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Abstract 

Rail corrugation is identified on the running surface around track curves of a twenty seven 

kilometer long railway line with the smallest and largest curve radii of 140m and 484m 

respectively. The railway line runs from Belfast to Steelpoort in the Limpopo Province of 

South Africa. Given that corrugation has not formed on rails for track curves with steel 

sleepers, the study contributes to the body of knowledge by investigating the difference in 

dynamic response of rail track with steel and concrete sleepers. This results in significant 

findings as to why the dynamic response of track with concrete sleepers could be associated 

with the formation of short pitch rail corrugation in the railway line. In the recent accepted 

literature researchers are starting to believe frictional self-excited vibration of the wheel-rail 

system to be an important culprit for short pitch rail corrugation formation. The dynamics of 

ballasted railway tracks is not studied sufficiently in the recent literature, particularly those 

installed with steel sleepers, which is key in developing means to prevent short pitch rail 

corrugation formation.  

A corrugation-borne vibration frequency is dependent on wavelengths and train velocities. In 

the current study these frequencies are matched with natural frequencies of a locomotive 

traction wheelset, to investigate whether wheels have a resonant influence on the short pitch 

rail corrugation formation. Experimental modal test is conducted to obtain natural frequencies 

of a traction wheelset that was used by a locomotive operating in the affected railway line. 

Finite Element Analysis (FEA) is used to validate dynamic mode shapes at important natural 

frequencies of the traction wheelset, obtained through experimental modal test. The natural 

frequencies of the wheelset are correlated with corrugation frequencies for each affected track 

curve selected for the purpose of the current study. Experimental modal tests are also 

conducted on tracks with steel and concrete sleepers to obtain natural frequencies of rail tracks 

with these two types of sleepers. The FEA complex eigenvalue method is used to validate 

dynamic mode shapes at important natural frequencies of rail tracks with the two types of 

sleepers. An important traction wheelset axial bending mode is excited at 108Hz when the 

traction wheelset is free of boundary conditions. This frequency was found to be the short 

pitch rail corrugation formation frequency for the affected railway line.  

This traction wheelset vibration mode was found to reasonably match with corrugation 

frequencies around each track curve. This axial bending mode of the traction wheelset 

becomes more damped and shifts to 120Hz when the traction wheelset is coupled to a traction 

motor and installed in a bogie. Another important resonance mode is also excited at 103Hz in 
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the circumferential direction when the traction wheelset is installed in a bogie and coupled to 

a traction motor. These two resonance modes, i.e. axial bending and circumferential, are hence 

of importance in view of short pitch rail corrugation formation. In light of the dynamic 

response of rail tracks, an important finding from the complex eigenvalue analysis is that the 

dynamic response of the rail track with concrete sleepers predominantly presents a second-

order rail vertical bending mode at 108Hz. This is essentially consistent with the accepted 

literature; which is of the view that it is predominantly the vertical dynamics of a rail track 

that are associated with the formation of short pitch corrugation on rails. It follows that at 

108Hz, only a horizontal bending mode occurs from dynamic response of the track with steel 

sleepers. In light of modal test results for the rails supported on the two types of sleepers, the 

point Frequency Response Functions (FRFs) obtained from experiments show a more damped 

response for rails on steel sleepers than for those on concrete sleepers.  

In light of the modal test on the two types of sleepers, despite the fact that no resonance mode 

was excited at 108Hz, a few resonance modes are excited in the frequency range of 0-500Hz 

corresponding to short pitch rail corrugation. Contrary to expectation, in this frequency range, 

FRFs for the steel sleeper represent a more damped response, than that from concrete sleeper. 

This may be explained by the fact that concrete sleepers were notably exposed above the 

ballast, possibly due to ballast settlement. Steel sleepers were notably more buried into the 

ballast which may possibly introduce additional damping. The complex eigenvalue and modal 

analyses are conducted to study the self-excited unsteady vibration of a wheelset-track system 

and its influence on the formation of short pitch rail corrugation at a frequency range of 0 – 

500Hz. The complex eigenvalue model with steel sleepers presents no self-excited unstable 

vibration in the vertical direction, which is the direction of vibration attributed to the 

formation of rail corrugation. The same model presents self-excited unstable vibration in the 

vertical direction when tested on a rail track with concrete sleepers. Hence for the track with 

concrete sleepers, the current study proposes the wheelset-track self-excited unstable 

vibration in the vertical direction to be attributed to the formation of short pitch rail 

corrugation in the railway line of concern.  

  

Keywords: Concrete sleeper; FEA; Frequency Response Function; modal analysis; rail 

corrugation; steel sleeper; vibration. 
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Railway terminology 

 

 

Figure (i). Ballasted track structure 

 

 

Figure (ii). Running surface, rail crown and rail foot 

 

 

           

Figure (iii). Low rail, high rail and curve radius 



viii 
 

 

Figure (iv). Wheel terminology (top) and rail terminology (bottom) [1] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

Notation 

𝑏(𝜔)   Hysteretic damping coefficient  

𝐶𝐴𝐿   Connection damping value (lateral) 

𝐶𝐴𝑉   Connection damping value (vertical) 

𝑐𝑒𝑞   Equivalent viscous damping coefficient 

𝐾𝐴𝐿   Connection stiffness (lateral) 

𝐾𝐴𝑉   Connection stiffness (vertical) 

𝐸𝐼   Bending stiffness of the rail 

𝑓   Frequency 

𝐾   Shear constant of the rail cross section 

𝑘1   Rail and sleeper contact stiffness 

𝑘2   Sleeper and top ballast layer contact stiffness 

𝑘3   Top and middle ballast layer contact stiffness 

𝑘4   Middle and bottom ballast layer contact stiffness 

𝐿   Sleeper bay 

𝑚   Mass of rail per unit length 

𝑚𝑟   Mass of rail 

𝑚𝑠   Mass of sleeper 

𝑚𝑚𝑏𝑙   Mass of middle ballast layer  

𝑚𝑏𝑏𝑙   Mass of bottom ballast layer 

𝑚𝑡𝑏𝑙   Mass of top ballast layer 

𝑟𝑔   Radius of gyration of the rail 

𝑣   Train velocity 

𝜔   Excitation frequency 

𝑋𝑚𝑏𝑙   Displacement of the middle ballast layer 

𝑋𝑟   Displacement of rail 

𝑋𝑠   Displacement of sleeper 

𝑋𝑡𝑏𝑙   Displacement of the top ballast layer 

𝜆   Corrugation wavelength 

−∞   Infinite longitudinal direction of the rail in one direction 

+∞   Infinite longitudinal direction of the rail, opposite the direction −∞ 
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Glossary 

 

Description Meaning 

Accelerance 
Acceleration of vibration per unit force. 

Adhesion  

 

Tendency of two dissimilar materials to 

cling to each other. 

Angle of Attack (AOA) 

 

The angle of attack is the yaw angle of the 

wheelset from its radial position, as the 

bogie negotiates the curve. The angle of 

attack has a positive sense if the wheelset is 

yawed away from its radial position towards 

the high rail in the curve. 

Contact patch Wheel-rail system contact point. 

Contact point Wheel-rail system contact patch. 

Corrugation wavelength 

The distance between successive crests of 

the waviness on the rail running surface. 

Glue  

A glue in FEA allows two bodies to be fixed 

at the contact surface without having the 

elements of both bodies be the same size and 

attempting to have the nodes on the two 

surfaces match. 

Frequency Response Function (FRF) 

The frequency response function is simply 

the ratio of the output response of a 

structure, due to an applied force. The 

applied force and the response of the 

structure are simultaneously measured as a 

result of the applied force. The response can 

be measured as displacement, velocity or 

acceleration (accelerance). 

Lateral The direction orthogonal to train movement 

Longitudinal 

The direction tangential to the railway line 

in the direction of train movement. 
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Multi Point Constraints (MPCs) 

Elements used in FEA to connect and 

constrain one or more nodes together to fix 

two Finite Element Models and ensure that 

no dislocation occurs in any of the degrees 

of freedom.   

Roughness 

Neither the running surface of the wheel or 

rail is entirely smooth. In the context of 

railway dynamics, roughness refers to the 

longer wavelength unevenness found on the 

rail, and not surface roughness. 

Wheelset 

An assembly of an axle, wheels and a 

traction bull gear. 
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Chapter One 
 

1. Introduction to Rail Corrugation 

 

1. Background 

From a young age we always had a common curiosity when watching the entire length 

of a passenger train with excitement on a train pass. Shortly after that in our teen years 

some of us had an opportunity to take a short ride in a freight train, which used to 

bring a cheerful feeling from hearing the unique squealing sound and vibration, until 

such a time that I progressed in life to an opportunity of being part of those responsible 

for care of railway trains and infrastructure in the railway industry, where undesired 

rail track irregularities posing train derailment risks to operations are also encountered.   

 

A train is with no doubt, one of the most efficient and economical modes of transport 

to move bulk freight and passengers across land. However, noise and vibration from 

trains are an important source of ecological and environmental annoyances. The 

current study is concerned with addressing a problem that is significantly linked with 

vibration borne by wheel-rail interaction; i.e. the short pitch rail corrugation [2].  

 

Transnet is a back bone of the railway industry in South Africa and owns most of the 

rail network across the land. Operations in the rail network involves transportation of 

valuable products such as Iron Ore, Manganese, coal, automotive vehicles, liquefied 

gasses etcetera. It was found that a short pitch rail corrugation formed on the running 

surface of the rails in the railway track from Belfast to Steelpoort in the Limpopo 

Province of South Africa. This twenty seven kilometers long railway track has the 

smallest curve radius of 140m and the largest which is 484m. 

 

Corrugation is referred to as “short pitch” if its wavelengths range between 20 – 

100mm, and as “long pitch” if they are greater than 100mm [3]. In metro systems it is 

common for this phenomenon to also form in wavelengths in a range of 25 – 50mm 

[4]. The long pitch rail corrugation normally forms with amplitudes in a range of 0.01 

– 0.05mm, whilst amplitudes of the short pitch rail corrugation normally fall in the 

range of 0.1 – 0.9mm [5, 6].  



