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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 quality of a 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 untrueness wheel polygonization and focused 

on the evaluation of ride comfort for passengers based on results obtained from numerical and dynamic analyses. Simulations 

and calculations were carried out in numerical and dynamic multibody software. The results show 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. 
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1. Introduction 

The railway industry is a significant component of the na-

tional economy. Due to the advantages of environmental 

protection, convenience, speed and safety, more and more 

passengers choose to travel long distances by train [1]. 

Therefore, 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 ir-

regularities, from which they are transmitted via the bogies 

and the car body to the passengers [2]. The carbody is not 

rigid, but bends and twists from the excitation coming from 

the bogies. In some circumstances, the structural flexibility of 

the car body accounts for half of the vibrations that are felt, 
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with the remaining vibrations coming from rigid body mo-

tions. 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 passen-

gers and vehicles [3]. 

The level of vehicle comfort index is directly related to the 

passenger experience. Therefore, the ride comfort of railway 

vehicles has become a social concern. Many various negative 

impacts to which passengers are exposed contribute to the 

comfort of the travel. These effects mostly include vibrations 

caused by moving vehicles, as well as noise, air humidity, 

illumination, temperature, and ventilation. Running imper-

fections in the track and wheel untrueness can also result in 

negative vibrations [4]. Wheel polygonization is one of the 

most common types of wheel untrueness [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 different directions, 

through specific weighting filters that trigger the influence of 

the differentiated sensitivity of human subjects to vibrations, 

depending on direction and frequency. However, one of the 

main presumptions of a rail vehicle's success and popularity 

with passengers and transportation providers is the trip com-

fort. 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 consid-

ering vehicle speed and track irregularity only [10-26]. 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 sim-

ulation emerges as the best option. 

2. Materials and Methods 

In this study, the first step was developing flexible wheel-

sets 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 was created. For im-

porting the flexible body into SIMPACK, the cdb file com-

prises 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 aforemen-

tioned 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 in-

dex. 

2.1. 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 sec-

ondary data included existing published research, conference 

papers, proceedings, reference book, etc. International stand-

ards also were used i.e., EN 12299: 2009 and ISO 2631. Table 

1 shows the mechanical properties of railway wheel and rail. 

Table 1. Wheel and Rail mechanical properties. 

 E (GPa) ν Density (Kg/m3) YTS (MPa) UTS (MPa) 

Rail 207 0.3 7800 640 880 

Wheel 210 0.3 7850 547 879 
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2.2. Flexible Wheelset Model Analysis 

The 3D wheelset geometry was modeled in SOLID-

WORKS, but meshing and master node selection were for-

mulated 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 [26]. 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 SIM-

PACK. 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, see Figure 1 below. 

 
Figure 1. Location of master nodes in the wheel circumference. 

2.3. 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. 

Each vehicle of AALRT has three cars as shown in Figure 2. 

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 2. AALRT vehicle-track coupling dynamic model [27]. 

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 [27]. Based 

on the theory of multi body dynamics (MBD) shown by Eq. 

(1), locomotive differential equations can be represented as 

uniform expressions [28]. 

Mü + Cu̇ + Ku = Ft            (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 [29]. 

The mass mb and inertia moment Jb are both present in 

each bogie. Each bogie's secondary suspension's elastic and 

damping elements are represented using a Kelvin-Voigt sys-

tem that functions during translation, with the elastic constant 

2kzc and the damping constant 2czc. 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 modelled vehicle is shown in 

Figure 3. 

 
Figure 3. Modeling of car body. 

2.4. Wheel-rail Contact Model 

The A crucial component of the vehicle-track coupled dy-

namics model is the wheel-rail contact that connects the ve-

hicle 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 
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amount of contact force on the wheel and rail surface. It is 

assumed that the wheel and rail have a 0.4 coefficient of fric-

tion. According to the Hertzian nonlinear elastic contact the-

ory, the normal and tangential contact forces Fwi (t) between 

the wheel and rail are computed and expressed as follows [26, 

27]: 

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. 

2.5. 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 4. 

  
(a)114.926 HZ                (b)133.126 HZ 

Figure 4. The wheelset Eigen modes at frequencies between 100 

and 140Hz. 

2.6. Wheel Polygons Mathematical Model 

Wheel polygons are classified into two types; periodic and 

nonperiodic [30, 31]. 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 by Eq. (2) below. 

{
𝛥𝑟(𝛽) = 𝐴 𝑠𝑖𝑛(𝑛(𝛽 +  𝛽0))

𝑟 = 𝑅 − 𝛥𝑟
}          (2) 

Where β is the wheel rotation angle, β_0 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 Eq. (3) [32]: 

λp = 
2𝜋𝑟

𝑁
                  (3) 

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 5 (a-d) shows the 1st, 2nd, 3rd, and 4th-order peri-

odic 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 

because of machining or wear to some extent; this is an issue 

that all railway wheels experience. 

