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ABSTRACT  

The railway transportation system is currently undergoing a significant expansion. As a result, 

train lines are upgraded, and the technical condition of the rail vehicles that use them is also taken 

into consideration. However, under certain circumstances, wheels on rail vehicles may sustain 

damage while in use. Then, depending on the kind and degree of flaws, the profile of the wheels 

is no longer circular but rather changes. The passenger's ride comfort is diminished when a rail 

vehicle with a damaged wheel is in operation. The research considered one type of railway wheel 

damage, which is wheel polygonization, and focused on analyzing the ride comfort for passengers 

based on results obtained from multibody dynamic analyses. Simulations and calculations were 

done in numerical and dynamic multibody software. The findings demonstrate that the wheel 

polygonization of 0.3 mm has a greater impact on ride comfort compared to the other amplitudes 

(0.1mm and 0.2mm). This implies that with an increase in polygonization amplitude, the ride index 

will also increase. However, running an overloaded carrying capacity vehicle has minimal comfort 

compared to an empty and rated carrying capacity vehicle when the wheel has a polygonization 

defect. Moreover, it found that with increasing vehicle speed, the ride index also increases, which 

means that at high speeds, the ride comfort will be diminished. Furthermore, it found that the 

orders of wheel polygonization have an effect on ride comfort. With the increasing order of 

polygonization, the ride index also increases. According to the findings, this study has a significant 

impact on the maintenance planning for wheels and rails as well as operation management. 

Keywords: Rail vehicle, Ride comfort, Flexible wheelsets, Wheel polygonization, Finite element 

analysis, Multibody dynamic simulations 

 

 

 

 

 



 

v 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

TABLE OF CONTENTS 

 

APPROVAL .................................................................................................................................... i 

DECLARATION ............................................................................................................................ ii 

ACKNOWLEDGEMENT ............................................................................................................. iii 

ABSTRACT ................................................................................................................................... iv 

TABLE OF CONTENTS ................................................................................................................ v 

LIST OF FIGURES ....................................................................................................................... ix 

LIST OF TABLES ......................................................................................................................... xi 

ACRONYMS AND ABBREVIATION ...................................................................................... xiii 

CHAPTER ONE ............................................................................................................................. 1 

1.0 INTRODUCTION .................................................................................................................... 1 

1.1 Background ........................................................................................................................... 1 

1.2 Statement of the Problem ...................................................................................................... 2 

1.3 Objectives .............................................................................................................................. 3 

1.3.1 Main objective ................................................................................................................ 3 

1.3.2 Specific objectives .......................................................................................................... 3 

1.4 Research Questions ............................................................................................................... 3 

1.5 Significance of the Research ................................................................................................. 3 

1.6 Scope of the study ................................................................................................................. 4 

1.7 Work organization ................................................................................................................. 4 

CHAPTER TWO ............................................................................................................................ 5 

2.0 LITERATURE REVIEW ......................................................................................................... 5 

2.1 Introduction ........................................................................................................................... 5 

2.2 Passenger ride comfort .......................................................................................................... 5 



 

vi 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

2.2.1 Factors affecting ride comfort ........................................................................................ 6 

2.3 Methods for analyzing ride comfort ...................................................................................... 8 

2.3.1 Equivalent level of vibration .......................................................................................... 8 

2.3.2 Ride Index (Wz) ............................................................................................................. 9 

2.3.3 Ride comfort assessment according to EN 12299 ........................................................ 10 

2.3 Car body vibration ............................................................................................................... 11 

2.4.1 Flexible wheelset model ............................................................................................... 12 

2.4.2 Railway Wheels ............................................................................................................ 15 

2.4.3 Wheel-Rail Contact Mechanics .................................................................................... 15 

2.4.5 Hertz Contact Theory Mathematical Equation ............................................................. 16 

2.5 Track irregularity................................................................................................................. 18 

2.6 Wheel polygonization ......................................................................................................... 19 

2.7 Articles related to research topic ......................................................................................... 21 

2.8 Summary ............................................................................................................................. 25 

2.9 Research gap ....................................................................................................................... 27 

CHAPTER THREE ...................................................................................................................... 28 

3.0 METHODOLODY ............................................................................................................ 28 

3.1 Introduction ......................................................................................................................... 28 

3.2 Data collection..................................................................................................................... 30 

3.3 Flexible wheelset model analysis ........................................................................................ 31 

3.3.1 Analysis of the mechanical ABDL model's substructure ................................................. 31 

3.4 Multibody dynamic of a rail vehicle model ........................................................................ 35 

3.4.1 Mathematical model ..................................................................................................... 35 

3.4.2 Wheelset and rail modeling .......................................................................................... 38 

3.4.3 Bogie frames modeling ................................................................................................. 40 



 

vii 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

3.4.5 Suspension element modeling ...................................................................................... 41 

3.4.6 Car body model ............................................................................................................ 42 

3.4.7 Wheel-rail contact model .............................................................................................. 43 

3.5 Formation of track irregularity ............................................................................................ 44 

3.6 Coupling the flexible wheelset with the rigid dynamic rail vehicle model ......................... 44 

3.7 Wheel polygons mathematical model ................................................................................. 45 

3.8 Validation of the model ....................................................................................................... 47 

3.9 Ride comfort index calculation ........................................................................................... 48 

CHAPTER FOUR ......................................................................................................................... 49 

4.0 RESULTS AND DISCUSSION ............................................................................................. 49 

4.1 Influence of wheel polygonization amplitude ..................................................................... 49 

4.2 Effect of vehicle loads ......................................................................................................... 52 

4.3 Influence of vehicle speed ................................................................................................... 54 

4.4 Influence of polygonization orders with different speeds ................................................... 61 

4.5 Summary ............................................................................................................................. 64 

CHAPTER FIVE .......................................................................................................................... 65 

5.0 CONCLUSION AND RECOMMENDATION ...................................................................... 65 

5.1 Conclusion ........................................................................................................................... 65 

5.2 Recommendation ................................................................................................................. 65 

5.3 Future works ........................................................................................................................ 66 

REFERENCES ............................................................................................................................. 67 

Appendices .................................................................................................................................... 76 

Appendix A ............................................................................................................................... 76 

Appendix B ............................................................................................................................... 77 

Appendix C ............................................................................................................................... 78 



 

viii 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

Appendix D ............................................................................................................................... 79 

Appendix E ................................................................................................................................ 80 

Appendix F ................................................................................................................................ 81 

Appendix G ............................................................................................................................... 83 

Appendix H ............................................................................................................................... 85 

Appendix I ................................................................................................................................. 85 

Appendix J................................................................................................................................. 86 

Appendix K ............................................................................................................................... 87 

Appendix L ................................................................................................................................ 88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ix 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

LIST OF FIGURES 

Figure 2.1: Interfaces points [5] .................................................................................................... 11 

Figure 2.2: Flexible mode shapes of the wheelset[41] ................................................................. 12 

Figure 2.3: (a) Eigen modes of the wheelset and (b) Transformation of the coordinate system [45]

....................................................................................................................................................... 13 

Figure 2.4: Wheel nomenclature [47] ........................................................................................... 15 

Figure 2.5: Wheel rail contact region [47] .................................................................................... 16 

Figure 2.6: Rail-wheel contact of elliptical [51] ........................................................................... 17 

Figure 2.7: Track irregularity profile [58] .................................................................................... 18 

Figure 2.8: Typical wheel polygons with different harmonic orders (a) fourth-order; (b) 11th-order; 

and (c) 22nd-order [67] ................................................................................................................. 20 

Figure 3.1: Methodology flow chart ............................................................................................. 29 

Figure 3.2: Steps for substructure analysis ................................................................................... 32 

Figure 3.3: A 3D geometry of a wheelset ..................................................................................... 32 

Figure 3.4: Meshing the wheelset ................................................................................................. 33 

Figure 3.5: Location of master nodes in the wheel circumference ............................................... 34 

Figure 3.6: Location of master nodes on the wheel ...................................................................... 34 

Figure 3.7: AALRT vehicle-track coupling dynamic model [42] ................................................ 35 

Figure 3.8: Modeling a multibody dynamic rail vehicle procedure.............................................. 38 

Figure 3.9: Modeling of wheelset and rail .................................................................................... 40 

Figure 3.10: Modeling of bogie frame .......................................................................................... 41 

Figure 3.11: Modeling of suspension elements ............................................................................ 42 

Figure 3.12: Modeling of car body ............................................................................................... 43 

Figure 3.13: Parameters describing the track geometry and its irregularities ............................... 44 

Figure 3.14: The wheelset's Eigen modes at frequencies between 100 and 300HZ ..................... 45 

Figure 3.15: Diagram showing periodic wheel polygonizations of various orders [83]. ............. 46 



 

x 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

3.16: Preload static force............................................................................................................... 47 

Figure 4.1: Ride comfort index due to wheel polygonization amplitudes .................................... 50 

Figure 4.2: Vertical and lateral acceleration due to the 0.1 mm wheel polygonization amplitude

....................................................................................................................................................... 50 

Figure 4.3: Vertical and lateral acceleration due to the 0.1 mm wheel polygonization amplitude

....................................................................................................................................................... 51 

Figure 4.4: Vertical and lateral acceleration due to the 0.1 mm wheel polygonization amplitude

....................................................................................................................................................... 51 

Figure 4.5: Ride comfort index due to the vehicle carrying loads ................................................ 52 

Figure 4.6: Vertical and lateral acceleration due to the empty vehicle load ................................. 52 

Figure 4.7: Vertical and lateral acceleration due to the rated carrying load ................................. 53 

Figure 4.8: Vertical and lateral acceleration due to the overload carrying load ........................... 53 

Figure 4.9: Influence of vehicle speed with and rated passenger’s carrying load on ride comfort

....................................................................................................................................................... 55 

Figure 4.10: Influence of vehicle speed with overloaded loads on ride comfort .......................... 56 

Figure 4.11: Ride comfort index due to vehicle speed with a rated passenger’s carrying load and 

two polygonized wheels. ............................................................................................................... 57 

Figure 4.12: Ride comfort index due to vehicle speed with overload passenger’s carrying load and 

two polygonized wheels. ............................................................................................................... 58 

Figure 4.13: Ride comfort index due to vehicle speed with a rated passenger’s carrying load and 

three polygonized wheels. ............................................................................................................. 59 

Figure 4.14: Ride comfort index due to vehicle speed with overload passenger’s carrying load and 

three polygonized wheels. ............................................................................................................. 61 

Figure 4.15: Ride comfort index due to 2nd order of polygonization............................................ 62 

Figure 4.16: Ride comfort index due to 4th order of polygonization ............................................ 63 

Figure 4.17: Ride comfort index due to 6th order of polygonization ............................................ 64 



 

xi 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

LIST OF TABLES 

Table 2.1: Comfort index evaluation scale [5]................................................................................ 9 

Table 2.2: Literature summary ...................................................................................................... 25 

Table 3.1: Passenger’s carrying capacity of AALRT vehicle (source: Addis Ababa Light Rail 

Transit technical sheet). ................................................................................................................ 30 

Table 3.2: Vehicle weight (source: Addis Ababa Light Rail Transit technical sheet). ................ 30 

Table 3.3: Axle load (source: Addis Ababa Light Rail Transit technical sheet). ......................... 30 

Table 3.4: Wheelset mechanical properties (source: Addis Ababa Light Rail Transit technical 

sheet). ............................................................................................................................................ 33 

Table 3.5: Wheelset parameters and values from AALRT (source: Addis Ababa Light Rail Transit 

technical sheet).............................................................................................................................. 39 

Table 3.6: Bogie frame parameter and values from AALRT (source: Addis Ababa Light Rail 

Transit technical sheet). ................................................................................................................ 40 

Table 3.7: Suspension elements parameters and values from AALRT (source: Addis Ababa Light 

Rail Transit technical sheet). ......................................................................................................... 41 

Table 3.8: Car body parameters and values from AALRT (source: Addis Ababa Light Rail Transit 

technical sheet).............................................................................................................................. 42 

Table 4.1: Results due to different wheel polygonization amplitudes .......................................... 51 

Table 4.2: Results due to different vehicle loads .......................................................................... 54 

Table 4.3: Results due to different vehicle speeds and the rated passenger’s carrying load ........ 54 

Table 4.4: Results due to different vehicle speeds with overloaded passenger carrying capacity 56 

Table 4.5: Ride comfort index due to vehicle speed with a rated passenger’s carrying load and two 

polygonized wheels. ...................................................................................................................... 57 

Table 4.6: Ride comfort index due to vehicle speed with overload passenger’s carrying load and 

two polygonized wheels. ............................................................................................................... 58 

Table 4.7: Ride comfort index due to vehicle speed with a rated passenger’s carrying load and 

three polygonized wheels. ............................................................................................................. 60 



 

xii 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

Table 4.8: Ride comfort index due to vehicle speed with overload passenger’s carrying load and 

tthree polygonized wheels............................................................................................................. 60 

Table 4.9: Ride comfort index due to different orders of polygonization .................................... 63 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xiii 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

ACRONYMS AND ABBREVIATION 

AALRT Addis Ababa Light Rail Transit 

FEM Finite Element Method 

OOR   Out of Roundness 

UIC    International Union of Railways 

CAD Computer Aided Design 

ISO   International Organization for Standardization 

PSD   Power Spectral Density 

TIMP Track Irregularity Probabilistic Model 

MBDS Multibody Dynamic System 

FEMBS    Finite Element Multibody System 

DOF Degree of Freedom 

APDL Ansys Parametric Design Language 

SUB Substructure Analysis files 

FBI Flexible Body Input file 

NIT National Institute of Transport 

FEA Finite Element Analysis 

TM Torsional Mode 

MB Bending Mode 

UM Umbrella Mode 

ANSYS Analysis System 

 

                                                                                                                                    

                                               

                                               

                                                

                                               

                                              



 

1 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

CHAPTER ONE 

1.0 INTRODUCTION 

1.1 Background  

The railway industry is a significant component of the national economy. More people are opting 

to take trains to travel due to their convenience, safety, speed, and environmental protection [1]. 