2 
 

Wavelengths and amplitudes of rail corrugation depend on several factors, such as rail 

car behaviour, wheel-rail interaction, track configuration, track system and track 

structure [7]. Nonetheless, from the view of interrelated parameters, rail corrugation 

wavelengths increase with increased corrugation amplitude depth and a train velocity. 

However, amplitudes are nonlinearly related to the wavelengths [8]. Wavelengths are 

generally accepted to be related to the wheelset velocity [9, 10].  

 

Rail corrugation can be categorised in six groups; i.e. (i) Heavy haul, (ii) Light rail, 

(iii) P2 resonance, (iv) Pinned-pinned resonance, (v) Trackform-specific and (vi) 

Rutting [11]. This particular rail disease forms due to damage mechanisms (i.e. 

physical irregularities of wheel and rail) and is sustained by wavelength fixing 

mechanisms (i.e. wheel-rail natural frequencies) [2].  

 

The damage mechanism occurs from a metallurgical and tribological irregularities 

such as rail wear, improper rail welding and rail grinding, plastic flow etcetera [10, 

12]. Initiation of corrugation on rails is mostly pivoted over rail wear [13]. No matter 

                       

(a) 

 

Figure 1.1. (a) Clearly visible rail wear on the running surface of a rail (b) 

fine chip marks as a result of rail wear on the running surface of a rail. 

 

(b) 
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how small a rail wear irregularity is, over time the irregularity may expand and pose 

sufficient risk for development of corrugation on a rail. Figure 1.1. shows a clearly 

visible and a fine (not clearly visible) rail wear on the running surface of the rail.  

 

Figure 1.1a. shows a clearly visible rail wear from which unsteady wheel-rail dynamic 

loads may occur on a train pass. These undesired dynamic loads become severe on a 

multiple successive wheel passes. Figure 1.1b. shows a minor wear, from which the 

problem may pose a risk of further enlarged rail wear on a multiple successive train 

wheel passes. Figure 1.2. shows welding on a rail and a possible damage mechanism 

on a rail as a result of improper welding.   

 

 

Improper (or poor) welding on rails imposes the risk of rail being prone to damage on 

the (or around the) weld zone. A damage from this kind of irregularity on the running 

surface gives rise to unsteady dynamic loads during train pass. If all trains pass over a 

rail at the same velocity, and if vehicles are similar, it is likely that the rails will be 

worn in the same place by all of the wheels and a corrugation forms [14].  

           

(a) 

             

(b) 

Figure 1.2. (a) Thermic welding conducted on a rail to join two pieces of a 

rail section into one continuous rail (b) final product of a welded rail joint. 
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Corrugation forms at first gradually and then more rapidly as the dynamic loads caused 

by corrugation itself increase [14]. In contrast to using the bolted fish plates, Transnet 

uses thermic welding to weld-joint two rail pieces together. This is done by heating an 

external metal to its liquid state and fill it in between the two rails to form a bond. 

However, the pre-weld and post-weld heat treatment processes are of significant 

importance in this type of welding, to prevent high residual stress concentrations in 

the weld zones [15, 16]. If the two processes are not properly followed, irregularities 

such as a post weld distortion has a risk of occurring and a fatigue crack may develop 

as a result of excessive dynamic loads experienced by the rail joint on train passes.  

 

Once a crack forms it is easier for it to grow in the rail material, away from the weld 

joint and towards the rail foot [17]. Athough the weld zone itself may be strong enough 

to take the dynamic loads, the rail material is still exposed to the high risk of crack 

propagation. Figure 1.3. shows plastic flow on the running surface of the rail. The 

metallurgy of a rail and thermal dynamics involved during wheel-rail interaction are 

part of the important functions of plastic flow forming on the running surface of a rail 

[18].  This ultimately results in a damage mechanism for rail corrugation formation 

[18].  Plastic flow is mostly clearly visible on the field side shoulder and more towards 

the field side corner of a rail.  

 

 

(a) 

 

(b) 

Figure 1.3. (a) Rail material sludge pealing-off, caused by plastic flow on the 

running surface (b) material build-up on rail running surface due to plastic flow. 
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Rail material removal through grinding the running surface is the most commonly 

used method for removal of wear and plastic flow on rails [1]. Figure 1.4. shows a rail 

ground (reprofiled) on the running surface, for removal of irregularities on the rail 

material [19].  

 

 

Rail corrugation is removable through rail grinding when it is still not very severe. 

However, sometimes heavy corrugation cannot be removed through grinding, due to 

railhead grinding limitations. The other common damage mechanism for which 

researchers associate result with the formation of rail corrugation is the roll-slip 

oscillation. Roll-slip oscillation is one of the good examples of sources of irregularities 

on wheel and rail surfaces [20, 21]. Figure 1.5. shows wear marks on the running 

surfaces of a wheel and rail, that resulted from the roll-slip oscillation. 

Figure 1.5. Wear marks as a result of roll-slip oscillation (a) on the rail (b) on the wheel 

[22]. 

 

Figure 1.4. Rail running surface ground for removal of railhead irregularities. The rail gauge 

on top of the rail is used to measure accuracy of the ground surface [19]. 
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The roll-slip oscillation wear marks occur as a result of a periodic, successive, rolling 

and sliding of a train wheel relative to the running surface of the rail [22]. The marks 

can also occur on the train wheel tread, posing a risk for unsteady dynamic loads 

during wheel-rail interaction. The roll-slip oscillation can be explained from the 

dynamics of the wheel-rail contact patch, resulting from the creep force-creepage 

relationship [23]. Figure 1.6. shows the creep force-creepage relationship.  

 

Figure 1.6. Creep force-creepage relationship showing positive, neutral and negative friction 

characteristics beyond creep saturation [24]. 

 

Creepage is simply a slide of a wheel relative to the rail, which is normalized by a 

wheel velocity [23]. When the wheel-rail contact point operates in the vicinity of 

saturated creepage, the wheel rolls forward whilst the traction force builds up towards 

the maximum of the traction-creepage curve [25]. Once the maximum is achieved the 

traction force cannot be increased any further. At this point friction force in the contact 

point is zero. If the traction force increases further, slip occurs, due to the negative 

friction characteristic. This cycle of occurrences is referred to as the roll-slip 

oscillation and it can safely be suggested that it occurs from the oscillation of wheel-

rail traction force. Roll-slip marks are mostly observed on surfaces of rails or wheels 

of slow moving trains. 

 

The wavelength fixing mechanism refers to the resonance of a train wheel, a rail track 

and any other resonance that may give rise to the development of corrugation at a 

particular frequency [26]. The wavelength fixing mechanism and its interrelation with 

 



7 
 

the damage mechanism are further explained in Chapter two. The current study is 

concerned particularly with the wavelength fixing mechanism of short pitch rail 

corrugation. The railway line from Belfast to Steelpoort in the Limpopo Province of 

South Africa experiences a problem of short pitch rail corrugation, with average 

wavelengths ranging between 59 – 90mm. In the beginning of the current study 

(January 2018), rail corrugation amplitudes were measured and were found to reach a 

steady state (highest crests) at 0.8mm.  

 

Measurements were conducted twice in a period of six months (from January to July 

2018), in the middle of the test curve located at kilometer point 178/3. In the main line 

with which the current study is concerned, two types of railway sleepers were 

installed, i.e. concrete and steel. However, in recent developments, steel sleepers are 

being replaced by the concrete type in all track curves. Trains in the affected railway 

line were predominantly hauled by the diesel locomotive class D39 200, before its 

replacement by the class D44 later in the year 2016. The current study focuses 

predominantly on work conducted with respect to operations of the class D39 200. 

 

The term rail corrugation refers to a periodic waviness that forms on the running 

surface of the rail due to dynamics of wheel-rail interaction and tribology. In this 

particular railway line, the current study focuses on identifying parameters and 

mechanisms associated with short pitch rail corrugation. The study takes the approach 

of investigating differences in track dynamics between tracks with concrete and steel 

sleepers. The short pitch rail corrugation on the affected rail track curves is fixed 

throughout the entire lengths of each track curve. Despite the fact that the company 

replaces steel sleepers with concrete sleepers on most of the curves, all rails in track 

curves with steel sleepers are found without corrugation. The problem of rail 

corrugation is a crucial concern in the railway industry globally and has a hundred-

year-history [27, 28].  

 

Currently there appears to be no permanent cure for rail corrugation. Even though vast 

literature explains different types of rail corrugation, mechanism that forms the short 

pitch rail corrugation is still not understood to date [29]. To better understand the key 

responsible factors causing the short pitch rail corrugation there is a need for reliable 

models to describe this phenomenon. To date, researchers have proposed different 
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treatments for rail corrugations, some of which are useful, even though they are 

uneconomical, such as rail grinding, which can reduce track and ground vibrations by 

more than 4 dB and 11 dB respectively [30]. Symptoms of short pitch rail corrugation 

problem in the Belfast to Steelpoort railway line are visible dislocation of track 

components. These components dislocate due to excessive corrugation-induced 

vibration. When rail pads displace out of the fastening system, the connection stiffness 

between the rail and sleeper becomes less, such that, ultimately, rail clips and other 

components of the fastening system also dislocate. In this way the rail is left to make 

direct contact with the concrete sleeper.  

 

Images for symptoms of excessive vibration in the Belfast to Steelpoort railway line 

are found in Appendix G. Parts of the railway line are situated approximately ten 

meters from erected fences and approximately hundred meters from a human 

settlement. However, most of the affected rail track curves are situated a few hundred 

meters from the human settlements. Figure 1.7. shows an image of short pitch rail 

corrugation measured from one of the track curves in the Belfast to Steelpoort railway 

line, and one with a long pitch rail corrugation. The long pitch rail corrugation image 

was captured from one of the high-velocity railway lines in China.  

 

 

(a) 

 

(b) 

Figure 1.7. (a) Short pitch rail corrugation <100mm wavelengths, captured in one of the 

track curves in the Belfast to Steelpoort railway line (b) long pitch rail corrugation, 100 – 

300mm wavelengths captured from one of the high-velocity railway lines in China. 
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For the purpose of empirical tests, the test curve identified for this study is the track 

curve located at kilometer point 178/3. This track curve is long enough that it has six 

mass poles erected alongside, i.e. 178/1 to 178/6. Tests and measurements were 

conducted on the curve length between mass poles 178/3 and 178/4. The design radius 

of the curve is 147m. This track curve has the latest rails replaced in the year 2016. 

