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ABSTRACT 

Over the past few decades, railway industries worldwide have been dedicated to enhancing 

train speeds and load-carrying capacity. However, as train speeds increase, concerns about 

wheel-track interaction, safety, and passenger comfort have become paramount. The rise 

in speed and load capacity leads to heightened vibrations in the vehicle-track system, 

caused by irregularities on the wheel/rail surface.  

In light of these challenges, the present study aims to shed light on various aspects 

of railway dynamics concerning safety and comfort, employing the bond graph 

methodology. The interaction between the vehicle and the track is a critical factor 

influencing the safety and comfort of passengers. To investigate this interaction, a 

comprehensive bond graph model of an asymmetrical railway vehicle-track system is 

developed. In this model, the vehicle is represented as a lumped system, while the rail and 

concrete slab are treated as an Euler Bernoulli beam. To delve deeper into the dynamics, 

the study involves the development of a 1 Degree of Freedom (DOF) wheel model and a 9 

DOF half-car vehicle model using the bond graph approach. These models help examine 

the impact of wheel flat on vehicle track dynamics. Furthermore, the effects of slab track 

and ballasted track on vehicle dynamics are also discussed. 

The study also focuses on investigating the hunting behaviour of a railway vehicle 

using a 31 DOF full railway vehicle model as it moves on a curved track. By utilizing the 

Heuristic nonlinear creep model and Polach theory, the critical hunting speed is determined, 

and the responses of vehicle components above, at, and below the critical velocity are 

presented.  The authors also examined the derailment behaviour, wheel unloading rate, 

wheelset lateral forces, and car body acceleration of the developed model due to alignment 

and cross-level track irregularities. 
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To assess passenger comfort for high-speed trains, the mean comfort assessment 

method is utilized. This involves the development of a 50 DOF full-car body model in 

SIMPACK. The effect of random track irregularities on the passenger ride index with 

varying vehicle speeds is studied. Also, the study observes the effect of vehicle motion on 

the passenger ride index. 

In conclusion, the study utilizes bond graph methodology to address various aspects 

of railway dynamics concerning safety and passenger comfort. The comprehensive models 

developed provide valuable insights into the interactions between the vehicle and track, 

helping to enhance railway safety and passenger comfort in high-speed trains.  
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CHAPTER 1 

Chapter 1 Introduction 

In this chapter, an introduction to high-speed railway vehicles (HSRV), their evolution, and 

the dynamics of vehicle-track interaction models are discussed. Additionally, the chapter 

delves into the motivation behind conducting research in the railway dynamics. 

1.1  Introduction 

As a means of transportation, a railway vehicle is of the utmost significance and is among 

the most intricate and dynamic systems in engineering. In the modern day, railroads have 

constant difficulties competing with aviation and road transportation networks worldwide. 

Consequently, there is a concerted global effort to enhance the efficiency of railway 

vehicles, with particular attention paid to factors like comfort, safety, and speed. Two main 

criteria, safety and stability, are usually used to assess the performance of rail vehicles. 

These factors are measured using a wide range of performance indices that focus on specific 

aspects of vehicle dynamics. There has been a noticeable increase in vibrations inside the 

vehicle-track system due to trains' steadily increasing speed and load-carrying capacity. 

The speed and load-carrying capacity of trains are consistently increasing, resulting in 

heightened vibrations within the vehicle-track system. Irregularities on the wheels and rail 

surfaces cause these vibrations, potentially leading to track component deterioration and 

negatively impacting the safety and comfort of train operations. The nonlinear relationship 

between the contact between wheels and rails further compounds the system's complexity. 

Hence, a thorough understanding of rail vehicle dynamics is crucial to ensuring the safe 

and cost-effective operation of modern railways. As the demand for faster, safer, and more 
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comfortable railway vehicles continues to grow, innovative analysis is required for the 

dynamics involved in rail and vehicles. Rail vehicle dynamics analysis is critical throughout 

railway operations, encompassing everything from vehicle manufacturing to infrastructure 

design and maintenance. This entails looking at a variety of factors, including ride comfort, 

lateral stability, derailment, and track infrastructure. 

The dynamic analysis of high-speed railway vehicles is a critical discipline at the 

forefront of modern transportation engineering. As the demand for rapid and efficient 

passenger and freight transportation continues to escalate, the design and operation of high-

speed trains necessitate meticulous examination and comprehension of their dynamic 

behavior. High-speed railway vehicles, unlike conventional trains, face unique challenges 

due to their elevated velocities, intricate interactions with the track, and the imperative to 

ensure passenger safety and comfort. 

The dynamic study of HSRV delves into the intricate dynamics governing the 

interaction between the train and its environment, encompassing factors such as wheel-rail 

interaction, aerodynamics, suspension systems, and control mechanisms. The goal is to 

comprehend and optimise the myriad forces, moments, and oscillations that influence the 

performance of high-speed trains, ensuring stability and safety across diverse operational 

conditions. 

In dynamic analysis, researchers employ advanced simulation techniques, multibody 

dynamics models, and real-world testing to unravel the complexities associated with high-

speed rail travel. The insights gained from this analysis not only inform the design and 

engineering of the trains themselves, but they also contribute to the development of robust 

control systems, maintenance strategies, and emergency response protocols. As we propel 

into an era where high-speed rail networks play an increasingly pivotal role in global 

transportation infrastructure, the dynamic analysis of high-speed railway vehicles stands as 
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an indispensable discipline. It ensures the reliability, efficiency, and safety of this cutting-

edge mode of transportation. This introduction sets the stage for a comprehensive 

exploration of the multifaceted considerations and challenges inherent in the dynamic 

analysis of high-speed railway vehicles. 

The wheel-track interaction of high-speed railway vehicles constitutes a cornerstone in 

the realm of transportation engineering, wielding significant influence over the 

performance, safety, and efficiency of these advanced rail systems. As trains hurtle along 

at remarkable speeds, the intricate interplay between the wheels and the track becomes a 

focal point of the study, demanding a nuanced understanding to optimise operational 

dynamics and ensure passenger well-being. 

The interaction between the wheels and the track is a multifaceted dance involving 

mechanical intricacies, material science considerations, and dynamic forces. Wheel-rail 

contact phenomena, such as rolling, sliding, and adhesion, form the bedrock of this 

interaction, shaping the vehicle's stability, wear characteristics, and overall efficiency. The 

high speeds inherent to these systems introduce unique challenges, necessitating a detailed 

examination of the forces exerted on both the wheels and the track. 

This field of study extends beyond the physical contact points, delving into the broader 

implications for railway infrastructure and vehicle design. It encompasses the impact of 

wheel and rail profiles, maintenance practices, and environmental conditions on high-speed 

trains' performance. Furthermore, advancements in wheel materials, lubrication 

technologies, and monitoring systems play a pivotal role in shaping the wheel-track 

interaction landscape. 

To ensure a long lifespan of rail infrastructure and the security of both passengers and 

freight, it is essential to thoroughly research and comprehend the dynamic interaction 

between wheels and rails. This study lays the groundwork for a more comprehensive 
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investigation of the complexities surrounding wheel-track interaction in high-speed railway 

vehicles. It delves into the engineering marvels and challenges that characterize this 

essential aspect of modern rail transportation. 

1.2  Motivation 

Rail transportation offers several features and advantages over road transportation. It is 

significantly more energy-efficient and economical compared to road transportation. The 

social impact in terms of environmental pollution is also significantly lower in the case of 

rail transportation. Construction expenses for rail networks are approximately four to six 

times less than those for roads, considering equivalent traffic levels. Additionally, it is the 

single foremost transport system capable of utilizing any form of primary energy.  

Undoubtedly, the railway transportation system is a remarkable invention of the 19th 

century that ushered in a new era for humanity. It has facilitated closer interactions between 

communities and accelerated the movement of materials and goods. Railways are 

recognized as one of the most economical, efficient, and environmentally friendly modes 

of transportation. It plays a very pivotal role in national development and increasingly 

becoming a key player in worldwide transport policies.  

Indian Railways is one of the largest transportation modes in the world. With a 

modest beginning in India on April 16, 1853, when the first wheels rolled on rails from 

Bombay to Thane, Indian Railways established itself as the primary mode of transportation 

for the country's socio-economic development. 

Since its inception, the Indian Railways has emerged as a main means of 

transportation to unite the scattered markets and in so doing pave the way for a recent 

market economy. It serves to link industrial (manufacturing) centres with markets as well 

as centres for raw materials and helps industrial development. It further links agricultural 
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centres with inaccessible markets. It affords rapid, consistent, and cost-effective transport 

solutions to different industrial sectors such as energy, coal, and petroleum. It connects 

places, allowing for large-scale, rapid, and low-cost movement of people and goods across 

the country. In doing so, the Indian Railways establishes itself as a symbol of national unity 

as well as a strategic tool for improving defense preparedness.  

India's rail transport is exclusively managed by Indian Railways, a government 

department operating under the Ministry of Railways. This state monopoly oversees the 

world's fourth-largest railway network, with 119,630 kilometers of total track and 92,081 

kilometres of running track. As of the end of 2015-16, the network consisted of 66,687 

kilometres of routes that served 7,216 stations. Indian Railways stands as one of the largest 

and busiest rail networks globally, facilitating the daily transportation of twenty-two 

million passengers and over one billion tons of freight. 

Despite having the fourth-largest rail network, Indian Railways does not have any 

high-speed rail (HSR) lines with operational speeds of more than 200 km/h. The fastest 

train in India at present is the Gatimaan Express with an operational speed of 160 km/h. 

Vande Bharat train has been designed to run at a maximum speed of 180 km/h. However, 

the Government of India is now moving forward with plans to introduce high-speed trains 

in the country. As a step in this direction, it has established the High-Speed Rail 

Corporation of India Limited (HSRC) to oversee the development and implementation of 

high-speed rail projects across India. Not only Indian Railway, but railway companies 

around the world are under constant pressure to compete with air and road transport 

systems. Worldwide attention has thus been directed towards improving the efficiency of 

railway vehicles in terms of speed, safety, and comfort [1].  

In recent decades, global railway industries have been striving to enhance the speed 

and load-carrying capacity of trains. Safety and comfort are paramount concerns, 
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particularly at high operating speeds. The pursuit of increased speed and load capacity is 

often accompanied by heightened vibrations in the vehicle-track system, stemming from 

irregularities on the wheel/rail surface. This heightened vibration raises the risk of damage 

to track components, adversely impacting both the safety and comfort of train operations. 

The nonlinear relationship between wheel/rail contact and track components adds 

complexity to the system, necessitating significant efforts for reliable predictions of 

wheel/rail interaction forces. This is crucial for identifying the key factors contributing to 

damage of both vehicle and track components, as well as ensuring improved safety and 

comfort levels. 

A fundamental understanding of rail vehicle dynamics is essential to guarantee the 

safe and cost-effective operations of modern railways. As demands grow for safer and more 

comfortable railway vehicles operating at higher speeds with increased loads, innovative 

methods for rail vehicle dynamics analysis become imperative. The application of such 

analysis spans the entire spectrum, from rail vehicle manufacturing to various aspects of 

train operations, including ride comfort, lateral instabilities, derailment potential, track 

infrastructure design, and maintenance. 

Ensuring the safe operation of a train involves designing it to identify and eliminate 

potential causes of derailment. Simultaneously, achieving comfort for passengers can be 

realized by effectively controlling unwanted vibrations. Modern trains represent intricate 

mechanical systems that benefit from advanced modelling and simulation techniques for 

enhanced analysis and design. The initial step in this process is the development of a 

detailed model of the railway vehicle system. This model serves as a foundational 

requirement for studying vehicle performance, refining existing designs, creating new ones, 

and formulating safety procedures tailored to diverse working and loading conditions. 

Computer simulations play a significant role in evaluating railway vehicle performance, 
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assessing safety and comfort, and designing new vehicles [2]. Recent developments in the 

field of computational mechanics and the computing capability of digital computers pave 

the way for the dynamic analysis of complex modern trains. 

Rail vehicle performance is typically assessed in terms of safety and stability. These 

aspects, concerning the dynamic performance of the vehicle, are quantified through a set 

of indices addressing specific facets of dynamic behaviour. The examination of vehicle and 

train dynamics is generally categorized into two groups: (i) Response, which involves 

studying the dynamic behaviour in response to external inputs like track irregularities, and 

(ii) Stability, which focuses on evaluating the system's stability under diverse operating 

conditions. 

To effectively analyze the dynamic performance of rail vehicles and develop a 

suitable analytical model for such analysis, performance indices must be quantitatively 

defined. The primary performance indices to be considered are (a) vehicle lateral stability 

and (b) vehicle ride quality. Both theoretical and experimental perspectives have made 

numerous attempts to gain a deeper understanding of the dynamics of the railway system. 

However, in some special scenarios, field experiments on wheel-rail contact mechanics and 

vehicle dynamics can prove to be challenging due to difficulties in adequately controlling 

the test conditions and data acquisition [3]. In such cases, modelling and simulation are 

found to be the best alternatives. Computer simulation allows a designer to focus attention 

on one or more of the train’s components to predict its dynamic behaviour under specified 

operating conditions. One can repeat a simulation run with different parameter values and 

iterate until a satisfactory performance is obtained. This iteration procedure can be much 

more costly and time-consuming if done through field experiments. Simulation results, 

however, are useful only as a step in the design procedure, which must necessarily 
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culminate in hardware and testing. Nevertheless, they can provide insight, reduce costs, 

and accelerate the design process [4]. 

A rail vehicle constitutes a complex multibody system. Modelling such a system 

involves synthesizing various kinematic and dynamic constraints to formulate the equations 

of motion. The bond graph [5–8], a unified modelling tool across multi-energy domains, is 

particularly well-suited for modelling multibody systems. The bond graph model serves as 

a representation of power exchange among various lumped components within a system, 

facilitated by a power-conservative junction structure. This inherent property enables 

modellers to construct a bond graph model solely based on kinematic and dynamical 

relations, automatically adhering to the relevant dynamical and kinematic constraints. The 

distinctive characteristic of bond graphs inspired the author to employ this formulation in 

modelling the vehicle-track system, aiming to gain a comprehensive understanding of 

crucial aspects in the realm of rail vehicle dynamics. 

.  
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CHAPTER 2 

Chapter 2 Literature Review 

The preceding chapter provided an introduction to High-Speed Railway Vehicles (HSRVs) 

and their dynamics. This chapter presents an in-depth literature survey focusing on rail 

dynamics, encompassing theoretical modelling of HSRV, lateral dynamics and passenger 

ride comfort under various operating conditions. 

2.1  Review of Literature 

In the past few years, substantial research has been conducted on numerous areas of high-

speed railway dynamics, with the primary goal of increasing speed, ride quality, safety, 

comfort, track and wheel maintenance, and so on. To align the scope and goals of current 

research, the review of literature has been divided into three categories. 

1. Theoretical and computational modelling of high-speed railway vehicle and track 

structure. 

2. Lateral dynamics of high-speed railway vehicle. 

3. Ride comfort analysis.  

2.1.1 Theoretical and Computational Modelling of High-Speed Railway Vehicle and   

Track Structure 

A wide variety of theoretical and analytical models have been presented to study the 

dynamic behaviour of vehicle track interaction under different running conditions. 

According to the current literature, there are two unique types of railway tracks: the 

traditional track system, often known as the ballasted track system, and the ballastless track 

system, also known as the slab track system. The ballasted track system comprises sleepers 
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(ties) arranged on top of a layer of ballast, with rails attached to the sleepers through rail 

pad fasteners. The ballast provides stability, drainage, and support for the sleepers, while 

the sleepers provide support and stability for the rails. This type of track is designed for 

trains operating at speeds up to 200 km/h. On the other hand, high-speed tracks are designed 

for trains that operate at speeds above 250 km/h (155 mph) and are typically used for 

intercity and high-speed trains. High speed tracks can be ballasted or slab tracks, with the 

latter being more common. The slab track consists of a continuous concrete slab laid 

directly on the ground or the concrete supporting layers, with rails embedded in the 

concrete. Slab tracks are designed to provide a smoother ride and reduction in noise & 

vibration. The main differences between conventional and high-speed tracks are the design, 

materials, and construction techniques used to create them. Slab tracks require more precise 

alignment and levelling, with tighter tolerances for curves and gradients, to ensure the 

stability and safety of the train at high speeds. They also require more durable materials 

and construction techniques to withstand the higher stresses and forces generated by high-

speed trains. Due to the different properties and operating conditions of the two systems, 

the modelling of ballasted track and high-speed train track are different. 

Over the last few decades, various theoretical and computational models of track 

structure have been presented by various researchers. Correia et. al [9] presented a ballasted 

track model using a 2D approach to investigate the dynamic response track structure. Uzzal 

et al. [10] presented a numerical model of the ballasted track to evaluate the effect of wheel 

flat at the wheel-rail interface. A two-dimensional model of the ballasted track system has 

been developed upon consideration of three subsequent layers. Bian et al. [11] used FE 

analysis (FEA) software package ANSYS to study the rail-wheel impact analysis due to 

the wheel flat on a ballasted track. Hou et al. [12] developed a two-layer 3D finite element 

model of ballasted track using finite element method to study the effect of wheel-track 
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interaction for high-speed range. Kumar et al. [13] employed a bond graph approach to 

create a two-layer 3D ballasted track construction to investigate the dynamic analysis of 

vehicle track interaction caused by flat wheels. Bond graphs provide a succinct visual 

representation of all types of interacting energy domains. As a result, many academics use 

bond graphs as modelling tools to investigate many elements of rail and road vehicle 

dynamics. Sayed et al. [14] presented a comprehensive three-dimensional (3D) finite 

element (FE) model to simulate the dynamic response of ballasted railway tracks subjected 

to train movement loads, and the critical speed was explored for various train-track-ground 

system conditions. The commercial software MIDAS-GTS was used to create a four-layer 

3D ballasted track model. SIMPACK is used to create a 3D dynamic model of a high-speed 

train linked with a flexible ballast track in order to compare the dynamic performance 

obtained from the entire train/track model (TTM) and the single-vehicle/track model 

(VTM) Ling et al. [15].  

Nowadays, slab track superstructure is used widely compared to the ballasted one by 

dint of its advantages. Initially, a 2D numerical model of vehicle/slab track dynamics has 

been developed to calculate the dynamic response of railway vehicle and slab track 

structure [16–18]. A study was conducted to analyse the dynamic response of the slab track 

when subjected to harmonic moving point pressures. A frequency domain model consisting 

of two layers of beams was utilized  [19, 20]. In the past decade, numerous three-layer slab 

track variants have been created. Qingsong et al. [21] evaluated the dynamic behaviour of 

a continuous slab track with rail imperfections in the frequency domain. Zhang et al. [22] 

also examined the random response of a vertically connected vehicle/discontinuous slab 

track structure to random excitation in the frequency domain. In their investigation, the 

researchers used a three-layer model to mimic the track, with a continuous rail layer, an 

intermittent concrete foundation layer, and an intermittent concrete base layer. Song et al. 
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[23] and Sadeghi et al. [24] have enhanced the aforementioned model in order to analyse 

the dynamic interaction between a vehicle and a discontinuous slab track while taking the 

nonlinear hertz theory into account.  

A review of the literature indicates that 2D and 3D slab track models have been only 

developed to study the track dynamics in detail and track sub-structure characteristics have 

not been included to study railway vehicle dynamics [25–28]. But from past decades, 

various 2D and 3D vehicle slab track models have been presented to investigate the effect 

of track irregularity and track flexibility on stability and safety analysis of railway vehicles. 

Zhai et al. [29] studied the influence of train speed on a train ride comfort index for high-

speed trains running on two layered 3D slab tracks model. Zhao et al. [30] used Multi body 

dynamics software (SIMPACK/SIMULINK) for modelling and simulation of high-speed 

railway vehicle and flexible slab track structure. In this study, dynamic responses of high-

speed railway car body have been calculated due to wheel polygonalisation. A transient FE 

model for the wheelset-rail rolling contact was created using ANSYS/Ls-dyna to mimic the 

high-speed operation of a free wheelset on a slab track.  

To better understand the dynamics of the railway system, several attempts have been 

made from both theoretical and experimental points of view. Computer simulation is found 

to be the best solution to simulate rail dynamics problems [31, 32]. Simulation allows a 

designer to focus his attention on one or more of the train’s components to predict its 

dynamic behaviour under the given operating conditions. One can repeat a simulation run 

with different parameter values and iterate until a satisfactory performance is obtained [33, 

34]. 

2.1.2 Lateral dynamics of high-speed railway vehicle 

In the context of high-speed railway vehicles, hunting and derailment are two critical 

aspects of lateral dynamics. In terms of performance, there is an urgent need to investigate 
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the lateral stability characteristics of high-speed rail cars. An important issue in this regard 

is a detailed assessment of a railway vehicle's critical speed when traversing a certain track 

[35]. This critical speed, a nonlinear function impacted by elements such as the wheel-rail 

contact profile, adhesion coefficient, bogie suspension dynamics, railway line topology, 

and others, acts as a direct constraint on the railway vehicle's maximum permitted operating 

speed. A derailment may result from the wheelset's undamped motion, which is contained 

by the wheel flange and rail, over a particular forward speed. This motion creates 

significant lateral creep forces at the wheel-rail contact [36]. As a result, hunting stability 

analysis and critical speed prediction are crucial steps in the railway vehicle design process 

[37]. Previous research on hunting instability has focused on the concept of a single or dual 

wheelset system, studying the influence of the linked parameters on the critical speed of 

the wheelset [38]. Polach [39] investigated railway vehicle dynamics and critical speeds 

using linear and nonlinear creep models. Cheng et al. [40] used linear and nonlinear creep 

models to study the consequence of suspension features on hunting speeds. Lee et al. [41, 

42] examined hunting stability using a six-degrees-of-freedom model system that 

accounted for the vertical and rolling motions of the wheelset and bogie systems. They 

expanded their analysis by using 8 and 10 DOF models to evaluate the hunting stability of 

high-speed railway vehicles with different suspension settings. Wang et al. [43] used car 

models to evaluate derailment ratios, the effect of vehicle speed on derailment quotients for 

linear and non-linear creep models with varying suspension features has not been 

investigated. Cheng et al. [44] created a comprehensive 20-DOF model that included lateral 

displacement and yaw angle for each wheelset, as well as lateral and vertical displacements 

for the bogie and vehicle body. The model also had roll and yaw angles for the bogie and 

carbody. However, authors did not consider the roll angle for each wheelset while 

developing the 20 DOF model. In practice, the roll angle of each wheelset plays an 
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important role in determining the contact forces among rails and wheels. As a result, the 

model's failure to include the roll angle for each wheelset may result in inaccurate estimates 

of dynamic reactions. 