So, it must offer a high comfort level for passengers and crew. However, the comfort that 

passengers experience is usually perceived differently from one individual to another. A low 

vibration level is one of the important factors of a good ride comfort. The vibrations are mainly 

caused by track irregularities, from which they are transmitted via the bogies and the car body to 

the passengers [2]. The bogies' excitation causes the carbody to bend and twist since it is not stiff. 

In some circumstances, the structural flexibility of the car body accounts for half of the vibrations 

that are felt, with the remaining vibrations coming from rigid body motions. The problem of 

vehicle vibration is significant in the design and development of competitive cars given the present 

trend toward lighter vehicles and faster speeds. Additionally, the desire for high comfort standards 

necessitates a greater comprehension of the vibration interaction between passengers and vehicles 

[3].  

The passenger experience is directly related to the level of the vehicle comfort index. 

Consequently, the comfort of railway cars has drawn public attention. The comfort of the trip 

depends on many different adverse effects to which passengers are exposed. These effects mostly 

include vibrations caused by moving vehicles, as well as noise, air humidity, illumination, 

temperature, and ventilation. Running imperfections in the track and wheel untrueness can also 

result in negative vibrations [4]. One of the most common types of wheel damage is polygonization 

[5]. This particular form of wheel defect manifests itself when the wheel locks and slides along the 

rail due to faulty brakes or excessive braking power in comparison to the practical friction in the 

wheel/rail contact. 

Numerous techniques for evaluating ride comfort have been developed over the years, each with 

varying degrees of application depending on the type of traffic-urban, suburban, long distance, etc. 

These methods are included standards, such as BS 6841 [6] and UIC 513 [7]. All of the methods 

involve evaluating the level of vibrations from a comfort standpoint based on acceleration in 
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different directions, through specific weighting filters that trigger the influence of the differentiated 

sensitivity of human subjects to vibrations, depending on direction and frequency. The majority of 

European railway administrations have adopted the comfort index calculation approach employed 

in many other railway operations. The reason is that it represents a high level and an instrument of 

skill that takes into account a number of specific issues of the railway vehicles vibration behavior, 

important as they influence the comfort state, but neglected by other methods. However, one of 

the main presumptions of a rail vehicle's success and popularity with passengers and transportation 

providers is the trip comfort. Due of this, a lot of focus is placed on the rail car analysis prior to 

operation [8], [9]. For analysis computer simulations and detailed analysis of measured 

experimental values are widely used. 

Most of researchers who investigated the effect of wheel damage on ride comfort they study how 

the wheel flat, wheel polygonization and OOR affect the ride comfort by considering vehicle speed 

and track irregularity only. They didn’t investigate how does variable load (empty vehicle, normal 

loaded vehicle and overloaded vehicle) affect the ride comfort of rail vehicles moving with wheel 

polygonization. This study addressed the role played by vehicle speed, flexible wheelset, vehicle 

carrying loads, and wheel polygonization in ride comfort. Due to the high experiment cost and 

significant impact on regular operation, it is difficult to conduct this kind of fundamental research 

through experiments, therefore simulation emerges as the best option. However, the reasonability 

and robustness of the prediction program must be ensured. 

1.2 Statement of the Problem 

Wheel polygonization is a widespread phenomenon that has been observed in a variety of rolling 

stock for many years, including locomotives, metro trains, and light rail vehicles. By periodically 

stimulation in the wheel-rail interface, it introduces damaging vibration to the vehicle track system 

[10], [11]. One of the failure mechanisms in the railway industry that results in wheel 

polygonization is wheel wear, which causes wheel flats. Uneven wear in the circumferential 

direction of the wheel is caused by large variations in the normal force, tangential force, area of 

the contact patch, and creepages between one circumferential revolution and the next. The majority 

of this uneven portion is found after the wheel flat's trailing edge. Furthermore, the tire flat is very 

difficult to remove by regular wheel-rail wear, resulting in a localized area of the wheel tread being 

subjected to reciprocating impact for an extended period of time. Therefore, as the mileage rises, 
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the uneven wear will transform into polygonal wear. The wheel flat will exacerbate the polygon 

phenomenon if it already exists. Moreover, the effects may include noise, diminished comfort, 

component degradation, and track deterioration [12], [13]. Therefore, this research will have a 

significant impact on the maintenance planning for wheels and rails as well as operation 

management, helping to ensure the comfort and safety of passenger and railway rolling stock by 

either shortening the time needed for wheel maintenance or altering vehicle speed when a wheel 

develops polygonization defects. 

1.3 Objectives 

1.3.1 Main objective  

The general objective of this study is to analyze the passenger ride comfort of a rail vehicle 

running with polygonized wheels by using dynamic simulations. 

1.3.2 Specific objectives 

i. To investigate the influence of wheel polygonization amplitude on passenger ride comfort. 

ii. To investigate the influence of vehicle carrying loads on ride comfort when a rail vehicle 

moves with polygonal wheels.  

iii. To examine how vehicle speeds affect ride comfort when the rail wheel experiences a 

polygonization defect. 

iv. To determine the effect of polygonization orders on passenger ride comfort.  

1.4 Research Questions 

i. How does the wheel polygonization amplitude affect the ride comfort?  

ii. How does variable load affect the ride comfort of rail vehicles moving with wheel 

polygonization? 

iii. How does the vehicle speed affect the passenger's ride comfort when the wheel is 

polygonised? 

iv. How does passengers ride comfort affected by polygonization orders?  

1.5 Significance of the Research 

The damaged wheel triggers the amplification of the vibration behavior at the car's body level, 

with a negative impact on the rolling comfort. These conditions are the most common problems in 

rail vehicles, including the AALRT. This research determined the effect of wheel polygonization 
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on passenger ride comfort. Thus, it has a significant impact on the maintenance planning for wheels 

as well as operation management, helping to ensure the comfort and safety of passenger and 

railway rolling stock by either shortening the time needed for wheel maintenance or altering 

vehicle speed when a wheel develops polygonization defects. However, this study will also be 

valuable to scientific researcher’s in future advanced and exploratory research on the impacts of 

wheel polygonization on light rail vehicle dynamics, including passenger ride comfort.   

1.6 Scope of the study 

A rail vehicle operating with wheel polygonization was taken into account in the study. To perform 

a numerical simulation, a flexible wheel set was modeled in CAD and loaded into FEM. The 

carbody got just master and superposition nodes from the FEM, which were represented by 

SIMPACK for dynamic simulation. However, the investigation was only done to assess how 

flexible wheel sets, vehicle carrying loads, vehicle speed, and wheel polygonization affect 

passenger ride comfort. Due to the high cost of experiments and their significant impact on regular 

operations, it is difficult to conduct this kind of fundamental research through experiments; 

therefore, simulation emerges as the best option. 

1.7 Work organization 

This work is organized in five parts. Chapter one is the introduction part which contains the 

background of the study, statement of the problem, objectives, significance of the study and scope 

of the study. Chapter two discusses the literature review from previous work done in the similar 

topic and it incorporates the use of published articles and journals. Chapter three shows the 

appropriate selection of materials and methods that used to accomplish the objective of the study. 

The fourth chapter contains the research findings, which are discussed in detail utilizing figures, 

tables, and graphs. The last chapter contains the conclusion of the study, recommendations, and 

future work suggestions. 
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CHAPTER TWO 

2.0 LITERATURE REVIEW 

2.1 Introduction  

Passenger satisfaction is concerned with more than just safety and travel time. Furthermore, ride 

comfort is not just assessed based on the passenger's mental and physiological aspects. However, 

there is a widespread belief that the lack of unfavourable characteristics is the essence of comfort. 

The discomfort of the journey is provided by a number of various negative impacts, nevertheless, 

to which the passengers are subjected. These effects mostly include vehicle vibrations, noise, air 

humidity, illumination, temperature, and ventilation. Negative vibrations can occur during 

operation as a result of track abnormalities as well as wheel damage (wheel polygonization) [14]. 

Wheel polygonization is one of the most common wheel inaccuracies. Wheel flats aggravate this 

particular kind of wheel issues. Wheel flat happens when the brakes fail or when there is too much 

braking force compared to the amount of friction that can be achieved between the wheel and the 

rail. One of the key presumptions of a rail vehicle's success and popularity with both passengers 

and transit operators is the ride comfort [15]. For this reason, extensive analysis of measured 

experimental data and analysis computer simulations are frequently used. 

2.2 Passenger ride comfort 

Ride comfort is one of the main evaluations for the vibration level of the passenger. Thus, ride 

comfort evaluation is critical in order to sustain and monitor the railway company's services. 

However, there are no universally appropriate criteria for evaluating travel comfort because 

railways, vehicle condition, tracks, and operations vary per country. Therefore, the evaluation for 

ride comfort has to be developed independently [1], [16]. Due to local considerations, it is very 

challenging to develop a method for evaluating ride comfort that can be used universally, but it is 

still worthwhile to look into the relationships between different ride comfort indices and compare 

the findings [17],[18].    

The evaluation of ride comfort is critical for understanding and assessing the quality and 

experience of a passenger on a train travel. Passenger comfort is determined by a combination of 

physical and psychological variables. As a result, characteristics such as vibration, temperature, 

acoustic noise, humidity, scent, visual stimulation, and design layout can all impact ride comfort. 

Vibration is regarded as the most important factor influencing user comfort; once created by train 
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motion, passengers are subject to it throughout the journey due to contact with the seat, backrest, 

and floor [19]–[22]. 

Oboknb and Clarke employed a questionnaire to find out how comfortable the traveler felt [23]. 

They acknowledged that there can be a lot of problems when interpreting the data. A delicate 

questionnaire and data interpretation can still be utilized to obtain useful information. A survey 

was undertaken by Shinkansen to determine the effects of physical characteristics on passenger 

comfort, including vibration, acoustics, humidity, illumination, air freshness, air pressure, seat 

size, etc. According to the study, air freshness, seat size, vibration, acoustics, and interior design 

all have a 70% link with passenger comfort [24]. 

In certain regions, including ISO 2631, Sperling's technique, and UIC 513, the use of vibration to 

estimate passenger comfort is well established. An R.M.S.-based method is provided by ISO 2631 

to assess people's whole-body vibration in a variety of settings, such as a building or a vehicle that 

hasn't been adjusted for train passengers. Sperling's approach is better suited for comparing 

different vehicles. The purpose of UIC 513 is to direct the measurement of train passenger comfort 

using train vibration [24]–[26]. 

Other research examined using additional factors, such as ventilation and lighting, in addition to 

vibration to evaluate the comfort of train passengers. In addition to strictly mechanical metrics, 

biological parameters such as heart rate variation were used to determine the passenger's comfort. 

In order to measure the passenger comfort on a high-speed train, additional physical characteristics 

(air pressure, noise, humidity, illumination and temperature,) and physiological aspects (body 

pressure distribution, Electroencephalography, and Electromyography) were taken into 

consideration [27]–[29]. The use of physiological parameters to reflect human status is backed up 

by a lot of studies. However, because additional sensors are required and it is suspicious to invade 

people' privacy to collect the physical feature, using these traits to gauge passengers' satisfaction 

is impractical and expensive. Also, there isn't a physiological factor evaluation criterion that can 

be used everywhere. 

2.2.1 Factors affecting ride comfort 

The following are some factors that affect the comfort of passengers in railway transport:  
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(a) Vibration 

Every means of transportation has vibration. Additionally, it has a significant impact on passenger 

comfort. Vertical and lateral vibrations are the two main categories of vibration. People are greater 

lateral vibration sensitivity. The recommended lateral vibration to vertical vibration ratios are 0.7 

and 0.3, respectively[30]. 

(b) Area per capita in a passenger coach 

Passenger coach area per capita is a factor that directly impacts passenger travel comfort during 

the rail transport process, and a large space per capita for passengers signifies good passenger 

travel comfort. The specific standards for each method of transportation are explicitly established 

in the design specifications[30], [31]. 

(c) Pressure changes 

During train operation, the air pressure in the passenger coach will fluctuate, and severe pressure 

changes can make passengers uncomfortable or even harm their bodies, such rupturing an 

eardrum[30], [31]. 

(d) Noise 

In the passenger coach, noise levels are typically higher at high speeds. Passengers' health could 

be negatively impacted by noise pollution, which can cause hearing loss, headaches, and 

neurasthenia. The link between speed and noise in a train's operation is linear; for every 10 km/h 

increase in speed, the noise level rises by 1-2 dB. Each type of transportation method has a 

maximum noise level cap. If the train is running at 80 km/h, the passenger coach noise level shall 

be kept at no more than 68 dB. The International Union of Railways (UIC) mandates that passenger 

train noise levels not rise above 65 dB [30], [31].  

(e) Passenger travelling time 

According to ergonomics study [18], [30]–[32], passengers will become uncomfortable if the trip 

lasts longer than 6 hours. Train delays can happen, which can be uncomfortable for travelers. 
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(f) Temperature 

In recent years, air conditioning systems have been installed in most passenger coaches. There is 

a significant temperature difference between the passenger coach and the outside environment, 

according to reports from passengers. Poor ventilation and air conditioning can cause passengers' 

aches and pains, including dizziness, sneezing, weariness, memory loss, and muscle and joint pain. 