 
Figure 5. Periodic wheel polygonizations of various orders [32]. 

For the 2nd-order periodic polygonization situation (N = 2), 

the wheel is elliptic, as illustrated in Figure 5 (b), and for the 

3rd-order periodic polygonization example (N = 3), it tends to 

be triangulated. Figure 5 (d) illustrates the wheel's quadrilat-

eral polygonization for N = 4. 

2.7. Ride Comfort Index Calculation 

For the evaluation and assessment of passenger ride com-

fort, 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 
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rail car floor level consists of multiple steps [5]. Procedure 

outputs are frequency weighted RMS-values of accelera-

tion  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     (4) 

Eq. (4) was used to calculate the ride indexes, and the scale 

in Table 2 was used to compare the estimated comfort indexes 

to the passenger ride comfort according to EN 12299: 2009. 

Table 2. Comfort index evaluation scale [5]. 

Ride index Comfortability 

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 

3. Results and Discussion 

Six different cases were considered to determining the ef-

fect of train speed on ride comfort due to influence of vehicle 

speed. 

Case I: Running a vehicle having a rated carrying load with 

a polygonized wheel and without a polygonized wheel. 

 
Figure 6. Influence of vehicle speed with rated passenger’s carry-

ing load on ride comfort. 

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 6 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 Fig. 6 and sum-

marized in Table 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 1.86 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 3. Results due to different vehicle speeds and the rated pas-

senger’s carrying load. 

Vehicle speed 

(km/h) 

Ride index 

With polygonised 

wheel 

Without polygonised 

wheel 

30 1.87 1.85 

40 2.04 2.03 

50 2.33 2.28 

60 2.52 2.51 

70 2.81 2.79 

Case II: Running a vehicle carrying an overload with a 

polygonized wheel and without a polygonized wheel. 

 
Figure 7. Influence of vehicle speed with overloaded loads on ride 

comfort. 
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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. 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 7 and tabulated in Table 4 

With a polygonal wheel, the maximum ride comfort index is 

2.83 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. 

Table 4. Results due to different vehicle speeds with overloaded 

passenger carrying capacity. 

Vehicle speed 

(km/h) 

Ride index 

With polygonised 

wheel 

Without 

polygonised wheel 

30 1.87 1.85 

40 2.07 2.03 

50 2.32 2.29 

60 2.55 2.54 

70 2.86 2.84 

Case III: Running a vehicle with a rated carrying load with 

two polygonized wheels from different bogies. 

 
Figure 8. Ride comfort index due to vehicle speed with a rated 

passenger’s carrying load and two polygonized wheels. 

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 8 

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 5. The maximum ride comfort index is 2.86 at a 

speed of 70 km/h, and the minimum ride comfort index is 1.87 

at a speed of 30 km/h. 

Table 5. Ride comfort index due to vehicle speed with a rated pas-

senger’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 

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 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; 

see Table 6. The maximum ride comfort index is 2.87 at a 

speed of 70 km/h, and the minimum ride comfort index is 1.87 

at a speed of 30 km/h. 

 
Figure 9. Ride comfort index due to vehicle speed with overload 

passenger’s carrying load and two polygonized wheels. 
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Table 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 

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 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; see Table 7. The maxi-

mum 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 10. Ride comfort index due to vehicle speed with a rated 

passenger’s carrying load and three polygonized wheels. 

Table 7. Ride comfort index due to vehicle speed with a rated pas-

senger’s carrying load and three polygonized wheels. 

Vehicle speed (km/h) Ride comfort index 

30 1.86 

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 11 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 8. The maxi-

mum ride comfort index is 2.87 at a speed of 70 km/h, and the 

minimum ride comfort index is 1.87 at a speed of 30 km/h. 

 
Figure 11. Ride comfort index due to vehicle speed with overload 

passenger’s carrying load and three polygonized wheels. 

Table 8. Ride comfort index due to vehicle speed with overload 

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 2.6 

70 2.89 

The results have also been proved by published works [5, 

7, 32-34]. Therefore, operation at a high speed of 70 km/h 

will reduce the comfort of passengers. Refer to Table 2 for 

the ride comfort index evaluation scale. 

4. Conclusions 

The following conclusions were drawn upon completion 

of the study: 

1) With increasing vehicle speed, the ride index also in-

creases, which means that at high speeds, the ride 
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comfort being diminished. 

2) Oders of wheel polygonization also found that they 

have an effect on ride comfort. With the increasing or-

der of polygonization, the ride index also increases. 

3) Running a vehicle carrying an overload with three 

polygonized wheels from different bogies has more 

negative effect on passenger ride comfort comparing to 

the running a vehicle with a rated carrying load with 

two polygonized wheels from different bogies. 

4) The results show that this study significantly affects 

both operation management and wheel and rail 

maintenance planning. However, more research should 

be done on the impact on passenger comfort of operat-

ing a railway vehicle with a high order of wheel 

polygonization and one with all wheels polygonized. 
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