With the advent of speed, the safety of a high-speed railway vehicle, particularly its 

derailment behaviour, is a very important issue. Vehicle designers have always been 

interested in the issue of high speed with no derailment. In the past few years, many 

researches have been administered to resolve this issue. During a derailment, the wheel 

drifts away from the rail and is unable to continue rolling. To analyze this effect, Nadal 

[45] proposed a derailment ratio, which solely depends on lateral and vertical forces acting 

on the wheel, flange contact and friction coefficient between wheel & rail. However, 

Weinstock [46] studied that derailment was associated not only with the derailment 

coefficient on the flange side but also on the non-contact side of the flange. From the 

experiment, it is evaluated that above mentioned criteria are valid only for small yaw angle 

[47]. Under the quasistatic assumption, Barbosa [48] developed a 3D contact model to 

improve Nadal derailment criteria by considering creep forces.  A lot of literature studies 

have been found on the lateral stability of high-speed railway vehicles which consider the 

linear and nonlinear creep forces [40, 49]. Wickens [50] provided the curving performance 

of the asymmetrical truck based on a linear creep model neglecting the creep moments 

between wheels and rails. Using oblique impact theory, Polach and Wang [39, 51] 

determine the critical hunting speed for impact derailment. 

From the work of Zboinski et al.[52], the creep moments were estimated from the 

longitudinal and lateral creep forces based on longitudinal, lateral and spin creepages. In 

some of the research, the nonlinear creep moment was neglected while using the nonlinear 

creep models [39, 53–55]. Also, the derailment analysis of various vehicle models was 

carried out by utilizing the linear creep model. Under a practical scenario, the hunting 
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stability of railway vehicles and their dynamic response are sensitive to the method of 

calculating creep forces and moments. Cheng et al.[55] developed a 20 DOF railway 

vehicle model. This model incorporates lateral displacement and yaw angle for each 

wheelset, along with lateral and vertical displacements for the bogie and vehicle body. 

Additionally, it considers the roll and yaw angles for both the bogie and car body. Cheng 

et al. did not take the roll angle for each wheelset into account when developing their 20 

DOF model. Nevertheless, in actual situations, the roll angle constitutes a crucial DOF for 

each wheelset, as it directly impacts the contact forces between rails and wheels. Therefore, 

neglecting roll angle in the modelling of wheelsets can lead to imprecise calculations of the 

derailment quotient. 

Despite the fact, Wang et al. [43] have estimated the derailment quotient using the 

complicated railway vehicle models and stated in their research that very few study had 

been conducted yet so far for evaluating the derailment quotient for both the linear and 

nonlinear creep models along with the suspension parameters. The geometry of a track 

plays a vital role in ensuring the safety, stability, and comfort of train transportation. The 

presence of track irregularities introduces unwanted vibrations that can lead to potential 

risks in train operations and passenger safety [56]. Track geometry can undergo deviations 

from its original design due to factors like track settlement, repeated loads, and rail defects. 

Track irregularities can be categorized as: alignment, track gauge, longitudinal level (track 

profiles), and cross level. The vertical deviations between consecutive running table levels 

along the track are referred to as the longitudinal level. Conversely, cross level denotes the 

vertical distance or elevation distinction between the left and right rails. Horizontal 

deviations between consecutive positions of the track are referred to as alignment. Finally, 

the track gauge is calculated by locating the points at which lines intersecting each railhead 

profile perpendicular to the travelling surface are at the shortest distance. To summarize, 
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track irregularities consist of deviations in cross-level, track gauges, longitudinal level, and 

alignment that are brought about by factors such as track settlement, recurrent loads, and 

rail defects. These irregularities affect the geometry of the track and require routine 

inspection and upkeep to guarantee maximum efficiency and safety [57].  

Early research on this subject was reported by Wickens [58] which addresses the 

dynamic stability of railway vehicle wheelsets and bogies. Fei et al. [56] examined the 

intricate interaction between vehicles and tracks, taking into account a range of complex 

irregularities.  Additionally, safety indicators such as the derailment coefficient, wheel 

unloading rate, and wheelset lateral force are determined for both a C70 freight train track 

and a 25-ton passenger train. Karis et al. [59, 60] and Choi et al. [57] investigated the 

association between track irregularity and vehicle reaction, using a combination of 

numerical modelling and empirical data. Cantero et al. [61] proposed a method for detecting 

track abnormalities produced by infrastructural problems using the vehicle's vertical 

acceleration and the wavelet transform. Sadeghi et al. [62] used a thorough parameter 

analytic approach to investigate the impact of track irregularities on driving ease, and they 

discovered that short-wave track irregularities have a considerable influence on driving 

comfort. Liu et al. [63] investigated the combined effects of vehicle speed and track 

imperfections on vehicle vibration, discovering that vertical abnormalities had the greatest 

impact on vibration unpleasantness at all speeds. Youcef et al. [64] used a modal principle 

of the superposition method to examine the dynamic response of cars with casual and non-

random track irregularities, revealing how track abnormalities affect the vehicle's vertical 

acceleration. The interconnectivity of track irregularity, vehicle vibration, bridge vibration, 

and vehicle speed were examined by Hung et al. [65] using a 3D finite element transient 

dynamic analysis. Hou et al. [66] developed a train-track-bridge-model (TTBM) in ANSYS 

to analyse the dynamic responses of the high-speed train used as the safety and stability 
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evaluation indexes under measured track irregularity. Kumar et al. [67] used the bond graph 

approach to investigate the hunting and stability analysis of medium and high-speed trains. 

The influence of track irregularities on the running behaviour of high-speed trains has been 

studied by choi et al. [57]. Track irregularities with various wavelengths and amplitudes 

were developed to observe the running behaviour of high-speed trains. Derailment 

coefficients, lateral loads, bogie acceleration and body acceleration of Korean train express 

were calculated to observe the effect of track irregularity using the VAMPIRE program. 

2.1.3 Ride comfort analysis 

With the advancement in technology, railway vehicles are not only achieving new heights 

but can now run at very high speeds and attain a great extent of comfort. Previous studies 

exhibit those vibrations are the main source of passenger discomfort. Hence to improve the 

ride quality, it is required to reduce the vibration. Track irregularities (due to sudden 

braking of trains, irregular track maintenance, irregular running speed), geometric 

irregularities (improper design, wear), and material non-linearities are reasons for vibration 

generation in railway vehicles.  

These vibrations are transferred to various components (wheelsets, bogie, car body) of 

railway vehicles during operations. Vibration responses from the car body are further 

transferred to the human body through supporting components like the car floor and seats. 

Once the frequency of two systems becomes nearly equal, a resonance phenomenon arises, 

which causes a high amplitude of vibration, further resulting in higher discomfort to 

passengers [63]. These vibration responses are recorded in terms of acceleration signals. 

Experimental results show that the human body is more susceptible to vertical acceleration 

response near 5Hz and less susceptible below the 2Hz frequency range [68, 69]. It is crucial 

to determine the modes of vibration of the car body near the natural frequency of the human 
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body so that necessary steps can be taken to eradicate that mode. Earlier research shows 

that rigid car body mode transpired in the frequency range of 0.3 Hz to 8 Hz, and flexible 

modes take place from 7 Hz to 20 Hz [70]. Passenger comfort while riding a train depends 

on the intensity of vibrations, direction, frequency and exposure time. These vibrations can 

prevent passengers from performing any sitting activity and also affect passengers' health. 

Train vibrations are considered a prime factor in passengers' ride comfort [71, 72]. It 

becomes necessary to develop a method which assesses a passenger's ride comfort while 

riding a railway vehicle [73, 74]. However, it becomes impossible to develop a general 

method acceptable to all the countries and their rail standards as every country has different 

vibrational characteristics [75]. In the mid-20th century, a researcher named “Sperling” 

proposed an advanced method called the ride Index method (Wz) to determine the ride 

comfort of a passenger [76–78]. Ride comfort requirements for railway cars have been set 

in accordance with ISO 2631 standards by the International Union of Railways (UIC), the 

European Committee of Standardization (CEN), and the International Standard 

Organization (ISO) [79, 80]. These standards are identified as the UIC 513R leaflet [81], 

EN 12299 [82] and ISO 10056 [83], respectively.  

Suzuki [84] discussed about several different ways to measure ride comfort and related 

Japanese studies that had been done. Gangadharan et al. [85] did an experimental and 

analytical study of a train coach's ride comfort. They also did a parametric study to find 

ways to improve the design for a better ride index. Above mentioned ride comfort 

evaluation method used different articulation techniques to evaluate the acceleration signal. 

As a result, establishing an unmediated link between various evaluation methodologies is 

challenging. 

However, various researchers tried to establish a correlation between these methods. 

Kim et al.[86] determined the ride comfort indices using Sperling's method, ISO 2631 and 
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UIC 513 recommended method and tried to establish the relationship between them. 

Similarly, many researchers compared the ride comfort indices using Sperling's method, 

EN12299 continuous comfort and mean comfort method. The comfort index at sitting and 

standing positions is also calculated and examined by Munawir et al. [87]. Dumitriu et al. 

[88] evaluated passenger comfort using the mean comfort method and Sperling's method 

and found that different assessment methods will show different results under identical 

boundary conditions. Furthermore, Kumar et al. [89] developed a biodynamic model to 

calculate passenger ride comfort using Sperling's index. Jiang et al. [90] explore the merits 

and demerits of EN12299 and Sperling's method. Further, experimental data was recorded 

by Haladin et al.[91] on the in-service tramway to compare different ride comfort 

evaluation techniques such as the Sperling's Ride index method, EN12299 comfort method 

and equivalent level of vibrations methods. 

Various numerical simulation tools are designed to predict the dynamic behaviour of 

the railway vehicle. These numerical tools predict the dynamical performance of a railway 

vehicle at the designing phase and also examine the issues arising during usage as 

effectively as possible. Numerical simulations allow the investigation of a railway vehicle's 

dynamic behaviour under extreme parameters that cannot be noticed during real testing 

situations [92]. The development of advanced computer systems and Finite-element 

numerical methods has magnified the search for numerical calculation methods for 

vehicular vibration. Many researchers have developed a 3D dynamic model of high-speed 

trains to predict the vibration response and compare the results with those obtained from 

field monitoring [93–95]. There are different commercially available simulation software 

like ANSYS, SIMPACK, and LS-DYNA to perform such analysis in various ways. 
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2.1.4 Bond graph modelling 

The modelling of engineering systems using bond graphs is grounded on the power 

argument between the system's fundamental parts. This method enables the integrated 

depiction of numerous energy regimes inside the system. Paynter [96] proposed the 

breakthrough idea of depicting systems in terms of power bonds, integrating physical 

system elements into so-called junction structures that were representations of restrictions. 

This power exchange representation of a system is known as a Bond Graph, and it can be 

oriented towards both power and information. Banerjee et al. [97] created a bond graph 

model to depict the dynamics of a rail wheelset moving down a curved track, using capsule-

like sub-models. A railway truck running on a flexible tangent track has been modelled by 

Saha et al. [98] through bond graph formulism considering eighteen DOF vehicle with six 

DOF for each wheelset and the truck unit. Kalker's linear creep model was utilized to 

calculate rail-wheel contact forces. Simulations were conducted to investigate truck-critical 

speeds and stability behaviour. A bond graph model of a truck running on a flexible curve 

track has been created with eighteen degrees of freedom by Banerjee et al. [99]. Simulations 

were used to investigate the truck's stability and curving behaviour. Banerjee et al. [100] 

constructed a bond graph model of a free railway wheelset running over a flexible bent 

track using a module-based technique. The wheelset model was created using subsystem 

models rather than linearity approximation. Various subsystem models were collected to 

create a complete whole bond graph model of a wheelset for simulation on a stiff railway 

track. The bond graph technique was used to articulate and simulate the behaviour of 

railway vehicle drive systems, closely duplicating real-world railway operating scenarios 

along a standardized piece of track [101]. The method was illustrated using examples from 

the construction of symmetrical, anti-symmetrical, and mixed three-dimensional motion 

models of a motor vehicle [5]. Margolis et al. [102] demonstrated a four-wheel and 
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nonlinear vehicle dynamic model with electrically controlled brakes, steering and 

suspension corners. Controllers were not modelled in fact, but were exhibited through 

simulation [102]. Kumar et al. [103–105] used bond graph methodology to study the 

vertical lateral dynamics of railway vehicle moving on the ballasted track. A 3 

Dimensional, 9 DOF and 31 DOF railway vehicle has been developed through bond graph. 

The authors also developed a biodynamical human model to study ride comfort through a 

bond graph approach. Patel et al. [106] investigated the effect of wheel irregularity on the 

vertical dynamics of wheel-rail interactions. They used a bond graph technique to create a 

two-layered slab track. 

2.1.5 SIMPACK modelling of high-speed railway vehicle 

To understand the dynamic behaviour of intricate mechanical systems and the interaction 

of interconnected rigid or flexible bodies subjected to external forces and constraints, 

engineers and researchers may use SIMPACK, which is a robust simulation software 

package built for multi-body system dynamics (MBDS). SIMPACK excels in modelling 

and simulating the dynamics of interconnected rigid and flexible bodies. This capability 

allows the researcher to study the vehicle track interactions between different components 

of a railway vehicle and track structure. Wu et al. [107] have used SIMPACK software to 

study the impact of a flexible wheelset on the dynamic responses of a high-speed railway 

car in the presence of a wheel flat. Jelila et al. [108] have used a multibody dynamic 

simulation approach to investigate wheel-rail contact behaviour at turnout. Du G et al. [109] 

have studied the structural dynamics of railway tracks in order to increase the track quality 

at a higher speed range through SIMPACK and ABAQUS. Vehicle ride quality has also 

been evaluated in their research work. An integrated numerical method for assessing the 

dynamic performance of longer trains Bosso et al. [110] have used SIMPACK code to 
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improve the braking strategy and mass distribution throughout the train Long train 

simulators in particular have been designed to evaluate the longitudinal forces during the 

braking operations. 

2.1.6 Research gaps  

It has been observed from the previous section that, a wide variety of experimental and 

analytical studies have been conducted for the analysis of different aspects of railway 

vehicle dynamics. Most of the research was carried out by considering the rail-wheel model 

to study vehicle track dynamics. A more realistic approach for studying the dynamic 

analysis of vehicle track interaction is by using slab track models. 

Limited research has been available which considers the effect of track irregularities on 

the lateral dynamics of high-speed railway vehicles. Very limited studies have been carried 

out to determine ride quality and comfort for high-speed trains under irregular track 

conditions. Again, very limited research has been carried out to model the high-speed trains 

through bond graphs. Limited research work has been done for studying the vehicle/rail 

problem using SIMPACK. 

2.2  Scope and Objectives of Research Work 

The primary objective of this dissertation research is to construct comprehensive models of 

railway vehicle/track systems, taking into account track nonlinearity and car-body 

flexibility. The dissertation will establish the following goals, which are also anticipated to 

be its most significant contributions: 

1. To develop a theoretical model of conventional track and high-speed track which 

may incorporate the dynamic interaction between the track and wheel for high-

speed train range. 
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2. To develop a computational framework for rail vehicle on high-speed tracks using 

bond graphs. 

3. To investigate lateral dynamics of high-speed trains on irregular track. 

4. To determine the train ride quality and influence of various vibration and motion 

components on ride comfort 

2.3  Expected Outcomes of Research Domain 

The thesis contributes to the following areas of railway dynamics. 

Wheel/Rail interaction analysis: A comprehensive general-purpose model of the railway 

vehicle track system is developed to study interaction dynamics in symmetrical as well as 

asymmetrical cases. For this, a railway vehicle (RV) and track model are first constructed 

separately, and then integrated at the wheel rail interface through nonlinear hertz contact. 

A two-layer slab-track model has been considered. Such a model is required as the forces 

developed at the interface due to high frequency vehicle-track interaction have a great 

impact on track deterioration and maintenance.  

Lateral dynamics of HSRV: Stability analysis of 31 DOF of high-speed railway vehicle 

has been investigated for the heuristic nonlinear creep model and Polach model. The effect 

of short-wave track irregularity on lateral dynamics of HSRV has been investigated when 

the vehicle is moving on the transition track.  

Ride comfort: Comfort analysis of as high-speed railway vehicle has been presented. The 

proposed 50 DOF high-speed rigid rail model has been developed in SIMPACK. The effect 

of random track irregularities on vehicle ride comfort has been studied. Also, simulation 

has been carried out to study the influence of different vibration and motion components 

on ride comfort. 
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2.4  Organization of the Thesis 

The thesis has been organized into seven chapters. The first chapter is “Introduction” which 

gives introductory knowledge of railway dynamics and parameter affecting the railway 

dynamics. Second chapter is a literature survey. It gives a review of earlier work in this 

field. The exhaustive literature study have been carried to find the literature gaps. On the 

basis of these research gaps objective and methodology of present research work has been 

achieved. Third chapter is “theoretical modelling of conventional track and high-speed 

track”, which may incorporate the dynamic interaction between the track and wheel for 

high-speed train range. Fourth chapter gives the detailed idea about “computational 

framework of railway vehicle model”, which include the development of a single degree of 

freedom of wheel/slab track interaction model and a multi degree of freedom of complete 

vehicle model through bond graph. Wheel impact assessment results have been compared 

for both models. The slab track is modelled as an Euler-Bernoulli beam. The bond graph is 

used for modelling and simulation by using SYMBOLS SONATA® [111]. The fifth 

chapter presents “the lateral dynamic behaviour of HSRV model”. The influence of track 

irregularity on the running behaviour of high-speed train moving on the transition track has 

been explored. A 31 DOF vehicle model has been developed using bond graph 

methodology. The sixth chapter represents the “ride comfort assessment of high-speed 

railway vehicles” under the influence of various track excitation. This study provides a 

deeper understanding of passenger ride comfort at six car-floor positions, and other 

components of railway vehicles under various track conditions. Finally, the seventh chapter 

presents the conclusions and scope for future work. 
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CHAPTER 3 

Chapter 3 Theoretical Modelling of Conventional Track and High-

Speed Track 

In the previous chapter, an extensive literature survey of high-speed railway dynamics has 

been presented. This chapter presents the theoretical formulation of conventional track 

(ballasted track), high-speed track (slab track) and wheel/track interaction model. A three-

layer ballasted track and two-layer slab track have been modelled considering rail as a 

Bernoulli beam through the bond graph method. The contact model at the wheel-rail 

interface has also been discussed in detail. 

3.1 Introduction 

Theoretical modelling is a powerful tool for understanding and predicting the behaviour of 

the train-wheel-track system. A range of modelling approaches has been developed over 

the years, including analytical, numerical, and experimental methods. These models can be 

used to investigate various aspects of railway dynamics, including the vertical and lateral 

forces acting on the track, the rail deflection and stress, and the response of the train to 

track irregularities. 

In the case of a conventional railway track, the dynamic interaction between the train 

wheel and the track is primarily governed by the properties of the track, such as stiffness, 

damping, and geometry. The track is typically modelled as a series of discrete elements, 

and the interaction between the train and the track is analyzed using multi-body dynamics 
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methods. The modelling of the wheel-rail system involves a detailed description of the 

mechanical properties of the wheels, including their mass, moment of inertia, and contact 

patch geometry [112]. 

The dynamics of high-speed train track system is more complex due to the higher 

speeds and interaction forces involved. The track should be designed to reduce the dynamic 

forces acting on the train, and its geometry and stiffness should be improved for high-speed 

operation. For high-speed operation, the train-wheel system should be designed with 

lightweight wheels and improved suspension systems. The modelling of the train-wheel-

track system for high-speed operation requires more advanced techniques, such as finite 

element analysis, multi body dynamics and advanced control systems. To summarize, the 

interplay between train wheels and the track is an essential component of railway 

engineering, and theoretical modelling plays a vital role in comprehending and forecasting 

the system's behaviour. Several factors, such as track and wheel properties, train speed and 

load, and environmental conditions, influence the modelling of the train-wheel-track 

system. However, it is important to note that the modelling techniques for conventional 

railway tracks and high-speed train tracks differ due to their distinct characteristics and 

operational requirements [113]. 

In recent decades, global railway industries have been dedicated to enhancing the speed 

and load-bearing capabilities of trains. The paramount considerations at elevated train 

operating speeds involve ensuring safety and comfort. The augmentation of both train speed 

and load-carrying capacity inevitably introduces heightened vibrations within the vehicle–

track system, primarily stemming from irregularities on the wheel-rail surface. This 

elevation in vibrations raises the risk of track component damage, consequently impacting 

the safety and comfort of train operations. Compounding the complexity of the system is 

the nonlinear relationship between wheel-rail contact and the track components [114]. 
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Consequently, there is a pressing need for substantial efforts to accurately predict wheel-

rail interaction forces, aiming to identify the key factors contributing to vehicle and track 

component damage. 

Based on existing literature, there are two distinct track systems. The initial one is 

recognized as the traditional track system, commonly referred to as the ballasted track 

system, while the second one is the ballastless track system, also known as the slab track 

system. The ballast track system consists of a series of sleepers (ties) laid on top of a layer 

of ballast, with rails attached to the sleepers through rail pad fasteners. The ballast provides 

stability, drainage, and support for the sleepers, and the sleepers provide support and 

stability for the rails. It is preferably designed for the lower operating speed of railway 

vehicles. In contrast, high-speed tracks are designed for trains that operate at speeds above 

250 km/h (155 mph) and are typically used for intercity and high-speed trains. High-speed 

tracks can be either ballasted or slab tracks, with the latter being more common. Slab track 

consists of a continuous concrete slab that is laid directly on the ground or the concrete 

supporting layers, with rails embedded in the concrete. High-speed tracks are designed to 

provide a smoother ride, reduce noise and vibration, and accommodate trains that require 

tighter curves and steeper gradients than conventional trains. The main differences between 

conventional and high-speed tracks are the design, materials, and construction techniques 

used to create them. High-speed tracks require more precise alignment and levelling, with 

tighter tolerances for curves and gradients, to ensure the stability and safety of the train at 

high speeds [115]. They also require more durable materials and construction techniques 

to withstand the higher stresses and forces generated by high-speed trains. The modelling 

of a ballasted railway track and a high-speed train track are different due to the different 

properties and operating conditions of the two systems. In the later sections, the system of 

railway tracks is discussed in detail. 
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3.2 Modelling of Track Structure 

3.2.1 Assumptions in modelling of railway track system 

The following are the fundamental assumptions made while modelling a railway track 

system [105]: 

• The track is assumed to be symmetric along the longitudinal direction. 

• Sleepers are assumed to be rigid. 

• Zero deflections and bending moments are presumed at the beam-hinged ends. 

• The deflection of subgrade/foundation has been neglected in the analysis. 

• The cross-sectional properties of the slab track are independent of its length. 

• Elastic properties of slab tracks are considered to be homogeneous and isotropic. 

3.2.2 Modelling of ballasted track 

Currently, the traditional track system, known as the ballasted track system, comprises 

various elements such as rails, rail pad/fastener, ballast, and the subgrade (roadbed), as 

depicted in Figure 3.1. 

 

Figure 3.1: Schematic diagram of ballasted track 
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3.2.2.1   Modelling of rail 

Rail is considered as a concatenation of beams of finite length between fasteners on both 

ends and hinged to them on both ends resting on the ballasted track. In this work, the rail 

is modelled as the Euler-Bernoulli beam. The rail pad and fasteners, used to connect the 

rail to the sleeper, are modelled as a massless spring-damper element.  

The modal bond graph model of the rail beam termed RB is shown in Figure 3.2. 