The curve is one of the sharpest and circular curves that are understood to experience 

severe forces during train passes. The importance of conducting the current study is 

linked with the financial benefits that may be realised by the railway company 

(Transnet) that owns the rail track and operates trains in it. Further benefits of the 

study include reduction in the frequency of unscheduled train and track components 

change out.  

 

Train and track components generally experience lose mountings and ultimately 

dislocate during excessive vibration, thereby requiring frequent unscheduled 

maintenance. The ecology will also be saved as there will be less vibration by the trees, 

buildings and fences closer to the rail track. One of the important challenges in 

implementing the practical solution may be the budget, and that it will be time 

consuming to capture the problem at its entirety. This is given that a practical solution 

will only be effective if implemented both on wheels and track components. This 

makes it difficult to optimise the solution, since time will need to be allocated for trials 

and monitoring of measures that would be implemented on rail cars and tracks.  

 

This thesis does not assume the reader to be familiar with the field of track engineering 

and rail corrugation. For such a reader, the word “corrugation” can be replaced by the 

words “waviness” and “roughness” without any loss of specificity. Similarly, rail, rail 

tie, sleepers and ballast together may be replaced by the word “track”. In addition, in 

this work, a corrugated track curve identified for the purpose of tests and 

measurements can be referred to as a test point “Tp”, a “test curve” or a “test site”.   

 

1.1. Problem statement 

Corrugation-induced vibration results in deterioration of the rail track in the Belfast to 

Steelpoort railway line, in the Limpopo Province of South Africa. This excessive track 

vibration results in shearing of rubber rail pads and dislocation of rail track fastening 
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system components. Due to the daily operation of same locomotives in the railway 

line, there is a significant possibility of loose connections in locomotives, such as 

traction motor mountings and electronic equipment mountings. Wheel bearings may 

also deteriorate due to excessive vibration. Currently in this line, rail corrugation is 

removed from rail profile through grinding, however, sometimes not all corrugation 

can be entirely removed, due to grinding limitations. Rail corrugation in this railway 

line only formed on the low rail of track curves with concrete sleepers. There are two 

categories of concrete sleeper types used in the affected line, i.e. the FY-type and the 

PY-type. Steel sleepers are the second type used.  

 

Rails on both types of concrete sleepers experience corrugation. This research study 

establishes the dynamic difference in rail tracks installed with concrete and steel 

sleepers and establishes how the dynamics influence the formation and sustainment of 

rail corrugation.  

 

1.2. Research question 

1.2.1. Why will the short pitch rail corrugation not form on rails supported on steel 

sleepers? 

From the body of knowledge, it is accepted that corrugation forms on rails due 

to (and it is sustained by) different mechanisms, as long as there is a wheel 

running on the rail surface [28, 31]. However, it is not explained (or at least not 

sufficiently) why the enigma is not found on rail tracks installed with steel 

sleepers. This significant question requires an extensive effort into studying the 

dynamics of rail tracks with both types of sleepers (concrete and steel).  

 

1.2.2. What resonance modes of the concrete sleepered rail track (not found in the 

steel sleepered rail track) are found to be associated with the formation of 

short pitch rail corrugation? 

From the body of knowledge, it is accepted that some resonance modes of a 

rail track are associated with the formation of rail corrugation [32]. However, 

a simplified rail track model, with concrete sleepers is required, that will 

establish the exact resonance modes and a vibration frequency range found to 
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be associated with the formation of rail corrugation. This model should not 

predict rail corrugation when used for rail tracks installed with steel sleepers.   

  

1.2.3. What resonance modes of the D39 200 locomotive class wheelset are found to 

be associated with the formation of short pitch rail corrugation, when the 

wheels are coupled to a traction motor and installed in a bogie? 

From the body of knowledge, it is accepted that some resonance modes of train 

wheels are the wavelength fixing mechanism for rail corrugation [14, 26]. A 

locomotive class wheelset operating in the affected rail line is required to be 

tested for resonance modes. After which a vibration frequency range found to 

be closely related to the formation of short pitch rail corrugation in the Belfast 

to Steelpoort railway line can be identified. 

  

1.3. Research hypothesis 

Short-pitch rail corrugation is influenced by friction-induced natural frequencies of a 

wheel-rail system, with the vertical dynamics of the tracks supported on concrete 

sleepers favoring the formation of corrugation, at a certain resonant frequency range.  

 

One of the widely accepted theories in the research space for rail corrugations is that 

the dynamics of braking and traction during train transit may cause a slight railway 

wheel slip relative to the rail [33, 34]. This slip gives rise to the frictional self-excited 

vibration in the wheel-rail system, which is the mechanism widely understood to be 

responsible for the formation of corrugation on rails [33, 34]. However, the difference 

in dynamics wheelset-tracks with the two types of sleepers in concern is responsible 

for the reason rail corrugation will not form in steel sleepered track curves [32, 35].  

 

1.4. Research objectives 

The primary objectives of the current study are as follows: 

1.4.1. To identify rail track curves affected by short pitch rail corrugation in the 

Belfast to Steelpoort railway. 

 

This entails driving in the service road alongside the affected railway track and 

walking to each track curve to inspect the extent of rail corrugation. Some of 
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the railway track curves have rail corrugation that is light in terms of visibility. 

This makes things difficult for the researcher to conduct measurements in such 

track curves. After this inspection the visibility of rail corrugation is categorised 

as light or heavy in terms of visibility to a naked eye.  

 

1.4.2. To measure short pitch rail corrugation in the test sites, in the Belfast to 

Steelpoort railway line. 

 

This entails measuring rail corrugation amplitudes on a few track curves that 

are categorised as heavily corrugated. From these measurements the researcher 

gets to decide on the best track curves to pursue. Given that measurements are 

conducted manually using a ruler and an angle iron, track curves with clearly 

visible rail corrugation, with amplitudes that have not reached the steady state 

yet, are good to pursue corrugation amplitude growth. 

 

On the other hand, track curves with corrugation amplitudes that have reached 

a steady state are good for investigations of FRF measurements on worn rails. 

FRFs measured in such track curves will provide accurate measurements for 

rail material that is worn the most.  

 

1.4.3. To use experimental and numerical modelling methods to conduct vibration 

tests for wheels of the D39 200 locomotive traction wheelset. 

 

The dynamics of train wheels and rail track are attributed to the formation and 

development of corrugation on rails. It is hence prudent to test such dynamics 

and analyse how they influence mechanisms responsible for the formation and 

development of rail corrugation. The resulting outcomes can be used by 

railway engineers to improve the designs for wheels and tracks. 

 

1.4.4. To use experimental and numerical modelling methods to conduct vibration 

tests for rail tracks with two types of sleepers, i.e. steel and concrete. 

 

Almost all track curves with concrete sleepers are corrugated in the railway 

line with which the current study is concerned. However, same does not hold 
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for track curves with steel sleepers. From this, it can only make sense to 

hypothesise that some mechanism responsible for the existence of short pitch 

rail corrugation in the railway line rests on the difference in wheel-rail 

dynamics of the two cases.  

 

1.4.5. To analyse the difference in track modal dynamics between rail tracks installed 

with steel and concrete sleepers. 

 

This entails analysing modelling and experimental results for wheels, wheel-

rail and wheelset-track models to better understand factors influencing (and 

the dynamic difference of) the models with steel and with concrete sleepers. 

 

1.4.6. To identify parameters, from results of wheels, wheel-rail and wheelset-track 

models, that can be attributed to the formation of short pitch rail corrugation. 

 

Not all parameters of vibration response of the wheels or track can be attributed 

to the formation of rail corrugation in the affected railway line. This is 

conducted to identify clear parameters of structural response, for instance 

resonant and anti-resonant natural frequencies, which can be attributed to the 

formation of rail corrugation. This is done for the frequency range that 

corresponds to short pitch corrugation. No much emphasis is put on the 

frequency range beyond the short pitch rail corrugation formation frequency.  

 

1.5. Research approach 

The current research study adopted an inductive approach, in a sense that it begins 

with some observation of the nature of the problem and how it manifests. This is 

followed by generalised theories and hypothesis. Practical and active efforts were put 

to produce qualitative data and analysis. 

• Firstly, the literature was sourced, obtained and continuously reviewed to 

better understand the problem of short pitch rail corrugations. This literature 

review material was organised and summarised to better understand the 

breadth and depth of the problem and the latest developments in attempting to 

derive a solution. From here the gap was identified in the body of knowledge 

and the hypothesis was developed, 
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• Field work was conducted to validate corrugation wavelengths against those 

measured in the previous study by the author [10]. Rail corrugation amplitudes 

were measured on a chosen test site and were confirmed twice in a space of six 

months,  

• Experimental work was planned, experimental modal analysis was conducted 

in the field on a D39 200 locomotive traction wheelset coupled to a traction 

motor and installed in a bogie. Experimental modal analysis was also 

conducted on ballasted tracks with the two types of sleepers in concern, 

• FRFs were obtained from experimental work, organised and analysed, 

• Corrugation frequencies per track curve were matched with natural frequencies 

of the D39 200 locomotive traction wheelset, on which a modal test was 

conducted with the wheelset coupled to a traction motor and installed in a 

bogie, 

• Modelling work was planned, the problem was modelled using the D39 200 

locomotive traction wheelset and rail tracks installed with the two types of 

sleepers in concern. Simulation results were obtained, organised and analysed, 

• Experimental results were validated against modelling results and conclusions 

were drawn.  