The IS07730 temperature setting standard, which mandates a 21–24 °C range for human thermal 

comfort, is extensively used in European nations. Additionally, the ASHRAE55-92 standard 

adopted in the USA mandates a temperature range for thermal comfort of 20 to 23.6 °C. However, 

the set thresholds for human skin's perception of heat and cold are 20–25 °C[18], [30]. 

2.3 Methods for analyzing ride comfort 

Peter outlines three methods for assessing ride comfort that are based on vibration data collected 

from an in-service railway vehicle running on a rail track. 

 Vibrational level equivalent (Laeq)  

 Ride comfort index (Wz) 

 EN 12299 (according to ISO 2631) 

2.3.1 Equivalent level of vibration           

Vertical and lateral acceleration signals are filtered in the frequency region, and vibration levels 

are calculated for 1-second intervals using the following expression [33]: 

La = 20log10(
𝑎

𝑎0
) (2.1) 

Where La is the level of acceleration in dB, a is the effective value of acceleration (m/s2), and a0 is 

the reference acceleration of 10-6 m/s2. The equivalent level is calculated for some railway track 

section based on time segments, taking into account the energy level by the following expression; 

Laeq = 10log10 [
1

𝑁
( 10

𝐿𝑎1
10 +10

𝐿𝑎2
10  +10

𝐿𝑎3
10  +…+10

𝐿𝑎𝑁
10 )] 

(2.2) 

Where Laeq is the equivalent level of vibrations for segment along the line expressed in dB, N is 

the number of second intervals that is taken into account, La1 to LaN is the second level of vibrations 

at any point on the track.  
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The indices Ic and Iq are calculated by ranking the observed segments of the line on a scale of 0 to 

1, based on the entire network rating (0 being the network section with the least vibrations and 1 

being the network section with the highest vibrations), taking into account the average Laeq from 

all the measured signals responsible for ride quality or ride comfort. 

2.3.2 Ride Index (Wz) 

Sperling's Wz ride index method [6], [14], [20], [22], [34]–[36] is used to assess the ride quality 

and comfort of railway vehicles. When evaluating ride quality, the vehicle itself is taken into 

account. Ride comfort implies that the vehicle should be evaluated based on the impact mechanical 

vibrations have on the occupants. Because it is determined as a function of the level of vehicle 

vibrations, the ride index Wz provides information on dynamic behavior of the vehicle, which 

enables identification of solutions for improving dynamic performance of the vehicle in terms of 

ride quality and ride comfort. Table 2.1 shows the ride comfort evaluation scale.  

Table 2.1: Comfort index evaluation scale [5] 

Wz < 1.5 Very comfortable 

1.5 ≤ Wz < 2.5 Comfortable  

2.5 ≤ Wz < 3.5 Medium  

3.5 ≤ Wz <4.4 Uncomfortable  

Wz > 4.5 Very uncomfortable  

 

This vibration analysis technique necessitates the processing of data at acceleration rates of up to 

30 Hz. The method's value is in its simplicity and ability to constantly monitor Wz index along the 

track, thereby pointing out track irregularities. The ride index Wz is weighted based on the 

frequency range using the formulas below. 

Wz = √𝑎3 × 𝐵310
  (Minorća hoda) (2.3) 

Wz = √𝑎3 × 𝐵36.67
  (udobnost voẑnje) (2.4) 

Where B represents a weighted factor and is calculated for ride quality, according to the following 

expression: 

B(f) = 1.14×√
[ (1−0.056𝑓2)2 + 0.645𝑓2+ (3.55𝑓2)]

[(1−0.252𝑓2)2 + (1.547−0.000444𝑓3)2](1+3.55𝑓2)
 

(2.5) 

The ride comfort weighted factor B is calculated according to expression below: 
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B(f) = k × √
1.911𝑓2+(0.25𝑓2)2

(1−0.277𝑓2)2 + (1.563𝑓−0.0368𝑓3)2 
(2.6) 

Where k = 0.588 for vertical vibrations (Bs), and k = 0.737 for lateral vibrations (Bw).  

2.3.3 Ride comfort assessment according to EN 12299  

The European Committee for Standardization CEN/ TC256/WG7 is preoccupied with passenger 

ride comfort. The European pre-standard ENV 12299 was released in 1999. The standard for 

measuring and evaluating ride comfort was revised and ultimately adopted as a European standard 

in 2009 [33]. Two methods are suggested as a foundation for determining ride comfort: 

 Indirect measurement: measuring the motion environment using various motion quantities 

such as acceleration or roll velocity. 

 Direct measurement: Measuring actual passenger responses, such as by having passengers 

fill out a questionnaire. 

EN 12299 defines five different comfort evaluation technique methods: 

 Continuous comfort CCX, CCY and CCZ, 

 Mean comfort standard method NMV, 

 Mean comfort complete methods NVA and NVD 

 Comfort on discrete events PDE 

 Comfort on curved transitions PCT  

Each technique specifies the vehicle condition, accelerometer position, test speed, test sections, 

pertinent time intervals, and so on. Acceleration signals are filtered through band-pass or low-pass 

filters and weighted against Wc and Wd curves for lateral and longitudinal motion (curves are the 

same as in ISO 2631-1 [33]), while the low-pass filter Wp (used in PCT and PDE methods) and 

the weighting curve W b for vertical direction are specially designed for railway applications. Post-

processing is also specified for each method. It entails sliding window computations, RMS 

calculations, averaging, statistical analysis, and so on. 
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2.3 Car body vibration  

Vibration is the major factor that contributes to ride comfort. Vibration is either localized vibration 

or vibration that affects the whole body [37], [38]. Localised vibration happens when a person 

holds a vibrating object that only affects the arm and hand. Whole body vibration is a result of 

vibration that would affect the whole body of the exposed person, which is usually transmitted 

through seats, backrests, and throughout the floor while standing or lying down [16]. Rail car body 

movements are conveyed to the human body via contact points based on passenger position as 

shown in Figure 2.1 [5]. Standing position that has floor-feet and seated position that includes 

headrest-neck, armrest-arms, seat-hip, backrest-back, floor-feet. 

 

Figure 2.1: Interfaces points [5] 

Carlbom et al. in 2019 conducted a thorough analysis of the train vehicle's carbody structural 

dynamics. A Swedish commuter bus is used as a case study for the simulations and observations. 

The research looks at the structural flexibility of the carbody and how it affects ride quality. Up to 

20 Hertz of vibrations are taken into account. The structural flexibility of the carbody has the 

greatest impact in this frequency band. In some instances, the comfort weighted rms values of the 

vertical vibrations are nearly half explained by the structural flexibility of the carbody [39], [40].  

2.4 Wheelset structural flexibility 

A standard wheelset comprises of two conical wheels securely coupled to a wheelset axle, axle-

boxes mounted via roller bearings on the two axle ends, and braking discs mounted either on the 
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axle or on the wheel. In the instance of a powered wheelset axle, a gear wheel is attached to the 

wheelset and a gear-box is attached to the wheelset axle via a roller bearing 

The wheelset of a railway vehicle is an important component. It aids in the delivery of longitudinal 

forces via the main suspension, supports the car while rolling, and regulates the transfer of 

longitudinal forces during braking and, in the case of a powered wheelset, traction. According to 

Peng et al. 2019, the wheelset is by far the most significant component in terms of running behavior 

and elastic deformation in the frequency range of 50-500 Hz. Natural frequencies and structural 

elasticity are characteristics of wheelsets, as well as other mechanical systems. The wheelset 

deforms due to its dead weight when subjected to external pressures. The majority of the dynamic 

contribution to the wheel-rail forces was supplied by irregularities in the wheels and tracks [41]. 

Figure 2.2 shows an example of wheelset flexibility modes.  

 

(a) The 1st bending mode (71Hz) (b) The 2nd bending mode (136HZ) (c) The umbrella mode (288Hz) 

Figure 2.2: Flexible mode shapes of the wheelset[41] 

2.4.1 Flexible wheelset model 

Most scholars agree that wheelset flexibility should be measured in the mid- and high-frequency 

ranges (50-500 HZ and 500-20k HZ, respectively), because it can influence vehicle-track dynamic 

behavior [41]–[43]. 

The flexible wheelset model was meshed in the current research using a 3D solid element with 

eight nodes. The commercial program ANSYS was used to calculate the natural frequencies and 

eigenmodes. The wheelset's modes were extracted in a frequency range of up to 500 Hz. The total 

amount of nodes and elements was 433206 and 101268 [44], [45]. Figure 2.3(a) depicts the flexible 

wheelset's mode shapes, which can be classified into three types based on their deformation 

features: torsional mode (TM), bending mode (BM), and umbrella mode (UM). Furthermore, the 

black wire frame symbolizes an undeformed configuration. 
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(a) 

 

(b) 

Figure 2.3: (a) Eigen modes of the wheelset and (b) Transformation of the coordinate system [45] 
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Figure 2.3(b) clearly depicts the technique for calculating elastic deformation. Two reference 

coordinate systems are specified when the running condition on a tangent track is taken into 

account. The global absolute coordinate system O-XYZ is fixed along the track's centerline, 

whereas the floating coordinate system Ow-XwYwZw travels along with the wheelset. Before 

deformation, random point A of the wheelset has a location vector ur in Ow-XwYwZw. The small 

elastic deformation uf causes this point to shift to A'. As a result, the ultimate position vector rt in 

O-XYZ is as follows: 

rt = rw + Tut = rw + T(ur + uf) (2.7) 

Where rw is the rigid displacement vector of the wheelset and T is the time-dependent 

transformation matrix that specifies the wheelset's orientation in O-XYZ. It can be expressed as 

[45]; 

T = [

cos 𝜑𝑤 sin 𝜑𝑤 0
− cos 𝜃𝑤 sin 𝜑𝑤 cos 𝜃𝑤 cos 𝜑𝑤 sin 𝜃𝑤

sin 𝜃𝑤 sin 𝜑𝑤 − sin 𝜃𝑤 cos 𝜑𝑤 cos 𝜃𝑤

] 

(2.8) 

Where θw is the rolling angle and φw is the yawing angle of the wheelset. 

As a result, the velocity vector of point A' can be easily obtained by differentiating with regard to 

Equation (32) as follows: 

ṙt = ṙw + Ṫ(ur + uf) + Tu̇f (2.9) 

Similarly, the acceleration vector of point A’ is the derivative of the velocity vector. Thus, the 

acceleration vector can be expressed as 

r̈t = r̈w + T̈(ur + uf) + 2Ṫu̇f + Tüf (2.10) 

According to equation (2.7), the displacement A’ is the superposition of large rigid motion and 

small elastic deformation. The elastic deformation equation can be expressed below as 

Mfüf + Cfu̇f + Kfuf = Ff (2.11) 

Where Mf, Cf and Kf are the mass, damping and stiffness matrices respectively which can be 

extracted using ANSYS and Ff is the total external force associated with the floating coordinate 

system Ow – XwYwZw. 
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2.4.2 Railway Wheels 

Railway wheels are the most important component of rolling stock. Because all of the stresses and 

weight of rolling stock are transferred to tracks via the wheel, railway wheels are the most stressed 

components of railway vehicles, and optimal design and material selection must be taken into 

account [46]. During the train operation the wheel subjected to constant wear process because 

wheels are important in guide the train on tracks either on straight track or the curves, also the 

wheel are responsible for the train to pass through the switches and crossing safely.  Figure 2.4 

below shows the wheel nomenclature.  

  

Figure 2.4: Wheel nomenclature [47] 

2.4.3 Wheel-Rail Contact Mechanics 

The location of the wheel-rail contact, which is usually 1 cm in size, fluctuates as a train proceeds 

down a section of track [48], [49], [50]. The precise location is determined by the wheel and rail 

profiles, as well as the track’s curvature, whether the wheel is the leading or trailing wheelset on a 

bogie, and other characteristics specified by the bogie design. However, in straight track, the wheel 

tread and rail head are likely to come into contact, whereas in curved track, the wheel flange and 

rail gauge corner will come into contact. Three distinct locations of wheel-rail contact have been 

described as indicated in Figure 2.5; Region A - Wheel tread-rail head: This is where the wheel-

rail contact occurs most frequently, and it generally happens when the railway vehicle is traveling 

on straight tracks or curves with an extremely large radius. The contact stresses and lateral forces 
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are the lowest in this area. Region B -Wheel flange-rail gauge corner: This region is substantially 

smaller than region A, and it’s generally much more severe. Contact stresses and wear rates are 

often substantially greater. Two-point contacts, where the tread and flange make contact, may 

develop if there is a lot of wear and material transfer. Region C - Contact between field sides of 

wheel and rail: Contact is unlikely to occur here, but if it occurs, severe contact stresses are created, 

resulting in unfavorable wear characteristics and inaccurate steering of the wheelset. 