Through 0 junction, a relation between the actual velocity and modal velocity is established, 

such that the incoming actual velocity is the summation of the product of modal velocity 

and mode shapes. The transformer acts as a power conservator which transforms the actual 

 
Figure 3.2: Bond graph model of rail beam (RB) 
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force into the modal forces and these modal forces further act as an input to the dynamic 

equation.  Forces acting at the wheel-rail interface emanate from the 0-junction to the rail 

structure. The two-port transformer element transforms the forces and provides input modal 

forces to each mode. These modes are shown by the I and C elements connected to 1 

junction.  The I element represents the modal mass and the C element represents the mode 

stiffness. The vertical deflection along the rail-wheel interface is determined by both the 

longitudinal position of the beam relative to the left side of the rail, denoted as the variable 

x, and time, represented as t. The entire function is expressed as Z (x, t). The governing 

partial differential equation (PDE) for the rail beam describes the vertical deflection of the 

rail under the influence of a dynamic vertical contact force at the wheel-rail interface, as 

defined in Eq. (3.1). 

(𝐸𝐼)𝑟
𝜕4𝑍(𝑥, 𝑡)

𝜕𝑥4
+𝑚𝑟

𝜕2𝑍(𝑥, 𝑡)

𝜕𝑡2

= 𝑃𝑐1(𝑡)𝛿(𝑥 − 𝑥𝑤1) + 𝑃𝑐2(𝑡)𝛿(𝑥 − 𝑥𝑤2) −∑𝐹𝑟𝑗𝛿(𝑥 − 𝑥𝑗)

𝑁𝑅

𝑗=1

 

(3.1) 

Where (EI)r is flexural rigidity of rail, mr is the mass of rail per unit length, Pc1 and Pc2 

is the contact force acting at the wheel-rail interface, δ(.) is Dirac delta function, x 

represents the longitudinal coordinate of rail beam regarding one end, xw defines the 

position of the wheel, Frj is the vertical force due to discrete support provided by rail pad 

and fasteners, NR is the no of discrete support, xj represents the position of jth discrete 

support.  

A modal superposition technique is utilized to convert a PDE into an ordinary 

differential equation (ODE) [8, 116–118]. The variable separation method provides the 

solution to the ODE. The result derived through the variable separation technique 

encompasses an infinite summation involving the multiplication of the shape function Yj(x) 
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and the modal amplitude qj(t). In the ongoing examination, the rail modal model 

incorporates a total of twenty modes, while the concrete slab modal model involves ten 

modes. The displacement of the rail beam is expressed by Eq. (3.2). 

𝑍𝑟(𝑥, 𝑡) =∑𝑌𝑗(𝑥)𝑞𝑗(𝑡)

𝑛𝑚

𝑗=1

 (3.2) 

Where nm is the number of modes. 

The sub-model RB involves every equation of flexible modes. The mode shape function 

resulting from Eq. (3.3) acts as a transformer moduli in the Bond graph models shown in 

Table 3.1.  

Table 3.1: List of transformer moduli 

Transformer moduli Moduli 

y1w1 sin(1*PI*w1/Lr) 

ynw1 sin(n*PI*w1/Lr) 

y1s1 sin(1*PI*s1/Lr) 

ynsm sin(n*PI*s1/Lr) 

 

It is assumed that the ends of the rail beam are hinged. Therefore, the deflection and 

bending moment at the rail beam ends have zero values. By using the above-mentioned 

assumption, shape function and natural frequencies obtained, are obtained by Eq. (3.3) and 

Eq. (3.4).  

𝑌𝑗(𝑥) =𝑠𝑖𝑛 𝑠𝑖𝑛 (
𝑗𝜋𝑥

𝐿
)     (3.3) 

𝜔𝑗 = (
𝑗𝜋

𝐿
)
2

√(
𝐸𝐼

𝜌𝐴
)    

(3.4) 

 

By using Eq. (3.2) in Eq. (3.3) and after solving the resultant equation with the help of an 

orthogonal properties of shape functions, the results come out to be as follows in Eq. (3.5). 
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𝑚𝑗𝑞̈𝑗 + 𝑘𝑗𝑞𝑗 = 𝑃𝑐1(𝑡)𝑗(𝑥𝑤1) + 𝑃𝑐2(𝑡)𝑗𝛿(𝑥 − 𝑥𝑤2) −∑𝐹𝑟𝑗𝛿(𝑥 − 𝑥𝑗

𝑁𝑅

𝑗=1

)    (3.5) 

where mj signifies the modal mass and kj signifies the mode stiffness at the jth place. 

𝑚𝑗 =
𝜌𝐴𝐿

2
           𝑗 = 1,2… . . 𝑁𝑀 (3.6) 

𝑘𝑗 = 𝑚𝑗(𝜔𝑗)
2
              𝑗 = 1,2………𝑁𝑀 (3.7) 

Defining the momentum as 

𝑝𝑗 = 𝑚𝑗𝑞̇𝑗    (3.8) 

Eq. (3.5) and (3.6) can be written as 

𝑑𝑝𝑗

𝑑𝑡
= −𝑘𝑗𝑞𝑗 + 𝑃𝑐1(𝑡)𝑌𝑗(𝑥𝑤1) + 𝑃𝑐2(𝑡)𝛿(𝑥 − 𝑥𝑤2) −∑𝐹𝑟𝑗𝛿(𝑥 − 𝑥𝑗)

𝑁𝑅

𝑗=1

 (3.9) 

and              

𝑑𝑞𝑗

𝑑𝑡
=
𝑝𝑗

𝑚𝑗
 (3.10) 

          

The Eqs. (3.9-3.10) represent the reduced 1st order equation of jth modal Eq. (3.5) in terms 

of bond graph variable pj and qj [119]. 

3.2.2.2   Modelling of rail pad and fastener 

Fasteners play a crucial role in linking the rails to sleepers, ensuring a secure connection 

and maintaining the track gauge stability during operation. Meanwhile, rail pads are 

responsible for evenly distributing the loads on the rail seat across the sleepers. In the 

conceptual framework, both rail pads and fasteners are represented as massless spring and 

damper elements strategically placed between the rail and sleepers. For the sake of 

simplicity, many research studies typically adopt the assumption of linear pad stiffness. In 

the bond graph, the stiffness and damping properties of the rail pad and fastener are 

represented by C and R elements respectively. By introducing C-elements into the model, 

integral causality is ensured, meaning that the output of the system depends on the integral 
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or accumulation of the input signal over time. In bond graph modelling, R-elements are 

used to represent energy storage elements or inertial components. They contribute to 

increasing the order of the mathematical model by introducing additional dynamic states or 

variables that capture the system's behaviour more accurately. By incorporating C-elements 

to enforce integral causality and R-elements to capture energy exchange, the bond graph 

model becomes more comprehensive and captures the system's dynamics more accurately. 

This increased fidelity allows for a more detailed analysis and simulation of complex 

dynamic systems, such as those encountered in engineering applications like mechanical 

systems, electrical circuits, and biological systems. 

3.2.2.3   Modelling of sleeper 

The sleepers play a crucial role in maintaining the stability and proper alignment of the 

railway track. They offer support to the rails, ensuring the preservation of gauge, level, and 

alignment. Additionally, these sleepers facilitate the transmission of vertical, lateral, and 

longitudinal forces from the rail to the ballast bed [120]. In this representation, the sleepers 

are conceptualized as discrete masses, supported individually on the ballast. The schematic 

of the sleeper is shown in Figure 3.3. 

 

Figure 3.3: Sleeper model 

The kinematic relationship is given by Eqs. (3.11-3.12) are applied in the bond graph shown 

in Figure 3.4 as 0-junction. This model is termed as SL. 
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𝑍̇𝑠𝑙 = 𝑍̇𝑠 − 𝜙̇𝑠𝐿𝑙𝑠 (3.11) 

 𝑍̇𝑠𝑟 = 𝑍̇𝑠 + 𝜙̇𝑠𝐿𝑙𝑠 (3.12) 

   where, 𝑍̇𝑠, 𝑍̇𝑠𝑟 and 𝑍̇𝑠𝑙 represents the displacement of the sleeper in a vertical direction 

at CG, right and left end pad location, respectively. 𝜙̇𝑠 is the roll velocity of the sleeper. 

 

Figure 3.4: Bond graph sub-model of sleeper (SL) 

3.2.2.4   Modelling of ballast 

Ballast serves as a foundation made up of crushed stone, effectively distributing forces 

uniformly to the subgrade, either by direct contact or through the intermediary sub-ballast 

layer. Positioned just beneath the ballast, the sub-ballast layer consists of finer particles and 

undertakes similar functions as the ballast layer. The primary function of the subgrade is to 

endure traffic loads while providing sufficient attenuation. The subgrade's structural 

classification is determined by crucial characteristics such as the modulus of elasticity and 

carrying capacity [121]. The ballasts are represented in the model as spring and damper 

elements without mass, strategically placed between each sleeper and the subgrade. The 

subgrade, in this context, is treated as a firm and unyielding support. The comprehensive 

representation of the ballasted track structure can be observed in Figure 3.5. 
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Figure 3.5: Integrated modelling of ballasted track structure 

3.2.3 Modelling of slab track 

To comprehend the dynamics of wheel/vehicle interactions with slab tracks, one can 

analyze the slab track using various models, such as the single continuous elastic beam 

model, two-layer elastic beam model, and three-layer elastic beam model illustrated in 

Figure 3.6. 

In the single-layer continuous elastic beam model depicted in Figure 3.6(a), the rail is 

represented as a beam resting on an equivalent elastic foundation. The corresponding 

vibration differential equation is expressed as Eq. 3.13. 
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(a) 

(b) 

(c) 

Figure 3.6: Slab track element Model (a) Single-layer continuous elastic beam model of track 

structure (b) Double-layer continuous elastic beam model of track structure (c)Three-layer slab 

track element 

𝐸𝑟𝐼𝑟
𝜕4𝑤

𝜕𝑥4
+ 𝑚𝑟

𝜕2𝑤

𝜕𝑡2
+ 𝑐𝑟

𝜕𝑤

𝜕𝑡
+ 𝑘𝑠𝑤 = −∑𝐹𝑙𝛿(𝑥 − 𝑉𝑡 − 𝑎𝑙)

𝑛

𝑙=1

 
 

(3.13) 

In double layer elastic beam model, Rail and slab have been modelled as continuous beams 

resting on a rail pad and elastic foundation respectively. A concrete slab structure is an 



37 

 

elastic beam resting on the foundation, used to support a rail structure. Force interaction at 

the concrete slab is shown in Figure 3.7. The PDE of the concrete slab beam is represented 

by Eq. (3.14) [122, 123]. 

 

Figure 3.7: Vibration analysis model of slab track 

(𝐸𝐼)𝑠𝑙𝑎𝑏
𝜕4𝑍𝑠𝑙𝑎𝑏(𝑥, 𝑡)

𝜕𝑥4
+ (𝜌𝐴)𝑠𝑙𝑎𝑏

𝜕2𝑍𝑠𝑙𝑎𝑏(𝑥, 𝑡)

𝜕𝑡2

=∑𝐹(𝑟𝑎𝑖𝑙 𝑝𝑎𝑑)𝑗𝛿(𝑥 − 𝑥𝑝𝑗)

𝑁𝑝

𝑗=1

−∑𝐹(𝑠𝑢𝑏𝑔𝑟𝑎𝑑𝑒)𝑗𝛿(𝑥 − 𝑥𝑠𝑗)

𝑁𝑠

𝑗=1

 

(3.14) 

𝑍𝑠𝑙𝑎𝑏 =∑𝑌𝑗(𝑥)𝑞𝑗(𝑡) 

𝑛𝑚

𝑗=1

   (3.15) 

Where (EI)slab is the flexural rigidity of the concrete slab beam and Zslab displacement of 

the concrete slab beam. Concerning the foundation, it was established through a 

configuration of springs connected in parallel with dashpots, evenly dispersed without any 

longitudinal interaction. Utilizing vibration theory and the segregation variable method, the 

displacements of the slab track are conceptualized as a linear combination of modal 

coordinates (qj(t)) and mode shape functions (Yj(x)), as depicted in Equation (3.15) [123].  

The modal bond graph model of rail and the concrete slab are considered sub-models 

and are termed as RB sub-model and CRC sub-model respectively. Modal bond graph 

models of RB and CRC are shown in Figures 3.7 and 3.8 respectively. The sub-model RB 

involves every equation of flexible modes. 
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Figure 3.8: Modal bond graph model of concrete Rail Beam (RB) with twenty modes 

connected to rail with pad and fastener 

 

Figure 3.9: Modal bond graph model of concrete slab track (CRC) with ten modes 

connected to rail with pad and fastener 
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Figure 3.10: Integrated bond graph modelling of slab track 

3.3 Wheel Rail Dynamic Interaction Theory 

The heightened dynamic forces not only result in elevated levels of noise and vibration but 

also contribute to potential damage or failure in both the track structure and the vehicle, 

posing a risk to the safety of railway operations. The root cause of these challenges lies in 

the dynamic interplay between the wheel and the rail. Consequently, various models 

elucidating wheel-rail interaction have been developed in the past, employing either the 

time domain or the frequency domain. These models aim to tackle the aforementioned 

issues and others associated with railway dynamics [124]. 

When a railway wheel traverses a straight rail devoid of significant geometric or 

stiffness irregularities, it is possible to analytically model the wheel-rail contact. The 

coupling between the wheel and track models is facilitated through the wheel-rail contact 

model, which takes into account the forces generated during the interaction between the 
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wheels of the wheel-rail system and the track [125]. The examination of wheel-rail contact 

encompasses three distinct yet interconnected problems, summarized as follows [126]: 

a) The contact geometry problem involves determining the location of the contact 

point on the profiled surfaces of the bodies. 

b) Contact kinematics addresses the systematic definition of creepages, or 

normalized relative velocities, at the contact point. 

c) Contact mechanics focuses on determining the contact forces based on three-

dimensional rolling contact theories. 

 
Figure 3.11: Classification of Contact modelling 

To address the problem (a), numerous rigid and elastic contact search algorithms [127] 

are documented in the existing literature. Presently, methods that account for the three-

dimensional geometric problem and local contact flexibility are favoured. In the context of 

the normal contact problem, the Hertz theory [128] holds widespread acceptance in railway 

engineering due to its efficiency and analytical form. For problems (b) and (c), non-

Hertzian contact theory, incorporating creepage theory, has been extensively applied by 
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many researchers. A visual representation of the wheel-rail contact modelling process is 

presented in Figure 3.11. 

 

3.3.1 Hertz contact theory 

The Hertzian theory is employed to analyze elliptical contact areas and semi-ellipsoid 

contact pressure distributions within the contact region. This theory, renowned for its 

efficiency and simplicity, finds widespread application based on the following assumptions 

[9]:  

● In the proximity of the contact, it is assumed that the body behaves like half-

spaces. 

● The strain at the interface between the rail and wheel is presumed to be 

negligibly small. 

● At a considerable distance from the contact area, any stress developed at the 

rail-wheel interface vanishes. 

● The contact between elastic bodies is treated as frictionless. 

● The bodies involved in the analysis are regarded as elastic. 

The Hertzian contact theory [9, 129–133] states the relationship between contact force 

and rail wheel deflection, which is non-linear and is represented as  

  𝑃𝑐 = 𝐾ℎ(∆𝑍(𝑡))
3
2 (3.16) 

where Kh signifies the Hertzian stiffness and its value given by the Johnson Eq. [134]as 

𝐾ℎ =
4𝐺√𝑅𝑒
3(1 − 𝜈)

 (3.17) 

Where G represents the shear modulus of the material and ν represents the Poisson's ratio. 

𝑅𝑒 = √𝑟𝑅 (3.18) 
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𝑅 =
𝑅𝑤𝑅𝑟

(𝑅𝑤 − 𝑟)
 (3.19) 

In the above equations, the r variable represents the rolling variable of the train wheel, Rw 

represents the radius of the wheel profile, and Rr represents the radius of the rail profile. 

The value of Hertzian stiffness Kh, at a given value of Rw and Rr, is obtained from the work 

of Newton and Clark [135] and Uzzal [136]. 

Over the last twenty years, several non-Hertzian contact models for wheel-rail 

interactions, utilizing the virtual penetration method, have been devised. These models 

encompass the Linder method [137], the Kik–Piotrowski (KP) model, the Extended Kik–

Piotrowski (EKP) model the Modified Kik–Piotrowski (MKP) model [138, 139], the 

Ayasse-Chollet model (STRIPES) and the ANALYN model [140]. 

3.3.2 Kalker’s 3D rolling contact theory  

Kalker, a researcher hailing from the Netherlands, introduced a meticulous 3D rolling 

contact theory [141] grounded in the complementary virtual work principle. This 

theoretical framework integrates concepts from elasticity theory and the half-space 

hypothesis, making several key assumptions: the contact object comprises linear elastic 

isotropic materials, the contact patches are significantly smaller than the object, the stress 

induced by surface load diminishes with increasing distance from the contact region, and 

stresses far from the contact point can be neglected. Through the application of Kalker's 

3D contact theory, a numerical program named CONTACT was formulated, facilitating 

precise simulation of rolling contact interactions between the wheel and rail [142]. 

Nevertheless, the program's extended computational duration renders it unsuitable for 

predicting vehicle dynamics and rail damages. As a result, the outcomes derived from 
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CONTACT are commonly employed to evaluate the accuracy of other engineering 

approximation models. 

3.3.3 Normal contact modelling in the wheel-rail interaction: 

The utilization of the multibody formulation in analyzing the forces at the wheel-rail 

contact provides a precise computation of the normal force exerted at the contact point. 

Within this framework, the determination of normal contact forces involves considering 

factors such as the extent of penetration, the relative velocity between contact points, and 

the material properties inherent to both the wheel and the rail.  

3.3.4 Tangential contact modelling using the Kalker linear theory:  

The Kalker linear creep theory is a mathematical model used to analyze the interaction 

between the wheel and rail in railway dynamics, specifically focusing on the phenomenon 

of creep. Creep refers to the relative sliding and rolling between the wheel and rail surfaces, 

which is crucial to understanding wheel-rail interaction, especially during braking or 

traction. 

The Kalker linear creep theory was developed by J.J. Kalker and is an extension of his 

more comprehensive Kalker's FASTSIM algorithm[143]. The linear creep theory simplifies 

the analysis by assuming a linear relationship between the creep force and the creepage (the 

relative sliding velocity between the wheel and the rail). This linear relationship is 

represented by a constant parameter known as the creep coefficient. The creepages are 

defined mathematically in terms of velocity difference and are given by Eqs. (3.20-3.22). 

𝜉𝑥 =
𝑣𝑥 − 𝑣𝑥

∗

𝑣𝑥∗
 

(3.20) 

𝜉𝑦 =
𝑣𝑦 − 𝑣𝑦

∗

𝑣𝑥
∗

 
(3.21) 
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𝜉𝑠𝑝 =
𝜔𝑤 − 𝜔𝑟
𝑣𝑥∗

 (3.22) 

where, 𝜉𝑥, 𝜉𝑦  represents dimensionless longitudinal and lateral creepages respectively 

whereas 𝜉𝑠𝑝 denotes the spin creepage with the dimension of L-1. Creep forces and moments 

are generated by these creepages. Creep forces (moment) at the contact surface are given 

by Eq. (3.23). 

𝐶𝑟𝑒𝑒𝑝 𝑓𝑜𝑟𝑐𝑒 (𝑚𝑜𝑚𝑒𝑛𝑡) = 𝐶𝑟𝑒𝑒𝑝 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 × 𝐶𝑟𝑒𝑒𝑝𝑎𝑔𝑒𝑠 (3.23) 

The longitudinal creep force generally acts in the wheelset’s forward direction of 

motion and lateral creep force acts perpendicularly to it in the lateral creep direction, 

whereas spin creep moment acts in the normal load direction, orthogonal to the creep force 

components and hence to the plane of contact region. The longitudinal creep force, lateral 

creep force and spin creep moment at contact are given by Kalker’s linear creep theory as 

presented in Eq. (3.42-3.44) [4]. 

Longitudinal creep force, 𝐹1𝑥 = 𝑓33 𝜉𝑥 (3.24) 

Lateral creep force, 𝐹3𝑦 = 𝑓11 𝜉𝑦 + 𝑓12 𝜉𝑠𝑝 (3.25) 

Longitudinal creep force, 𝑀2𝑠 = −𝑓12 𝜉𝑦 + 𝑓22 𝜉𝑠𝑝 (3.26) 

where, 𝜉𝑥, 𝜉𝑦 and 𝜉𝑠𝑝 are the longitudinal, lateral and spin creepages given by Eqs. 

(3.20-3.22) respectively and  𝑓𝑖𝑗𝑎   are creep coefficients. In the bond graph, creep forces are 

modelled by the R- element by simply attaching the R element to 1 junction. 

3.3.5 Tangential contact using the Heuristic nonlinear creep force model 

A heuristic nonlinear creep model is developed to define the tangential contact at the wheel-

rail interface. The heuristic non-linear creep model is a combination of Kalker’s linear 

creep theory and creep force saturation. The nonlinear creep forces and nonlinear creep 
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moments result by multiplying saturation factor αi to the corresponding linear creep force 

and linear creep moment as shown in Eqs. (3.27-3.32). 

𝐹𝑤𝐿𝑥
𝑛 = 𝛼𝑖𝑗𝐹𝑤𝑙𝑥

𝐿  (3.27) 

𝐹𝑤𝑅𝑥
𝑛 = 𝛼𝑖𝑗𝐹𝑤𝑟𝑥

𝑅  (3.28) 

𝐹𝑤𝐿𝑦
𝑛 = 𝛼𝑖𝑗𝐹𝑤𝑙𝑦

𝐿  (3.29) 

𝐹𝑤𝑅𝑦
𝑛 = 𝛼𝑖𝑗𝐹𝑤𝑟𝑦

𝑅  (3.30) 

𝑀𝑤𝐿𝑧
𝑛 = 𝛼𝑖𝑗𝑀𝑤𝑙𝑧

𝐿  (3.31) 

𝑀𝑤𝑅𝑧
𝑛 = 𝛼𝑖𝑗𝑀𝑤𝑟𝑧

𝑅  (3.32) 

Where 𝐹𝑤𝑙𝑥
𝐿 , 𝐹𝑤𝑙𝑦

𝐿 , 𝑀𝑤𝑙𝑧
𝐿 , 𝐹𝑤𝑟𝑥

𝑅 , 𝐹𝑤𝑟𝑦
𝑅 , 𝑀𝑤𝑟𝑧

𝑅  are linear creep forces and moments on 

the left and right wheels in respective directions. Equations of linear creep forces and 

moments are taken from Kim et.al [144].  𝛼𝑖𝑗 represent the saturation constant in the 

heuristic creep model obtained from Johnson’s approach [145] as given in Eqs (3.33). 

𝛼𝑖𝑗  =  

{
 
 

 
 
1

𝛽𝑖𝑗
(𝛽𝑖𝑗 − 

1

3
𝛽𝑖𝑗
2 +

1

27
𝛽𝑖𝑗
3) => 𝛽𝑖𝑗 ≤ 3

1

𝛽𝑖𝑗
 => 𝛽𝑖𝑗 ≥ 3

 

(3.33) 

 

 

Where βij is the non-linearity factor in the heuristic creep model and it is calculated 

for vehicles under quasi-static motion over the curved track [144]. 