 

1.6. Research scope 

This thesis focuses primarily on associating the dynamics of the wheelset-track system 

with the formation of short pitch rail corrugation. The difference in track dynamics for 

tracks with concrete and steel sleepers is investigated. Only the vertical excitation is 

assumed to arise from vertical corrugation, whilst the lateral and longitudinal which 

are assumed to arise from creep or slip are not studied in this work. The current 

research study covers the following: 

• To observe differences in the terrain and track construction at corrugated 

curves with concrete and steel sleepers; this entails observing the extent of 

track damage in terms of rail pads, rail clips, settling of ballast and displacing 

sleepers due to excessive vibrations, 

• To measure corrugation amplitudes in the test curve 178/1 and wavelengths 

around the rest of the test points with clearly visible corrugation. This was done 

to validate corrugation wavelengths measured in the previous study by the 
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author, and to verify the amplitude on which the short pitch rail corrugation 

reaches the steady state,  

• To perform experimental modal analysis on a D39 200 locomotive traction 

wheelset and on rail tracks with the two types of sleepers in concern. This was 

conducted to obtain the point FRFs, in order to analyse and better understand 

the dynamic response of tracks and the D39 200 locomotive traction wheelset, 

• To conduct modelling of tracks with the two types of sleepers in concern and 

for the D39 200 locomotive traction wheelset, 

• Matching corrugation-borne frequency per track curve, with the natural 

frequencies of the D39 200 locomotive traction wheelset, tested whilst coupled 

to a traction motor and installed in a bogie.  

 

1.7. Research limitations 

This current study is limited to the scope outlined in subsection 1.6. and the following 

further limitations apply: 

• The research only focuses on the Belfast to Steelpoort rail track line that runs 

through Ohrigstad, that is a 223km (two hundred and twenty three kilometer) 

rail track line, 

• In terms of modal tests, the test curves with concrete sleepers located at 

kilometer points 178/3 and 187/13 installed with the FY-type and PY-type 

sleepers respectively were used. A track curve 181/6, with steel sleepers, was 

randomly selected for field work purposes, 

• The current study does not look into microstructures, chemical composition 

and/or metallurgy of the rail and wheel materials, 

• Only the D39 200 locomotives class is considered in the current study, given 

that it is the only class of locomotives that operated at the Belfast to Steelpoort 

line at the time the problem was first pursued,   

• In terms of rolling stock, modal analysis is conducted only on locomotive 

wheelsets and not on wagons’ wheelsets. This is because locomotives are 

understood to have a greater influence on corrugation formation than wagons 

– given the fact that locomotives run on rigid frame bogies, and they are also 

associated with traction. Justification of this limitation is further explained in 

Balekwa’s work [10], 
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• Natural frequencies of the D39 200 locomotive wheelset are only studied on a 

traction wheelset suspended away from the ground, even though installed in a 

bogie for experimental work. This is done to prevent critical damping of the 

traction wheelset, 

• Results obtained and conclusions drawn in the current study are only limited 

to short pitch rail corrugation that forms only on ballasted tracks.  

 

1.8. Research contribution 

The current research study contributes to the body of knowledge with the following 

efforts: 

• Investigating the association of the dynamics of the wheelset-track system with 

the formation of short pitch rail corrugation on different sleeper materials. 

• The wheelset static model on a three-layered ballasted track with monoblock 

concrete sleepers is novel. Even though most of the railways around the world 

are constructed with ballasted tracks [36], most conventional dynamic and 

static models are on floating slab tracks, 

• The wheelset static model on a ballasted track with steel sleepers is novel. Most 

conventional dynamic and static models involve concrete bi-block sleepers, 

• The complex eigenvalue method in modelling a three-layered ballasted track 

is novel. The complex eigenvalue model used as the case study involves bi-

block concrete sleepers in series and four wheels arranged in series, 

• The method of modelling a three-layered volume to represent a track ballast 

with different stiffnesses in ballast layers is introduced in the literature by this 

study, 

• Lastly the simplified method to match vibration modes of the traction wheelset 

to corrugation frequencies per track curve is introduced in the literature.  

 

Chapter One Summary 

This chapter comprehensively summarises the background and introduces the problem 

of short pitch rail corrugation on the affected track curves under investigation. It is 

summarises what the possible causes are and how the problem presents itself. The 

research problem statement, questions, hypothesis, objectives, scope, limitations, 
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approach and contribution are outlined. This chapter concludes by presenting a thesis 

layout.  

 

1.9. Thesis layout 

Each chapter starts by giving a description of what is addressed, followed by 

significant results and/or observations thereof where necessary. The details relevant 

to each chapter are outlined, explained in the body of the chapter and the chapters 

close by summarising the details in the body of each particular chapter. The thesis 

chapters are as follows: 

• Chapter two: This chapter reviews the relevant literature in detail and shows 

how the problem has been described and studied. The literature containing the 

detail where short pitch rail corrugation is modelled, is also presented. Three 

case studies are presented in the chapter. This chapter follows by pointing out 

the proposed solutions to short pitch rail corrugation and indicates what is 

being done currently in the short pitch rail corrugation research space. The gap 

identified in the body of knowledge is pointed out.  

• Chapter three: This chapter discusses materials used in the current research 

and different methods adopted in the effort to investigate significant 

components of the problem. 

• Chapter four: This chapter outlines experimental modal analysis on railway 

wheels and summarises the discussion of results thereof.    

• Chapter five: This chapter outlines experimental modal analysis on railway 

tracks with steel and concrete sleepers. The chapter further summarises the 

discussion of results thereof.    

• Chapter six: This chapter outlines the FEA modal analysis on a railway 

wheelset and summarises the discussion of results thereof.    

• Chapter seven: This chapter outlines FEA complex eigenvalue analysis on 

railway tracks with steel and concrete sleepers. The chapter further summarises 

the discussion of results thereof.    

• Chapter eight: This chapter discusses the implications of the current study 

and draws conclusions based on findings in the current study. 
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The next chapter outlines the review of related literature and the case studies relevant 

to the current study.  
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Chapter Two 

 

2. Literature Review 

 

How has the short pitch rail corrugation been studied and modelled; and what are 

the accepted phenomena causing it? 

In this chapter the history of rail corrugation study is reviewed. The chapter focuses 

on the recent advances in theoretical models to understand the formation mechanism 

of the short pitch rail corrugation in the recent years. The chapter further discusses 

some drawbacks of these models, and the measures adopted currently for curing rail 

corrugation globally. This detailed review first gives a broad overview of the 

formation of short pitch rail corrugation.  It then presents why and how the short pitch 

corrugation wavelengths are sustained on rails. After which it narrows down by 

presenting how the short pitch rail corrugation has been modelled through the use of 

static and dynamic (wheels, wheelsets, rails and track) models. The common causes 

of the formation and sustaining of corrugation wavelengths on rails are discussed in 

detail. The existing gap in the accepted literature is pointed out, which the current 

study addresses. The next subsection outlines information on the behaviour of rails in 

general.   

 

2.1. The Behaviour of Rails 

 

Two annoyances come to mind when one considers how rails behave in service during 

train pass, and those are noise and vibration. In some instances, the two annoyances 

in the wheel-rail system can be interrelated. This is given that apart from the rolling 

noise caused by vibration in the system, other noise can emanate from the corrugation-

borne P2 resonance, rail joints, wheel flats and etcetera. [37 – 39]. The P2 resonance 

is defined as a resonance of an unsprung mass (i.e. a wheel in this case) bouncing on 

the contact stiffness of the rail [40]. 

 

The smoothness of a railway wheel makes no difference, when a wheel rolls on a rail, 

vibration will be excited in the system [41]. Vibration waves will occur in different 
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frequencies and some with wavelengths which can cause rail corrugation [39]. The 

blame for wheel-rail rail noise and vibration spread equally between the wheel and 

rail. This is given that a slight roughness on the one can excite resonant vibration on 

the other, based on the dynamic properties of each one of the two [39]. A typical 

circumstance is that of train wheels which apply brakes using brake blocks made of 

cast iron. These types of wheels usually have a large roughness of typical wavelengths 

of 40 – 80mm [39]. Thompson [39] suggests that such a roughness excites frequencies 

at which rail track vibration radiates most of the sound. Under this circumstance 

neither the wheel nor the rail is to blame, but the system at its entirety [39].  

 

Vibration of the rail occurs in all kinds of rail tracks, including tram tracks, railway 

lines where cargo trains travel, in high velocity trains environment etcetera [42]. The 

higher the train velocity, the more the vibration excited [42]. Vibration of the rail is 

varying along its length, hence some parts of the rail have vibration dying out faster 

than others and this is commonly known as vibration decay rate [39]. A higher 

vibration decay rate results in a shorter effective radiating length of the rail, hence less 

noise radiation [43]. Different mode shapes will occur over a different ranges of 

vibration frequencies. Figure 2.1. shows typical modes shapes of the rail under 

vibrational excitation 

 

The full track resonance is the lowest possible resonant frequency of a track structure 

in the vertical direction, with both out-of-phase and in-phase vibrations [44]. As seen 

in Figure 2.1. the full track resonance vibration is dependent on vibration of the 

sleepers. For a good quality ballasted railway track that is still in its good condition, 

the first order full track resonant vibration occurs in the frequency range of 40 – 140Hz 

[44]. 
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This is followed by the second order resonant vibration in the frequency range of 100 

– 400Hz and the third order resonant vibration that occurs in the frequency range of 

250 – 1500Hz [44]. As well, the rail resonant frequency exists in the track vibration 

system. This is a resonance frequency at which the sleepers remain in position, whilst 

the rail undergoes different vibration mode shapes as seen in Figure 2.1. Here vibration 

modes of the rail are influenced by properties of the rail pads [45].  This vibration 

mode is not dependent on properties of the track ballast and sleepers [45].  

The pinned-pinned mode is dependent on the sleeper bay (spacing between two 

sleepers), hence it is likely to occur at higher resonant frequencies. Pinned-pinned 

resonance mode refers to a sinusoidal bending vibration mode shape of the rail as an 

infinite body on top of fixed sleepers as seen in Figure 2.1. For the pinned-pinned 

resonance mode, the wavelength increases as the sleeper bay increases and the 

frequency of the pinned-pinned resonance mode can be calculated as: 

                                 (2.1) 

                  
Full track vertical resonant frequency mode shape 

      

Rail resonant frequency mode shape 

                 

First order pinned-pinned resonant frequency mode shape  

                

Second order pinned-pinned resonant frequency mode shape 

Figure 2.1. Rail mode shapes under vibrational excitation. 

Reprinted from [45]. 
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where 𝑚 and 𝐸𝐼 are the mass of the rail per unit length and the bending stiffness 

respectively, 𝐿 is the sleeper bay, 𝑟𝑔 is the radius of gyration, and 𝐾 (≈0.34) is the shear 

constant of the cross section [46]. The frequency of this type of resonance is 

significantly higher than those of wavelength fixing mechanisms. This is given that it 

produces shorter wavelengths at a given train velocity [46]. 

