximum stress (omax) and strain amplitude (Ae/2) on the underframe
for each operating speed condition, which were then used in the calculation of the fatigue life.

The strain amplitude was calculated using equation 4.2 [82]:

Emar — Emin
Ae/2 = — 5
4.3
Figures 4.14, 4.15, and 4.16 (a—f) illustrate stress distribution, while, Figures 4.17, 4.18, and
4.19 (a—f) show strain distribution of both MC and TP underframe at operating speeds of 36
km/h, 50 km/h, and 70 km/h, respectively. The corresponding maximum stress and strain
amplitudes are summarized in Table 4.4.
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A: Static Structural A: Static Structural
Equivalent Stress Equivalent Stress
Type: Equivalent fvon-Mises) Stress Type: Equivalent {fwon-hises) Stress
|_I_|_nit: h-l'1F'a £!£ '|L'|,:rl-,te h-f|1F'a
ime: :
1570672025 2:22 AM 15/06,2025 7:08 AbA
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1 60,352 L 50612
1 48,282 - 4049
1 36,212 - 30367
24,142 20,245
12.072 10122
I 0.0014525 Min 1.2586e-7 Min
(a) (b)

Figure 4.14 Stress Distribution of (a) MC1, and (b) TP underframe at 36 km/h

A: Static Structural A: Static Structural

Equivalent Stress Equivalent Stress

Type: Equivalent fvon-Mises) Stress Type: Equivalent (von-Mises) Stress
Unit: MPa Unit: k1Pa

Tirne: 1 Tirne: 1

15/06/2025 10:54 AkA 15/06/2025 7:25 AM

N 195.75 Max N 157.07 Max

174 139,61

L1 152,25 L 12216
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| a7.002 | 60.807

L | 65.252 L1 52,355
43,502 34,303
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0.0029725 Min 3.9907e-7 Min

©) (d)

Figure 4.15 Stress Distribution of (a) MC1, and (b) TP underframe at 50 km/h
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A: Static Structural
Equivalent Stress
Type: Equivalent (won-kises) Stress
Unit: k1P

Tirme: 1

15/06/2025 912 Ak

. 3949 Max
351.03
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(€)

A: Static Structural

Equivalent Stress
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(f)

Figure 4.16 Stress Distribution of (a) MC1, and (b) TP underframe at 70 km/h

A: Static Structural
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Figure 4.17 Strain distribution of (a) MC1, and (b) TP underframe at 36 km/h
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A: Static Structural
Equivalent Elastic Strain
Type: Equivalent Elastic Strain
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Figure 4.18 Strain distribution of (c) MC1, and (d) TP underframe at 50 km/h
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Figure 4.19 Strain distribution of () MC1, and (f) TP underframe at 70 km/h
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Table 4.4 Maximum stress and Strain amplitude of MC and TP underframe

MC underframe TP underframe
Speed(km/h) | Maximum Strain amplitude | Maximum Strain amplitude
stress (Mpa) | (mm) stress (Mpa) | (mm)
36 km/h 108.63 3.199 x10* 91.102 2.40 x10*
50 km/h 195.75 5.77 x10™* 157.07 4.14 x10*
70 km/h 394.9 1.17 x1073 324.4 8.55 x10*

Tables 4.6 and 4.7 present the simulated and calculated fatigue life results for the MC and TP

underframes, respectively.

Table 4.5 Comparison of simulated and calculated life of MC underframe

Speed Simulated life | Calculated life | Error (%)
36 km/h 2.59*10° 2.65*10° 2.3%
50 km/h 2.45*107 2.30*10’ 6.1%
70 km/h 1.36*10° 1.33*10° 2.2%

Table 4.6 Comparison of simulated and calculated life of TP underframe

Speed Simulated life | Calculated life | Error (%)
36 km/h 3.10*10%° 3.16*10%° 1.9%
50 km/h 1.12*108 1.20*108 7.1%
70km/h | 7.76*10° 6.99*10° 9.9%

Comparison confirms that simulated fatigue life results are in good agreement with analytical
SWT method predictions. This strong agreement confirms the validity of the developed
numerical model for accurate prediction of railway underframe fatigue life under different

operational conditions.
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CHAPTER-5 CONCLUSION, RECOMMENDATION AND FUTURE
WORK

5.1 Conclusion

This research examined the effects of track irregularities on the dynamic response and fatigue
life of the LRVs underframe structure. The simulation results demonstrate that the motor car
(MC) underframe experiences higher vertical and lateral accelerations than the trailer car (TP)
underframe. This explains that the MC underframe is more prone to track irregularity

excitations than the trailer car underframe.

Vertical accelerations are consistently higher than lateral accelerations in both MC and TP
underframes. Thus, track irregularities have a stronger effect in the vertical direction.
Moreover, as the operating speed increases, vertical and lateral accelerations also increase. This
signifies the influence of track irregularities at higher speeds.