3.3.6 Tangential contact using the Polach creep force model 

The Polach formulation, as outlined in [54, 146], represents the third option for modelling 

creep forces and is integrated into the computer algorithm. According to the Polach 

approach, the longitudinal and lateral components of creep forces emerging in the wheel-

rail contact area are defined by Eqs. (3.34-3.35). 

𝐹𝜉 = 𝐹
𝜐𝜉

𝜐𝐶
 

(3.34) 

𝐹𝜂 = 𝐹
𝜐𝜂

𝜐𝐶
+ 𝐹𝜂𝑆

𝜙

𝜐𝐶
 

(3.35) 
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In Eq. 3.35, F denotes the tangential contact force resulting from longitudinal and lateral 

creepages, υc represents the modified translational creepage (considering the impact of spin 

creepage), and FηS signifies the lateral tangential force arising from spin creepage. Where 

υξ, υη, and φ represent the lateral longitudinal and spin creepage respectively. The model 

incorporates considerations for creepages, normal contact force, semi-axes of the contact 

ellipse, modulus of rigidity for wheel and rail materials, friction coefficient, and Kalker 

creepage and spin coefficients. Similar to the Heuristic method, the Polach formulation 

disregards the spin creep moment. 

The Polach algorithm proves to be a suitable tool for investigating tangential contact 

forces within the wheel-rail interface. This method enables the computation of complete 

nonlinear creep forces, accounting for spin. Given its efficiency in computation time, the 

Polach algorithm can be employed in place of simpler formulations to enhance accuracy or 

serve as an alternative to more intricate theories, offering computational time savings. 

3.4   Remarks 

This chapter has focused on the development of a theoretical model for both conventional 

and high-speed railway tracks, with a particular emphasis on the dynamic interaction 

between the track and wheel, especially in the context of high-speed train operations. 

Theoretical modelling, encompassing analytical, numerical, and experimental 

approaches, is a powerful tool for comprehending and predicting the behavior of the train-

wheel-track system. The chapter highlighted that the dynamic interaction in conventional 

tracks is primarily influenced by track properties, while high-speed tracks require more 

sophisticated modelling techniques due to increased speeds and forces. 

The discussion differentiated between conventional ballasted tracks and high-speed 

slab tracks, emphasizing their distinct designs, materials, and construction techniques. The 
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modelling assumptions for both track systems were outlined, providing a foundation for 

subsequent analyses. Detailed modelling of various track components, including the rail, 

rail pad and fastener, sleeper, ballast, and subgrade, was presented. The chapter delved into 

the modelling of slab tracks, introducing single-layer, double-layer, and three-layer elastic 

beam models. 

Furthermore, the chapter discussed the critical aspect of wheel-rail dynamic interaction 

theory. The complexity of this interaction, influenced by factors such as contact geometry, 

kinematics, and mechanics, necessitates various modelling approaches. The Hertz contact 

theory, Kalker's 3D rolling contact theory, and different models for normal and tangential 

contact were explored. The presentation of the Kalker linear creep theory, heuristic 

nonlinear creep force model, and Polach nonlinear creep force model added depth to the 

discussion on tangential contact modelling. These models offer insights into the creepages 

and forces acting at the wheel-rail interface, essential for understanding the safety and 

performance of railway systems. 

 Summary of the chapter underscores the significance of theoretical modelling in 

railway engineering, providing a comprehensive overview of the diverse components and 

interactions within the train-wheel-track system. This research provides a foundation for 

further analyses and simulations, aiding in the advancement of design, safety, and 

efficiency for both conventional as well as high-speed railway tracks. 
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CHAPTER 4 

Chapter 4 Computational Modelling for Rail Vehicle on High-Speed 

Tracks using Bond Graphs 

 

The previous chapter gives a detailed description of the theoretical modelling of ballasted 

track, slab track and wheel-track interaction. This chapter introduces the mathematical and 

computational framework for a rail vehicle operating on high-speed rail tracks, specifically 

slab track and ballasted track. Using a bond graph approach, 1 DOF wheel and 9 DOF 

High-Speed Rail Vehicle (HSRV) have been developed. The vehicle modelled in this 

context comprises a half car body and a bogie, consisting of two wheelsets. The slab track 

model is structured with a two-layer design, representing the rail and slab as Euler-

Bernoulli beams. In parallel, a three-layer model for the ballasted track incorporates the 

rail, sleeper, and ballast bed has been developed. The integrated bond graph model is 

subsequently simulated, incorporating wheel irregularities affecting a single wheel. This 

simulation offers insights into the dynamics of the interaction between the wheel and rail. 

4.1   Introduction 

The development of a computational framework for rail vehicles operating on high-speed 

tracks utilizing bond graph theory represents a sophisticated and innovative approach to the 

analysis and simulation of dynamic systems. Bond graph theory, a powerful modelling 

technique in engineering, provides a systematic and unified representation of 

interconnected physical components and their energy interactions. In the context of rail 
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vehicle dynamics on high-speed tracks, this computational framework leverages bond 

graph theory to model and simulate the intricate relationships between various components 

such as the car body, wheel-rail interaction, suspension systems, and other relevant 

subsystems. 

By integrating bond graph theory into the computational framework, engineers and 

researchers gain a comprehensive toolset for understanding the complex dynamics of high-

speed rail systems. The approach facilitates the modelling of mechanical aspects of the rail 

vehicle, capturing the interplay of forces, energies, and constraints that influence its 

performance. This not only allows for a more accurate representation of the system but also 

enables the exploration of various design configurations and control strategies to enhance 

the overall performance of the high-speed rail vehicle. 

Moreover, the computational framework provides a platform for conducting virtual 

experiments, allowing researchers to assess the impact of different parameters, 

environmental conditions, and operational scenarios on the rail vehicle's behaviour. This 

approach not only accelerates the design and development process but also contributes to 

the enhancement of safety, efficiency, and reliability in high-speed rail transportation. 

The dynamics model of vehicle-track interaction constitutes a complex dynamical 

system typically decomposed into three subsystems: the vehicle, the track, and the wheel-

rail contact, which establishes the connection between the two aforementioned subsystems. 

This interconnection holds great significance in modelling the interaction between the 

vehicle and track, and it is influenced by the presence of irregularities in the wheel and rail. 

Therefore, another crucial factor influencing the dynamics of wheel-rail interaction is the 

model representing irregularities in the wheel and rail. In the present study, a single wheel 

and 9 DOF quarter car model, ballasted track model and slab track model have been 

developed to investigate the effect of variation of the amplitude of wheel irregularity on the 
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wheel track dynamics at a high train speed range. From the available literature, it has been 

found that the researchers have used the finite element method approach to analyse the 

dynamics of the wheel-rail interaction for high-speed railway tracks. In the current 

research, the authors have used the bond graph approach to analyse the high-speed track 

model, consisting of two layers of Euler Bernoulli beam connected through a rail pad and 

fasteners. The bond graph technique is employed to model both the wheel and the slab track 

structure. Additionally, the modal superposition method is utilized to calculate the dynamic 

response of the wheel-track system. This dynamic response is characterized by parameters 

such as wheel-rail overlap, wheel acceleration, and the dynamic induced contact forces at 

the wheel-rail interface. A comparison has been made between the dynamic response at the 

wheel-rail interface when the vehicle runs on both slab track and ballasted track, 

considering the impact of wheel irregularities. To achieve this, a 9 DOF half car model has 

been constructed using bond graph methodology. 

4.2   Modelling of Rail Vehicle and Track Structure 

Different vehicle models have been utilized in this research work to examine the wheel-

track interaction. It is advisable to opt for a model that is both straightforward and reliable 

while effectively capturing the required dynamics. To explore the dynamics at the interface 

between a railway vehicle and the track, a subsystem of the railway vehicle, specifically 

the 1 DOF and 9 DOF models, along with the track, is regarded as an integrated system 

interconnected through a wheel-rail interface. A model of wheel-track interaction is 

formulated by considering the coupling dynamics, as illustrated in Figure 4.1. 

4.2.1 Fundamental assumption in modelling HSRV 

During the development of the coupled wheel-track system model, the following 

assumptions are made: 
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i. The vehicle travels on a tangential track with a constant velocity in the longitudinal 

direction. 

ii. The model is solely subjected to vertical dynamic load.  

iii. The deflection of both beams hinged ends and the foundation are zero.  

iv. At the wheel-rail contact interface, non-linear Hertzian contact theory is employed. 

(a) 

(b) 

Figure 4.1: (a) 1 DOF and (b) 9 DOF HSRV/track interaction model 

4.2.2 1-DOF of a wheel model 

A single DOF bond graph model of the wheel is shown in Figure 4.2. The model was 

subjected to static load P0. The elements C and f in the bond graph model represent the 
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displacement calculation and flow direction, respectively.  The bond graph model of a 

single wheel is termed as the RW sub-model and is utilized to create the integrated model 

later on. 

 

Figure 4.2: Bond graph model of wheel and its sub-model (RW) representation 

4.2.3 9-DOF of vehicle model 

In Figure 4.3, a realistic representation of a railway vehicle is depicted, featuring 2 

wheelsets, a bogie, and a half car body with 9 DOF. The car body is defined with 2 DOF, 

representing rolling motion and vertical displacement. The bogie is characterized by 3 

DOF, encompassing rolling motion, pitching motion, and vertical displacement. Each 

wheelset is attributed with 2 DOF, representing rolling motion and vertical displacement. 

The connection between the bogie and the wheelset involves primary suspension elements, 

while the car body is linked to the bogie through secondary suspension elements. 

The elements of the suspension system are represented as an ordered sequence of linear 

springs and viscous damper. The symbol Kpz and Cpz represents the spring stiffness and 

damping coefficient, respectively of the primary suspension system. Likewise, the symbols 

Ksz and Csz represent the spring stiffness and damping coefficient respectively of the 

secondary suspension system. Displacements of various vehicle components are described 
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concerning the equilibrium position. Subsequent subsections will provide detailed insights 

into the bond graph modelling of different railway vehicle components. 

 

 
 

Figure 4.3: Schematic diagram of 9 DOF of HSRV 

 

4.2.3.1   Bond graph model of car body 

The car body is considered a lumped mass (Mc) and is connected to the bogie frame through 

a secondary suspension system, which directly supports it. The car body possesses 

characteristics defined by the velocity and angular velocity of its centre of mass.   

A bond graph model for the car body is established by linking mass and the moment of 

inertia (Icx) to a 1-junction. The car body's weight (Mcg) is applied as an external force and 

is represented as a Source of Effort element (SE), connected to the 1-junction, specifying 

the velocity of the car body's centre of mass. It is crucial to accurately impose kinematic 

constraints for constructing a precise model. Kinematic constraints represent relationships 

among flow variables, and their correct enforcement involves using 0- and 1-junctions. A 

transformer is employed to convert angular velocity into a linear velocity component. 
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Figure 4.4: Bond graph sub model of a car body (CB) 

  

Figure 4.5: Bond graph sub-model of a car body (IB) 



55 

 

The railway vehicle's bond graph section, illustrated in Figure 4.4, functions as a 

sub-model representing the car body, identified as CB. The sub-bond graph model of the 

car body incorporates a 0-junction to enforce the kinematic relations among flow variables 

outlined in Eqs. (4.1-4.2). 

𝑍̇𝑐𝑙 = 𝑍̇𝑐 − 𝜙̇𝑐𝑙𝑐  (4.1) 

𝑍̇𝑐𝑟 = 𝑍̇𝑐 + 𝜙̇𝑐𝑙𝑐 (4.2) 

Where Zcl and Zcr symbolize the vertical velocities at the points where the left and 

right secondary suspensions connect to the car body. Zc denotes the vertical velocity of the 

centre of mass, while 𝛟C represents the angular velocity of the car body. 

4.2.3.2   Bond graph model of bogie 

The bond graph model of bogie is illustrated in Figure 4.5 and denoted as IB. This model 

encompasses the vertical, roll, and pitch motion of the bogie. The gravitational force is 

incorporated into the bond graph using the SE element. Additionally, elements representing 

the mass (Mb) and moments of inertia (Ibx and Iby) are connected to the corresponding 1-

junctions, representing the velocity of the centre of mass and the angular velocity of the 

bogie.  

The movement of the centre of mass and the angular velocities of the bogie play a 

vital role in the vertical component of the velocity, as indicated by the right-hand side of 

Eqs. (4.3-4.8), and this is depicted by the 0-junction. 

𝑍̇𝑏𝑙 = 𝑍̇𝑏 − 𝜙̇𝑏𝑙𝑐 (4.3) 

𝑍̇𝑏𝑟 = 𝑍̇𝑏 + 𝜙̇𝑏𝑙𝑐 (4.4) 

𝑍̇𝑏𝑟𝑙 = 𝑍̇𝑏 − 𝜙̇𝑏𝑙𝑏 − 𝜃̇𝑏𝑙𝑝 (4.5) 

𝑍̇𝑏𝑟𝑟 = 𝑍̇𝑏 + 𝜙̇𝑏𝑙𝑏 − 𝜃̇𝑏𝑙𝑝 (4.6) 
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𝑍̇𝑏𝑓𝑙 = 𝑍̇𝑏 − 𝜙̇𝑏𝑙𝑏 + 𝜃̇𝑏𝑙𝑝  (4.7) 

𝑍̇𝑏𝑓𝑟 = 𝑍̇𝑏 + 𝜙̇𝑏𝑙𝑏 + 𝜃̇𝑏𝑙𝑝 (4.8) 

Where, Zbl and Zbr depict the vertical velocity observed at the locations where the left 

and right secondary suspensions link to a bogie, correspondingly. Likewise, Zbrl and Zbrr 

indicate the vertical velocity at the positions where the rear left and right primary 

suspensions attach to the bogie, respectively. Furthermore, Zbfl and Zbfr represent the 

vertical velocity at the points where the front left and right primary suspensions connect to 

a bogie, respectively. 

4.2.3.3   Bond graph model of a wheelset 

A wheelset refers to the assembly of a wheel and axle in a railway vehicle. The addition of 

angular motion contributions to the vertical velocity of the left and right contact points is 

accomplished using Eqs. (4.9-4.10). The bond graph of the wheelset is depicted in Figure 

4.6 and is denoted as RW. Similarly, models for other wheelsets are also developed. 

 

 

 
Figure 4.6: Bond graph model of a wheelset (IW) 
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𝑍̇𝑤𝑙 = 𝑍̇ 𝑤 − 𝜙̇𝑤𝑙𝑤 (4.9) 

𝑍̇𝑤𝑟 = 𝑍̇𝑤 + 𝜙̇𝑤𝑙𝑤 (4.10) 

where, 𝑍̇𝑤𝑙 and 𝑍̇𝑤𝑟 are vertical velocity components of the left and right wheels connected 

to the primary suspension. 

4.2.3.4   Complete 9 DOF vehicle bond graph model 

The complete bond graph representation of the railway vehicle system with nine degrees 

of freedom (DOF) is formulated through the amalgamation of previously discussed sub-

models, encompassing the car body (CB), bogie (IB), and wheelset (RW). The detailed 

depiction of this integrated model can be found in Figure 4.7, identified as HSRV. 

 

Figure 4.7: Integrated bond graph model of 9 DOF HSRV  

4.3   Track Structure Model 

4.3.1 Ballasted track 

The railway track constitutes a structure composed of parallel lines of rails equipped with 

fasteners, pads, sleepers (ties), ballast, sub-ballast, and the subgrade. The primary objective 
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of the railway track is to safely and economically guide trains along its path. For purposes 

of analysis, the track is considered symmetric relative to its centerline. Notably, the model 

of the track system is simplified to characterize its dynamic motions exclusively in the 

vertical plane. The detailed bond graph modelling of the ballasted track structure is 

discussed in Chapter 3 in subheading 3.2.2. 

4.3.2 High speed slab track 

A high-speed railway track structure consists of rail, rail pad/fasteners, concrete slab, and 

foundation. The present study considers a two-layer beam: rail and concrete slab. Twelve 

rail pads and fasteners are utilized to interconnect both the beams, which are shown by the 

spring and damper element and the concrete slab is being held in brief by the foundation. 

The rail pads are placed equidistant to each other by a distance of 0.65 m. The mathematical 

expression and bond graph modelling of slab track are discussed in detail in chapter 3 under 

subheading 3.2.3. 

4.3.3 Wheel irregularity 

The presence of irregularities on the wheel/rail interface induces sharp peak responses in 

the vehicle-rail system. Some irregularities lead to periodic excitation, while others cause 

non-periodic or localized excitation. Examples of periodic irregularities encompass rail 

corrugations, out-of-round wheels or wheel flats, while non-periodic irregularities include 

indentations on the railhead, welded joint defects, and dipped joints. Periodic irregularities 

are mathematically represented by cosine functions. 

A prevalent irregularity encountered in railway vehicles is the wheel flat. As vehicles 

may operate with wheel flats before replacement, it becomes imperative to investigate their 

impact on both vehicle and track components. Wheel flats generate abnormally high forces 

in the track and vehicle components. Depending on the geometry and size of the flat, these 
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forces can surpass the static load several times, potentially leading to fatigue cracks, 

permanent failure, or even vehicle derailment. 

(a) 

(b) 

(c) 

Figure 4.8: (a) Irregularity in the wheel (b) Variation of amplitude of irregularity (c) 

Wheel-rail interface 
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Table 4.1: Type of wheel irregularities 

Severity Amplitude (mm) 

smooth 0.05 

moderate 2 

severe 4 

Severe wheel flats pose a serious threat to vehicle safety, while smaller ones contribute 

to track deterioration, consequently increasing maintenance costs. Beyond safety and 

maintenance concerns, wheel flats also result in reduced passenger comfort. The issue of 

elevated wheel/rail impact force due to the presence of wheel flats becomes a significant 

threat for railway industries, especially at increased speeds. Therefore, a quantitative 

definition of impact load and dynamic stresses is crucial for predicting the safe and 

effective operation of railway vehicles. 

In this research work, a sinusoidal form of wheel irregularity has been considered and 

expressed in terms of amplitude and wavelength incorporated in the wheel shown in Figure 

4.8(a) given by Eqs. 4.11 [10, 24, 136, 147]. Variations of the amplitude of irregularity 

have been shown in Figure 4.8(b). 

𝑍𝑖𝑟𝑟 =
1

2
𝐷𝑓[1 − 𝑐𝑜𝑠(2𝜋𝑥𝑓/𝐿𝑓)] 

(4.11) 

The variables in the given context are defined as follows: Lf represents the length of the 

irregularity, xf denotes the longitudinal coordinate of the contact point within the 

irregularity, and Df indicates the amplitude of the irregularity. Wheel irregularities with a 

wavelength of 150 mm, ranging from smooth to severe types, are employed to investigate 

their impact on the occurrence of the jumping wheel phenomenon. The amplitudes of these 

wheel irregularities at various severity levels are detailed in Table 4.1 [148]. In this study, 

the amplitude/depth of the irregularities varies from 0.5mm to 3mm (with a step of 0.5mm), 
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while keeping the length of the irregularity constant. The parameters for the high-speed 

wheel-track system can be found in Table 4.2.   

Table 4.2: Parameters of the wheel-track mode [149] 

S.No. Parameter Symbol Values 

1 Amplitude of irregularity Df 1.0, 1.5, 2.0, 2.5, 3.0 mm 

2 Static Load P0 77 kN 

3 Flexural rigidity of rail EIr 6.625 x 106 Nm2 

4 Wavelength of irregularity Lf 150mm 

5 Rail mass per unit length Mr 60.64 kg/m 

6 Instant wheel flat made contacts with 

rail 

tflat 0.001 s 

7 Velocity of railway vehicle v 55, 70, 90 m/s 

8 Stiffness of the foundation layer Kfoundation 60 x 106 N/m 

9 Damping coefficient of foundation 

layer 

Rfoundation 90 x 103 N.s/m 

10 Flexural rigidity of slab EIslab 33.356x106 Nm2 

11 Area of cross-section of slab Aslab 0.255m2 

12 Density of slab ρ 2500 kg/m3 

13 Stiffness of rail pad Kpad 60 x 106 N/m 

14 Damping coefficient of rail pad Rpad 47.7 x 103 N.s/m 

4.4  Vehicle track interaction 

According to Hertzian contact theory  [134–139, 150–152]  the relationship between 

contact force and rail wheel deflection is represented as: 

  𝑃𝑐 = 𝐾ℎ(∆𝑍(𝑡))
3
2 

(4.12) 

where Kh signifies the Hertzian stiffness and its value given by Johnson [153]. The 

term ∆Z(t) represents the wheel-rail overlap, the value of which is determined by the 

vertical wheel motion Zw with reference to the contact point on the rail Zr. If a wheel defect 

is present on the wheel, its geometry should be considered along with the relative motion 
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between the wheel and the rail (Figure 4.8(c)) for determining the wheel-rail overlap by 

using the following Eq. 4.13 [154] 

𝛥𝑍(𝑡) = 𝑍𝑤 − 𝑍𝑟−𝑍𝑖𝑟𝑟 (4.13) 

In the situation, when the contact between the wheel and rail disappears i.e.   

𝛥𝑍 ⩽ 0 (4.14) 

4.5   Simulations study 

In this work, the conjugated train wheel-slab track dynamic model is employed to 

investigate the dynamic behaviour of a high-speed train at different running speeds along 

with varying sizes of irregularities on the wheel. The simulator (SYMBOL SONATA) 

[111] used a total number of 1024 steps for the processing of the module with the order of 

error being 5.0 x 10-4. The simulation was carried out for 11ms. Also, for solving a 

differential equation, a numerical iterative method, known as the Runge-Kutta method of 

5th order, is used.  First, the effect of variation of the amplitude of irregularity on the 

dynamic induced contact force is estimated by varying the amplitude from 0.5 mm to 3 

mm. The speed of the wheel is also varied from 180 km/h to 398 km/h to compute the effect 

on the dynamically induced contact forces at the wheel-rail interface. 

4.6   Results and Discussions 

4.6.1 Model validation 

The reliability of the proposed wheel track model is validated by the results of the Fermer 

and Nielsen [116] field experiment under the low-speed range and SIMPACK simulation 

results of Wu and Rakheja [107] under the low to high-speed range as shown in Figure 4.9. 

The simulation results are obtained for the wheel track model by accounting for the same 

parameter used in the field experiment (static axle load 117.72 kN, wheel flat length, Lf 40 

mm) [116] while introducing the sinusoidal irregularities in the wheel. The deviations of  
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Figure 4.9:  Comparison of deviation of maximum contact force with the equivalent static axle 

load with vehicle speed 

 

maximum wheel-rail contact force from the equivalent static load is evaluated with the 

testified measured data in the speed range of 0–140 km/h has been compared. It is observed 

that simulation results match well with predictions by Wu and Rakheja [107] model for the 

speed range of 10 to 50 km/h, though a massive difference has been observed from the 

Fermer and Nielsen model [116]. 