The first pinned-pinned resonant mode occurs at a frequency range of 400 – 1200Hz 

and the second mode at frequencies slightly four times higher [45]. A slight rail 

displacement is experienced by the rail on a train pass. This displacement occurs in 

the horizontal and vertical directions. The horizontal displacement is influenced by the 

wheel-rail lateral forces and the train velocity [45].  The vertical displacement may 

also be influenced by a few vehicle-track dynamics. In his doctoral thesis, Suiker  [47] 

points out the influence of a train velocity on the vertical displacement of the rail [47].  

Figure 2.2. shows the relationship between a train velocity and rail displacement. Here 

data is measured and reported for two types of trains. 

 

 

It is noted in the quadratic curve in Figure 2.2. that there is a nonlinear increase in the 

vertical displacement of the rail as the train velocity steadily increases. Apparently, 

the rail experiences a significantly increased vertical displacement with the increase 

Figure 2.2. Displacement of rail in the vertical direction at different train velocities. 

Measurements taken at Stilton Fen, England, January to May 1993. Reprinted from [47]. 
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in train velocity, such that when the train velocity approaches 180km/h, the rail 

vertical displacement reaches a magnitude of 12mm [47].    

 

A good quality rail track is a prerequisite for better reliability. In a rail track design, 

various parameters are determined in order to produce a good quality track, including 

a rail gauge. A rail gauge is a length from a gauge corner of one rail to the gauge corner 

of the opposite rail. A rail gauge plays a crucial role in ensuring a better guidance of 

a train wheelset in transit [10]. However, as a wheel rolls on the rail, the wheel-rail 

lateral forces ultimately shift the rail away from its vertical plane, forcing the rail 

gauge to widen, hence the term rail gauge deviation [10]. Smaller radius curves suffer 

the most from rail gauge deviation, due to severe wheel-rail lateral forces [48].  Figure 

2.3. illustrates the rail gauge deviation. 

 

 

An increase in train traffic results in inevitable rail gauge deviation. Rail gauge 

deviation poses a risk of increased train derailments and is also a contributor to the 

high costs of track maintenance [49]. The next subsection outlines details on the 

analytical modelling of rail corrugation. 

 

2.2. Analytical Models of Rail Corrugations 

 

Neither the wheel nor rail running surface is entirely smooth when newly 

manufactured. This leaves a possibility for the dynamic excitation of the vertical wheel 

Figure 2.3. Illustration for rail gauge deviation. 
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load, hence a change in the initial longitudinal profile of the rail. A dynamic vertical 

wheel load may be excited whenever an irregularity on the running surface exceeds a 

depth of 0.01mm, or its wavelength exceeds the contact point dimensions [22].  

 

The dynamics of rail tracks involving concrete material can be significantly linked 

with the formation and development of rail corrugation [50].  A study by Daniel et al. 

[50].  investigated corrugation growth rates between a rail track with concrete sleepers 

and another with wooden sleepers. Here it was found that the growth of rail 

corrugation is higher on the rail track with concrete sleepers [50].   

 

Gómez and Vadillo [51] pointed out an important observation in their study, that a 

ballasted rail track which was not corrugated initially, formed short pitch rail 

corrugation after a spontaneous replacement of the track with the concrete slab type 

(STEDEF) [51]. It is also important to note that here the sleeper spacing was enlarged 

from 600mm to 1m. The authors also concluded based on their observations from 

measurements, that short pitch rail corrugation actually starts forming mid-span first, 

before spreading to the entire running surface [51].  

 

Rail corrugation also forms on the narrow gauge tracks [52]. Ishida et al. [52] found 

the lateral force to have a significant influence on the formation of rail corrugation in 

a narrow gauge track and the effect was reduced with lubrication of the low rail [52]. 

Afferrante and Ciavarella [53] developed a model based on contact mechanics, which 

takes into consideration wheel inertia, tangential load, normal load and longitudinal 

creepage. Here it is found that rail corrugation growth is accelerated as the tractive 

ratio increases, hence the authors point out the accelerated growth of rail corrugation 

to be linked with the starting and stopping conditions of a railway car [53].  

 

In another work, Afferrante and Ciavarella [27] introduced a possible mechanism in 

the longitudinal direction, which has not been explored by other researchers before.  

This mechanism is not related to wheel-rail resonance, not even the pinned-pinned 

resonance, but it is rather found to be related to wheel-rail geometrical and loading 

conditions (i.e. shape of the contact area, creepage ratio, normal and tangential loads, 

etcetera.) [27].  Wen et al. [54] developed a numerical model to study the effect of 

scratch on the running surface of the rail during wheel pass. Here the authors showed 

https://www.researchgate.net/scientific-contributions/Iosu-Gomez-2020227097
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that wheel-rail vibration occurs at large amplitudes in the contact point when a wheel 

runs steadily and repeatedly on the scratched running surface of the rail [54]. This 

leads to formation and development of rail corrugation induced by plastic deformation 

[54]. Currently rail corrugation is one of the most serious problems with which railway 

maintenance engineers and managers are concerned. This is due to the negative impact 

its results have in the maintenance budget for companies in the railway industry. 

Results for rail corrugation lead to accelerated degradation of rail car vehicle-track 

systems and also reduce the lifespan of train and track components [55, 56].  Given 

that wheels are similar, wavelengths are developed and sustained due to traffic 

uniformity [14].  

 

A reduction in traffic uniformity reduces the chance of formation (or diversifies the 

nature) of rail corrugation [14]. In addition, a constant train velocity with consecutive 

train passes is associated with rail corrugation growth [57]. Theories differ in terms of 

the relationship between the short pitch rail corrugation wavelengths and amplitudes. 

 

Whilst some researchers, such as Wang et al. [8] find the short pitch rail corrugation 

amplitudes to increase with an increase in a wavelength, other researchers, such as Jin 

et al. [58] find the case to be the other way around. Any kind of irregularity on the 

surface of the wheel and/or rail may initiate corrugation. On a lighter note, the short 

pitch corrugation does in fact form even on railway wheels. This is referred to as 

“wheel polygonisation” and researchers are active in developing models to describe 

and predict the phenomenon [59, 60]. However, polygonised wheels are found to have 

a negligible influence on the formation of rail corrugation [61]. Due to annual increase 

in targets to move cargo to the seaports and within the land, in the recent years the 

railway industry realises a need for increased axle loads for railway wagons and train 

lengths.  

 

As gradual increases in targets are realised annually, the need for increased train 

velocities also arise, hence pressure increases on the railway operators to improve their 

track systems’ capacity. In addition, these changes in railway operations also see 

railway operators experiencing a rise in railway train and track damages, including rail 

corrugation [62, 63].  
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In contrast to the finding that rail corrugation in the Belfast to Steelpoort railway track 

formed only on curves, particularly on the low rail of track curves, this phenomenon 

is explained in the recent literature to occasionally form on tangent tracks [64, 65]. 

This is also seen in the study by Duan [66], where rail corrugation formed on a tangent 

tram track.  

 

From a layman perspective, it would be expected that corrugation form with a higher 

rate on tighter rail track curves and should be more visible to a naked eye. Wu et al. 

[67] explains it to be an extremely common phenomenon that rail corrugation is almost 

100% guaranteed to form on the inner rail of track curves with a curve radius less than 

350m. The authors explained the phenomenon to barely form on track curves with a 

radius greater than 650m [67]. Jin and Wen [68] developed an experiment to 

investigate the effect of lateral displacement and the angle of attack of the wheelset on 

formation and development of rail corrugation. The investigation is conducted for two 

cases, i.e. when a lateral displacement is 14mm, whilst the angle of attack is 0⁰ and 

when the lateral displacement is zero, whilst the angle of attack is 0.43⁰ [68].  For 

both cases the test velocity was 50km/h. The results showed that rail corrugation 

formed from the effect of the angle of attack is more severe than that formed by the 

lateral displacement of the wheelset [68]. This finding is in better agreement with the 

proposition from Wu et al. [67] in a sense that the angle of attack in tighter curves will 

be more severe for smaller radius track curves.  In some parts of the world the short 

pitch rail corrugation has affected almost the entire rail network, such as China and 

others [69].  

 

In such countries it is common for this short wavelength phenomenon to also form on 

tangent railway tracks [69]. In some cases the phenomenon affects both the high and 

low rails of a track curve [70]. In such cases it is normally found on the running surface 

of the low rail and forms as a uniform wear on the side of the high rail [70]. In the 

recent study by Cui et al. [71] this enigma is found to have formed early on the high 

rail and looks more severe than that on the low rail. 

 

When a wheel rolls on a rail, the wheel and rail exchange interaction forces in a wheel-

rail contact patch, and the dynamic loads occur, which ultimately initiate rail 
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corrugation [72]. Dynamic loads occur even from rolling of a new wheel on a new 

rail, due to rail track configuration, given that sleepers are supporting rails with a 

specific sleeper spacing [72]. 

 

Jin et al. [73] explained discrete sleeper spacing, for sleepers supporting a rail to be an 

inherent defect that leads to the formation of rail corrugation. Sleeper spacing of the 

rail track used in the current study is 700mm. According to the study by Ng et al. [74] 

from which rail corrugation growth is modelled, the sleeper spacing of 700mm leads 

to higher rail corrugation growth rates. Here the authors proposed a sleeper spacing of 

500mm in order to prevent high corrugation growth on rails [74]. The stiffness of each 

sleeper is also one of the important parameters to consider in aiming to suppress rail 

corrugation. According to Chen et al. [75] more suppression of the formation of rail 

corrugation is realised when the sleeper stiffness is reduced. 

 

Wang et al. [76] pointed out the difference between vibration receptance of rail and 

wheel to be important in attempting to reduce corrugation growth on rails supported 

on discrete support tracks. Wheelset hunting, angle of attack, lateral creepage and 

vertical loading form part of several models developed to address the enigma [77 – 

79].  