 

Figure 2.5: Wheel rail contact region [47] 

2.4.5 Hertz Contact Theory Mathematical Equation 

It is critical to measure the accurate stress analysis for rail-wheel in order to predict the fatigue of 

wheels. In general, the Hertz contact theory is important for predicting rolling contact stress; 

however, this method has less accuracy for rolling contact stress results when a large number of 

stresses develop [51].  To calculate a number of contact areas and pressure distributions, it is 

necessary to understand the main formula by Hertz theory [52]. Kim (2014) [52] stated that the 

Hertz contact theory takes the radius of curvature of the rail and wheel profiles in contact as a 

constant and assumes no plastic deformation in the contact area. 
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Figure 2.6: Rail-wheel contact of elliptical [51] 

Figure 2.6 depicts an elliptical rail-wheel contact with labeled dimensions x,y,z. To find the value 

of the normal pressure distribution p(x,y), use the formula [44], [53], [54]: 

P = p0 √(1 −
𝑥2

𝑎2 −
𝑦2

𝑏2) 
(2.12) 

a-x longitudinal direction for half-length width contacts area and b- y lateral direction half width 

contact area  

a = m(
3𝜋

4
 ×  𝑝

𝐾1+𝐾2

(𝐴+𝐵)
)

1

3 
(2.13) 

b = n(
3𝜋

4
 ×  𝑝

𝐾1+𝐾2

(𝐴+𝐵)
)

1

3 
(2,14) 

To compute the rail-wheel contact areas, it is necessary to acquire the actual measurement of 

geometric constants for use in the above mathematics formula. The following are the curve 

combinations: [44], [53], [54]; 

A+B= 0.5 × (
1

𝑅11
+

1

𝑅12
+

1

𝑅22
+

1

𝑅21
) (2.15) 

B-A= 0.5 × [(
1

𝑅11
−

1

𝑅12
)2 + (

1

𝑅22
−

1

𝑅21
)2 + (

1

𝑅11
−

1

𝑅12
)(

1

𝑅22
−

1

𝑅21
)2 × 𝑐𝑜𝑠2𝛽]

1

2 
(2.16) 
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A and B are constant, R11 is the wheel curvature of rolling radius, R12 is the wheel profile of radius, 

R21 is the radius of runaway of infinity and R22 is rail curvature of the radius in the cross 

section[51].  

2.5 Track irregularity 

Track irregularities, also known as rail surface irregularities, can have a significant effect on wheel-

rail forces and local stresses, causing structural deterioration and affecting the dynamics of railway 

systems [55], [56]. Typically, because of cyclic wheel-rail interactions, track degradations, rail 

wear, etc., track irregularities degrade at random in the spatial-temporal dimension. One of the 

focus areas is how to ensure the completeness of the system excitations in order to reveal the 

dynamic reliability of railway substructures with respect to safety, comfort, and stability [57].  

In real-track circumstances, there are train flaws. Although these alterations are very slight, their 

impacts on the wheel-rail contact cannot be disregarded [58]. Therefore, for wavelengths between 

1 m and 75 m, which correlate to wavelength intervals D1 and D2 specified by the European 

Standard EN 13848-2, rail unevenness profiles are generated. Therefore, PSD curves can be 

created to create artificial unevenness profiles based on real data. Mosleh et al. [59] offered more 

details about the creation of unevenness profiles. The horizontal and vertical irregularities on the 

right rail are represented by the four unevenness profiles of the rail in Figure 2.7.  

 

Figure 2.7: Track irregularity profile [58] 
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The objective of TIPM is to describe the representative vectors of track irregularity that have 

probabilistic properties. Typically, the track irregularity vectors can be represented as below 

Ϛ = (Ϛ1, Ϛ2, Ϛ3, Ϛ4) (2.17) 

Where Ϛ1, Ϛ2, Ϛ3, and Ϛ4 are denote four types of track irregularity that is vertical profile, 

alignment, cross level and gauge respectively.  

Track irregularities measured by a track inspection vehicle of a maintenance-of-way department 

may contain data accumulated from tens of thousands of kilometers denoted by Stot.  

{Ϛi(s) = (Ϛ1,i(s),  Ϛ2,i(s),  Ϛ3,i(s), Ϛ4,i(s)) i=1,2…,N; s ∈ [0, Stot /N} (2.18) 

Which is assumed to pertain to a second order centered random field [55].  By assuming track 

irregularities as a stationary random process, the power spectral density (PSD) of ϚΘ̃,i(s), 

Q̃=[1,2,3,4], can be induced as the Fourier transform of the auto correlation function RΘ̃,i(ꞇ) of 

ϚΘ̃,i(s) as; 

PΘ̃(i,ꞷ) = 
1

2𝜋
∫ 𝑅𝑋,𝑖

+∞

−∞
(ꞇ)𝑒−𝑗𝜔𝑑ꞇ,  ꞷ ∈ [ꞷl, ꞷu] (2.19) 

Where, ꞷ is the frequency, with ꞷl and ꞷu the lower and upper frequency limits respectively.  

2.6 Wheel polygonization 

There are three types of wheel damage that is wheel flat, wheel polygonization and out of 

roundness (OOR). Wheel flat caused by a blocked wheel massively sliding along the rail, wear, 

material transformation (Martensite), break outs and flat area. Polygonised wheel and OOR wheels 

caused by stick slip effects, re-profiling, dynamic wheel-set oscillations that caused by resonances 

in vehicle/track interaction [60]. Because of the eccentricity of the wheel motion and the rotational 

inertia of the wheels, a type of wear known as polygonization wear is seen on railroad wheels. This 

type of wear is defined by a change in the morphology of surface characteristics from circular to 

non-circular. However, a well-known issue for high-speed trains is the phenomena of train wheel 

polygons, or wheels with a certain degree of OOR. [61]. The term “wheel polygon” refers to 

periodic radial deviations from the ideal round shape of the circumference of the wheel [62].  

In actual life, the wheels are not completely smooth and have imperfections. Despite their tiny 

size, these out-of-roundness irregularities can cause extreme variations in wheel-rail contact 

pressures, causing vibrations on the train and track components [61], [63]. The wheel 
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polygonization is characterized by a periodic radial tread irregularity around the perimeter. Peng 

[64] recommends that the uneven amplitudes for wheel polygonization be greater than 0.2 mm. 

Some parameters inherent in polygonization, such as the varying wavelengths (λ) as a function 

below of harmonic order (θ) and wheel radius (Rw), can geometrically describe the phenomenon. 

λ = 
2𝜋𝑅𝑤

𝜃
, θ= 1, 2, 3…, n (2.20) 

The sine function amplitude for each wavelength is calculated as follows: 

a = √2 × 10
𝐿𝑤θ

𝑛  × wref 
(2.21) 

Where wref = 1um, Lwθ can be calculated by the following function 

Lwθ = 24.7 log10(λθ) + 8.47 (2.22) 

Figure 2.8 shows the shapes of typical polygonal wheels with different harmonic OOR orders. The 

technical term “harmonic order” refers to a sinusoidal radial deformation of the circumference 

with a specific period. The “OOR amplitude” is defined as the deviation of the radius from the 

nominal constant value. There is currently no explicit conclusion about the technique through 

which wheel polygons are produced. Nonetheless, polygonal wheels have a number of drawbacks 

[65], [66]. For instance, at speeds above 200 km/h, this phenomenon will result in significant 

vibrations that are transmitted from the wheels of the train to the compartments inside and from 

the rails to the track components outside, causing deterioration of the infrastructure, poor ride 

comfort, noise disturbance, and an increase in maintenance costs [67]. 

 

Figure 2.8: Wheel polygonizatio with different harmonic orders (a) fourth-order; (b) 11th-order; 

and (c) 22nd-order [67] 
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2.7 Articles related to research topic 

In 2018, Dižo et al. studied the assessment of a rail vehicle running with the damaged wheel on a 

ride comfort for passengers. Through performing computer simulations of a modelled rail vehicle 

on a track for various excitement values and assess vehicle properties based on prescribed 

parameters. The passenger ride comfort was evaluated using the UIC 513 and the EN 12299:2009 

standard. The ISO 2631 standard was also employed, and the grade quality running WZ by Sperling 

was eventually used. Body accelerations recorded in the vertical, lateral, and finally longitudinal 

directions yield ride comfort criteria. However, all calculated NMV indices values with the scale 

given in EN 12299:2009 (Table 2.1), the travelling in the analyzed passenger car is classified for 

as very comfortable (NMV < 1.5) except of the case, when the wagon without the wheel-flat run at 

the speed of 210 km/h, where one point in front of wagon body and three in the rear part of the 

wagon body are classified as comfortable (values of the NMV ride comfort index exceeded 1.5) [5]. 

Momhur et al. in 2021 studied the flexible-rigid wheelset, which introduced dynamic impacts due 

to the wheel tread being flat. The finite element analysis (FEA) software programme ANSYS was 

used to suggest the modal technique for analysing the impact of a wheel flat, which was then 

integrated into a multibody dynamic model of the high-speed train CRH2A (EMU) using 

SIMPACK. The irregularity track line emerged and was dependent on the simulation data points 

used. A statistical approach was also devised to examine the dynamic impact load response and 

effect while taking into account varying wheel flat lengths and vehicle speeds. The effect of train 

speed on the flat size of the vertical wheel-rail impact reaction, as well as the statistical technique, 

are studied using flexible and rigid wheelsets. The results imply that, in comparison to rigid wheel 

flats, the flexibility of the wheelset can greatly improve vertical acceleration [68]. 

Imran et al. in 2017 did a comparison study on the assessment of ride comfort for LRT passengers. 

They conducted a comparison via two possible methods which are BS EN 12299 (2009) and 

Sperling’s Ride Index equation. BS EN 12299 standard is used to measure and evaluate the ride 

comfort of seating (Nvd) and standing (Nva) of train passenger in three different routes. Next, 

Sperling’s ride comfort equation used to conduct validation and comparison between the obtained 

data. The outcome shows a greater degree of vibration in the vertical axis, which affects the final 

outcome. In all three of the evaluated routes, standing shows a higher exposure to vibration. All 

track sections surpass the "pronounced but not unpleasant (medium)" limit range, according to a 
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comparison of ride comfort assessments of passengers in a sitting and standing position for both 

ways. Nonetheless, the seating posture at the track portion did not exceed the restriction and 

remained comfortable. The highest level of pain reached for both approaches for seated position 

is 3.34 m/s2 for Nva and 2.63 m/s2 for Sva. Meanwhile, the highest level of pain achieved for both 

methods of standing is 3.80 m/s2 for Nvd and 2.88 m/s2 for Wz [16]. 

Wu et al. in 2021 carried out a numerical simulation research on ride comfort analysis using a 

linked track-train-seat-human model with lateral, vertical, and roll vibrations.  AUTOCAD used 

to model the 3D and Finite element analysis was used to simulate the 3D coupled track-train-seat-

human model with lateral, vertical and roll vibrations to investigate the ride comfort of high-speed 

trains. When employing a rigid track at high speeds, it was discovered that the overall equivalent 

acceleration was underestimated by over 10%, while the track flexibility had little effect on the 

lateral, vertical, and roll floor vibrations below 20 Hz. Because the flexibility of the carbody 

induced substantial floor vibration in the lateral, vertical, and roll directions above 7.5 Hz, the rigid 

carbody model significantly overstated the total equivalent acceleration. With an increase in speed, 

the total equivalent acceleration tends to rise. Equivalent accelerations for two symmetrical seat 

locations showed similar patterns as the speed increased. The ride comfort was lowest near the 

carbody ends, then at high speeds in the carbody center. Regardless of the seat position or speed, 

the vertical acceleration on the seat pan was the worst. The subject under examination saw a 

decrease in the total equivalent acceleration due to the nearby subject. The carbody damping can 

reduce the total equivalent acceleration effectively in the whole speed range [69]. 

In 2019, Suchánek et al. conducted a study to assess the comfort of passengers riding in a rail 

carriage using dynamic simulations. The study concentrated on the dynamic analysis in the 

programme SIMPACK with the rail expansion, the design of the rail vehicle in the CAD software 

CATIA, and the simulation analysis of a rail vehicle with an active tilting mechanism of the vehicle 

body. The building of standard rail vehicles is simpler than installing bodies on vehicle bogies. 

This kind of body mounting is used to either increase the size of the body tilt during a curve ride 

or so lessen the lateral unbalanced acceleration that affects the passengers, or to allow for a higher 

driving speed in a curve with the same radius while maintaining the lateral acceleration value. 

Eight different variations of velocity, vehicle occupancy, and tilting mechanism setting were 

examined. The vehicle's tilting mechanism was shown to have the greatest effect on passenger ride 
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comfort. But also, the velocity of the vehicle has the biggest impact on passenger ride comfort. 

The impact of the vehicle occupancy becomes evident only at higher velocities. The best passenger 

comfort is at the lowest speed of 87 km·h-1. From comparison of the variants, the best passenger 

comfort is reached in the middle of the vehicle car [7]. 

In 2017, Melnik et al. similar to 2018 Vaičiūnas et al. assessed the passengers ride comfort in a 

coach. In order to forecast ride qualities or assess proposals for ride comfort in advance, forces 

and accelerations in various points within the body of a rail vehicle were determined using 

modelling and dynamical analysis in the programme SIMPACK. Results indicated that as running 

pace increases, comfort quality decreases. Additionally, the location where the passenger's body 

is least affected by acceleration is close to the centre of the waggon (centre of gravity). Areas, 

which the highest values of acceleration are generated in, are in front and rear locations of the 

passenger car [70][71]. 

In 2021, Kardas et al. did an experimental study of the ride comfort of a rail vehicle passenger. 

Two methods were used in the study of the ride comfort of a rail vehicle passenger, based on 

measurements of the acceleration of mechanical vibrations. The analysis of these accelerations 

using the spectral method and the weighted method made it possible to assess the impact of 

vibrations in the tested vehicles on the sensations related to comfort. The results of experimental 

studies showed that low-frequency vibrations contribute to the greatest reduction in the feeling of 

comfort [35]. 