In the speed range of 50 to 140 km/h, the deviation of the peak value of the wheel-rail 

contact force increases as the vehicle speed goes up to 140 km/h. The simulation results 

presented here exhibit a strong agreement with both experimental data and SIMPACK 

analysis within the speed range of 50 km/h to 140 km/h. Both the simulation and 

experimental observations highlight that the peak saturation force is evident within the 

speed range of 100–130 km/h. As the train speed exceeds 130 km/h, there appears to be a 

decrease in the peak contact force. However, SIMPACK simulation results suggest that the 

peak contact force starts decreasing beyond 120 km/h, while in the current simulation, the 

peak contact force appears to decrease beyond 135 km/h. This reduction becomes more 
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rapid beyond 165 km/h, attributed to the rigid wheel-track model utilized in the proposed 

model, compared to Wu and Rakheja's flexible wheelset model. 

The study delves into the impact of different train speeds (ranging from 180 to 378 

km/h) on wheel-rail responses, considering a fixed irregularity length of 150 mm and a 

static axle load of 77 KN. The static axle load acting on the wheel is derived by converting 

half of the axle load from the gross mass of the car body, bogie frame, and wheel shaft. The 

section discusses the variations in dynamic responses, encompassing contact force, wheel 

acceleration, and wheel-rail overlap at the wheel-rail junction. Additionally, the study 

observes the variations in velocity responses in both the rail and slab structure. The 

amplitude of irregularity varies for case 1, case 2, case 3, case 4, case 5, and case 6 as 

0.5mm, 1.0 mm, 1.5 mm, 2.0 mm, 2.5 mm, and 3.0 mm respectively, with a fixed length of 

irregularity in each case. 

4.6.2 Effect of train speed on the vertical dynamic contact force induced at the 

wheel-rail interface 

Figures 4.10 (a), (b), and (c) present the time histories of vertical contact forces induced at  

(a) 
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(b) 

(c) 

Figure 4.10: Variation of vertical induced contact force at wheel-rail interface at train speed of 

(a) 198 km/h (b) 252 km/h (c) 324 km/h 

 

the wheel-rail interface due to wheel irregularities in various cases mentioned above, with 

wheel speeds of 198, 252, and 324 km/h. The graph illustrates the variation of contact forces 

over time, depicting a flat line at the simulation's beginning until 0.001 sec, primarily due 

to the static load acting at the wheel-rail interface. Following this initial period, the trend 

experiences a sudden dip, attributed to irregularities at the wheel-rail contact point, causing 

a momentary loss of contact between the rail and wheel. 
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The static axle load plays a crucial role in maintaining contact between the wheel and 

rail. Upon the reestablishment of contact, a significant spike in contact force occurs due to 

the abrupt engagement of the wheel and rail, posing a potential risk of severe damage to 

the system. Subsequently, the contact forces gradually weaken over simulation time, 

eventually reducing to the static value of the contact force. This dynamic behaviour 

underscores the impact of wheel irregularities on the wheel-rail interface and emphasizes 

the importance of understanding and mitigating the associated risks to ensure the system's 

integrity and performance. 

Figure 4.11(a) displays the variations in peak contact forces in relation to train speed 

for all cases. Notably, the maximum contact force does not exhibit a consistent increment 

with the train speed. In the simulation results for case 2, it is observed that impact forces 

rise from 168 kN to 202 kN for a train speed increase from 198 to 252 km/h, and further 

from 202 kN to 213 kN for the speed range of 252 m/s to 324 km/h. In case 3, case 4, case 

5, and case 6, peak contact force values are recorded as 196 kN, 213 kN, 225 kN, and 234 

kN respectively at a train speed of 198 km/h. In the speed range from 180 km/h to 378 

km/h, the maximum contact force in case 3, case 4, case 5, and case 6 reaches 236 kN, 252 

kN, 264 kN, and 273 kN respectively. 

Analyzing the results (by comparing slopes), it is evident that between the speed range 

of 200 to 250 km/h, there is a rapid increase in maximum contact force. Beyond 250 km/h, 

the increment becomes more gradual, and after reaching its peak value, the contact force 

decreases with further increases in wheel speed. The heightened contact force is attributed 

to the increased momentum at higher speeds. Additionally, at higher speeds, the time of 

contact between the wheel irregularity and the rail decreases, contributing to the continuous 

increase in contact force with rising speed. In the range of 200 km/h to 250 km/h, the 

dominant factor causing increased contact force is the momentum rise, resulting in a faster 
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pace of increment. However, in the range of 250 km/h to 300 km/h, the influence of 

momentum weakens due to the reduced time of contact between the wheel irregularity and 

the rail surface. Consequently, the rate of increase in contact force diminishes at higher 

speeds, aligning with similar observations in the work of Wu and Rakheja [107]. 

(a) 

(b) 
Figure 4.11: (a) Comparison of maximum contact force as a function of train speed (b) Maximum 

contact force as a function of amplitude of irregularity 

To explore the impact of irregularity amplitude on the maximum induced contact force, six 

irregularity types with varying amplitudes are examined. Upon comparing the slopes, it is 
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noted that the maximum contact force experiences a rapid increase when transitioning from 

a smooth type to a moderate type (i.e., Df changes from 0.5 mm to 2 mm). Conversely, the 

increase is more gradual when transitioning from a moderate to a severe type (i.e., Df 

changes from 2.5 mm to 3 mm), as indicated in Figure 4.11(b).  

The analysis above leads to the inference that the dynamically induced contact 

forces at the wheel-rail interface, resulting from irregularities in the wheel profile, exhibit 

a significantly higher maximum value compared to the static axle load. A quantitative 

relationship is being established between the dynamically induced contact force (Fd), 

average static axle load (Fs), and wheel irregularities, expressed in terms of the dynamic 

amplification factor (DAF) [134]. DAF is defined as. 

𝐷𝐴𝐹 =
𝐹𝑑,𝑤𝑖𝑡ℎ 𝑜𝑟 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑖𝑟𝑟𝑒𝑔𝑢𝑙𝑎𝑟𝑖𝑡𝑦

𝐹𝑠
 

(4.15) 

Upon examining all the cases, it is observed that Dynamic amplification Factors (DAFs) 

exhibit variations ranging from 1.96 to 3.55 within the speed range of 180 to 398 km/h. 

Increasing the dynamic amplification factor (Df) or the static axle load will lead to further 

increases in DAFs. Elevated values of DAFs have the potential to induce a significant 

frequency of vibration in the wheel and track system. Hence, it is imperative to undertake 

regular maintenance of the track structure to ensure its proper functioning. 

4.6.3 Influence of amplitude of irregularity in wheel acceleration 

Due to the elevated induced contact force at the wheel-rail interface, a notably large 

acceleration response is observed in the wheel. The evaluation of acceleration response 

considers amplitudes of 1mm and 3mm irregularities within a speed range of 198 km/h to 

324 km/h. At a wheel speed of 198 km/h, the maximum acceleration value increases from 
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 (a) 

(b) 
Figure 4.12: Variations of vertical acceleration response of wheel at different wheel speeds at 

amplitude of irregularity (a) 1 mm (b) 3 mm. 

140.269 m/s² to 234.99 m/s² as the irregularity amplitude goes from 1mm to 3mm. 

Subsequently, at speeds of 252 km/h and 324 km/h, the peak acceleration values rise from 

188.469 m/s² to 281 m/s² and from 205.199 m/s² to 288.454 m/s², respectively, with an 

increase in irregularity amplitude from 1mm to 3 mm. The variation of wheel acceleration 

response with time history is illustrated in Figures 4.12(a) and (b). 

The contact force experiences a rapid increase when transitioning from a smooth 

irregularity type to a moderate irregularity type, as depicted in Figure 4.11(b). This elevated 

contact force results in significant vertical motion, recorded as an acceleration response. 
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According to the findings of this study, the acceleration response exhibits a substantial 

81.46% increase as the magnitude of the irregularity (Df) changes from 0.5 mm to 1 mm. 

Moreover, the acceleration response sees a further increase of 45.936% and 15.194% as the 

irregularity type progresses from smooth to moderate and from moderate to severe, 

respectively, at a speed of 198 km/h. 

As the train accelerates from medium to high speed, the wheel's acceleration 

response undergoes successive increments of 60.64%, 32.13%, and 12.194% with changes 

in Df from 0.5 mm to 1 mm, 1 mm to 2 mm, and 2 mm to 3 mm, respectively, at a speed of 

252 km/h. The results reveal a continuous rise in acceleration response with increasing 

speed. Notably, the percentage of increment is more pronounced in smooth and moderate 

irregularity types compared to severe irregularity at a constant train speed. A similar trend 

is observed at a train speed of 324 km/h, where the acceleration response increases by 

46.67%, 26.31%, and 11.03% for changes in irregularity amplitude in the smooth region, 

from smooth to moderate type, and from moderate to severe type, respectively. 

4.6.4 Displacement at the wheel-rail interface or wheel-rail overlap 

The analysis focused on studying the displacement response at the wheel-rail interface 

within a speed range of 198 km/h to 324 km/h, considering irregular amplitudes ranging 

from 1.5 mm to 3 mm. The displacement at the wheel-rail interface represents the net 

vertical displacement of the contact point between the wheel and rail, commonly referred 

to as wheel-rail overlap. 

The plotted data reveals that the maximum value of wheel-rail overlap is 2.3 mm. 

Specifically, it varies within the range of 0.610 mm to 0.905 mm and 2.04 mm to 2.3 mm 

at irregularity amplitudes of 1.5 mm and 3 mm, respectively, at the mentioned wheel speed. 
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(a) 

(b) 
Figure 4.13: Wheel rail overlap response in the speed range of 198 km/h to 324 km/h at the 

amplitude of the irregularity of (a) 1.5mm (b) 3mm 

Time history plots illustrating the wheel-rail overlap response are presented in 

Figures 4.13 (a) and (b). 

4.6.5 Velocity response in rail and concrete slab 

Velocity responses in the rail beam (RB) and concrete slab (CRC) are computed in the 

proximity of 0.65 m, where wheel irregularities impact the rail surface, across six different 

cases as mentioned earlier. The variation of velocity response in RB and CRC, at a speed 
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(a) 

(b) 

Figure 4.14: Velocity response obtained at speed 198km/h at various Df in (a) rail (RB) and (b) 

concrete slab (CRC) 

of 198 km/h in the time domain, is depicted in Figure 4.14(a) and (b) respectively. 

As the irregularity changes from a smooth to a severe type (with Df ranging from 

0.5 mm to 3.0 mm), the amplitude of velocity responses fluctuates between 0.859 m/s to -

0.75 m/s in RB and 0.0536 to -0.06 m/s in CRC at a train speed of 198 km/h. The graph 

illustrates that velocity responses increase with the augmentation of Df at a fixed 

irregularity length and constant train speed, both in RB and CRC. It is evident from the 

graph that the velocity responses experience a more pronounced increment in the transition 

region from smooth to moderate type irregularity. This is attributed to the sharp increase in 
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the maximum contact force induced at the wheel-rail interface when the irregularity type 

shifts from smooth to moderate. 

The velocity responses on the rail exhibit an increase with the train speed, reaching 

a maximum in the speed range of 260 to 275 km/h. Subsequently, the velocity starts 

gradually decreasing with further increases in speed, as indicated by the graph in Figure 

4.15(a). The amplitude of velocity responses in the right-of-way barrier (RB) varies 

between 0.9899 m/s and -1.09 m/s, spanning from medium speed to high speed (180 km/h 

to 378 km/h) and with a change in the severity of irregularity from smooth to severe (0.5 

mm to 3 mm), as illustrated in the findings. 

(a) 

(b) 
Figure 4.15: Variation of maximum velocity response with train speed at different Df in 

(a) RB, (b) Concrete Slab (CRC) 
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An intriguing observation from Figure 4.15(b) reveals that, for every scenario, the 

maximum velocity response in the concrete slab structure (CRC) occurs at a speed of 198 

km/h. With further increases in speed, the velocity responses start to decrease, although the 

rate of decrement is minimal. Notably, the maximum velocity response in CRC increases 

when the irregularity type changes from smooth to severe, all at the same train speed. The 

velocity responses experience rapid attenuation when transitioning from the rail surface to 

the concrete slab structure. Additionally, the response values are smaller at higher speeds 

compared to lower speeds due to the elastic and damping properties of the concrete slab 

structure and its distance from the point where the irregularity impacts the rail surface. This 

phenomenon is attributed to the swift passage of the portion of irregularity on the wheel at 

high train speeds, resulting in a lesser impact force on the velocity response in the concrete 

slab structure. 

4.6.6 Comparison of impact forces at the wheel-rail interface for slab track and 

ballasted track 

In this section, a simulation study of 9 DOF HSRV model, running over slab track and 

ballasted track, has been presented. Wheel irregularity has been present in the leading 

wheelset. 

 
Figure 4.16: Variation of contact force with speed on the slab track 
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Figure 4.16 shows the variation of contact force at the wheel rail interface when a 9 DOF 

railway vehicle model moves on the slab track for different speeds.  

The plot indicates that when wheel irregularities reach the wheel-rail interface, the 

induced forces at the interface reduce to zero due to momentary loss of wheel-rail contact. 

Over time, the wheel again came in contact with the rail, generating impact forces with a 

magnitude approximately 8 times greater than the static axle load at a vehicle speed of 300 

km/h. Following sudden contact with the rail, the wheel experiences bouncing and 

subsequently loses contact, a phenomenon known as wheel jumping. The plot illustrates 

that the second peak of the impact force, reaching a magnitude 2 to 3 times larger than the 

static axle load, is visible. Subsequently, the contact forces gradually weaken over 

simulation time, eventually reducing to the static value of the contact force. Additionally, 

it is observed from the plot that the impact forces at the wheel-rail interface increase with 

the vehicle's speed. 

 

Figure 4.17: Comparison of dynamic amplification factor (DAF) For ballasted track and slab 

track 
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Figure 4.18: Variation of DAF with train speed amplitude of irregularity at different Df 

In Figure 4.17, a comparison is presented for the dynamic amplification factor (DAF) 

concerning the amplitude of irregularity for a High-Speed Railway Vehicle (HSRV) 

moving on both ballasted track and slab track. The observation reveals that when the 

vehicle is on a slab track, the DAF is 2 to 3 times greater than that when the vehicle is on a 

ballasted track, attributed to the effective damping ability of ballast that mitigates 

vibrations. 

Figure 4.18 illustrates the variation of DAF with the vehicle's speed when the HSRV is 

moving on a slab track. The graph depicts an increase in DAF with the rise in the amplitude 

of irregularity. Notably, there is a sudden increment in DAF as the vehicle speed increases 

from 198 km/h to 250 km/h, followed by a gradual increment in DAF within the speed 

range of 250 to 300 km/h. Beyond 300 km/h, the DAF rapidly increases with higher speeds. 

 

4.7   Summary 

In conclusion, this study employed a conjugated train wheel-slab track dynamic model to 

investigate the dynamic behaviour of a high-speed train under various running speeds and 
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irregularity sizes on the wheel. The analysis explored the impact of different train speeds 

(180 to 378 km/h) on wheel-rail responses, considering fixed irregularity length and static 

axle load. Results indicated a peak saturation force in the speed range of 100–130 km/h, 

followed by a decrease in peak contact force beyond 135 km/h. The wheel-rail overlap, 

induced contact force, and acceleration response were studied for various irregularity types. 

The dynamic amplification factor (DAF) was established, indicating variations from 

1.96 to 3.55 within the speed range of 180 to 398 km/h. Higher DAF values could induce 

significant vibrations in the wheel and track system, emphasizing the need for regular track 

maintenance. The acceleration response exhibited substantial increases in irregularity 

amplitude and speed. The wheel-rail overlap varied within the range of 0.610 mm to 0.905 

mm and 2.04 mm to 2.3 mm for irregularity amplitudes of 1.5 mm and 3 mm, respectively. 

Velocity responses in the rail beam and concrete slab increased with irregularity 

amplitude and train speed, with the maximum velocity response occurring at 198 km/h in 

the concrete slab. A comparison between slab and ballasted tracks revealed higher dynamic 

amplification factors (DAF) on slab tracks. 

In summary, this comprehensive study provides valuable insights into the complex 

dynamics of high-speed trains, considering irregularities, speed variations, and track types. 

The findings contribute to enhance the understanding of dynamic behaviour and aid in the 

development of strategies for maintaining safety and integrity in high-speed rail systems. 
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CHAPTER 5 

Chapter 5 Lateral Dynamics Investigation of High-Speed Trains on 

Irregular Track 

 

This chapter presents a detailed examination of bond graph formulation applied to high-

speed railway vehicles to analyze the lateral dynamic, hunting behaviour and derailment 

analysis of railway vehicles. The investigation encompasses a comprehensive study 

focused on the lateral dynamics of a 31 DOF HSRV. The chapter begins by elucidating the 

fundamental principles governing the dynamics of railway vehicles running on a transition 

track i.e., vehicle moving from a straight track to a curved track. The impact of short-wave 

track irregularities on the lateral dynamic behaviour of railway vehicles is thoroughly 

explored. Track irregularities were introduced just before the transition zone. Additionally, 

the critical velocities are determined through the simulation of the bond graph model, 

varying the vehicle's running speeds to provide insights into its dynamic response. 

5.1  Introduction 

Railway vehicles are often subjected to lateral forces due to braking and traction. These 

forces affect the dynamics of the vehicle in a complex manner. Thus, the study of railway 

dynamics as a function of the lateral force is important to avoid hunting and derailment. 

Being one of the largest modes of transportation, there is a continuous demand for 

improvements to avoid accidents. Moreover, most of the accidents take place due to 

irregularities present on the track, which are mainly responsible for the unstable behaviour 

of the vehicle leading to the derailment. Therefore, from a safety and comfort point of view 
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effect of irregularities on lateral dynamics of the system needs to be investigated thoroughly 

to avoid such accidents. 

In this research, we examine the roll angle of wheelsets during the development of a 31 

DOF model. This approach allows for a precise assessment of the derailment quotient. The 

model is generated using the bond graph simulation technique, offering the advantage of 

inherently incorporating suspension forces as suspension elements in the model. 

Specifically designed for analyzing the derailment behaviour of a high-speed railway 

vehicle, the 31 DOF model takes into account pitch motion, lateral, vertical, yaw, and roll 

motion for the vehicle body and two bogies. However, while investigating the derailment 

quotient, only pitch motion is excluded, while all other motions are considered for the four 

identical wheelsets. The Derailment quotient was investigated under the condition when 

the railway vehicle was running on the curved track with speeds varying from 150 km/h to 

600 km/h. This 31 DOF model uses the heuristic nonlinear creep model to evaluate the 

derailment quotient while considering both nonlinear creep forces and moments. This study 

helps to get the complete behaviour of a high-speed railway vehicle running on a curved 

track. The benefits of using the presented model are that it can provide accurate values of 

derailment quotient, and safe speed of vehicle running on the curved tracks. 

5.1.1  Concept of Creep 

The most important factor in the modelling of the wheel-rail interaction problem is the 

creep phenomenon. Creep may be defined as a combination of elastic and frictional 

behaviour of an elastic body that rolls over the surface of another elastic body. Consider a 

wheelset in motion along a rail, wherein both the wheel and the rail undergo elastic 

deformation, causing a departure from the ideal rolling motion. These departures are 

referred to as creepages. Creep, or creepage, is a dimensionless term, except for spin 
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creepage which is characterized by the deviation of the actual rolling state from pure rolling 

combined with sliding. 

When a wheelset traverses the rails, creepage is specified in both the longitudinal and 

lateral directions relative to the common normal at the contact patch (spin). The creepages 

are defined mathematically in terms of velocity difference and are given by Eqs. (5.1-5.3). 

𝜉𝑥 =
𝑣𝑥 − 𝑣𝑥

∗

𝑣𝑥∗
 

(5.1) 

𝜉𝑦 =
𝑣𝑦 − 𝑣𝑦

∗

𝑣𝑥∗
 

(5.2) 

   𝜉𝑠𝑝 =
𝜔𝑤 − 𝜔𝑟
𝑣𝑥∗

 
(5.3) 

 

where, ξx , ξy and ξsp represent the longitudinal, lateral, and spin creepages, respectively. 

It is crucial to emphasize that the longitudinal and lateral creepages lack dimensions, while 

the spin creepage is dimensioned as L-1. These creepages give rise to creep forces and 

moments. The equations describing the creep forces (moment) at the contact surface can 

be found in Eq. (5.4) [4]. 

𝐶𝑟𝑒𝑒𝑝 𝑓𝑜𝑟𝑐𝑒 (𝑚𝑜𝑚𝑒𝑛𝑡) = 𝐶𝑟𝑒𝑒𝑝 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 × 𝐶𝑟𝑒𝑒𝑝𝑎𝑔𝑒𝑠  (5.4) 

The longitudinal creep force generally acts in the wheelset’s forward direction of motion 

and lateral creep force acts perpendicularly to it in the lateral creep direction, whereas spin 

creep moment acts in the normal load direction, orthogonal to the creep force components 

and hence to the plane of contact region.  

5.1.2 Critical speed and hunting 

The behaviour of railway vehicles is primarily influenced by lateral motion, commonly 

known as hunting. Vehicle stability during operation, or hunting, is linked to the presence 

of conically shaped wheels. These wheels offer lateral guidance or centering, compelling 

the wheels to stay within the tread region when the wheelset deviates laterally from the 
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centre. The friction or creep forces between the wheel and rail are dependent on the speed 

of the vehicle. As the speed increases, there's a threshold where the vehicle rail system 

experiences zero effective damping, leading to a sustained periodic oscillation known as 

hunting. The speed at which this phenomenon occurs is termed the critical speed. A rail-

wheel system is deemed stable around the equilibrium position if its motion, triggered by 

a small initial disturbance, does not amplify over time [155]. 

5.1.3 Concept of derailment 

The derailment of a railway vehicle is a significant concern for many researchers, as it is 

directly influenced by the dynamic behaviour of the vehicle during its running operations. 

To assess operational safety, researchers often calculate and observe a quotient known as 

the Derailment Quotient (DQ). This quotient is determined by the ratio of lateral and 

vertical forces acting between the wheels and rails. 

The Derailment Quotient (DQ) serves as a critical indicator, with a limiting value of 

0.8 when the wheel flange makes contact with the face of a rail [156]. Additionally, during 

quasi-static testing, the maximum permissible limit of DQ is set at 1.2 [157]. Monitoring 

and assessing the Derailment Quotient plays a crucial role in ensuring the safety and 

stability of railway vehicles during their operational activities. 

The wheel unloading rate serves as a crucial metric in assessing the potential risk of 

derailment due to a significant decrease in wheel loads. This parameter provides valuable 

insights into the dynamic behaviour of railway vehicles and plays a vital role in ensuring 

their safety and stability during operation [56]. When a wheel unloading rate is calculated, 

it essentially measures the rate at which the load on a wheel diminishes. This reduction in 

wheel load may occur under various conditions, such as during braking, acceleration, or 

dynamic events. Excessive or rapid unloading of the wheels can lead to a range of issues, 
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including compromised traction, increased lateral forces, and a heightened risk of 

derailment. 