 

When a wheelset negotiates a track curve with the highest angle of attack during 

vehicle hunting, the wheel-rail lateral creepage oscillates at a frequency of sleeper bay, 

and hence corrugation forms due to rail wear [77 – 79]. Different types of sleepers are 

spaced differently on different types of track arrangements. These include short 

sleeper track, elastic short sleeper track, ladder sleeper track, vibration absorber 

fastener track, etcetera [80]. However, even in cases where sleepers would represent 

a uniform base for riding, that would possibly open up another door for an additional 

problematic mechanism. This is due to the fact that in the recent literature, rail 

corrugation is also found to form on slab tracks and tram tracks in urban areas [81, 

82]. After corrugation forms, a corrugation-induced frequency excited on a train pass 

is dependent on a train velocity [83]. When this frequency is close enough to the 

natural frequency of the wheel-rail system, the wheel-rail contact force frequency 

amplitude rises to maximum [83]. Interestingly, in better agreement with the current 

study, the bending dynamics of a railway track also have influence in the formation of 
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rail corrugation. In fact, resonance of a track structure affected is even of great 

importance in investigating how rail corrugation initiates, its characteristics and how 

it develops [84].  

 

A resonance phenomenon of a railway track structure forms rail corrugation at a 

corresponding frequency [85]. In a recent study by Yin and Wei [86], the first and 

second-order lateral bending of a circular curve of a rail track were found to be 

associated with the formation of rail corrugation [86]. Resonance vibration of railway 

track components is one of the important problems linked with rail corrugation, 

including resonance of rail fasteners [87, 88]. Railway track vibration becomes severe 

as wheel-rail irregularities such as wheel flats and rail wear occur, which can 

ultimately promote the formation and development of rail corrugation, from which 

severe ground-borne vibrations occur [89]. Isolation of rail track vibration is 

increasingly seen to be important in the railway industry, given that resonance of 

railway track is increasingly being found to form important part of the wavelength 

fixing mechanism [32].  

 

Kaewunruen et al. [90] advanced highlights for strategies that can be practicable in 

isolating railway track vibrations. Although the shock absorber type of rail fasteners 

is considered as one of the most effective countermeasures in preventing ground-borne 

vibrations, this measure is found to promote the formation of corrugation on rails [91].  

 

Almost all researchers active in the rail corrugation research space focus on a 

mechanism for the formation and development of the enigma. In the contrary, Ling et 

al. [92] developed experimental and numerical investigations to assess the level of 

damage caused by corrugation-induced vibration on railway bogies. This study 

focused particularly on the coil springs. Here it is found that short pitch rail 

corrugation causes a significant reduction in the fatigue life span of the coil spring 

[92]. The authors further found that an increased damping ratio in the vertical dampers 

of the primary suspension will significantly reduce the corrugation-induced vibrations 

to which the railway bogies are subjected [92]. Even though the outcome of the study 

by Jin et al. [93] is in agreement with this finding, the authors pointed out that the 

impact of corrugation induced vibration is more significant on the wheelset-track 

dynamics, than on the bogies and rail car [93].  



29 
 

When rail corrugation already grew to steady state, nothing more can be done to get 

rid of it, except removing its troughs through rail grinding. However, measures can be 

effected to alleviate the severity of its impact on rail cars. Zhou et al. [94] developed 

a model to study the influence of resilient wheels on wheel-rail dynamic interaction 

during wheel pass on a corrugated section. The results show that resilient wheels 

installed with a rubber material, in a layer between the wheel rim and web reduce the 

vertical wheel-rail dynamic loads excited by rail corrugation [94]. The authors point 

out that this is applicable to a large frequency range [94]. In the contrary, Bionda et 

al. [95] pointed out in their study that rail corrugation found in one of the subways in 

Italy may have been associated with interaction of the rail track with a rail car installed 

with resilient wheels [95].  

 

Wheelset spacing in a bogie has influence in resonance vibration of vehicle-track 

system, which in turn plays a role in rail corrugation growth [96]. Wang and Wu [97]  

developed a model involving investigation of the influence of vibration interference 

between vibrations of two wheels on rail corrugation. The authors found that vibration 

interference between two wheels can cause radical fluctuation of the wheel-rail contact 

force, which in turn can form rail corrugation [97]. In addition, the authors [97] found 

that wavelengths of this rail corrugation are equivalent to unit fractions of the 

wheelbase. Wheel-rail resonance emanating from train braking also plays a role in the 

formation of rail corrugation [33]. Wu et al. [98] conducted an investigation on rail 

corrugation in one of the downhill rail sections in China, where braking is applied by 

trains. After the rails were ground and braking was not applied by trains, rail 

corrugation did not form on the rails [98].  From this study the authors found that rail 

corrugation is associated with wheel-rail vibration of around 430Hz, which emanates 

from shoe brakes used by trains [98].  Generally, different rails show different 

characteristics related to rail corrugations [99].  

 

Some researchers such as Grӓssie and Kalousek [14, 28, 31].  have put much effort 

into analysing from the theoretical point of view, how the corrugation phenomenon 

generates and also pointing out the possible treatments.  Grӓssie and Kalousek also 

conducted much work into categorising rail corrugation by wavelengths and 

categorising it by different initiators [14, 28, 31].  Six types of rail corrugations were 

pronounced from the work; i.e. heavy haul, light rail, contact fatigue, booted sleeper, 
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rutting and roaring rails. The primary difference in the formation of corrugation on 

rails rests in two mechanisms i.e. the damage and the wavelength fixing mechanisms. 

The damage mechanism is associated with initiators of corrugation; the commonly 

considered which is wear [100]. Another possible damage mechanism being plastic 

deformation [101].  

 

Böhmer and Klimpel [18] considered both plastic deformation and wear in their study, 

which showed that both wear and plastic deformation will lead to formation of rail 

corrugation to steady state [18]. The wavelength fixing mechanism is associated with 

wheel-rail resonances, more in particular the P2 resonance [26, 102]. The damage 

mechanism and the wavelength fixing mechanism are interrelated and maintain a 

feedback cycle during the formation and development of corrugation on rails [71]. 

Figure 2.4. shows the feedback loop for rail corrugation and the wavelength fixing 

mechanism.  

 

Figure 2.4. Feedback loop for generation of rail corrugation. 

 

Figure 2.4. shows a feedback loop for the formation of rail corrugation, whereby a 

newly manufactured rail is installed with an initial rail profile. Given that the rail is 

not entirely smooth, a slight vibration will always occur in the wheel-rail contact point, 

which emanates from frictional self-excited dynamics of the wheel-rail system (self-

excited and feedback vibration). From this genesis of dynamics, the vehicle-track 

system resonance is excited [31]. Given that vertical dynamic loads, lateral creepage, 

a tighter angle of attack and stick-slip oscillations exist during wheelset motion, the 

complex wheel-rail contact mechanics ultimately lead to rail material wear and/or 

plastic deformation [31].  
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Wear of rails is the commonly understood damage mechanism. Once rail wear or 

plastic deformation occurs on the running surface of the rail, a new rail profile is 

initiated [31]. The dynamic loads from the rail damage and the self-excited dynamics 

begin the process afresh, until the loop is closed once more. The next sub-subsection 

outlines the types of corrugations forming on rails as reported by Grӓssie and Kalousek 

[31]. 

 

2.2.1. Rail Corrugation Types 

 

Different types of rail corrugations form on various railway tracks. The dependency 

lies on several factors influencing its formation, such as train velocity, track geometry 

parameters, vehicle-track interaction, and etcetera. An outline (according to Grӓssie 

[31]) of each corrugation type is provided as follows: 

 

2.2.1.1. Heavy Haul Corrugation 

 

The term “heavy haul” says it all; this type of corrugation was found on heavy haul 

railway lines [31]. This type of rail corrugation is mostly found in straight tracks and 

also on the high rail in track curves [31]. It is also found to form due to the same 

mechanism on the low rail of tracks with excessive super elevation, where mixed 

traffic operate with significantly lower axle loads than the heavy haul traffic [31]..  

This type of corrugation forms due to plastic bending of the rail [31]. 

 

2.2.1.2. Light Rail Corrugation 

 

The light rail corrugation is much similar to the heavy haul type. This type of 

corrugation propagates from improper welds and fixes wavelengths between 0.5 – 

1.5m [31]. One difference between this type of corrugation and the heavy haul is that 

the light rail corrugation does not form due to plastic bending, as in the case with a 

heavy haul [31]. One of the important primary treatments for this corrugation type is 

the straightening of welds and joints; which ultimately reduces the impact of P2 

resonance [31].  
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2.2.1.3. Rutting Rail Corrugation 

 

This type occurs on the running surface of the low rail of a curve [31]. It has a potential 

of forming on a tangent track where traction and braking are severe [31]. This type of 

corrugation forms due to irregularities such as improper welds and joints [31]. It 

manifests itself with more uniform wavelengths on the rail running surface [31]. 

Debris of rail wear from this type of rail corrugation is easily visible to a naked eye 

[31]. It forms due to the torsional vibration of the wheelset mostly at a second torsional 

vibration frequency range of 250 – 400Hz [31]. A frequency of 250Hz occurs at a 

typical train velocity of 45km/h and fixes wavelengths of around 50mm. Wear is 

however the primary damage mechanism [31].   

 

2.2.1.4. “Roaring Rails” Rail Corrugation 

 

This type of rail corrugation occurs primarily in tangent track and also in long radius 

curves on which there is minimal wheel-rail flange contact on curving [31]. It mostly 

forms on the high (than the low) rails for traffic lines with lighter axle loads (of 

somewhat less than 20ton per axle) [31]. Amplitudes of this type of rail corrugation 

are easily removable with a grinding trolley at slow moving velocities [31]. This type 

of rail corrugation is also referred to as a “pinned-pinned” rail corrugation [31].  

 

2.2.1.5. Other P2 Resonance Rail Corrugation 

 

Other corrugation types fall under the P2 resonance rail corrugation [31]. For these 

rail corrugations the primary damage mechanism is wear and the wavelength fixing 

mechanism is the P2 resonance [31]. The next subsection outlines how rail corrugation 

is categorised per damage and wavelength fixing mechanisms. 

 

2.3. Rail Corrugation Categorisation 

 

Grӓssie and Kalousek [28] discovered that for any corrugation type, if the damage 

mechanism proves to be a plastic flow, it is likely that the wavelength fixing 

mechanism responsible for fixing that particular corrugation will be a P2 resonance 
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[28]. Table 2.1. shows a list of different wavelength fixing mechanisms associated 

with the respective damage mechanisms. 