Wang et al. in 2020, did an experimental study to investigate ride comfort quality analysis for 

high-speed railway vehicles. The results of the tests and data processing revealed that under normal 

air spring conditions, the maximum values of the ride comfort index of the motor (D1) and trailer 

(M1) are 1.43 and 1.70, respectively, both less than 2.5, while under airless spring conditions, the 

maximum values of the ride comfort index of the motor (D1) and trailer (M1) are 1.94 and 2.23, 

both less than 3.0 [72]. 

Zeng et al. in 2020 investigated the effect of wheel polygonization on high-speed trains. Multi-

rigid-body dynamics of a high-speed vehicle was built in SIMPACK for simulation and analysis. 

The findings demonstrated that high-order polygonization causes significant wheel-rail forces and 

vehicle vibrations, which are very damaging to safety dependability and uncomfortable ride 
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quality. Wheel polygonization is also influenced by the season, wheel diameter, vehicle type, and 

historical incidence rate, according to correlation analysis [73]. 

1n 2021, Dumitriu et al. conducted a study that evaluates the ride comfort at the vertical vibrations 

of a railway vehicle using two methods—the mean comfort technique and Sperling's method. The 

two systems have one thing in common: they both estimate the comfort sensation using comfort 

indices, particularly the ride comfort index NMVZ and the ride comfort index Wz. These indexes' 

values are generated through numerical simulations. The given results primarily demonstrate that 

the two assessment methodologies produce significantly different results in terms of ride comfort 

under identical vehicle operating conditions [36]. 

Kumar et al. in 2017, investigated the impact of vibration on passenger comfort in a railroad 

vehicle. The study analyzed whole-body vibration in a railway vehicle by using the four-degree-

of-freedom (DOF) human biodynamic model along with Sperling’s index calculation. Sperling's 

index of a railway vehicle computed using the rigid car body model is overestimated when 

compared to Sperling index values derived using the flexible car body model. The acceleration 

response of different body sections is superimposed onto ISO curves, and it was discovered that 

for both flexible and stiff car body models, the reaction acceleration levels are practically below 

the 1 h curve up to 80 km/h  [74]. 

Sadeghi et al. in 2019, investigated the effect of harmonic and non-harmonic rail irregularity on 

the rail vehicle ride comfort. A two-dimensional model of the slab-track-vehicle interaction was 

created. A rail, concrete slabs, concrete base layers, nonlinear wheel-rail interaction, and a vehicle 

comprise the model (a carbody, suspension systems, bogies, and wheels). To validate the model's 

outcomes, a comparison was done between the model's results and those of a comprehensive field 

test conducted in this study. The Sperling index (Wz) was used to represent the amount of comfort 

throughout the train travel. It was discovered that the wavelength of rail irregularity has a 

significant impact on the riding comfort of rail vehicles [75]. 

Chen et al. in 2021, conducted a study to evaluate ride comfort of dynamic metro vehicle 

considering structural flexibility. First, carbody of the vehicle and frame finite element models 

were created, which were subsequently reduced using substructures theory’s method and the 

Guyan reduction method. The flexible vehicle track coupled dynamic model was developed on 
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this premise. The ride comfort of metro vehicles on straight and curved lines was assessed under 

rail random irregularity, short-wave excitation, and long-wave excitation, respectively, after a 

comparison of the flexible model and the conventional rigid model was examined. The results 

showed that the carbody accelerations calculated by the flexible model are greater than those 

computed by the rigid model. The flexible model clearly reflects and calculates the sensitive 

frequency range of humans, indicating that the ride comfort of metro vehicles may be more 

precisely evaluated using the flexible vehicle model [76]. 

2.8 Summary  

Ride comfort in railway transportation is perplexing, since it is determined by a variety of dynamic 

performance parameters as well as subjective observations from train passengers. However, under 

certain circumstances, wheels on rail vehicles may sustain damage while in operation. Then, the 

profile of wheels is no longer circular, but it is changed depending on the type and severity of 

defects. When such a rail car with a damaged wheel works, the quality of a passenger's ride comfort 

degraded. According to the literature analysis, the research used various methodologies to analyze 

and evaluate the ride comfort issues. Initially, they used mathematical method (Sperling’s Ride 

Index method). In other articles, they use finite element analysis and dynamic simulation methods. 

Table 2.2: Literature summary 

S/N Authors 

(Year) 

Objective Methodology Finding(s) 

1. Dižo et al. 

2018 [5] 

To evaluate the 

impact of a rail 

vehicle running with a 

damaged wheel on 

passenger comfort. 

SIMPACK The results revealed that 

the wagon running is less 

pleasant in wagons that do 

not have wheel-flats. 

Driving a rail vehicle with 

a damaged wheel at high 

speeds has even more 

detrimental consequences. 

2. Imran et al.  

2017 [16] 

To assess the trip 

comfort of LRT 

passengers using 

whole-body 

vibration. 

Mathematical 

method-Sperling’s 

Ride Index method 

 

The ride comfort of 

passengers sitting and 

standing in both 

approaches suggests that 

all track sections surpass 

the pronounced but not the 

medium limit range. 
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3. Wu  et al. 

2021 [69] 

To investigate the ride 

comfort of a linked 

track-train-seat-

human model 

subjected to lateral, 

vertical, and roll 

vibrations. 

 CAD-

AUTOCAD 

 FEA-

ANSYS 

The track flexibility was 

shown to have a small 

influence on the lateral, 

vertical, and roll floor 

vibrations below 20 Hz, 

but the total equivalent 

acceleration was 

overestimated by more 

than 10% at high speeds. 

4. Suchánek et 

al.  2019 [7] 

Using dynamic 

simulations, assess 

the passenger riding 

comfort of a rail 

vehicle. 

 CAD- 

CATIA 

 SIMPACK 

Results showed that tilting 

mechanism of the vehicle 

has biggest impact on 

passenger ride comfort.  

Furthermore, it observed 

that, the velocity of the 

vehicle has also the biggest 

impact on ride comfort.  

5. Melnik et al.  

2017 [70] 

To evaluate the 

passenger ride 

comfort for a coach. 

SIMPACK The results revealed that 

when running speed 

increased, the degree of 

comfort decreased.  

6. Kardas et al.  

2021 [35] 

To study the ride 

comfort of a rail 

vehicle passenger. 

 

 Spectral 

method 

 Weighted 

method 

The results showed that 

low-frequency vibrations 

contribute to the greatest 

reduction in the feeling of 

comfort. 

7. Wang et al.  

2020 [72] 

To investigate ride 

comfort quality 

analysis for high-

speed railway 

vehicles. 

Experimental 

method 

The results revealed that 

the maximum value of the 

ride comfort index is 1.70 

under standard air spring 

conditions, and 2.23 under 

airless spring conditions. 

8. Zeng et al.  

2020 [73] 

To study the failure 

effects of wheel 

polygonization on 

high-speed trains. 

SIMPACK 

 

According to the findings, 

high-order polygonization 

causes considerable 

wheel-rail forces and 

vehicle vibrations, which 

are both adverse to safety 

reliability and ride 

pleasure. 

9. 

 

 

 

 

 

Dumitriu et 

al. 2021 [36] 

 

 

 

 

To evaluates the ride 

comfort at the vertical 

vibrations of a 

railway. 

 

 

Numerical 

Simulation 

 

 

 

 

The given results primarily 

demonstrate that the two 

assessment methodologies 

produce significantly 

different results in terms of 

ride comfort under 
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2.9 Research gap 

The research mentioned above makes it clear that wheels on rail vehicles might sustain damage 

while in use under specific circumstances. Currently, it appears that railway wheel polygonization 

must be a fixed-frequency issue. In particular, there must be some structural modes of the dynamic 

vehicle/track system that can be stimulated to start the polygonization of the wheels at specific 

speeds and with specific ordering.  However, no study was done to investigate the effect of rail 

vehicles moving with wheel polygonization on AALRT passenger ride comfort by considering 

vehicle speed, track irregularity, and variable load. Most studies investigated the effect of wheel 

polygonization on high-speed trains. As a result, insufficient attention has been paid to the wheel 

polygonization of dynamic behaviour, particularly passenger ride comfort on the light rail train. 

This study addressed the role played by vehicle speed, track irregularity, flexible wheelset, vehicle 

carrying loads, and wheel polygonization amplitudes and orders on light rail train ride comfort.  

 

 

 

 

 

 

 

 

 

 

 

 

identical vehicle operating 

conditions. 

10.   Kumar et at. 

in 2017 [74] 

To investigate the 

impact of vibration on 

passenger comfort in 

a railroad vehicle. 

 

 

Dynamic simulation 

 

Sperling's index of a 

railway vehicle computed 

using the rigid car body 

model is overestimated 

when compared to 

Sperling index values 

derived using the flexible 

car body model. 
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CHAPTER THREE 

3.0  METHODOLODY 

3.1 Introduction  

In this study, the first step was developing flexible wheelsets by SOLIDWORKS and import it in 

FEM. The outcome of the finite element analysis will serve as an input for SIMPACK. The 

flexibility is connected to the surrounding multi-body system using the master node. By 

specifically choosing the nodes of the reduced finite element model, this subset of the master node 

is determined during reduction in the FE code. 

In the second stage, the commercial software program SIMPACK first presents a standard AALRT 

multi-vehicle model. In SIMPACK, a flexible body of wheelsets were created. For importing the 

flexible body into SIMPACK, the cdb file comprises the physical and structural data from finite 

element software (ANSYS). In order to define a flexible body in the body properties, it is necessary 

to transform FE output data into flexible body input (.Fbi) files. 

Track irregularity data that was obtained from the AALRT maintenance office was imported into 

the model. The impact of flexible wheelset polygonization and track irregularity on passenger ride 

comfort was investigated using the aforementioned methodology. Additionally, the impact of 

vehicle loading case and vehicle speed on passenger comfort was studied.  

The research carried out by identifying the effects of wheel polygonization, vehicle speed, and 

vehicle carrying load on passenger ride comfort through analysis the railway ride index. Four cases 

during dynamic simulation was considered. i.e., running a rail vehicle with its maximum operation 

speed (70km/h) without polygonal wheel, running a rail vehicle with its maximum operation speed 

by varying the number of wheel polygons, running a wheeled polygonal rail vehicle at different 

speeds and running a wheeled polygonal rail vehicle at a designed speed by varying the vehicle 

carrying loads. The simulation helped to analyze the railway ride index. Hence the following 

methods was followed as shown in Figure 3.1.  
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Figure 3.1: Methodology flow chart 
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3.2 Data collection 

Primary and secondary data used in this research from Addis Ababa Light Rail Transit and 

literature review respectively. Primary that collected were dimensions of rail vehicle, axle load 

and mechanical properties. The literature review for secondary data included existing published 

research, conference papers, proceedings, reference book, etc. International standards also was 

used i.e., EN 12299:2009 and ISO 2631. See Appendix A for some of the primary data from Addis 

Ababa Light Rail Transit technical sheet). 

Axle load and weight of the vehicle 

Table 3.1: Passenger’s carrying capacity of AALRT vehicle (source: Addis Ababa Light Rail 

Transit technical sheet). 

Number of passengers Seated Standing Total 

Level seats 65 0 65 

Rated passenger capacity (standing -6 people/m2) 65 189 254 

Overload passenger capacity (standing -8 people/m2) 65 252 317 

 

Table 3.2: Vehicle weight (source: Addis Ababa Light Rail Transit technical sheet). 

Loads Vehicle weight (t) Passenger weight (t) Total weight (t) 

Empty  44 0 44 

Rates passenger capacity 44 15.24 59.24 

Overload passenger capacity 44 19.02 63.02 

Note that, 60kg as the average of each passenger weight 

Table 3.3: Axle load (source: Addis Ababa Light Rail Transit technical sheet). 

 Axle load (t) Axle load (kN) Load at the wheel (kN) 

Empty  7.33 72 36 

Rates passenger capacity 9.873 96.8 48.412 

Overload passenger capacity 10.5 103 51.5 
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3.3 Flexible wheelset model analysis 

In the original multibody system approach, wheelsets are assumed to be rigid structures, which 

means that no body deformations are taken into account. This assumption is a useful simplification 

for many applications. However, an extension of the modeling may be required in some 

circumstances, particularly when significant deformations of the component represented by the 

body are expected. When the forces operating on the component are large in contrast to its 

structural stiffness, or when the frequency of the forces is close to the structural Eigen frequency, 

structural vibrations are excited, larger deformations might occur. 

The 3D wheelset geometry was modeled in SOLIDWORKS, but meshing and master node 

selection were formulated and calculated using the finite element method. The structural flexibility 

of a wheelset as a flexible body in a multibody system has become well-described using FEM. The 

FE mesh nodes of a flexible structure's deformation serve as a representation of the structure's 

deformation [77]. In general, the nodes perform translations in all three directions. The flexible 

body is coupled to the surrounding multibody system via a subset of nodes called master nodes in 

SIMPACK. During the reduction phase, this subset of master nodes is determined in FE software 

by explicitly choosing the nodes of the reduced finite element model. Substructure analyses in 

ANSYS mechanical ABDL are a means to reduce the size (degrees of freedom) of the FE model 

so that it may be included into the MBS software. 

3.3.1 Analysis of the mechanical ABDL model's substructure  

A process known as sub structuring reduces a collection of finite elements into a single element 

that is represented as a matrix and is referred to as a "super element," which helps to save computer 

time and enable the solution of very complex problems using a minimal amount of computing 

power. Condensation is achieved by defining a group of master degrees of freedom, which are 

mostly employed to define the interface between the super element and other elements and to 

capture dynamic features for dynamic analysis [41]. The procedures for carrying out substructure 

analysis on a wheelset structure are shown in Figure 3.2. 
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Figure 3.2: Steps for substructure analysis 

i. To create wheelset geometry, a 3D model was generated in SOLDWORKS software 

according to the S1002 wheel profile [78], [79] as shown in Figure 3.3 (for more details, 

see Appendix B). It is then imported to ANSYS in parasolid format. 