5.2   Modelling of Lateral Dynamics of 31 DOF Railway Vehicle Running 

on Curved Track 

(a) Top view 

(b) Front View 

Figure 5.1: Schematic diagram of a high-speed railway vehicle (a) top view (b) front view 

A railway vehicle is an integration of various subparts; a vehicle car body structure, truck 

frame and 2-selfsame wheelsets for each truck frame. These parts of a railway vehicle are 

interconnected through a suspension system in vertical, lateral and longitudinal directions. 
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A primary suspension system is incorporated between a bogey and 2-selfsame wheelsets 

whereas a secondary suspension system is incorporated between a bogie and vehicle car 

body. The comprehensive suspension system is designed by incorporating springs and 

damping elements capable of motion along all three coordinate axes. With consideration 

for all potential movements, the envisioned system exhibits a total of 31 DOF. The model 

is constructed using the Building Block approach, wherein each component is individually 

modelled before being seamlessly integrated to form the complete system. Figure 5.1 

illustrates the railway vehicle model. 

5.2.1 Bond graph modelling of a car body sub-system 

The bond graph model exhibited in Figure 5.2, is the sub-model of a vehicle car body of a 

railway vehicle system. A 0-junction in the model is the joint between the parts connected 

to each other and represents the force shared between them. The 1-junction in the model 

represents the velocity shared between all the connected parts at the 1-junction. The TF 

symbol represents the Transformer module. It represents the relation between flow in-flow 

out and force in-force out. The symbol C with a complete arrow represents the signal bond. 

The primary role of the "C" symbol involves the retention of potential energy resulting 

from specific displacements. Within the bond graph, the symbol "SE" denotes the origin of 

effort. Positioned at the 1-junction of the bond graph, it serves to amalgamate the 

gravitational force and centrifugal force exerted by the car body's centre of gravity along 

the vertical (z) and lateral (y) axes. In the Bond graph modelling technique, the force of the 

suspension system is the interior part of the model and hence there is no need to represent 

suspension forces separately in a bond graph model. 
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Figure 5.2: Bond graph model of Carbody 

The vehicle car body is considered a rigid element. It is linked with the bogie via 

secondary suspension system at different locations. A kinematic connection is established 

between the centre of mass and the rotational velocity component to articulate the speeds 

at various positions on the body of a vehicle. These kinematic relations are expressed in 

Eqs. (5.5-5.12). 

𝑍̇𝑐𝑓𝑙 = 𝑍𝑐̇ + 𝑙𝑐𝜙̇𝑐 + 𝑙𝑠𝜃̇𝑐 (5.5) 

𝑌̇𝑐𝑓𝑙 = 𝑌𝑐̇ +𝐻1𝜙̇𝑐 + 𝑙𝑠𝜃̇𝑐 (5.6) 

𝑍̇𝑐𝑓𝑟 = 𝑍𝑐̇ + 𝑙𝑐𝜙̇𝑐 − 𝑙𝑠𝜃̇𝑐 (5.7) 

𝑌̇𝑐𝑓𝑟 = 𝑌𝑐̇ +𝐻1𝜙̇𝑐 + 𝑙𝑠𝜃̇𝑐5. (5.8) 

𝑍̇𝑐𝑟𝑙 = 𝑍𝑐̇ − 𝑙𝑐𝜙̇𝑐 − 𝑙𝑠𝜃̇𝑐 (5.9) 

𝑌̇𝑐𝑟𝑙 = 𝑌𝑐̇ +𝐻1𝜙̇𝑐 − 𝑙𝑠𝜃̇𝑐 (5.10) 

𝑍̇𝑐𝑟𝑟 = 𝑍𝑐̇+𝑙𝑐𝜙̇𝑐 − 𝑙𝑠𝜃̇𝑐 (5.11) 



85 

 

Ẏcrr = Yċ + H1ϕ̇c − lsθ̇c (5.12) 

mcz̈c = Fsfcz − mcg −
mcV

2ϕse
Rr

 
(5.13) 

𝑚𝑐𝑦̈𝑐 = 𝐹𝑠𝑓𝑐𝑦 + 
𝑚𝑐𝑉

2

𝑅𝑟
−𝑚𝑐𝑔ɸ𝑠𝑒 

(5.14) 

𝐼𝑐𝑧𝛹̈𝑐 = 𝑀𝑠𝑐𝑧 (5.15) 

𝐼𝑐𝑦𝜃̈𝑐 = 𝑀𝑠𝑐𝑦 (5.16) 

𝐼𝑐𝑥𝜙̈𝑐 = 𝑀𝑠𝑐𝑥 (5.17) 

Where φse is the angle of super elevation, Rr is a curved radius. 𝐹𝑠𝑓𝑐𝑧, 𝐹𝑠𝑓𝑐𝑦 , 𝑀𝑠𝑐𝑧 , 𝑀𝑠𝑐𝑦 , 

and 𝑀𝑠𝑐𝑥 are the suspension force and moment in the respective direction. Mathematical 

Eqs. (5.13 to 5.17) are the governing equations of a car body in a differential form. These 

equations of motion are determined in vertical and lateral directions for roll, yaw and pitch 

motions.  

5.2.2 Bond graph modelling of bogie sub-system 

The Bogie serves as an integral component within the railway vehicle system. The truck 

frame connects to the car body through a secondary suspension system at various points 

and is also linked to the same wheelsets through a primary suspension system, as illustrated 

in Figure 5.1. The kinematic relations are shown in Eqs. (5.18 to 5.29) are employed to 

derive the velocity components in the x, y and z directions at different connected locations. 

The bond graph model of the bogie is shown in Figure 5.3. 

𝑍̇𝑏𝑙 = 𝑍𝑏̇−𝑙𝑝𝜙̇𝑏 (5.18) 

𝑌̇𝑏𝑙 = 𝑌𝑏̇ − ℎ0𝜙̇𝑏 (5.19) 

𝑍̇𝑏𝑟 = 𝑍𝑏̇+𝑙𝑝𝜙̇𝑏 (5.20) 

𝑌̇𝑏𝑟 = 𝑌𝑏̇ − ℎ0𝜙̇𝑏 (5.21) 

𝑍̇𝑏𝑓𝑙 = 𝑍𝑏̇ − 𝑙𝑝𝜙̇𝑏 + 𝑙𝑡𝜃̇𝑏 (5.22) 

𝑌̇𝑏𝑓𝑙 = 𝑌𝑏̇ − ℎ0𝜙̇𝑏 + 𝑙𝑡𝜓̇𝑏 (5.23) 

𝑍̇𝑏𝑓𝑟 = 𝑍𝑏̇ + 𝑙𝑝𝜙̇𝑏 + 𝑙𝑡𝜃̇𝑏 (5.24) 
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𝑌̇𝑏𝑓𝑟 = 𝑌𝑏̇ + ℎ𝑔𝜙̇𝑏 + 𝑙𝑡𝜓̇𝑏 (5.25) 

𝑍̇𝑏𝑟𝑙 = 𝑍𝑏̇ − 𝑙𝑝𝜙̇𝑏 − 𝑙𝑡𝜃̇𝑏 (5.26) 

𝑌̇𝑏𝑟𝑙 = 𝑌𝑏̇ + ℎ𝑔𝜙̇𝑏 − 𝑙𝑡𝜓̇𝑏 (5.27) 

𝑍̇𝑏𝑟𝑟 = 𝑍𝑏̇ − 𝑙𝑝𝜙̇𝑏 + 𝑙𝑡𝜃̇𝑏 (5.28) 

𝑌̇𝑏𝑟𝑟 = 𝑌𝑏̇ + ℎ𝑔𝜙̇𝑏 − 𝑙𝑡𝜓̇𝑏 (5.29) 

Figure 5.3: Bond graph model of Bogie 

Mathematical equation terms mentioned in Eq. (5.30-5.34) are the governing equations 

of motion of a bogie in a differential form. 

𝑚𝑡𝑦̈𝑡 = 𝐹𝑠𝑓𝑡𝑦 + 
𝑚𝑡𝑉

2

𝑅𝑟
−𝑚𝑡𝑔ɸ𝑠𝑒 

(5.30) 

𝑚𝑡𝑧̈𝑡 = 𝐹𝑠𝑓𝑡𝑧 − 𝑚𝑡𝑔 −
𝑚𝑡𝑉

2ɸ𝑠𝑒
𝑅𝑟

 
(5.31) 

𝐼𝑡𝑧𝛹̈𝑡 = 𝑀𝑠𝑡𝑧 (5.32) 

𝐼𝑡𝑦𝜃̈𝑡 = 𝑀𝑠𝑡𝑦 (5.33) 

𝐼𝑡𝑥𝜙̈𝑡 = 𝑀𝑠𝑡𝑥 (5.34) 
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5.2.3 Bond graph modelling of wheelset sub-system 

The wheel set is a component of the railway vehicle system which provides support to the 

complete vehicle. A rigid wheelset in contact with the flexible Knife edged rail is 

considered for the present research work. The selfsame wheelsets were interconnected to 

the bogie through a primary suspension system.  

5.2.3.1 Kinematic relationship of wheelset 

The linkage between the bogie frame and the wheelset comprises two main suspensions. 

Kinematic relations, grounded in flow variables, delineate the velocity components at these 

connection points, aligning them in specific directions. To derive the transformer moduli 

necessary for constructing the bond graph of the wheelset subsystem, the kinematic 

relations specified in Eqs. (5.35-5.38) is employed. These constraints are incorporated into 

the bond graph of the wheelset subsystem, illustrated in Figure 5.4, through a 0-junction. 

𝑍̇𝑤𝑙 = 𝑍̇𝑤 + 𝜓̇𝑐𝑙𝑝 (5.35) 

𝑌̇𝑤𝑙 = 𝑌̇𝑤 + 𝑙𝑝𝜙̇𝑐 (5.36) 

𝑍̇𝑤𝑟 = 𝑍̇𝑤 + 𝜓̇𝑐𝑙𝑝 (5.37) 

𝑌̇𝑤𝑟 =  𝑌̇𝑤 + 𝜙̇𝑐𝑌̇𝑤 (5.38) 

where, 𝑌̇𝑤𝑙, 𝑌̇𝑤𝑟  are lateral and  𝑍̇𝑤𝑙, 𝑍̇𝑤𝑟 are vertical components of the velocity of 

points, where the front left and right suspensions connect with the wheelset respectively. 

The bondgraph model of the identical wheelset is exhibited in Figure 5.4. Mathematical 

equation terms mentioned in Eqs. (5.39-5.42) are the governing equations of a wheelset in 

a differential form. 

𝑚𝑤𝑦̈𝑤 = 
𝑚𝑤𝑉

2

𝑅𝑟
− 𝑚𝑤𝑔ɸ𝑠𝑒 + 𝐹𝑤𝐿𝑦

𝑛 + 𝐹𝑤𝑅𝑦
𝑛 +𝑁𝑤𝑦

𝐿 +𝑁𝑤𝑦
𝑅 + 𝐹𝑠𝑓𝑤𝑦 − 𝐹𝑤𝑓𝑐 

(5.39) 

𝐼𝑤𝑧𝛹̈𝑤 = −𝐼𝑤𝑦
𝑉

𝑅0
ɸ̇𝑤 + 𝑅𝑥,

𝑅𝐹𝑤𝑅𝑦
𝑛 − 𝑅𝑦

𝑅𝐹𝑤𝑅𝑥
𝑛 + 𝑅𝑥

𝐿𝐹𝑤𝐿𝑦
𝑛 − 𝑅𝑦

𝐿𝐹𝑤𝐿𝑥
𝑛 + 𝑅𝑥

𝑅𝑁𝑤𝑦
𝑅

+ 𝑅𝑥
𝐿𝑁𝑤𝑦

𝐿 +𝑀𝑤𝐿𝑧
𝑛 +𝑀𝑤𝑅𝑧

𝑛 +𝑀𝑠𝑚𝑤𝑧 

(5.40) 
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𝑚𝑤𝑧̈𝑤 = −
𝑚𝑤𝑉

2ɸ𝑠𝑒
𝑅𝑟

− 𝑚𝑤𝑔 + 𝐹𝑤𝐿𝑧
𝑛 + 𝐹𝑤𝐿𝑧

𝑛 +𝑁𝑤𝑧
𝐿 + 𝑁𝑤𝑧

𝑅 +𝐹𝑠𝑓𝑤𝑧 
(5.41) 

𝐼𝑤𝑥ɸ̈𝑤 = −
𝐼𝑤𝑦𝑉 (

𝑉
𝑅𝑟
− 𝛹̇𝑤)

𝑅0
+ 𝑅𝑦

𝑅𝐹𝑤𝑅𝑧
𝑛 − 𝑅𝑧

𝑅𝐹𝑤𝑅𝑦
𝑛 + 𝑅𝑦

𝐿𝐹𝑤𝐿𝑧
𝑛 − 𝑅𝑧

𝐿𝐹𝑤𝐿𝑦
𝑛

+ 𝑅𝑦
𝐿𝑁𝑤𝑧

𝐿 + 𝑅𝑦
𝑅𝑁𝑤𝑧

𝑅 −𝑅𝑧
𝐿𝑁𝑤𝑦

𝐿 −  𝑅𝑧
𝑅𝑁𝑤𝑦

𝑅 +𝑀𝑤𝑥
𝐿 +𝑀𝑤𝑥

𝑅

+𝑀𝑠𝑚𝑤𝑥 

(5.42) 

 

Figure 5.4: Complete bond graph model of wheelset 

𝐹𝑠𝑓𝑤𝑧 , 𝐹𝑠𝑓𝑤𝑦, 𝑀𝑠𝑚𝑤𝑧 𝑎𝑛𝑑 𝑀𝑠𝑚𝑤𝑦  are suspension forces and suspension moment of the 

wheelset in corresponding directions. 𝐹𝑤𝐿𝑧
𝑛 , 𝐹𝑤𝐿𝑦

𝑛 , 𝐹𝑤𝐿𝑥
𝑛  , 𝑀𝑤𝑥

𝐿 , 𝑀𝑤𝑧
𝐿 are the nonlinear creep 

forces and moment at the contact point on the left sided wheel-rail in the corresponding 

direction. 𝐹𝑤𝑅𝑧
𝑛 , 𝐹𝑤𝑅𝑦

𝑛 , 𝐹𝑤𝑅𝑥
𝑛  , 𝑀𝑤𝑥

𝑅 , 𝑀𝑤𝑧
𝑅  are the nonlinear creep forces and moment at the 

contact point on the right sided wheel-rail in the corresponding direction.𝑁𝑤𝑦
𝐿 ,𝑁𝑤𝑧

𝐿 , 𝑁𝑤𝑦
𝑅 , 

𝑁𝑤𝑧
𝑅  are the normal force components on the left and right wheel-rail contact points. 𝑅𝑧

𝐿, 
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𝑅𝑦
𝐿, 𝑅𝑥

𝐿𝑅𝑧
𝑅, 𝑅𝑦

𝑅, 𝑅𝑥
𝑅 are the position vectors on the left and right contact points in the 

respective direction. 𝐹𝑤𝑓𝑐 is the flange contact force, x indicates longitudinal direction, y 

indicates lateral direction and z indicates vertical direction. 

5.2.3.2 Wheel rail contact modelling 

Garg and Dukkipati [158] gave formulas for various linear creep forces and moments after 

translating them from the contact plane to the equilibrium coordinate system for both the 

left and right wheels, taking into account the minor roll and yaw angles of each wheelset. 

𝐹𝐿𝑐𝑟𝑥 = 𝐹𝑐𝑟𝑥
𝐿∗ − 𝐹𝑐𝑟𝑦

𝐿∗ 𝜓𝑤 (5.43) 

𝐹𝐿𝑐𝑟𝑦 = 𝐹𝑐𝑟𝑦
𝐿∗ + 𝐹𝑐𝑟𝑥

𝐿∗ 𝜓𝑤 (5.44) 

𝐹𝐿𝑐𝑟𝑧 = 𝐹𝑐𝑟𝑦
𝐿∗ (𝛿𝐿 + 𝜓𝑤) (5.45) 

𝑀𝐿
𝑐𝑟𝑥 = 𝑀𝑐𝑟𝑧

𝐿∗ (𝛿𝐿 +𝜙𝑤)𝜓𝑤 (5.46) 

𝑀𝐿
𝑐𝑟𝑧 = 𝑀𝑐𝑟𝑧

𝐿∗  (5.47) 

𝐹𝑅𝑐𝑟𝑥 = 𝐹𝑐𝑟𝑥
𝑅∗ − 𝐹𝑐𝑟𝑦

𝑅∗𝜓𝑤 (5.48) 

𝐹𝑅𝑐𝑟𝑦 = 𝐹𝑐𝑟𝑦
𝑅∗ + 𝐹𝑐𝑟𝑥

𝑅∗𝜓𝑤 (5.49) 

𝐹𝑅𝑐𝑟𝑧 = −𝐹𝑐𝑟𝑦
𝑅∗ (𝛿𝑅 −𝜓𝑤) (5.50) 

𝑀𝑅
𝑐𝑟𝑥 = −𝑀𝑐𝑟𝑧

𝑅∗ (𝛿𝑅 − 𝜙𝑤)𝜓𝑤 (5.51) 

𝑀𝑅
𝑐𝑟𝑧 = 𝑀𝑐𝑟𝑧

𝑅∗   (5.52) 

Here,𝛿𝐿 , 𝛿𝑅 are contact angles at the left and right wheels respectively. When a railway 

vehicle is moving on a curved track, creep forces acting at the left wheel and right wheel 

are given by Kalker’s linear theory [159] and are presented in Eq. (5.53-5.58). 

𝐹𝑐𝑟𝑥
𝐿∗ = −

𝑓33
𝑉
[𝑉 (1 +

𝑑𝑝

𝑅𝑡
−
𝑟𝐿
𝑟0
) − 𝑎𝜓̇𝑤] 

(5.53) 

𝐹𝑐𝑟𝑦
𝐿∗ = −

𝑓11
𝑉
(𝑦̇𝑤 + 𝑟𝐿𝜙̇𝑤 − 𝑉𝜓𝑤) −

𝑓12
𝑉
(𝜓̇𝑤 −

𝑉

𝑅𝑡
−
𝑉

𝑟0
𝛿𝐿) 

(5.54) 

𝑀𝑐𝑟𝑧
𝐿∗ =

𝑓12
𝑉
(𝑦̇𝑤 + 𝑟𝐿𝜙̇𝑤 − 𝑉𝜓𝑤) −

𝑓22
𝑉
(𝜓̇𝑤 −

𝑉

𝑅𝑡
−
𝑉

𝑟0
𝛿𝐿) 

(5.55) 

𝐹𝑐𝑟𝑥
𝑅∗ = −

𝑓33
𝑉
[𝑉 (1 −

𝑑𝑝
𝑅𝑡
−
𝑟𝑅
𝑟0
) + 𝑎𝜓̇𝑤] 

(5.56) 
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𝐹𝑐𝑟𝑦
𝑅∗ = −

𝑓11
𝑉
(𝑦̇𝑤 + 𝑟𝑅𝜙̇𝑤 − 𝑉𝜓𝑤) −

𝑓12
𝑉
(𝜓̇𝑤 −

𝑉

𝑅𝑡
+
𝑉

𝑟0
𝛿𝑅) 

(5.57) 

𝑀𝑐𝑟𝑧
𝑅∗ =

𝑓12
𝑉
(𝑦̇𝑤 + 𝑟𝑅𝜙̇𝑤 − 𝑉𝜓𝑤) −

𝑓22
𝑉
(𝜓̇𝑤 −

𝑉

𝑅𝑡
+
𝑉

𝑟0
𝛿𝑅) 

(5.58) 

where 𝐹𝑐𝑟𝑥
𝐿∗ , 𝐹𝑐𝑟𝑦

𝐿∗ , 𝐹𝑐𝑟𝑥
𝑅∗ , 𝐹𝑐𝑟𝑦

𝑅∗   are linear creep forces and 𝑀𝑐𝑟𝑧
𝐿∗ , 𝑀𝑐𝑟𝑧

𝑅∗  are linear creep 

moments acting at the left and right wheels.  

The component of the normal force in the lateral and vertical direction at the left and 

right wheels is expressed by Eqs. (5.59-5.62). 

𝑁𝐿𝑧 = −𝐾𝑟𝑧(𝑧𝑤 − 𝜆𝑦𝑤 + 𝑑𝑝𝜙𝑤) (5.59) 

𝑁𝐿𝑧 = −𝐾𝑟𝑧(𝑧𝑤 + 𝜆𝑦𝑤 − 𝑑𝑝𝜙𝑤) (5.60) 

𝑁𝐿𝑦 = −𝑁𝐿𝑧 𝑡𝑎𝑛 𝑡𝑎𝑛 (𝛿𝐿 + 𝜙𝑤) (5.61) 

𝑁𝑅𝑦 = 𝑁𝐿𝑧 𝑡𝑎𝑛 𝑡𝑎𝑛 (𝛿𝐿 − 𝜙𝑤) (5.62) 

The flange contact force at the secondary contact point due to flange contact is given 

by [144] as 

𝐹𝑓𝑐 = {𝐾𝑟𝑦(𝑦𝑤 − 𝛿)                  𝑦𝑤 > 𝛿   

               0                           − 𝛿 ≤ 𝛿 ≤ 𝛿 

          𝐾𝑟𝑦(𝑦𝑤 − 𝛿)                  𝑦𝑤 > 𝛿 

(5.63) 

Where 𝛿 is flange clearance and 𝐾𝑟𝑦 is the lateral stiffness of the rail. 

Assuming that the lateral displacements ∆L and ∆R of the contact point are small from 

their equilibrium state, the geometric arrangement of the wheelset provides position vectors 

for the contact points as expressed by the following Eq. (5.64-5.69). 

𝐿𝑅𝑥 = −𝑑𝑝𝜓𝑤 (5.64) 

𝑅𝐿𝑦 = 𝑑𝑝 + 𝑟𝐿𝜓𝑤 (5.65) 

𝑅𝐿𝑧 = 𝑑𝑝𝜙𝑤 − 𝑟𝐿 (5.66) 

𝑅𝑅𝑥 = 𝑑𝑝𝜓𝑤 (5.67) 

𝑅𝑅𝑦 = −𝑑𝑝 + 𝑟𝑅𝜓𝑤 (5.68) 

𝑅𝑅𝑧 = −𝑑𝑝𝜙𝑤 + 𝑟𝑅 (5.69) 

where dp is the half-track gauge. 
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In the present study, conical wheels and knife edge rails are assumed and thus the 

constraint function becomes linear [158]. Therefore, the wheel-rail geometry can be 

expressed by the following relationship. 

1

2
(𝑟𝐿 − 𝑟𝑅) = 𝜆𝑦𝑤 

(5.70) 

1

2
(𝑟𝐿 + 𝑟𝑅) = 𝑟0 

(5.71) 

1

2
(𝛿𝐿 + 𝛿𝑅) = 0 

(5.72) 

1

2
(𝛿𝐿 + 𝛿𝑅) = 𝜆 

(5.73) 

Where 𝜆 is the conicity angle 

5.2.4 Heuristic nonlinear creep model 

In the present work, a Heuristic nonlinear creep model is utilized to form the contact forces 

between rails and wheels. The heuristic non-linear creep model is a combination of 

Kalker’s linear creep theory and creep force saturation. The nonlinear creep forces and 

nonlinear creep moments are resulted by multiplying the saturation factor by the 

corresponding linear creep force and linear creep moment as shown in Eqs. (5.74-5.79). 