 

Table 2.1. Wavelength fixing mechanisms associated with damage mechanisms [14] 

Damage mechanism  Wavelength fixing 
mechanism 

Gross plastic flow P2 resonance 

 

Plastic bending  P2 resonance 

 

Contact fatigue P2 resonance 

 

Wear P2 resonance, 

Axle wind –up, 

Pinned-pinned resonance, 

Resiliently booted sleepers, 

Resonance of concrete 
sleepers. 

 

In Table 2.1. it is noted that the damage mechanism, wear, is associated with all 

wavelength fixing mechanisms. This validates the conclusion by the accepted 

literature that wear is the most common damage mechanism, for all types of rail 

corrugations [31, 40]. The wavelength fixing mechanisms are associated with different 

corrugation frequencies, which are influenced by average train velocities on 

corrugated sections of a rail [10, 103].  It is also noted in Table 2.1. that a P2 resonance 

is associated with all damage mechanisms. Rail wear has proven to be the only culprit 

accountable for the formation of rail corrugation in the Belfast to Steelpoort railway 

track [10]. Table 2.2. shows the most likely wavelengths for different types of rail 

corrugations. The Table 2.2. also shows the damage and wavelength fixing 

mechanisms associated with each corrugation type amongst the six [28]. 

 

Table 2.2. Wavelengths and mechanisms associated with rail corrugation types [28] 

             Type  Wavelength  
(mm) 

Wavelength Fixing 
Mechanism 

Damage 
Mechanism 

1. Heavy haul 
 
200 – 300  

 
P2 resonance 

 
Plastic flow 
in troughs 

 
2. Light rail  

 
500 – 1500  

 
P2 resonance 

 
Plastic 
bending 
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3. Booted 
sleeper 

 
 
 
 
45 – 50  
51 – 57  

 
 
 
 
Sleeper resonance; 
flexural resonance of a 
wheelset 

 
 
 
 
Wear of 
troughs from 
lateral 
oscillation; 
plastic flow 
of peaks 

4. Contact 
fatigue 
 
 

5. Rutting 
 
 
 

 
 

6. Roaring rails 

 
 
 
150 – 450  
 
 
 
50  
200  
150 – 450  
 
 
 
25 – 80  

 
 
 
P2 resonance laterally 
 
 
 
Torsional resonance 
of wheelset; Peak 
vertical dynamic 
force; for example, P2 
resonance 
 
 
Unknown                           

 
 
 
Rolling 
Contact 
Fatigue 
 
Wear of 
troughs from 
longitudinal 
oscillation 
 
 
Wear of 
troughs from 
longitudinal 
slip 

 

The average typical train velocity on track curves in the Belfast to Steelpoort railway 

track is 30km/h for both empty and loaded trains [10]. The average corrugation 

wavelength measured on this line is 80mm [10]. According to the information in Table 

2.2. the type of corrugation associated with wavelengths between 25mm – 80mm is 

referred to as “roaring rails”, which is another word for short pitch rail corrugation 

[25].   

 

The characteristic frequency excited by a short pitch rail corrugation can be derived 

from a rail car velocity and corrugation wavelengths [104]. If a train velocity is known, 

the excitation frequency to the running train (referred here as the “corrugation-borne 

frequency”) can be calculated as follows: 

 

                                                         𝑓 = v/ λ     (2.2) 

 

This is normally a useful method to identify a corrugation source on a railway track 

[105].  When a train runs at velocity “v”, over a corrugated section with the 

wavelength “λ”, vibration occurs (hence the radiation of noise, besides the wheel 

squeal), with the frequency “𝑓”. Corrugation-borne frequency can easily be confused 

with the wheel-rail natural frequencies. However, every structure has its own natural 
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frequency at which it vibrates when excited, whilst the corrugation-borne frequency 

is the frequency experienced by a railway car when running on a corrugated section 

[10, 106]. A rail track can be modelled as a periodic structure, which makes it easier 

to calculate its free vibration characteristics, which include resonance frequencies, 

mode shapes and vibration decay rates [107].  The results from such analysis can be 

used as significant input parameters to analyze a forced vibration of a track structure, 

or to better understand the mechanisms involved [107]. In their study on the influence 

of rail corrugation on rail vehicles, considering safety and ride quality, Skorsetz et al. 

[108] found that it is not the train velocity that dominates safety, but the factors 

concerning geometry, that determine the number of wheel-rail contact points [108].  

 

Generally, different modes of vibration are excited at different frequency ranges. For 

instance, the “pinned-pinned” and torsional modes are excited at very high frequencies 

above 1000Hz [109]. The pinned-pinned resonance mode of a track occurs when a 

train passing frequency is close enough to the pinned-pinned frequency of the rail 

[110]. The author in the current study proposes that the in addition to the P2 resonance, 

the axial bending mode of the locomotive wheelset are associated with corrugation on 

rails in the Belfast to Steelpoort railway track [32, 111].  Given lower train velocities 

around corrugated sections, the wavelength fixing mechanism on this railway track 

was found to be the axial bending of the traction wheelset at the corrugation formation 

frequency of 108Hz [10, 103].    

 

In the current study this frequency (108Hz) is important and emphasis is put more to 

it in analysis of the results. Here the frequency range of 0 – 150Hz is of concern in 

terms of vibration induced by trains [112]. The next subsection outlines the treatment 

methods widely used to curb formation (and the impact) of rail corrugation.  

 

2.4. FEA and Mathematical Modelling of Rail Corrugation 

 

Just over the past two decades, researchers have steered attention into developing 

several versatile mathematical models for rail roughness growth, in consideration of 

the interaction between the wheelset and track [113]. Some of which involve advanced 

wheel-rail contact approaches [100, 114]. The non-Hertzian models have been 

considered in some cases [115, 116].  

https://0-www-scopus-com.ujlink.uj.ac.za/authid/detail.uri?authorId=57205320906&amp;eid=2-s2.0-85059510729
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Likewise, there is also a consideration of the contact-induced wear filtering and the 

effects thereof on developing corrugation [117]. A significant effort came in the year 

2009 from Torstensson and Nielsen [118] in studying the irregular wear on the running 

surface of the rail and the monitoring thereof. Apart from this, the influence of discrete 

supports is understood to be significant in the formation of rail corrugation [119, 120]. 

In addition, some of the models considered multiple wheel-rail interactions [121, 122]. 

Rail corrugation has always been understood to form due to different transient 

conditions favouring certain wavelengths, however, in the recent work, the self-

excited vibration is found as another possible source that may lead to the formation of 

rail corrugation formation [2, 23, 123, 124].  

 

Grӓssie et al. [125] developed a simple model of a wheelset resting on rails to 

investigate the dynamic response of the wheel and rail in excitation on a frequency 

range of 50 – 1500Hz in a contact point. Here the contact point is excited in the 

vertical, lateral and longitudinal directions to study the dynamic contact force that 

results. The vertical excitation is assumed to arise from vertical corrugation, whilst the 

lateral and longitudinal are assumed to arise from creep or slip [125].  

 

At natural frequencies that involve bending of the wheelset axle, the results show the 

dynamic contact force caused by corrugation to have same characteristics in all three 

directions [125]. However, in terms of magnitude the dynamic contact force is low for 

the vertical, half the magnitude (of the vertical) in the lateral, and at maximum in the 

contact resonance longitudinally [125], from which it is evident that the dynamic load 

is the lowest in the lateral direction. This is consistent with the emphasis by Collette 

and Preumont [102] on rail corrugation forming mostly where the dynamic loads are 

low. The results from the previous work by the author are also consistent with the 

observation [10]. Rail corrugation normally forms where large magnitudes of contact 

forces and sliding of the wheel relative to the rail occurs [33, 126], the severity of 

which increases on smaller track curves [127].  

 

Most conventional models for rail corrugation are limited to static simulations. In the 

contrary, Aalami et al. [128] considered a complete rolling of a wheel in showing that 

plastic strain as a result of rolling contact forces may form corrugation [128]. In 

addition, Ekberg et al. [129] developed a mathematical model considering the 
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dynamics of train-track interaction, including train velocities. From that, corrugation 

on rails is shown to increase the impact of Rolling Contact Fatigue (RCF), more in 

particular at high-velocity operations [129].  

 

Predictions that are more realistic may be achieved through well-developed, complex 

three-dimensional mathematical models. These should consider various dynamic 

behaviours influencing wheel-rail interaction. However, such models can be 

extremely time consuming and require extremely high computational power [130]. 

Some researchers such as Morales-Ivorra et al. [131] developed versatile models that 

can capture several problems arising from different dynamics of the vehicle-rack 

system [131].  

 

Morales-Ivorra et al. [131] developed a model to assess a derailment risk of two rail 

cars with different characteristics, negotiating two curves with different 

characteristics. Even though the study was not predominantly conducted for 

investigation of rail corrugation, the versatility of the model was found to be so high 

that it was subsequently used for analysis of other development and propagation of 

irregularities related to vehicle-track interaction [131]. This included the development 

of rail corrugation [132].  

 

Different types of sleepers produce different corrugation parameters due to dynamics 

of the transition section [133]. Cui et al. [134] studied a railway curve with a 

corrugated low rail. The two types of sleepers are used in the track curve, i.e. the 

Cologne Egg sleeper and the fixed dual short sleepers. In this study the authors found 

that on a section where the sleeper type changes from Cologne egg sleeper to the fixed 

dual short sleeper type, unstable vibration occurs on the low rail of the section 

supported by the Cologne Egg type of sleepers [134]. This vibration occurs at a 

frequency of 422Hz on the section supported by the Cologne Egg type and at a 

frequency of 201Hz at a section supported by the fixed dual short sleeper type [134].  

 

The rail section on the Cologne Egg sleepers fixed corrugation with 40-50mm 

wavelengths, whilst the section on the fixed dual short sleepers fixed it with 90-

120mm wavelengths [134]. When only one type of sleepers is used in the track curve, 

unstable vibration occurs at 420Hz only, for either type of sleepers [134]. In their rail 
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corrugation investigation model, Gao et al. [135] pointed out 40kN/mm to be the 

optimal design magnitude for stiffness of the rail-sleeper fastening system. 