According to the FEM analysis, the underframes have the longest fatigue life at lower vehicle
speeds (36 km/h) and the shortest fatigue life at maximum vehicle speeds (70 km/h). This
indicates that the fatigue life of the underframe decreases significantly with increasing vehicle
speed. This demonstrates that the effect of track irregularities is more significant at higher

vehicle speeds, and thus decreases the fatigue life of the underframe.

Finally, the stress concentration nodes at the MC underframe are consistently located in the
high-floor area. As a result, fatigue damage in the MC underframe is controlled by the high

floor area, whereas the low-floor section is relatively unaffected.
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5.2 Recommendations
Based on the findings of this research, the following recommendations are proposed for the

longer service life of the underframe structure.

e This study indicates that the fatigue life of the underframe decreases significantly at
higher vehicle speed (70 km/h) due to track irregularity excitations. To extend the
service life of the underframe, light rail transit systems should establish a speed limit
on the known irregular track sections.

e To minimize the effect of track irregularities on the underframe, light rail transit

systems should perform regular maintenance and inspection on the railway track.

5.3 Future work

Further research could be conducted by incorporating additional parameters such as passenger
loading and curved track sections, that might result in reduced underframe fatigue life. These
parameters could be investigated in separate and combined effects in the dynamic behaviour
and fatigue life of underframe in detail. This would provide a more thorough understanding of
the effects encountered by light rail vehicles underframe for better design and maintenance

procedures.
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Appendices

Appendix A. Underframe Hotspot Nodes

Hotspot nodes of MC underframe at 70 km/h

OF Feature List - Fatique_Results_Displa 7 X

Suk List Hot Spot List |
MNode Shell layer Material Group Property ID Material 1D Damage
[] 189259 /A MAT_1 a 1 F.357EG

| 216745 /A MAT_1 a 1 5.237E-5
[ | 217050 /A MAT_1 ] 1 4,525E-5
| 216779 M MAT_1 0 1 4.008E-5
| 216732 /A MAT_1 ] 1 2. 725E-5
[ | 217025 /A MAT_1 ] 1 2.677EG
| 5525 /A MAT_1 ] 1 2.244E-5

[ | 216755 /A MAT_1 ] 1 1.792E-5
[ | 217041 /A MAT_1 a 1 1.522E-6
| 225877 /A MAT_1 a 1 4.109E-7

< )
[ Rotate model to selected feature Format Label ...| Clear Feature Labels
10 features displayed

Refresh Copy Export Help
Hotspot nodes of MC underframe at 70 km/h

Sub List Hot Spot List |
Mode 5hell layer Material Group Property |D Material 1D Damage

[ | 72861 N/fA MAT_1 i 1 1.283E-56
[ | 104339 N/fA MAT_1 0 1 2.871E-7
[ | 113206 A MAT_1 0 1 2.055E-7
| 127107 NfA MAT_1 1] 1 2.639E-7
[ | 106728 /A MAT_1 0 1 2.581E-7
| 106316 /A MAT_1 a 1 2.418E-7
| | 81093 NfA MAT_1 0 1 6.373E-3
L | 3583 /& MAT_1 0 1 4.393E-3

| 106718 N/fA MAT_1 i 1 4.095E-3

| | 117563 N/fA MAT_1 0 1 1.328E-8

< )
[ Rotate model to selected feature Format Label ...| Clear Feature Labels
10 features displayed

Refresh | Copy Export Help
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Appendix B. Phyton code for fatigue life calculation

Python code for fatigue life calculation of MC underframe at 70 km/h.

import numpy as np
from scipy.optimize import fsolve

j#¢ Material and loading parameters

E = 204000 # Young's modulus in MPa (204 GPa)

sigma_f prime = 930 4# Fatigue strength coefficient in MPa
epsilon_f prime = 0.298 # Fatigue ductility coefficient

b = -0.106 4 Fatigue strength exponent

c = -0.49 4 Fatigue ductility exponent

sigma_max = 394.9 # Maximum stress in MPa

epsilon_a = 1.17e-3 4 Strain amplitude (calculated)

j¢ SWT parameter (left-hand side of the equation)
SWT = sigma_max * epsilon_a

# Define the SWT equation as a function of 2N_f (reversals)

def swt_equation(two Nf):
terml = (sigma_f primexx2 / E) * (two Nf)*%(2 = b) 4 Elastic term
term2 = sigma f prime # epsilon_f prime % (two Nf)#+(b + c) # Plastic texm
return SWT - (terml + term2) # Residual for root finding

# Initial guess for 2N_f (adjusted for low-cycle fatigue)
initial guess = led

i Solve for 2N_fT using fsolve with increased tolerance
two Nf solution, = fsolve(swt_equation, initial guess, xtol=le-8)

# Convert to cycles to failure (N_f)
Nf = two_Nf_solution / 2

# Print N_f in scientific notation
print(£f"N_£f = iNf:.2el cycles")
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