𝐹𝑤𝐿𝑥
𝑛 = 𝛼𝑖𝑗𝐹𝑤𝑙𝑥

𝐿  (5.74) 

𝐹𝑤𝑅𝑥
𝑛 = 𝛼𝑖𝑗𝐹𝑤𝑟𝑥

𝑅  (5.75) 

𝐹𝑤𝐿𝑦
𝑛 = 𝛼𝑖𝑗𝐹𝑤𝑙𝑦

𝐿  (5.76) 

𝐹𝑤𝑅𝑦
𝑛 = 𝛼𝑖𝑗𝐹𝑤𝑟𝑦

𝑅  (5.77) 

𝑀𝑤𝐿𝑧
𝑛 = 𝛼𝑖𝑗𝑀𝑤𝑙𝑧

𝐿  (5.78) 

𝑀𝑤𝑅𝑧
𝑛 = 𝛼𝑖𝑗𝑀𝑤𝑟𝑧

𝑅  (5.79) 

Where 𝐹𝑤𝑙𝑥
𝐿 , 𝐹𝑤𝑙𝑦

𝐿 , 𝑀𝑤𝑙𝑧
𝐿 , 𝐹𝑤𝑟𝑥

𝑅 , 𝐹𝑤𝑟𝑦
𝑅 , 𝑀𝑤𝑟𝑧

𝑅  are linear creep forces and moments on left and 

right wheels in respective directions. 𝛼𝑖𝑗 represent the saturation constant in the heuristic 

creep model obtained from Johnson’s approach [158] as given in Eq. (5.80). 



92 

 

𝛼𝑖𝑗  =  

{
 
 

 
 
1

𝛽𝑖𝑗
(𝛽𝑖𝑗 − 

1

3
𝛽𝑖𝑗
2 +

1

27
𝛽𝑖𝑗
3) => 𝛽𝑖𝑗 ≤ 3

1

𝛽𝑖𝑗
 => 𝛽𝑖𝑗 ≥ 3

 

(5.80) 

Where βij is the non-linearity factor in the heuristic creep model and it is calculated 

for vehicles under quasi-static motion over the curved track. 

5.2.5 Effect of track irregularities on lateral dynamics of HSRV 

A train's operating behaviour and safety depend on a number of variables, including track 

shape, track stiffness, speed, and vehicle characteristics. Curving tracks usually result in  

(a) (b) 
Figure 5.5: Types of irregularity (a) Alignment (b) Cross Level 

lower safety standards and performance degradation in comparison to straight tracks. It is 

difficult to analyse how track irregularities affect running behaviour and safety in 

simulations when curves are taken into account at the same time. Furthermore, the position 

of track imperfections on curves has a big impact on how the vehicle responds. Therefore, 

in the present work transition track has been considered and shown in Figure 5.6. Also, the 

track irregularities have been introduced at the end of the straight track i.e. in front of the 

curved track to examine how track abnormalities affect vehicle responses. The length of 

the straight track and the curved track is 1000 and 3000 m respectively. Alignment and 

cross level type track irregularities have been introduced are shown in Figure 5.5 and 

presented as half- sine-wave shaped is given in Eq. (5.81). Different wavelengths and 
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amplitudes of irregularities are taken into account in the simulations in order to study the 

effect of track abnormalities. The variation of amplitude and wavelength are tabulated in 

Table 5.1. 

Table 5.1: Variation of different types of irregularity 

S. No Types of irregularity Wavelength 

(m) 

Amplitude of 

irregularity (A) 

(mm) 

1 Alignment Irregularity (AL) 3, 5, 10, 20, 40 15 

2 Cross Level (CL) 3, 5, 10, 20, 40 15 

𝑍0(𝑡) =  
1

2
 𝐴 (1 − 𝑐𝑜𝑠

2𝜋𝑣𝑡

𝐿
) ,  0 ≤ 𝑡 ≤

𝐿

𝑣
 

(5.81) 

       

Figure 5.6: Transition from straight track to curved track 

5.2.6 Integrated bond graph model of 31 DOF railway vehicle 

The comprehensive bond graph representation of a 31-degree-of-freedom (DOF) railway 

vehicle, as depicted in Figure 3.22, is constructed by consolidating individual bond graph 

models for the car body (LCB), bogies (LB), and wheelsets (LW) [67]. The symbols LB 

and LW in Figure 5.7 incorporate subscripts 'f' and 'r,' denoting the front and rear 

bogie/wheelset, respectively. Each subsystem model employs a 1-junction to portray linear 

and rotational motion variables, each appropriately labelled with subscripts. Signal bonds 
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with full arrows are employed within these subsystem models to enable the monitoring of 

displacement variable values.  

 

Figure 5.7: Integrated bond graph model of 31 DOF railway vehicle 

5.3   Results and Discussions 

The simulation of a 31-degree-of-freedom (DOF) railway vehicle's integrated bond graph 

model is conducted under conditions of flexible track, utilizing the nominal geometrical 

and inertial parameters outlined in Table 3.2, along with suspension parameters specified 

in Table 3.3. This analysis aims to explore the lateral dynamics of HSRV running on the 

transition track and the hunting behaviour of the HSRV moving on the curved track. The 

simulation has been performed using ‘Symbol Shakti’ to investigate the lateral dynamic 

behaviour of HSRV due to track irregularity while moving on the transition track. The 

investigation was carried out with the parameters mentioned by Kim et al. [144] in their 

research work. While conducting the simulation, the impact of nonlinearities i.e. flanges 

contact and heuristic nonlinear creep model, were considered.  

This section has been divided into two parts: stability analysis and the effect of track 

irregularities on the lateral dynamics of HSRV.   
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5.3.1 Stability analysis 

In this study, the critical speed of 31 DOF HSRV has been evaluated and compared using 

Polach non-linear creep and heuristic nonlinear creep models at different running speeds. 

Figure 5.8 illustrates the phase portrait diagram of the initial leading wheelset, depicting its 

lateral displacement within stable, critical, and unstable regions. The diagram is based on 

a heuristic nonlinear creep model, considering a radius of curvature of 3000 meters. The 

analysis assumes an initial wheel displacement of 3 mm from the centre of the rail tread.  

The findings indicate that, while the vehicle is operating at a speed of 216 km/h, the 

wheels tend to reposition themselves toward the centre of the rail tread over time. 

Simulation results reveal that the critical speed for the HSRV under the specified conditions 

is 257.4 km/h. At this critical speed, the wheelset experiences self-sustained lateral 

oscillation, leading to hunting motion. Beyond this critical speed, the trajectory of the 

wheelsets deviates from the centre of the rail tread, and the amplitude of vibration surpasses 

the flange clearance, as depicted in Figure 5.8 (c) and a rising trend in the vibration 

characteristics of the wheelset was evident. 

Figure 5.9 shows the phase trajectory diagram of the front leading wheelset using the 

Polach nonlinear creep model. It is evident from Figure 5.9 (a) that the amplitude of 

vibration is diminishing with time as the vehicle speed is 252 km/h and shows the stable 

behaviour of the vehicle. At a speed of 288 km/h, the wheelset shows a self-sustained 

oscillation motion, and it oscillates about the equilibrium position with an amplitude less 

than the flange clearance. Above the critical speed, lateral displacement of the wheelset 

increases with time and approaches to the flange clearance as observed in Figure 5.9(c). 
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(a) 

(b) 

(c) 
Figure 5.8: Stability analysis of vehicle model for Heuristic non-linear creep model 
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(a) 

(b) 

 
(c) 

Figure 5.9: Stability analysis of vehicle model for Polach contact model 

10−3 

252 kmph 
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Stability analysis has been compared for the heuristic nonlinear creep model and Polach 

model as shown in Figure 5.7 and 5.8 respectively. The critical speed of Polach's model is 

greater than the critical speed obtained from Kalker's model. When compared to Polach's 

technique, Kalker's method—which is used to simulate the non-linear dynamic behaviour 

of the railway vehicle—is more accurate and sophisticated. 

5.3.2 Effect of different track irregularities 

Track irregularities exert distinct effects on the dynamic performance of high-speed railway 

vehicles. In the present research work, the focus is on examining the impact of preceding 

irregularities categorized as alignment irregularity (AL) and cross level irregularity (CL). 

Simulations are conducted considering wavelengths of 3 m, 5 m, 10 m, 20 m, and 40 m, 

with amplitudes set at 15 mm for both AL and CL. 

   
Figure 5.10: Comparison of the wheelset lateral force and wheelset lateral displacement along 

with the length of track at 40 mm wavelength of AL irregularity 
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(a) 

(b) 

(c) 



100 

 

(d) 
Figure 5.11: (a) Wheelset lateral force; (b) Wheel unloading rate; (c) Derailment coefficient; (d) 

Vertical acceleration of the vehicle body.  

Figure 5.10 depicts the variation of lateral displacements and wheelset lateral force due 

to the presence of alignment track irregularity preceding the transition track. The amplitude 

of AL is 15 mm and the wavelength is 40 mm. Long wavelength track irregularity in front 

of the transition track leads to the lateral displacement of the wheelset in a simple harmonic 

waveform in a straight track. When the vehicle follows the track depicted in Figure 5.10 

and drives from the straight track to the transition track, the lateral displacement of the 

wheelset shifts to the extreme right, bringing the wheel flange closer to the rail web. As 

there is AL present preceding the transition zone, the wheel flange abruptly makes contact 

with the rail web, leading to a sudden increase in wheelset lateral forces. The presence of 

AL induces random vibrations in the lateral direction, causing maximum displacement and 

resulting in maximum lateral forces. Figure 5.11 shows the effect of CL and AL positioned 

in front of the transition track, on wheelset lateral force, wheel unloading rate, derailment 

coefficient and vertical acceleration of the HSRV. 
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From the Figure, it can be inferred that AL has a major impact on the wheelset lateral 

force and derailment coefficient whereas CL has a major impact on vertical acceleration of 

the wheelset. In Figure 5.11(c), a comparison of the derailment coefficient due to AL and 

CL is presented. The analysis indicates that for shorter wavelengths of irregularity, CL has 

a more pronounced effect on the derailment coefficient compared to AL. However, as the 

irregularity wavelength increases to medium and longer ranges (5mm to 40 mm), the 

influence of AL on the derailment coefficient becomes more dominant than CL. The results 

reveal that the derailment quotient remains below 0.8 for all conditions, signifying that the 

vehicle is within a safe zone, and there is no risk of wheel climb-up derailment. 

Figure 5.11(b) displays a comparative graph of the wheel unloading ratio in the 

presence of AL and CL. For irregularities across all wavelengths, AL and CL exhibit 

minimal impact on the wheel unloading ratio, except under specific conditions. Notably, 

the graph illustrates that, in the presence of CL for a 3mm wavelength, the wheel unloading 

ratio is approximately close to 1. This condition raises concerns as it may lead to roll-over 

derailment. In such instances, the reduction in wheel load is approximately equal to the 

average static wheel load, potentially resulting in the wheel rolling over from the rail head. 

This emphasizes the importance of considering irregularity wavelengths and the influence 

of AL and CL in assessing the wheel unloading ratio and potential derailment risks. In 

Figure 5.11(d), a comparison of the vertical acceleration of the wheelset in the presence of 

AL and CL is presented. The graph suggests that CL has a significant impact on the vertical 

acceleration of the railway vehicle, directly influencing passenger ride comfort. 

5.4   Conclusions 

In conclusion, the simulation study involving a 31 DOF railway vehicle's integrated bond 

graph model under flexible track conditions has provided valuable insights into its lateral 



102 

 

dynamics. Utilizing nominal geometrical and inertial parameters, along with suspension 

parameters, the analysis focused on investigating the lateral dynamics during transitions on 

the track and the hunting behaviour on curved tracks. 

The stability analysis revealed critical speeds for the HSRV using both Polach's non-

linear creep and heuristic non-linear creep models. The critical speed obtained from 

Polach's model was found to be greater than that from Kalker's model, indicating the latter's 

enhanced accuracy and sophistication in simulating non-linear dynamic behaviour. 

Examining the impact of different track irregularities, specifically alignment 

irregularities (AL) and cross level irregularities (CL), the simulations considered various 

wavelengths and amplitudes. AL was observed to have a significant influence on wheelset 

lateral force and derailment coefficient, while CL had a pronounced effect on the vertical 

acceleration of the wheelset, directly affecting passenger ride comfort. 

The study also highlighted the importance of considering irregularity wavelengths, as 

evident in the analysis of the wheel unloading ratio. Notably, a 3 mm wavelength with CL 

showed a concerning wheel unloading ratio close to 1, potentially leading to roll-over 

derailment due to a reduction in wheel load. 

In summary, the research provides a comprehensive understanding of the lateral 

dynamics and stability of the HSRV under different track irregularities, emphasizing the 

critical role of accurate modelling and analysis in ensuring the safety and performance of 

high-speed railway vehicles. 
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Table 5.2: Geometric and inertial parameters for 31 DOF railway vehicle model [144] 

S.No. Parameter Nomenclature Values 

1.  Mass of car body Mc 34000 kg 

2.  Mass of bogie Mb 3000 kg 

3.  Mass of wheelset Mw 1400 kg 

4.  Moment of inertia of car body about X-axis Icx 75.06 x 103 Kg-m2 

5.  Moment of inertia of car body about Y-axis Icy 2.08 x106 Kg-m2 

6.  Moment of inertia of car body about Z-axis Icz 2.08 x106 Kg-m2 

7.  Moment of inertia of bogie about X-axis Ibx 2260 Kg-m2 

8.  Moment of inertia of bogie about Y-axis Iby 2710 Kg-m2 

9.  Moment of inertia of bogie about Z-axis Ibz 3160 Kg-m2
 

10.  Moment of inertia of wheelset about X-axis Iwx 915 Kg-m2 

11.  Moment of inertia of wheelset about Y-axis Iwy 140 Kg-m2 

12.  Moment of inertia of wheelset about Z-axis Iwz 915 Kg-m2 

13.  Wheel conicity 𝜆 0.045 rad 

14.  Wheel radius r0 0.4575 

15.  
Half of the primary longitudinal and vertical 

suspension arm 
lt 0.978 m 

16.  Half of the secondary lateral suspension arm lc 1.21 m 

17.  Half of the primary lateral suspension arm lp 0.978 m 

18.  
Distance between the vehicle body and bogie 

frame mass centre 
ls 9 m 

19.  
Height of the vehicle body CG above Wheelset 

CG 
h 1.4 m 

20.  
Height of the secondary suspension above 

bogie CG 
h0 0.03 m 

21.  Height of bogie CG above wheelset CG hg 0.44 m 

22.  Radius of Track Rt 6000m 

23.  Lateral creep coefficient f11 10.2 x 106 N 

24.  Forward creep coefficient f33 15 x 107 N 

25.  Spin creep coefficient f22 16 N 

26.  Lateral/Spin Creep coefficient f12 3120 N 

27.  Track Gauge dp 0.7465 m 

28.  Cant angle 𝜙𝑠𝑒 0.0873 rad 

29.  Coefficient of Friction μ 0.2 
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Table 5.3: Suspension parameters for 31 DOF railway vehicle model [144] 

S.No. Parameter Nomenclature Values 

1.  Primary longitudinal stiffness Kpx 10000 kN/m 

2.  Primary lateral stiffness Kpy 5000 kN/m 

3.  Primary vertical stiffness Kpz 750 kN/m 

4.  Primary longitudinal damping Rpx 12 kNs/m 

5.  Primary lateral damping Rpy 12 kNs/m 

6.  Primary vertical damping Rpz 450 kNs/m 

7.  Secondary longitudinal stiffness Ksx 150 kN/m 

8.  Secondary lateral stiffness Ksy 150 kN/m 

9.  Secondary vertical stiffness Ksz 400 kN/m 

10.  Secondary longitudinal damping Rsx 10 kNs/m 

11.  Secondary lateral damping Rsy 10 kNs/m 

12.  Secondary vertical damping Rsz 88 kNs/m 

13.  Vertical rail stiffness Krz 62 x 106 N/m 

14.  Vertical rail stiffness Kry 16.17 x 106 N/m 
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CHAPTER 6 

Chapter 6 Simulation-Based Analysis of Passenger Ride Comfort 

under Different Track Conditions 

 

In the previous chapter, modelling and simulation for the investigation of lateral dynamics 

and hunting behaviour of a railway vehicle have been presented. This chapter discussed the 

ride comfort analysis of 50 DOF HSRV model. Modelling and simulation of HSRV have 

been done in SIMPACK.  

6.1  Introduction 

With the advancement in technology, railway vehicles are not only achieving new heights 

but can now run at very high speeds and attain a great extent of comfort. Previous studies 

exhibit those vibrations are the main source of passenger discomfort. Hence to improve the 

ride quality, it is required to reduce the vibration. Track irregularities (due to sudden 

braking of trains, irregular track maintenance, irregular running speed), geometric 

irregularities (improper design, wear), and material non-linearities are reasons for vibration 

generation in railway vehicles.  

These vibrations are transferred to various components (wheelsets, bogie, car body) of 

railway vehicles during operations. Vibration responses from the car body are further 

transferred to the human body through supporting components like the car floor and seats. 

Once the frequency of two systems becomes nearly equal, a resonance phenomenon arises, 

which causes a high amplitude of vibration, further resulting in higher discomfort to 

passengers [63]. These vibration responses are recorded in terms of acceleration signals. 
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Experimental results show that the human body is more susceptible to vertical acceleration 

response near 5Hz and less susceptible below the 2Hz frequency range [68, 69]. It is crucial 

to determine the modes of vibration of the car body near the natural frequency of the human 

body so that necessary steps can be taken to eradicate that mode. Earlier research shows 

that rigid car body mode transpired in the frequency range of 0.3 Hz to 8 Hz, and flexible 

modes take place from 7 Hz to 20 Hz [70]. 

Passenger comfort while riding a train depends on the intensity of vibrations, direction, 

frequency and exposure time. These vibrations can prevent passengers from performing 

any sitting activity and also affect passengers' health. Train vibrations are considered a 

prime factor in passengers' ride comfort [71, 72]. It becomes necessary to develop a method 

which assesses a passenger's ride comfort while riding a railway vehicle [73, 74]. However, 

it becomes impossible to develop a general method acceptable to all the countries and their 

rail standards as every country has different vibrational characteristics [75]. In the mid-20th 

century, a researcher named Sperling proposed an advanced method called the ride Index 

method (Wz) to determine the ride comfort of a passenger [76–78]. Based on the ISO 2631 

standards, the International Union of Railways (UIC), the European Committee of 

Standardization (CEN) and the International Standard Organization (ISO) have firmed the 

standards of ride comfort of railway vehicles [79, 80]. These methods were known as UIC 

513R leaflet [81], EN 12299 [82] and ISO 10056 [83], respectively. 

Above mentioned ride comfort evaluation method used different articulation techniques 

to evaluate the acceleration signal. As a result, establishing an unmediated link between 

various evaluation methodologies is challenging. However, various researchers tried to 

establish a correlation between these methods. Kim et al. determined the ride comfort 

indices using Sperling's method, ISO 2631 and UIC 513 recommended method and tried to 

establish the relationship between them. Similarly, many researchers compared the ride 



107 

 

comfort indices using Sperling's method, EN12299 continuous comfort and mean comfort 

method. The comfort index at sitting and standing positions is also calculated and examined 

by Munawir et al. [87]. Dumitriu et al. evaluated passenger comfort using the mean comfort 

method and Sperling's method and found that different assessment methods will show 

different results under identical boundary conditions [88]. 

Furthermore, Kumar et al. developed a biodynamic model to calculate passenger ride 

comfort using Sperling's index [89]. Jiang et al. explore the merits and demerits of 

EN12299 and Sperling's method [90]. Further, experimental data was recorded by Haladin 

et al. on the in-service tramway to compare different ride comfort evaluation techniques 

such as the Sperling's Ride index method, EN12299 comfort method and equivalent level 

of vibrations method [91]. 

Various numerical simulation tools are designed to predict the dynamic behaviour of 

the railway vehicle. These numerical tools predict the dynamical performance of a railway 

vehicle at the designing phase and also examine the issues arising during usage as 

effectively as possible. Numerical simulations allow the investigation of a railway vehicle's 

dynamic behaviour under extreme parameters that cannot be noticed during real testing 

situations [92]. The development of advanced computer systems and Finite-element 

numerical methods has magnified the search for numerical calculation methods for 

vehicular vibration. Many researchers have developed a 3D dynamic model of high-speed 

trains to predict the vibration response and compare the results with those obtained from 

field monitoring [93–95]. There are different commercially available simulation software 

like ANSYS, SIMPACK, and LS-DYNA to perform such analysis in various ways.  

In previous research work influence of track irregularity on ride comfort assessment 

has been considered. Very limited research has been found that simulates the passenger 

ride comfort when track irregularity is introduced on the single rail only. In this article, the 
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irregularities are introduced on the left rail only. This thesis aims to compare the high-speed 

railway vehicle ride index under different track conditions at different car positions. For 

this purpose, a complete 50 Degree of Freedom high-speed railway vehicle is designed in 

SIMPACK software. Three different track conditions have been generated by incorporating 

a combination of random track irregularities well described by their power spectral 

densities. This analysis aims to identify the solutions by which the car body's vertical and 

lateral acceleration can be minimized, thus giving the vehicle the best dynamic performance 

in terms of ride quality. 

6.2  Modelling and Methodology 

There are three main components of a conventional multibody vehicle: bogies, wheelset 

and coach or car body. In the present study, a multibody vehicle model has been created to 

conduct the computational simulation. The presented model consists of 2-FIAT bogies, 4-

wheelsets and an LBH passenger coach. A dual suspension system has been employed in 

the presented model. First, a primary suspension system is incorporated between the 4-

wheelsets and 2-bogies in three mutually perpendicular directions, i.e., vertical, lateral and 

longitudinal. Secondly, a secondary suspension system is incorporated between 2-bogies 

and a passenger coach in mutually perpendicular directions. A 3-dimensional FIAT bogie-

wheelset model is shown in Figure 6.1. 

The dual suspension system is depicted by a combination of series, parallel and shear 

springs and nonlinear dampers. The nonlinear dynamic system incorporates dampers in 

vertical and lateral directions, an Anti-Roll bar, and Anti-yaw dampers. These dampers are 

the shock absorbers used to dampen the vibrations arising from track irregularities. An anti-

roll bar reduces lateral acceleration by applying opposite torque when the vehicle moves 

on the curved track. Anti-yaw dampers are the secondary suspension element used to 
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stabilize the hunting phenomenon, favourably improving the ride quality. Additional force 

elements like bump stops and traction rods are also included in the model. A bumpstop is 

used to limit the lateral displacement of the car body. The track rod is modelled as a linear 

spring-damper element to dampen vibration in a longitudinal direction during traction and 

braking of the train. Force-velocity characteristics of primary and secondary dampers are 

referred from RDSO [160], as shown in Figure 6.2. 