 

Figure 3.3: A 3D geometry of a wheelset 
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ii. The material property of the wheelset is shown in Table 3.4. 

Table 3.4: Wheelset mechanical properties (source: Addis Ababa Light Rail Transit technical 

sheet). 

 Type Young modulus Poisson’s ratio Density 

Wheelset material properties ER7 210GPa 0.3 7850kg/m 

 

iii. The discretization of the model into elements and nodes is referred to as meshing. It 

should be noted that the higher the mesh density, the more accurate the results. 

However, this comes at a larger cost in terms of simulation time and resources. The 

model was meshed using 10mm solid elements of the tetrahedral type. Appendix B 

shows in detail that the final total element was 873821 and 1250311 nodes.

 

Figure 3.4: Meshing the wheelset 

iv. The master degrees of freedom required in this scenario are the degrees of freedom that 

connect the wheel and rail to capture the dynamic features, which are located in the 

wheel circumference in the contact patch area, as illustrated in Figure 3.5-3.6. 

v. The finite element model should then be solved. The geometry and 14376 numbers of 

the master meshed nodes are kept in the cdb and substructure files that are obtained 

from the solution output. 
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Figure 3.5: Location of master nodes in the wheel circumference 

 

Figure 3.6: Location of master nodes on the wheel 
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3.4 Multibody dynamic of a rail vehicle model 

The vehicle model used for this study is the Addis Ababa Light Rail Transit vehicle that is used to 

transport passengers in the capital city of Ethiopia. The AALRT vehicle is hinged on three car 

bodies and has a maximum operating speed of 70 km/h, though the designed speed is 80 km/h.  

It is necessary to construct a proper model in order to carry out the computer simulations. Various 

Multi Body Simulation software programs could be used for this. The SIMPACK rail module 

program, one of the most well-known pieces of software that is widely utilized in both the 

academic and industry worlds, is employed in this study. It should be noticed that SIMPACK is 

utilized by the Pre and Post-Processor modules.  

3.4.1 Mathematical model 

Each vehicle of AALRT has three cars as shown in Figure 3.7. The car's body is modeled as a rigid 

body with mass Mc and moments of inertia Icx, Icy, and Icz along its x, y, and z axes, respectively. 

 

Figure 3.7: AALRT vehicle-track coupling dynamic model [42] 

The vehicle is driven by the motor bogies under car bodies A and C. The car bodies are resting on 

the secondary springs, which are attached between the bogie and car body. The front and rare 

motor bogies are connected with a solid normal axle, and the trailer bogie is connected with 

independently rotating wheels. Double secondary suspension systems are used to attach the motor 

bogies and the trailing bogies. Between the wheel beam and bogie are attached cylindrical rubber 

springs that serve as the primary suspension. Standard coil springs and dampers are used for the 

secondary suspension, and they are mounted between the bogie and the car body. The wheels can 

freely rotate in relation to one another because each is independently fastened to a beam by a rigid 

journal box. Two wheels are driven by one motor via one axle. Depending on the design of the 
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track, a differential distributes the torque from the electric motors to the wheels in a different way 

[42]. Based on the theory of multi body dynamics (MBD), locomotive differential equations can 

be represented as uniform expressions [45]. 

Mü + Cu̇ + Ku = Ft (3.1) 

Where M, C, and K are the locomotive system's mass, damping, and stiffness matrices, 

respectively, u is the rigid displacement vector, and Ft represents the generalized forces exerted on 

the locomotive. 

The bounce zc and pitch θc represent the carbody vibration modes, while the mass mc and inertia 

moment Jc show how inert the carbody is in comparison to these modes. The bogies have two 

degrees of freedom: pitch θbi and bounce zbi, for i = 1 and 2 [80]. 

The mass mb and inertia moment Jb are both present in each bogie. A Kelvin-Voigt system with 

the elastic constant 2kzc and the damping constant 2czc that operates during translation is used to 

describe the elastic and damping components of each bogie's secondary suspension. A Kelvin-

Voigt system with the elastic constant 2kzb and the damping constant 2czb is used to represent the 

primary suspension corresponding to an axle during translation. 

The following are the formulae for the bounce and pitch carbody motions: 

mcz̈c + 2czc (2żc – żb1 – żb2) + 2kzc (2zc – zb1 – zb2) = 0 (3.2) 

Jcθ̈c + 2acczc (2acθ̇c – żb1 + żb2) + 2ackzc (2acθc – zb1 + zb2) = 0 (3.3) 

Where 2ac is wheelbase of the carbody.  

The equation for the front bogie's bounce motion is 

mbz̈b1+2czc (2żb1–żc–acθ̇c) + 2kzc (2zb1–zc–acθc) +2czb (2żb1–η̇1–η̇2) + 2kzb (2zb1–η1–η2) = 0 (3.4) 

mbz̈b2+2czc (2żb2–żc–acθ̇c) + 2kzc (2zb2–zc–acθc) +2czb (2żb2–η̇3–η̇4) + 2kzb (2zb2–η3–η4) = 0 (3.5) 

and for the rear bogie is; 

Similarly, the pitch motion equation for the two bogies are; 

For the front bogie 

Jbθ̈b1 + 2abczb (2abθ̇b1 –η̇1–η̇2) + 2abkzb (2abθb1 – η1–η2) = 0 (3.6) 
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For the rear bogie 

Jbθ̈b2 + 2abczb (2abθ̇b2 –η̇3–η̇4) + 2abkzb (2abθb2 – η3–η4) = 0 (3.7) 

Where 2ab is the wheelbase of the bogie 

The bounce motion of the bogies is observed to be connected with the pitch carbody motions. 

However, they can be separated after the first four equations are processed properly and a 

convenient set of motion coordinates is chosen. To achieve this, the coordinates are modified as 

follows: 

For the symmetrical motions 

zc⁺ = zc; zb⁺ = zb1 + zb2 (3.8) 

For the antisymmetrical motions 

zc⁻ = θc; zb⁻ = zb1 + zb2 (3.9) 

 

According to the latest equations, the relations of equation 3.2-3.5 can be written as; 

 mcz̈c⁺ + 4czc (żc⁺ – żb⁺) + 4kzc (zc⁺ – zb⁺) = 0 (3.10) 

Jcz̈c⁻+ 4acczc (acz̈c⁻– żb⁻) + 4ackzc (aczc⁻ – zb⁻) = 0 (3.11) 

mbz̈b⁺+2czc (żb⁺ – żc⁺) + 2kzc (zb⁺ – zc⁺) +4czb (żb⁺–η̇⁺) + 4kzb (zb⁺– η⁺)  = 0 (3.12) 

mbz̈b⁻+2czc (żb⁻ – acżc⁻) + 2kzc (zb⁻ – aczc⁻) +4czb (żb⁻–η̇⁻) + 4kzb (zb⁻– η⁻)  = 0 (3.13) 

Where   

η⁺ = 
η1+ η2+η3 +η4

4
 and η⁻ = 

η1+ η2−η3−η4

4
 (3.14) 

represent the functions corresponding to the excitation modes caused by the symmetrical and 

antisymmetrical bounce of the axle designs for the vehicle [14]. 

The assumptions made in formulating the model are as follows: 

 Bogie and car body component masses are rigid. 

 Axle box was assumed as a wheel set’s integral part, hence its weight was combined 

with the wheel set’s mass 



 

38 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

 The springs and dampers of the suspension system elements have linear characteristics. 

 Friction does not exist between axle and bearing. 

 All wheel profiles are identical from left to right on a given axle and from axle to axle 

and all wheel remains in contact with the rails. 

 The track irregularity mode in vertical direction is symmetrical for both left and right 

rail is considered. 

 The dynamic simulation was made on straight track with no supper elevation and curve 

radius 

The procedure for modeling a multibody dynamic rail vehicle in the SIMPACK software is shown 

in Figure 3.8 below. 

 

Figure 3.8: Modeling a multibody dynamic rail vehicle procedure 

3.4.2 Wheelset and rail modeling 

The guided wheelset was created by selecting from the general rail track joint of an existing rail 

wheelset module and then edited according to the data and specifications obtained from AALRT 

as shown in Figure 3.9. The parameters for the wheelset and rail are shown in Table 3.5. 
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Table 3.5: Wheelset parameters and values from AALRT (source: Addis Ababa Light Rail 

Transit technical sheet). 

Parameters Value 

Wheelset mass - mw 880 kg 

Wheel diameter - Dw 660 mm 

Flange height 28 mm 

Flange thickness 21.21 mm 

Wheelset shaft diameter - ds 176 mm 

Wheel profile type S1002 

Rail profile UIC50 

Rail cant 0.0694444 

Young’s modulus - E 202GN/m2 

Wheelset base - Wb Variable  

Friction coefficient 0.4 

Vehicle center distance 18000 mm 

Track gauge  1435 mm 

Rail head width 70 mm 

Rail tread width 48 mm 

Rail base thickness 49.4 mm 

Rail base width 125 mm 

Rail height  152 mm 

Rail web thickness 15 mm 

Rail base thickness 28 mm 

Wheelset roll moment of inertia Ixx 1130 kgm2 

Wheelset pitch moment of inertia Iyy 176 kgm2 

Wheelset yaw moment of inertia Izz 1130 kgm2 
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Figure 3.9: Modeling of wheelset and rail 

3.4.3 Bogie frames modeling 

The bogie frame was created by the following procedures: First, go to the body toolbar and then 

change the type of 3D geometry of the body to wheel rail bogie. Then modify it according to the 

AALRT body type. The AALRT bogie parameters are shown in Table 3.6 below. 

Table 3.6: Bogie frame parameter and values from AALRT (source: Addis Ababa Light Rail 

Transit technical sheet). 

Parameters Value  

Bogie frame mass 2615 kg 

Axle base 2400 mm 

Bolster mass 220 kg 

Bolster dimension X-Y-Z 0.7m × 2.3m × 0.12m  

Bogie roll moment of inertia Jxx 1250 kgm2 

Bogie pitch moment of inertia Jyy 1870 kgm2 

Bogie yaw moment of inertia Jzz 1250 kgm2 

 



 

41 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

  

Figure 3.10: Modeling of bogie frame 

3.4.5 Suspension element modeling 

To create the primary spring suspension, insert Type 1 markers on the frame and wheelset at the 

attachment points of the primary suspension. Insert force element type 86: Spring Damper Ser/Par 

cmp between the two markers. Again, insert the same type of marker in the same places. Then 

insert force element type 6 (spring damper serial CMP) between the two markers. To create the 

secondary suspension, follow the same step using force types 79 (shear spring cmp) and 6 (spring 

damper serial ptp) by inserting markers between the car body and bogie frame. Table 3.7 shows 

the data required for the creation of the suspension system obtained from AALRT. 

Table 3.7: Suspension elements parameters and values from AALRT (source: Addis Ababa Light 

Rail Transit technical sheet). 

Parameters  Notation  Value  

Longitudinal primary suspension spring stiffness kpx 600000 N/m 

Lateral primary suspension spring stiffness kpy 75000 N/m 

Vertical primary suspension spring stiffness kpz 600000 N/m 

Longitudinal primary damping coefficient cpx 15000 Ns/m 

Lateral primary damping coefficient cpy 2000 Ns/m 

Vertical primary damping coefficient  cpz 17000 Ns/m 

Longitudinal secondary suspension spring stiffness ksx 160000 N/m 

Lateral secondary suspension spring stiffness ksy 160000 N/m 

Vertical secondary suspension spring stiffness ksz 430000 N/m 

Longitudinal secondary damping coefficient csx 20000 N/m 

Lateral secondary damping coefficient  csy 17500 Ns/m 

Vertical secondary damping coefficient csz 21000 Ns/mm 
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Figure 3.11: Modeling of suspension elements 

3.4.6 Car body model 

Creating the car body in SIMPACK is slightly different than the others. It needs the 

SIMPACK documentation (3D-primitive): Wheel Rail Vehicle Cab This 3D primitive represents 

the approximated geometry for standard wheel-rail vehicles. The car body model dimension 

parameter refers to the 3D primitive and is then modified according to the AALRT car body 

specifications. The AALRT car body specifications are tabulated in Table 3.8 below. 

Table 3.8: Car body parameters and values from AALRT (source: Addis Ababa Light Rail 

Transit technical sheet). 