 

Figure 6.1: 3-D spring Damper model of Dual suspension system 

 

 
(a) 

 

 
(b) 

Figure 6.2: Damping curve in the vertical direction (Force vs Velocity) (a) Primary Suspension 

Damping (b)Secondary Suspension Damping 



110 

 

The presented multibody model has 50 Degrees of Freedom. It is utilized to compare 

the comfort of a railway vehicle under diverse track conditions and at different car 

positions. A multibody software package called 'SIMPACK' which is used to simulate the 

nonlinear motion of large and complicated multibody systems, is adopted to create a 

multibody model. The presented model is formed of rigid bodies interconnected by 

massless spring-damper elements shown in Figure 6.3. 

 

  
(a) 

 

 
(b) 

(c) 

Figure 6.3: Schematic diagram of the model (a) Car body-bogie connection (b) Full bogie 

model (c) Wheelset model 
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6.2.1 Power spectral density (PSD) based track irregularities 

Track imperfection is the major cause of external excitation for a rolling stock system. As 

per EN13848, track irregularities are broadly classified as Vertical track irregularities, 

lateral track irregularities, cross level track irregularities and track gauge irregularities. 

These track imperfections have a large impact on the dynamic response of a railway 

vehicle. But, the connection between what occurs at the track level and how the vehicle 

reacts is not always clear. In terms of correlation, there is often a considerable variation 

between different vehicles and situations, as seen in many research projects. In this research 

work, vertical, lateral and combined vertical-lateral track irregularities are incorporated on 

the left rail to study the effects of track irregularity on ride comfort. The American sixth-

grade track spectrum has been used to simulate the track irregularities, which act as random  

Table 6.1: Parameter of track irregularity 

Parameter Parameter Value for 6-Level 

𝐴𝑣/cm2 rad/m) 0.0339 

𝐴𝑙/(cm2 rad/m) 0.0339 

𝑤𝑠/(rad/m) 0.4380 

𝑤𝑐 /(rad/m) 0.8245 

 

excitations to the vehicle. These excitations are introduced as PSD signals derived from the 

given equations. The vertical and lateral track irregularities in terms of PSD are given in 

equations 6.1 and 6.2 [149]. In SIMPACK, these PSD signals are converted into distance 

domain excitation, which can be directly applied to the track. 

𝑆𝑣(𝑤) =
𝑘𝐴𝑣𝑤𝑐

2

(𝑤2 +𝑤𝑐
2)𝑤2

 
(6.1) 

 

𝑆𝑙(𝑤) =
𝑘𝐴𝑙𝑤𝑐

2

(𝑤2 +𝑤𝑐
2)𝑤2

 
(6.2) 
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Where S(w) represents the track irregularity in terms of PSD function (cm2/rad/m), w is the 

spatial frequency (rad/m), wc depicts the cutoff frequency (rad/m), Av and Al represent the 

roughness coefficients (cm2 rad/m), for a particular line level. k is generally taken as 0.25. 

Table 6.1 shows the parameter values for the 6th line level.   

6.2.2 Ride comfort assessment 

The Mean Comfort standard technique was presented in both UIC-513 and EN-12299 

standards and has been used by most countries for ride quality evaluation. The 95th 

percentile from the five-minute frequency weighted RMS values of the individual x,y, and 

z acceleration signals are considered in the Mean Comfort index (Nmv) calculation. 

Acceleration response in the vertical direction (Z-axis) has been shifted by a factor of 9.81 

to remove the additional gravitational effect. 

For each direction, a particular segment, i.e., sixty continuous five-second weighted 

RMS values, are considered over specific track conditions. From these sixty RMS values, 

95th percentiles of the weighted accelerations in three directions are chosen and united with 

a root-sum-square calculation, as shown in equation (6.3). 

𝑁𝑀𝑉 = 6 ∗ √(𝑎𝑋𝑃95
𝑊𝑑 )2 + (𝑎𝑌𝑃95

𝑊𝑐 )2 + (𝑎𝑍𝑃95
𝑊𝑏 )2                

 

(6.3) 

Where Nmv indicates the Mean Comfort index; P denotes the floor level; X, Y and Z 

represent the longitudinal, lateral and vertical directions, respectively. Wd indicates the 

frequency-weighted value in longitudinal and lateral directions, while Wb indicates the 

frequency-weighted value in the vertical direction. Figure 6.4 shows the detailed steps to 

determine frequency-weighted R.M.S accelerations in three directions. Standard passenger 

comfort reactions based on the Nmv index are given in Table 6.2 [161]. 
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Table 6.2: Comfort reactions based on Nmv 

EN12299 Index (Nmv) Likely reaction of passengers 

Nmv<1.5 Very comfortable 

1.5≤Nmv<2.5 Comfortable 

2.5≤Nmv<3.5 Acceptable comfort 

3.5≤Nmv<4.5 Uncomfortable 

Nmv≥4.5 Very uncomfortable 

 

(a) 

(b) 
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(c) 

Figure 6.4: Post-processing steps to calculate acceleration response in the direction of (a) X-

axis (b) Y-axis (c) Z-axis 

6.2.3 Validation and post-processing 

In SIMPACK software, there are different ways to ensure that the model is correct and will 

run as it should in real-life conditions. One fundamental way to check is by looking at the 

graphical model and ensuring that all bodies(parts), force elements, joints etc., are in their 

correct positions. The 'Test call' feature in SIMPACK is the most reliable validation 

method. This feature gives a detailed description of body position, velocity, acceleration, 

constraint forces and torques, joint state acceleration etc. If the model setup has been done 

correctly, all joint state accelerations should be nearly zero, as shown in Figure 6.5. 

 

Figure 6.5: Test call output 
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Another method to double-check the model is to investigate preload values calculated 

by the software for attaining equilibrium. Due to symmetry, a similar preload value should 

come up for similar force elements. Additionally, it is recommended that the maximum 

residual acceleration should be less than 0.1. Figure 6.6 and Figure 6.7 show the value of 

calculated preload values and maximum residual acceleration, respectively.  

The validity of the presented model has been examined with Wu et al. rigid model in 

the presence of 5th American track [149] spectra for a vehicle running speed of 200km/h to 

350 km/h. Simulation results in terms of equivalent acceleration are compared with Wu et 

al., shown in Figure 6.8. It can be observed from the graph simulation results  

Figure 6.6: Calculated Preload values for attaining equilibrium  

 

Figure 6.7: Maximum residual acceleration in the model 
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Figure 6.8: Comparison of equivalent acceleration at the centre of rail car floor 

 

obtained from the rigid model show good agreement with the rigid model of Wu et al. up 

to a speed of 280 km/h. However, given that non-linearities in the suspension element have 

been taken into account by the SIMPACK model, minimal variance with similar patterns 

in the data may be seen above 280 km/h. From the acceleration PSD results of Wu et al., It 

has been found that the rigid model shows similar behaviour to the flexible model below 

7.5 Hz; hence rigid model can be used for the comfort analysis if the excitation frequency 

is less than 7.5 Hz. 

6.3 Results and Discussion 

Vibration response in the Railway vehicle is influenced by various parameters such as track 

irregularity, vehicle speed, non-linearity in suspension elements etc. These vibration 

responses directly affect the moving train's running safety and passenger comfort. As 

passenger comfort varies from location to location on the car floor surface, a detailed 

analysis is required to evaluate the passenger ride comfort at different car floor locations 

by varying the type of track irregularity and running speed.  
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The first part of this section computes the PSD of acceleration at different rail car floor 

locations for the different running velocities of railway vehicles. Ride comfort assessment 

has been done in the second part. To measure the passenger ride comfort, the Authors 

calculated the Nmv index using the EN12299 evaluation method at different locations on 

the rail-car floor. To evaluate the Nmv index, the authors evaluated the acceleration signal 

by placing the accelerometer sensor at a different position. The accelerometer sensors were 

placed at Front-left, Front-Right, Rear-Left, Rear-Right, Center-left and Center-Right of 

the rail-car floor. 

6.3.1 PSD of acceleration at different car floor positions 

The PSD of the acceleration at various car-floor positions is the cumulative sum of the 

PSDs under various track irregularity excitations. Vertical, Lateral and combined vertical-

lateral track irregularities have been introduced on the left rail only. The contribution of  

 

 

Figure 6.9: PSD curves for Vertical lateral track irregularity_200km/h Left Position, PSD curves 

for Vertical lateral track irregularity_200km/h Right Position 
  

Figure 6.10: PSD curves for Vertical lateral track irregularity_350km/h Left Position, PSD curves 

__for Vertical lateral track irregularity 350km/h Right Position 
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Figure 6.11: PSD curves for Lateral track irregularity_200km/h Left Position, PSD curves for 

Lateral track irregularity_200km/h Right Position 

  

Figure 6.12: PSD curves for Lateral track irregularity_350 km/h Left Position, PSD curves for 

Lateral track irregularity_350 km/h Right Position 

  
Figure 6.13: PSD curves for Vertical track irregularity_200km/h Left Position, PSD curves for 

vertical-lateral track irregularity_200km/h Right Position 

 

 

Figure 6.14: PSD curves for Vertical track irregularity_350km/h Left Position, PSD curves for 

Vertical track irregularity_350km/h Right Position 
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these irregularities in PSD of acceleration at different floor positions have been examined 

and illustrated in Figures 6.9-6.14. As irregularities are introduced only on the left rail their 

influence is felt on the complete rail-car floor, thoroughly investigated in this section. 

The effect of combined track irregularities on PSD of acceleration at a different location 

on the rail car floor at a speed of 200 and 350 km/h has been observed and illustrated in 

Figures 6.9 & 6.10, respectively. The peak of PSD acceleration has been seen 

approximately at 5 Hz, possibly due to the mode shape contribution of the car body and 

bogie. At low speeds, the peak value for PSD acceleration was observed at different 

frequency values nearby to 5 Hz for different car floor locations, but at high speed, all the 

peaks were seen at the same frequency value. Lateral irregularity has little influence on the 

PSD of absolute acceleration, illustrated in Figures 6.11 & 6.12; also, the maximum PSD 

value is observed at the same frequency value for all car-floor positions at a given speed. 

Figures 6.13 and 6.14 show the effect of vertical track irregularity on the PSD of 

acceleration at different floor positions at a speed of 200 and 350 km/h, respectively. 

Results show that vertical track irregularity has a prominent effect on PSD of acceleration 

compared to lateral track irregularity. However, the effect of lateral track irregularity can't 

be neglected on the curved track. The irregularity introduced on the left rail excites random 

vibration transferred to the whole car body. Maximum PSD of acceleration obtained at the 

front left and rear right location of the car floor. Some fluctuation in the results has also 

been noticed due to the vehicle's geometric filter effect [162]. Also, it is important to note 

that different rail-car model behaves differently under different track surface conditions. 
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6.3.2 EN1229-based ride comfort assessment 

Case 1:  

  

 
 

Figure 6.15: The distribution of the Nmv index due to vertical track irregularity for different 

running speed 

Figure 6.15 shows the distribution of Nmv index at different car floor positions at different 

operating speeds. As per case 1, vertical track irregularity has been inculcated on the left 

rail up to 8000m. The figure shows that the left side of the car floor surface has a higher 

Nmv index than the right side due to vertical irregularities on the left rail. A similar type of 

behaviour has been deduced at all the operating speeds. From the calculated data of Nmv 

Index, it can be observed that the vibrational effects generated from irregularity, introduced 

on the left side, were transferred to the whole car body. For an operating speed of 200 

Km/h, the highest value of Nmv index is at the front left and right rear. 

Similarly, for an operating speed of 250 km/h, the highest value of Nmv index is on the 

right front side of the vehicle. For operating speed above 300 km/h, the Highest value of 
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Nmv index is at the left rear side of the vehicle. The maximum value of Nmv index is always 

found on the rear and front location of the car floor. However the position of peak Nmv may 

shift from left to right, and vice-versa may be due to the effect of geometry filter or non-

linearity in the suspension parameter. 

Case 2: 

Figure 6.16 shows the distribution of Nmv index at various locations on the car floor due to 

lateral track irregularity. These Nmv index data are much lower than the 1.5 limit value up 

to 300 km/h and close to 1.5 limit value at 350 km/h. At these values of the Nmv index, the 

rider will feel 'very comfortable' as shown in Table 6.2 up to 300 km/h. The index value 

increases with increasing speed, and at a given speed, it shows the same index value for 

both the left and right sides of the front, rear and centre position of the car floor. The index 

value shows less influence of lateral irregularities on the ride comfort when the vehicle 

moves on a straight track. 

 

 

  

Figure 6.16: The distribution of the Nmv index due to lateral track irregularity for different 

running speed 
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Figure 6.17: The distribution of the Nmv index due to combined vertical-lateral track irregularity for 

different running speed 

Case 3: 

The distribution of Nmv index under the influence of combined track irregularity is shown 

in Figure 6.17. Index results show that passengers will be in a comfortable zone, even 

though the comfort index increases with increasing operational speed. Since the track 

irregularities are introduced on the left rail, the maximum Nmv index should be positioned 

on the left side of the car floor. But from the graph shown in Figure 6.17, it is inferred that 

critical location (i.e., the position of the highest Nmv index) changes with increasing speed. 

The change in critical position may be due to the cross-wheel momentum transferred at the 

rail-wheel interface. 

6.4 Summary 

For various track irregularity conditions, the PSD of acceleration and Nmv index have been 

estimated in this study at various car floor positions at speeds ranging from 200 km/h to 
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350 km/h. SIMPACK MBS is a very reliable software for developing the 50 DOF high-

speed railway vehicle model. The peak value of PSD of absolute acceleration has been 

obtained approximately at 5Hz, possibly due to the mode shape of the rail car body and 

bogie.  

As irregularity has been introduced only on the left rail, maximum PSD of acceleration 

and Nmv index are found at the front left position in most cases. Still, with increasing speed, 

the peak values shifted to the right side of the car floor, possibly due to cross-wheel 

momentum transfer.  

Nmv index was calculated at different car floor locations at different running speeds and 

track irregularities. From the simulation results, it has been found that for Nmv index less 

than 1.5 and between 1.5 to 2.5 value, passengers feel 'very comfortable' and 'comfortable', 

respectively, up to the speed of 300 km/h for a given track irregularity. Still, beyond 300 

km/h the Nmv value is between 2.5 and 3, which is an 'Acceptable comfort' condition. The 

results also observed that the maximum value of Nmv index was found on the Front-Left 

location for the speed range of 200-300km/h. But at 350 km/h maximum value of the Nmv 

index was obtained at the Rear-Right and Front-Right locations instead of the front, and 

the minimum Nmv index was obtained at the centre of floor locations.  

This study provides a deeper understanding of passenger ride comfort at six car-floor 

positions and under various track conditions. The same model can be used to determine and 

analyze passenger comfort in the event of vehicle hunting instability, which has recently 

received less consideration when assessing ride comfort. 
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CHAPTER 7 

Chapter 7 Conclusions and Future Scopes of Study 

 

This chapter presents an overview of the conclusions drawn from the research study on 

“Dynamic analysis wheel-track interactions for the high train through bond graph” and 

gives directions that can be carried out in future research. 

7.1  Conclusions 

The research focused on the characteristics of a railway vehicle, utilizing simulated results 

obtained through bond graph methodology and SIMPACK Multi-Body Simulation 

software. Various models were developed, including a single degree of freedom wheel 

model, a nine degree of freedom high-speed railway vehicle (HSRV) model, a thirty-one 

degree of freedom HSRV model, and a fifty-degree of freedom HSRV model, to investigate 

different aspects of railway vehicles. To understand the wheel track interaction dynamics, 

a two-layer slab track structure and three layer ballasted track structure has also been 

developed in bond graph. The rail and slab have been developed as an Euler-Bernoulli 

beams. The rail pad/fasteners, ballast and subgrade were considered as massless spring 

damping element. The sleepers were modelled as lumped mass elements discretely 

supported on ballasts. In the presented research work, the wheel-rail contact is given by the 

nonlinear Hertzian contact theory commonly used in the vertical dynamics of wheel-rail 

interaction analysis. To calculate the tangential contact forces at wheel-rail interface, 

Heuristics nonlinear creep model and Polach non linear creep theory has been utilised. 

Although comparing bond graph methodology with other approaches posed challenges, 

several distinct advantages of the presented methodologies emerged. The findings provide 
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a deeper understanding of railway dynamics. The conclusions drawn from the present 

research are presented below: 

➢ Theoretical modelling of ballasted track and slab track has been developed to study 

wheel/track interaction and it has been found that for the normal contact problem, 

Hertzian nonlinear theory is found to be efficient. However, for addressing the non-

elliptical contact patch at the wheel-rail interface, non-Hertzian contact theory 

found more suitable. 

➢ The computational framework of different HSRV model developed through bond 

graph methodology, provided a valuable insight into the complex dynamics of high-

speed trains, aiding in the development of strategies for maintaining safety and 

integrity in high-speed rail systems. Six distinct cases of wheel irregularity have 

been examined to investigate how sinusoidal wheel irregularity (with a constant 

wavelength and varying amplitude) affects the dynamic response at the wheel-rail 

interface. Additionally, the impact of wheel irregularity on the contact force induced 

at the wheel-rail interface has been thoroughly investigated. 

• The single degree of freedom wheel model and the nine degree of freedom 

high-speed railway vehicle model, developed using bondgraph methodology 

to study the dynamic behavior of high-speed trains under varying speeds and 

wheel irregularities, have been validated by the results of the Fermer and 

Nielsen field experiment under low-speed conditions and the SIMPACK 

simulation results of Wu and Rakheja across the low to high-speed range. The 

validated results exhibited a strong agreement with both experimental data and 

SIMPACK simulation within the speed range of 50 km/h to 140 km/h 

• It was observed that between 200 km/h and 250 km/h, the maximum contact 

force increased rapidly due to rising momentum. However, beyond 250 km/h, 
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the rate of increase slowed, and the contact force eventually decreased as the 

wheel speed continued to rise. This change was attributed to the reduced 

contact time between the wheel irregularity and the rail at higher speeds, which 

lessened the impact of momentum." 

• The dynamic amplification factor (DAF) varied between 1.96 and 3.55 for 

speeds ranging from 180 km/h to 398 km/h. The higher DAF values could lead 

to substantial vibrations, underscoring the importance of regular track 

maintenance. 

• Dynamic impact forces at the wheel-rail interface were evaluated and 

compared for slab and ballasted tracks using a 9-degree-of-freedom railway 

vehicle model with wheel irregularity on the leading right wheelset. It was 

found that the dynamic amplification factor (DAF) was 2 to 3 times higher on 

slab tracks than on ballasted tracks, which is due to the better damping 

properties of ballasted tracks. 

➢ To study the lateral dynamics of HSRV moving on a curved track, a thirty one 

degree of freedom of HSRV model has been developed using bond graph 

methodology. Heuristic non-linear creep model and Polach non-linear creep model 

has been used to study and compare the stability analysis of HSRV model when 

vehicle is moving on the curve track. Further a transition track has been developed 

with track irregularity at the end of straight track (i.e. in front of the curve track) to 

examine the dynamic responses in terms of wheelset lateral force, wheel unloading 

rate, derailment coefficient and vehicle vertical acceleration. Following points has 

been summarized from the study.  

• The simulation results revealed that the wheelset demonstrated self-sustained 

oscillatory motion at 257.4 km/h speeds for the heuristic non-linear creep 
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model and 288 km/h for the Polach non-linear creep model. Stability analysis 

identified critical speeds for the HSRV using Polach's non-linear creep and 

Heuristic non-linear creep model.  Polach's model indicated a higher critical 

speed compared to Kalker’s model. 

• "The research highlighted the effects of alignment irregularity (AL) and cross 

level irregularity (CL) on the lateral dynamic performance of high-speed 

railway vehicles. The study examined track irregularities with wavelengths of 

3m, 5m, 10m, 20m, and 40m, and amplitudes of 15mm for both types of 

irregularities. It was found that AL has a significant impact on wheelset lateral 

force and derailment coefficient, especially for medium to long wavelengths 

(5m-40m), while CL primarily affects the derailment coefficient at shorter 

wavelengths and has a lesser impact at longer wavelengths." 

• For a 3m wavelength CL, the wheel unloading ratio approached 1, raising 

concerns about potential roll-over derailment.  

• AL has a greater impact on lateral forces and derailment coefficient as the 

wavelength increases, whereas CL influences vertical acceleration and wheel 

unloading ratio. This underscores the importance of considering these factors 

to ensure safety and enhance ride comfort. 

➢ Passenger ride comfort becomes a significant concern at high speeds. To address 

this concern a 50 DOF HSRV model developed and simulated in SIMPACK-

multibody simulation software to evaluate the passenger ride comfort under random 

track irregularity. EN12299-mean comfort standard method has been used to 

calculate ride comfort under vertical, lateral, and combined track irregularity. From 

the simulated results following conclusions has been made. 
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• The power spectral density (PSD) of acceleration and Nmv index has been 

estimated at various car floor positions for speeds ranging from 200 km/h to 

350 km/h using SIMPACK MBS software. Track irregularities introduced on 

the left rail typically resulted in the highest PSD of acceleration and Nmv index 

at the front-left position in most cases. 

• The peak PSD of absolute acceleration was noted at approximately 5 Hz, likely 

due to the mode shape of the rail car body and bogie. Since the resonance 

frequency of the human stomach falls between 4-8 Hz, passengers might 

experience nausea under these conditions. 

• The maximum Nmv index was found at the front-left position for speeds 

ranging from 200-300km/h. However, at 350 km/h, the highest values shifted 

to the rear-right and front-right positions, with the lowest values recorded at 

the centre of the floor. Increasing speed caused the peak values to shift to the 

right side of the car floor, potentially due to cross-wheel momentum transfer.  

• The vertical stiffness of secondary suspension has a greater impact on ride 

comfort than lateral stiffness. Vertical stiffness of secondary suspension can 

help to reduce the PSD of acceleration at lower stiffness value (in the range of 

103 kN/m) thus reducing the Nmv index value. 

• SIMPACK MBS is a very reliable software for developing the 50 DoF high-

speed railway vehicle model. 
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7.2  Future Scopes of Study 

Future research can address the following issues in the field of railway dynamics: 

• This thesis presents the effect of wheel irregularity at the wheel rail interface, for a 

1-DOF wheel/track model and 9-DOF quarter car model. A 3D full car model could 

be developed to study the effect of wheel irregularity on passenger ride comfort 

along with its effect on the lateral dynamics of HSR vehicles including creeping 

forces and longitudinal creepage. 

• The stress analysis can be carried out at the wheel rail interface consisting wheel 

and track irregularities. 

• The presented vehicle model can be used to study the effect of swing motion on 

passenger ride comfort. 

• This research uses Hertzian theory to simulate the interaction between the wheel 

and track. Researchers frequently employ Hertzian theory, which presupposes 

single-point contact at the wheel's center, to study the vertical dynamics of railway 

vehicles at the wheel-rail interface. A non hertzian contact model can be used to 

simulate the forces that interact between the wheel and the rail, particularly when 

operating at high speeds. 
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