Parameters  Notation  Value  

Car body mass mc 44000 kg 

Car body length Lc 25500 mm 

Car body width wc 3105 mm 

Car body axle base 2ac 18000 mm 

Car body roll moment of inertia  Jxx 4375 kgm2 

Car body pitch moment of inertia  Jyy 8750 kgm2 

Car body pitch moment of inertia  Jzz 8750 kgm2 
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Figure 3.12: Modeling of car body 

3.4.7 Wheel-rail contact model 

A crucial component of the vehicle-track coupled dynamics model is the wheel-rail contact that 

connects the vehicle subsystem to the ballastless track subsystem. The wheel-rail contact model 

assists in studying the geometrical relationship between the wheel and the rail and calculating the 

amount of contact force on the wheel and rail surface. It is assumed that the wheel and rail have a 

0.4 coefficient of friction. According to the Hertzian nonlinear elastic contact theory, the normal 

and tangential contact forces Fwi (t) between the wheel and rail are computed and expressed as 

follows [42], [77]: 

Fwi (t) = {
0

𝐶𝐻[𝑍𝑤𝑖(𝑡) − 𝑍𝑟𝑖(𝑥, 𝑡)]
3

2
} 

𝑍𝑤𝑖(𝑡) − 𝑍𝑟𝑖(𝑥, 𝑡) < 0

𝑍𝑤𝑖(𝑡) − 𝑍𝑟𝑖(𝑥, 𝑡) > 0
 

(3.15) 

Zwi(t) represents the vertical displacement of the ith wheelset, Zri(x, t) represents the vertical 

displacement of the rail at the ith wheelset's location, and CH represents the Hertzian constant, 

which is equal to 9.37 × 1010 N/m3/2. 
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3.5 Formation of track irregularity 

Track irregularities are defined as the discrepancy between the measurements received from 

inspection vehicles and the nominal geometry of the track, and are often characterized by lateral 

and vertical rail displacements. 

 

Figure 3.13: Parameters describing the track geometry and its irregularities 

As indicated in Figure 3.13, the longitudinal level zr and the alignment yr are the vertical and lateral 

displacements of the rail relative to its design geometry [81]. To refer to the left or right rail, the 

subscript r is either l or r. The variations between the measured and nominal cross-level and gauge 

are represented by the cross-level variation Δh and the gauge variation ΔG, respectively. Track 

abnormalities are measured and stored as a function of track arc-length by inspection vehicles. 

3.6 Coupling the flexible wheelset with the rigid dynamic rail vehicle model 

The FEMBS preprocessing module in SIMPACK reads the substructure analysis output files, 

which contain the physical and structural data of the wheelset. Applying Eigen mode computations 

requires the usage of flexible body input files (.fbi), which are produced by FEMBS. 

Eigen modes are a flexible structure's natural oscillations. The matching Eigen mode deformation 

will be triggered when a flexible structure is excited at a frequency that matches one of its Eigen 

frequencies, as shown in Figure 3.14. Appendix H shows the wheel’s flexible wheelset markers in 

SIMPACK. 
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(a) 114.926 HZ (b) 133.126 HZ 

 
 

(c) 200.218 HZ (d) 297.626 HZ 

Figure 3.14: The wheelset's Eigen modes at frequencies between 100 and 300HZ 

3.7 Wheel polygons mathematical model 

Wheel polygons are classified into two types; periodic and nonperiodic [82]. Periodic discontinuity 

occurs when a given order polygon dominates; it does not occur when there is no dominance. 

When the order components of a polygon are widely scattered, it is called nonperiodic 

discontinuity, and this sort of polygon is generated by the superposition of harmonics with varying 

amplitudes, wear lengths, and phases. The method of simple harmonic functions is utilized in this 

research to define the periodic discontinuity of the wheel circumference. The difference in 

circumferential irregularities is viewed as a harmonic function, as shown below. 

{
𝛥𝑟(𝛽) = 𝐴 𝑠𝑖𝑛(𝑛(𝛽 +  𝛽0))

𝑟 = 𝑅 − 𝛥𝑟
} 

(3.16) 

Where β is the wheel rotation angle, 𝛽0 is the initial phase angle, 𝛥𝑟 is the wheel diameter 

difference, A is the uncircular smooth wear depth, n is the wheel polygon order, R is the nominal 

rolling circle radius, r is the actual rolling circle radius.  

The number of orders and degree of polygonal wheel wear are determined by the fixed wavelength 

principle, which is given by [83]: 
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λp = 
2𝜋𝑟

𝑁
 (3.17) 

Where λp is the wavelength of wheel polygonization, r is the radius of the wheel, and N is 

the order of the wheel polygonization. 

 

Figure 3.15: Diagram showing periodic wheel polygonizations of various orders [83]. 

Figure 3.15(a-d) shows the 1st, 2nd, 3rd, and 4th-order periodic wheel polygonizations, each with 

an amplitude of A = 0.1 mm, with the wheel OOR amplitudes enlarged 200 times for ease of 

inspection. The 1st-order periodic wheel polygonization (N = 1) indicates that the wheel is 

eccentric as a result of machining or wear (Figure 8(a)); to some extent, this is an issue that all 

railway wheels experience. For the 2nd-order periodic polygonization situation (N = 2), the wheel 

is elliptic, as illustrated in Figure 8(b), and for the 3rd-order periodic polygonization example (N 

= 3), it tends to be triangulated. Figure 8 (d) illustrates the wheel's quadrilateral polygonization for 

N = 4. (See Appendix J for wheel polygonization amplitudes of 0.1, 0.2 and 0.3mm).  
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3.8 Validation of the model  

SIMPACK was used to perform static equilibrium and preload calculations. The preload load 

solver aids in calculating the vertical force at the wheel-rail contact area, which should be 

consistent across all wheels. The only factor considered is the gravity of different components of 

the vehicle. The preload solver determines the preloads so that the system is in equilibrium, i.e., 

the residual accelerations (joint body accelerations) are zero or so minimal that they can be close 

to zero. The vehicle travelled 17 kilometres at 70 km/h without experiencing any track 

irregularities. While the joint body acceleration was 3.357 × 10−07 as shown in Appendix E, which 

is very small and near zero, the peak dynamic vertical force obtained was 50.423 kN for each 

wheel, as shown in Figure 3.16, which was the same as the static force under preload conditions. 

See Appendix E for more details.   

 

3.16: Preload static force 

The model was also validated by conducting two further simulations: the rigid-flexible coupled 

dynamic model with a polygonal wheel and the rigid-flexible coupled dynamic model without a 

polygonal wheel with track irregularities. The speed used for validation was 40 km/h, and it was 

used according to the wheel defect manual recommendation [84]. The study done by Bethel et al. 

in 2022 [42], which comprised an experimental method and a simulation method, was used for 
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validation of the model of the present work through comparison of the vertical acceleration and 

lateral acceleration results. The results of vertical acceleration and lateral acceleration are plotted 

in Appendix I and J, respectively, and are below the standard limit of 2.5 m/s2 as specified by 

UIC518. 

As can be seen in Appendix I, the peak vertical accelerations calculated with and without the 

polygonal wheel are 1.43 and 1.1 m/s2, respectively. Similarly to the one obtained from Bethel et 

al. in 2022 [42], the peak vertical accelerations calculated with and without the polygonal wheel 

are 1.4 and 0.85 m/s2. 

3.9 Ride comfort index calculation 

For the evaluation and assessment of passenger ride comfort, it is necessary to know the 

accelerations in individual directions x, y, and z. Therefore, the sensors were defined in the front 

wheelset of the multibody dynamics system. The indexes were extracted from the results tool of 

the sensor. 

The computation of the passenger ride comfort index at the rail car floor level consists of multiple 

steps [5]. Procedure outputs are frequency weighted RMS-values of acceleration 𝑎𝑋𝑃95
𝑊𝑑 ,  𝑎𝑌𝑃95

𝑊𝑑  and  

𝑎𝑍𝑃95
𝑊𝑏  respectively, where a is RMS-values of acceleration X, Y and Z are directions of 

acceleration, p is measured position, 95 signifies the 95th percentile, Wd is weighted in the x and y 

directions at the floor level, and Wb is weighted in the z direction at the floor level. 

Wz = 6×√(𝑎𝑋𝑃95
𝑊𝑑 )2 + (𝑎𝑌𝑃95

𝑊𝑑 )2 + (𝑎𝑍𝑃95
𝑊𝑏 )2 

(3.18) 

Equation 3 was used to calculate the ride indexes, and the scale in Table 2.1 was used to compare 

the estimated comfort indexes to the passenger ride comfort according to EN 12299:2009. 
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CHAPTER FOUR 

4.0 RESULTS AND DISCUSSION 

In this chapter, the effect of a polygonized wheel on passenger ride comfort was investigated. In 

addition, the effects of flexible wheelsets with track irregularities were addressed. The results for 

the study were obtained after performing a dynamic simulation by considering straight tracks. To 

determine the impact of wheel polygonization amplitude and orders, vehicle speed, and load on 

ride comfort, the ride comfort index was calculated during simulation and various graphs plotted. 

Moreover, wheel polygonization was introduced to the right wheel of the first wheelset of the front 

bogie. Only the right wheel of the front bogie's first wheelset was taken into account for simplicity. 

First the effect of the flexible wheelset on the polygonal wheel, two simulations were performed, 

one of the vehicle model with flexible wheelset and other with rigid wheelset. Both simulations 

were run on a 2.5-kilometer straight track at a speed of 70 km/h. Because of wheel radius 

deviations and presence of track irregularities, the highest peak rail/wheel vibration results vary.  

The rail/wheel vertical forces obtained due to the flexible wheelset and rigid wheelset are 172.9 

kN and 226.87 kN, respectively. The findings are consistent with those of Awel [68], Baeza [84], 

Wu [84], Yifan ,and others who looked at the dynamic responses of a flexible wheelset in response 

to a damaged wheel. See appendix L.  

4.1 Influence of wheel polygonization amplitude  

The impact of the wheel polygonization amplitudes was addressed by running the model with the 

maximum operating speed of AALRT (70 km/h) on a 2.5-kilometer straight track. Three 

simulations were performed with different polygonization amplitudes of 0.1mm, 0.2 mm, and 

0.3mm. Only the first order of polygonization was considered.  

Figure 4.1 shows the obtained results of the ride comfort index due to different polygonization 

amplitudes, while Figures 4.2, 4.3 and 4.4 show the results of vertical and lateral acceleration, with 

polygonization of 0.1 mm, 0.2 mm, and 0.3 mm amplitudes, respectively. The findings show that 

the amplitude of 0.3 mm has the highest value of the ride comfort index, i.e., 3.01. It implies that 

with increasing the polygonization amplitude, the ride index also increases. 
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Figure 4.1: Ride comfort index due to wheel polygonization amplitudes 

 

Figure 4.2: Vertical and lateral acceleration due to the 0.1 mm wheel polygonization amplitude 

As summarized in Table 4.1, wheel polygonization of 0.3 mm amplitude has more impact on ride 

comfort compared to the other amplitudes; however, the results show that an amplitude of 0.1 mm 

leads to high vertical acceleration and lateral acceleration.  
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Figure 4.3: Vertical and lateral acceleration due to the 0.1 mm wheel polygonization amplitude 

 

Figure 4.4: Vertical and lateral acceleration due to the 0.1 mm wheel polygonization amplitude 

Table 4.1: Results due to different wheel polygonization amplitudes 

Outcomes 0.1 mm amplitude 0.2 mm amplitude 0.3 mm amplitude 

Ride comfort index 2.86 2.92 3.01 

Vertical acceleration 1.9 m/s2 1.81 m/s2 1.82 m/s2 

Lateral acceleration  2.04 m/s2 1.88 m/s2 1.85 m/s2 
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4.2 Effect of vehicle loads  

Three simulation cases were performed to investigate the influence of vehicle carrying loads on 

ride comfort and the acceleration dynamic response of the vehicle when the wheel is polygonized. 

The first simulation considered the empty vehicle with 44 tons, the second simulation considered 

the rated passenger carrying capacity with 59.24 tons, and the last simulation considered the 

passenger overload carrying capacity with 63.02 tons. The model was run at a speed of 70 km/h 

on a 2.5-kilometer straight track.  

 

Figure 4.5: Ride comfort index due to the vehicle carrying loads 

 

Figure 4.6: Vertical and lateral acceleration due to the empty vehicle load 
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Figure 4.7: Vertical and lateral acceleration due to the rated carrying load 

 

Figure 4.8: Vertical and lateral acceleration due to the overload carrying load 

As shown in Figure 4.5, the ride comfort obtained due to overload carrying capacity load is 2.94, 

while for empty and rated carrying capacity load, it is 2.86 and 2.89, respectively. But also, the 

obtained vertical and lateral acceleration of the overload carrying capacity load is higher compared 

to the empty and rated carrying capacity load, as shown in Figures 4.6, 4.7 and 4.8. This implies 

that running an overloaded carrying capacity vehicle has minimal comfort compared to an empty 

and rated carrying capacity vehicle when the wheel has a polygonization defect. The results are 

tabulated in Table 4.2 for all cases. 
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Table 4.2: Results due to different vehicle loads 

Loads  Ride index Vertical acceleration 

(m/s2) 

Lateral acceleration 

(m/s2) 

Empty 2.86 1.18 1.01 

Rated carrying capacity 2.89 1.4 0.8 

Overload carrying capacity 2.94 2.06 1.86 

 

4.3 Influence of vehicle speed 

The effect of train speed on ride comfort was determined by considering six cases: 

Case I: Running a vehicle having a rated carrying load with a polygonized wheel and without a 

polygonized wheel. 

At first, the vehicle with a 59.24-tonne load was run at speeds of 30 km/h, 40 km/h, 50 km/h, 60 

km/h, and 70 km/h without a polygonal wheel, and then the same runs were done with a polygonal 

wheel. Figure 4.9 shows the ride comfort index versus vehicle speeds. It was observed that ride 

comfort varies at different speeds. The highest speed (70 km/h) has a greater effect on ride comfort, 

whether the wheel is polygonized or unpolygonized, as shown in Figure 4.9 and summarized in 

Table 4.3. With a polygonal wheel, the maximum ride comfort index is 2.81 caused by a speed of 

70 km/h and the minimum ride comfort index is 1.87 caused by a speed of 30 km/h, while without 

a polygonal wheel, the maximum ride comfort index is 2.79 caused by a speed of 70 km/h and the 

minimum ride comfort index is 1.85 caused by a speed of 30 km/h. 

Table 4.3: Results due to different vehicle speeds and the rated passenger’s carrying load 

S/N Vehicle speed 

(km/ h) 

Ride index 

With Polygonal wheel Without Polygonal wheel 

1. 30 1.87 1.85 

2. 40 2.04 2.03 

3. 50 2.33 2.28 

4.  60 2.52 2.51 

5.  70 2.81 2.79 
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Figure 4.9: Influence of vehicle speed with and rated passenger’s carrying load on ride comfort 

 

Case II: Running a vehicle carrying an overload with a polygonized wheel and without a 

polygonized wheel.  

The vehicle with a 63.02-tonne load was run at speeds of 30 km/h, 40 km/h, 50 km/h, 60 km/h, 

and 70 km/h without a polygonal wheel, and then the same runs were done with a polygonal wheel. 

Figure 4.10 shows the ride comfort index versus vehicle speeds. It was observed that ride comfort 

varies at different speeds. The highest speed (70 km/h) has a greater effect on ride comfort, whether 

the wheel is polygonized or unpolygonized, as shown in Figure 4.10 and tabulated in Table 4.4. 

With a polygonal wheel, the maximum ride comfort index is 2.86 caused by a speed of 70 km/h 

and the minimum ride comfort index is 1.87 caused by a speed of 30 km/h, while without a 

polygonal wheel, the maximum ride comfort index is 2.84 caused by a speed of 70 km/h and the 

minimum ride comfort index is 1.85 caused by a speed of 30 km/h.  

See appendices F and G for the obtained rail-wheel vertical and lateral forces due to rated carrying 

loads and overload carrying loads, respectively, for a minimum speed and a maximum speed of 30 

km/h and 70 km/h, respectively. 
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Figure 4.10: Influence of vehicle speed with overloaded loads on ride comfort 

Table 4.4: Results due to different vehicle speeds with overloaded passenger carrying capacity 

S/N Vehicle speed 

(km/ h) 

Ride index 

With Polygonal wheel Without Polygonal wheel 

1. 30 1.87 1.85 

2. 40 2.07 2.02 

3. 50 2.32 2.29 

4.  60 2.55 2.54 

5.  70 2.86 2.84 

 

Case III: Running a vehicle with a rated carrying load with two polygonized wheels from different 

bogies 

The vehicle with a 59.24-tonne load was run at speeds of 30 km/h, 40 km/h, 50 km/h, 60 km/h, 

and 70 km/h with polygonized wheels on the first and second bogies. Figure 4.11 shows the ride 

comfort index versus vehicle speeds. It was observed that ride comfort varies at different speeds. 
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The highest speed (70 km/h) has a greater effect on ride comfort; see Table 4.5. The maximum 

ride comfort index is 2.84 at a speed of 70 km/h, and the minimum ride comfort index is 1.86 at a 

speed of 30 km/h. 

Table 4.5: Ride comfort index due to vehicle speed with a rated passenger’s carrying load and 

two polygonized wheels. 

Vehicle speed (km/h) Ride comfort index 

30 1.86 

40 2.04 

50 2.32 

60 2.56 

70 2.84 

 

 

Figure 4.11: Ride comfort index due to vehicle speed with a rated passenger’s carrying load and 

two polygonized wheels. 
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Case IV: Running a vehicle carrying an overload with two polygonized wheels from different 

bogies 

The vehicle with a 63.02-tonne load was run at speeds of 30 km/h, 40 km/h, 50 km/h, 60 km/h, 

and 70 km/h with polygonized wheels on the first and second bogies. Figure 4.12 shows the ride 

comfort index versus vehicle speeds. It was observed that ride comfort varies at different speeds. 

The highest speed (70 km/h) has a greater effect on ride comfort; see Table 4.6. The maximum 

ride comfort index is 2.85 at a speed of 70 km/h, and the minimum ride comfort index is 1.86 at a 

speed of 30 km/h. 

Table 4.6: Ride comfort index due to vehicle speed with overload passenger’s carrying load and 

two polygonized wheels. 

Vehicle speed (km/h) Ride comfort index 

30 1.86 

40 2.05 

50 2.34 

60 2.58 

70 2.85 

 

Figure 4.12: Ride comfort index due to vehicle speed with overload passenger’s carrying load 

and two polygonized wheels. 
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Case V: Running a vehicle with a rated carrying load with three polygonized wheels from different 

bogies 

The vehicle with a 59.24-tonne load was run at speeds of 30 km/h, 40 km/h, 50 km/h, 60 km/h, 

and 70 km/h with one polygonized wheel on each bogie. Figure 4.13 shows the ride comfort index 

versus vehicle speeds. It was observed that ride comfort varies at different speeds. The highest 

speed (70 km/h) has a greater effect on ride comfort; see Table 4.7. The maximum ride comfort 

index is 2.86 at a speed of 70 km/h, and the minimum ride comfort index is 1.88 at a speed of 30 

km/h.  

 

Figure 4.13: Ride comfort index due to vehicle speed with a rated passenger’s carrying load and 

three polygonized wheels. 
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Table 4.7: Ride comfort index due to vehicle speed with a rated passenger’s carrying load and 

three polygonized wheels. 

Vehicle speed (km/h) Ride comfort index 

30 1.88 

40 2.07 

50 2.34 

60 2.59 

70 2.86 

 

Case VI: Running a vehicle carrying an overload with three polygonized wheels from different 

bogies 

The vehicle with a 63.02-tonne load was run at speeds of 30 km/h, 40 km/h, 50 km/h, 60 km/h, 

and 70 km/h with one polygonized wheel on each bogie. Figure 4.14 shows the ride comfort index 

versus vehicle speeds. It was observed that ride comfort varies at different speeds. The highest 

speed (70 km/h) has a greater effect on ride comfort; see Table 4.8. The maximum ride comfort 

index is 2.89 at a speed of 70 km/h, and the minimum ride comfort index is 1.88 at a speed of 30 

km/h. 

Table 4.8: Ride comfort index due to vehicle speed with overload passenger’s carrying load and 

tthree polygonized wheels. 

Vehicle speed (km/h) Ride comfort index 

30 1.88 

40 2.07 

50 2.34 

60 2.6 

70 2.89 
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Figure 4.14: Ride comfort index due to vehicle speed with overload passenger’s carrying load 

and three polygonized wheels. 

4.4 Influence of polygonization orders with different speeds 

For determining the effect of polygonization harmonic orders with different train speed on ride 

comfort, three cases were considered: 

Case I: Running a vehicle having 2nd order of polygonization with different speeds 

The vehicle with a 59.24-tonne load was run at speeds of 30 km/h, 40 km/h, 50 km/h, 60 km/h, 

and 70 km/h with a polygonal wheel having 2nd order. The highest speed (70 km/h) has a greater 

effect on ride comfort, as shown in Figure 4.15. The maximum ride comfort index is 3.14 caused 

by a speed of 70 km/h and the minimum ride comfort index is 2.00 caused by a speed of 30 km/h.   
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Figure 4.15: Ride comfort index due to 2nd order of polygonization 

Case 2: Running a vehicle having 4th order of polygonization with different speeds 

The vehicle with a 59.24-tonne load was run at speeds of 30 km/h, 40 km/h, 50 km/h, 60 km/h, 

and 70 km/h with a polygonal wheel having 4th order. The highest speed (70 km/h) has a greater 

effect on ride comfort, as shown in Figure 4.16. The maximum ride comfort index is 3.67 caused 

by a speed of 70 km/h and the minimum ride comfort index is 2.57 caused by a speed of 30 km/h.   
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Figure 4.16: Ride comfort index due to 4th order of polygonization 

Case 3: Running a vehicle having 6th order of polygonization with different speeds 

The vehicle with a 59.24-tonne load was run at speeds of 30 km/h, 40 km/h, 50 km/h, 60 km/h, 

and 70 km/h with a polygonal wheel having 6th order. The highest speed (70 km/h) has a greater 

effect on ride comfort, as shown in Figure 4.17. The maximum ride comfort index is 4.07 caused 

by a speed of 70 km/h and the minimum ride comfort index is 3.07 caused by a speed of 30 km/h.  

The effect of polygonization on harmonic orders is summarized in Table 4.9. 

Table 4.9: Ride comfort index due to different orders of polygonization 

 Ride comfort index  

Vehicle speed (km/h) 2nd order 4th order 6th order 

30 2.00 2.57 3.07 

40 2.24 2.94 3.42 

50 2.55 3.24 3.67 

60 2.83 3.47 3.89 

70 3.14 3.67 4.07 
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Figure 4.17: Ride comfort index due to 6th order of polygonization 

4.5 Summary 

For the case of wheel polygonization amplitude, the findings show that the amplitude of 0.3 mm 

has the highest value of the ride comfort index compared to the one obtained from 0.1 mm and 0.2 

mm amplitude, i.e., 3.01. This means that the higher the polygonization amplitude, the higher the 

vibrations on rail-wheel contact. 

Running a vehicle with polygonal wheels, the ride comfort index obtained was higher compared 

to the unpolygonal wheel effect in all cases of rated carrying capacity and overload carrying 

capacity. Moreover, with the increasing order of polygonization, the ride index also increases. 

Vehicle speed seems to have a big effect on ride comfort in all cases, although it has been observed 

that running a vehicle at a high speed has a more negative effect on ride comfort compared to 

running at a low speed. This has also been proved by published works [5], [83]. So, operation at a 

high speed of 70 km/h will reduce the comfort of passengers. Refer to Table 2.1 for the ride comfort 

index evaluation scale. 
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CHAPTER FIVE 

5.0 CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

In this research work, ANSYS and the SIMPACK platform were established. The multibody 

system of the AALRT vehicle model was integrated with FEM to study the effects of vehicle speed, 

vehicle carrying loads, and wheel polygonization amplitude on ride comfort when wheels 

experience polygonal defects. The following conclusions were drawn upon completion of the 

study: 

 Wheel polygonization of 0.3 mm amplitude has more impact on ride comfort compared to 

the other amplitudes (0.1mm and 0.2mm). This implies that with an increase in 

polygonization amplitude, the ride index will also increase. 

 Running an overloaded carrying capacity vehicle has minimal comfort compared to an 

empty and rated carrying capacity vehicle when the wheel has a polygonization defect. 

 With increasing vehicle speed, the ride index also increases, which means that at high 

speeds, the ride comfort will be diminished. 

 Oders of wheel polygonization also found that they have an effect on ride comfort. With 

the increasing order of polygonization, the ride index also increases. 

5.2 Recommendation 

This study has a significant impact on the maintenance planning for wheels and rails as well as 

operation management. 

 For the operation team, when the rail vehicle wheel is polygonized before reprofilling the 

wheel, they can operate the vehicle with a rated carrying load at a speed of not more than 

60 km/h and the vehicle with an overload carrying load at a speed of not more than 50 

km/h.  

 For the maintenance team, when the rail vehicle wheel is polygonized with a high 

amplitude from 0.3 mm to above, it is better to reprofile the wheel because the passengers 

will be uncomfortable. 



 

66 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

5.3 Future works 

The present study attempted to investigate the effect of a polygonized wheel on passenger ride 

comfort by considering a flexible wheelset and rigid carbody. The following suggestions for future 

investigation are provided as an extension and continuation of this study. 

 Evaluate the effect of wheel polygonization on passenger ride comfort by considering 

curved track.  

 Asses the effect of higher polygonization amplitudes on passenger ride comfort. 

 Examine the effect of a higher number of harmonic-order polygons and out of roundness 

on passenger ride comfort. 
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Appendices 

Appendix A: AALRT vehicle weight and carrying capacity data 
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Appendix B: Modelling and assembling of wheelset in Solidworks 

 

 

(a) Wheel (b) Wheelset axle 

 

(c) 3D Wheelset 
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(d) 2D Wheelset 

Appendix C: Meshing of wheelset in Asnys 

 

 

(a) Meshed wheelset 
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(b) Section view of the meshed wheelset 

Appendix D: Selection of master nodes 

  

 

Selection of master nodes from the wheelset 
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Appendix E: Validation of the dynamic model of a multibody system  

 

(a) Preload static force 

 

(b) Maximum vertical dynamic force without irregularities 
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Appendix F: Rail-wheel force obtained due to rated carrying load 

 
(a) Rail-wheel vertical force at 30 km/h 

 
(b) Rail-wheel vertical force at 70 km/h 
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(c) Rail-wheel Lateral force at 30 km/h 

 

(d) Rail-wheel vertical force at 70 km/h 



 

83 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

Appendix G: Rail-wheel force obtained due to overload carrying load 

 
(a) Rail-wheel vertical force at 30 km/h 

 

(b) Rail-wheel vertical force at 70 km/h 
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(a) Rail-wheel Lateral force at 30 km/h 

 

(b) Rail-wheel vertical force at 70 km/h 
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Appendix H: Flexible wheelset 

 

 

Appendix I: Vertical accelerations 

 

(a) Present work (b) Verification results [42] 
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Appendix J: Polygonization amplitudes 
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Appendix K: Inserting polygonization number in Simpack 

 

 

 

 

-0.0004

-0.0003

-0.0002

-0.0001

0

0.0001

0.0002

0.0003

0.0004

0 1 2 3 4 5 6 7

0.3mm (0.0003m) amplitude



 

88 
 

Passenger Ride Comfort Analysis of a Rail Vehicle Running with Polygonized Wheel Using 

Dynamic Simulations 

Appendix L: Rail/ wheel vertical impact force due to flexible and rigid wheelsets 

 