 

In a study conducted by Li et al. [136]  this magnitude is set even higher, where the 

authors pointed out that a vertical stiffness of less than 20MN/mm in the rail fasteners 

can easily produce short pitch rail corrugation with wavelengths of 30 – 63mm [136]. 

On a similar model, Chen et al. [137] conducted field measurements on three sites and 

found three different profiles. Here the track configurations are not explained in detail, 

however, four different sleeper types are used in the line, i.e. (i) a booted short sleeper 

(ii) short sleeper (iii) a ladder sleeper and (iv) a floating slab.  The three sites had three 

different fasteners, i.e. type DTV12, DTIII2 and the cologne-egg [137].  

 

A Finite Element (FE) method was used to develop three models to predict corrugation 

frequencies. Here three complete wheelsets are modelled on top of three rail tracks. 

Measured and predicted corrugation frequencies were found to be in agreement [137]. 

Chen et al. [137] concludes that the self-excited vibration of the wheel-rail system 

leads to corrugation on rails. However, according to Chen et al. [137] the accepted 

literature has not shown why corrugation forms on almost all low rails of tight curves, 

whilst it is rarely found on the high rails [33, 149]. Although the author is not in full 

agreement with the opinion, work to this effect is not sufficient in the accepted 

literature. Oyarzabal et al. [35] modelled corrugation with consideration of track 

parameters for slab and ballasted tracks.  

 

Two types of slab tracks (STEDEF and AFTRAV) [35] were modelled. Even though 

the meaning of acronyms are not provided, one of the most noticeable differences in 

these two types of slab tracks is that the STEDEF track has two layers of elastic slab 

levels, whilst the AFTRAV has one layer. Each model involved four wheels of a bogie 

and considered different track radii and train velocities [35]. It is found in this work 

that the probability of corrugation formation is the greatest for the inner wheel of the 

leading wheelset of a bogie [35]. Analysis on the rest of the wheels show less 

probability [35]. In light of corrugation, the AFTRAV slab track works better, 

followed by the ballasted track [35].  As far as the dynamics of wheelsets are 

concerned, the leading wheelset of a bogie remains one of the most important culprits 

linked to the initiation of rail corrugation [138, 139].  
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Saulot et al. [140] conducted a study that considers metallurgical and tribological 

effects in studying the corrugation crests. Here micro-chips symbolising corrugation 

crests wearing in the direction perpendicular to the rolling direction are observed. 

Saulot et al. [140] are in agreement with Balekwa’s study [10] that found similar 

micro-chips and their direction to be resulting from the effect of longitudinal and 

transverse action of the wheel on rail.  

 

Saulot et al. [140] found that the leading wheelset is more associated with these 

longitudinal and transverse effects. Cui et al. [141] also measured vibration on three 

points of rails on train pass. This was conducted around track curves and it was found 

that the oscillation amplitude of vibration and the normal contact force on the low rail 

are larger than those on the high rail. From this, Cui et al. [141] conclude that the rail 

corrugation caused by the frictional self-excited vibration mainly occurs on the low 

rail of sharp curved track [141].   

 

Wu et al. [142] developed two FE models to investigate the effect of axlebox 

positioning in the short pitch rail corrugation. Here an axle box was modelled inside 

and outside a bogie frame. The results showed that the inner axlebox type is favourable 

in terms of rail corrugation suppression [142]. El Beshbichi et al. [143] developed a 

complex eigenvalue analysis model to predict a frictional self-excited vibration of a 

leading wheelset travelling around a track curve. Here it has been found that the 

interaction of the wheel cross section and the track gauge influence the self-excited 

vibration significantly [143]. In predicting the growth rate of rail corrugation, Meehan 

et al. [144] developed a simplified analytical and numerical feedback model, which 

takes into account time delay in wheel pass time. From the model the authors 

developed an expression that can be effectively used to predict rail corrugation and to 

identify significant parameters, that influence the formation and development of rail 

corrugation [144].  

 

Bellette et al. [145] modified the same model developed by Meehan et al. [144] to 

consider variations in vehicle velocities over successive vehicle passes. This enables 

corrugation amplitude growth rate to be assessed [145]. Fourie et al. [146] developed 

a model to investigate a short pitch rail corrugation with wavelengths of 70mm. The 

model takes into account the first and second order torsional modes of the wheelset 
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and the traction motor pinion-gear dynamics. Here it is found that when the traction 

motor-axle gear mesh stiffness is increased from zero to maximum traction, the 

wheelset torsional modes and traction motor pitching become coupled structural 

modes, leading to the formation of the short pitch rail corrugation [146]. In terms of 

modelling the enigma, researchers such as Meehan et al. [147] are considering various 

effects into the models, including environmental effects.  

 

In one of their studies in Australia, the authors [147] discovered that variations in the 

rainfall have an effect in rail corrugation growth. Their model takes into consideration 

the average daily rainfall and humidity, together with rail corrugation growth [147]. 

The next subsection outlines the experimental work conducted in the rail corrugation 

research space. 

 

2.5. Rail Corrugation Experimental Work 

 

Experiments are one of the most useful ways of studying rail corrugation. Important 

results can be obtained from experiments, which can later be used as inputs to rail 

corrugation modelling. Experiments are also widely used by researchers to discover 

certain dynamics and outcomes of systems. An example of this is an outcome in a 

study by Hu et al. [148] where a pin-on-disc experiment was conducted to investigate 

whether corrugation can also form on sliding surfaces. The results of the experiment 

showed some formation of corrugation on the sliding surface of the disc [148].  

 

Experimental work on rail corrugation rests in the analysis of the dynamic behavior 

of the railway track and its components and on the railway vehicle wheels [111, 149]. 

This type of work involves the use of accelerometers to measure the dynamic response 

of a structure in different directions (vertically, laterally, longitudinally and 

circumferentially).  

 

In order to achieve measurable excitation of structures in these directions, suitable 

models of electronically functioning impact hammers are used [150]. The dynamic 

response is analysed based on point FRFs. In other experimental work, displacement 

sensors are employed to measure the displacement of rails and sleepers for different 

frequency ranges [151].  
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Liu et al. [152] conducted experimental work for a frequency range of 160 – 310Hz. 

Here the rail vibration dampers are installed to study their effect on rail vibration 

response.  Corrugation growth rate was monitored for a period of about half a year in 

the railway track with dampers installed. The corrugation growth rate reduced by more 

than half [152]. The resonance peaks in the frequency range of 160 – 310Hz shifted to 

a lower frequency range with the dampers installed [152].   

 

On another work the importance of stiffness of rail pads in the vertical direction is 

pointed out [153, 154]. In the study conducted in China it was established that 

particularly the rubber rail pads are effective in controlling short pitch rail corrugation 

growth [155]. Wu et al. [156] studied rail corrugation in one of the metro lines in China 

and found that increasing the modulus of elasticity and damping coefficient of the 

rubber rail pads can prevent the formation of rail corrugation. The authors pointed out 

in particular the damping coefficient and advise that an increase of 0.0001 on this 

parameter can yield significant results in preventing the formation of rail corrugation 

[156].  Song et al. [157] investigated the effect of rail pad stiffness on the wheel-rail 

dynamic loads and on rail corrugation. The authors replaced the rail pads having the 

stiffness of 50MN/m with the ones having the stiffness of 35MN/m.  

 

After monitoring the performance of the softer rail pads, the results showed that even 

though the rail experienced more displacement with the softer pads, corrugation 

formation was significantly eased and a significant reduction in the wheel-rail 

dynamic loads was realised [157]. Thompson [106], in Chapter three of his book, 

presents results of experimental modal analysis of a railway track that is studied to 

understand its behavior. The track had bi-block concrete sleepers with stiffer rail pads. 

The dynamic response was measured on the point of the rail that is directly on top of 

a sleeper and on the point between two sleepers [106]. Here the response represents a 

pinned-pinned mode, in a sense that a peak is noted on the point between two sleepers, 

and a ditch representing antiresonance on top of sleeper point. This mode occurred on 

a low frequency of around 500Hz [106]. 

  

Given that the rail is one long infinite continuous body, the FRF response is much 

flatter than that of experiments conducted on wheels [111], where resonance peaks 

and antiresonance ditches are very much pronounced. Although the damping of the 
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rail is much more than that of wheels, this damping is not significant in the frequency 

range of 500 – 1000Hz [106]. The vertical dynamic response of the rail is also 

investigated for stiffer and softer rail pads and the illustration is found in Figure 2.5. 

 

 

Figure 2.5. Illustration of the effect of rail pad stiffness on the coupling between rail and 

sleeper and on the damping of waves in the rail. Reprinted from [106]. 

 

Evident in Figure 2.5. is that the stiffness of a rail pad affects the damping of the rail 

and the degree of coupling between the sleepers and rail. In addition, the experimental 

modal analysis for both soft and stiffer rail pads showed a great decay rate in the 

vertical motion of vibration, and less decay rate in the horizontal [106]. This means 

that significant noise radiation may occur due to lateral motion of vibration.  

 

The high decay rate of vibration in a system means the system is more damped, hence 

vibration dies out quicker [106]. On another front, work closely related to rail pads 

was conducted by Kim et al. [158] where the dynamic behavior of rail clips of the 

fastening system is studied. Here it is found that the dynamic response of rail clips of 

the fastening system is associated with rail corrugation [158]. 

 

Ilias [159] found that stiffer rail pads promote higher rates of corrugation growth. In a 

model developed to better understand the wavelength fixing mechanism for rail 

corrugation, Batten et al. [160] predicted corrugation wavelength growth using 

experimentally obtained vertical receptance of the rail and typical passing train 

velocities. The next subsection outlines methods that researchers adopt recently in the 

research space to detect rail corrugation.  
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2.6. Measures to Identify Rail Corrugation 

The railway industry is realising a gradual transformation into the fast-approaching 

high technology railway future. Researchers concerned with the formation of 

corrugation on rails develop measures to identify and assess rail corrugations using 

high technology computer interventions. However, rail corrugation detection through 

a human eye is both time-consuming and labour-intensive [161].  

 

Wei et al. [162] developed smart methods of identifying and assessing rail corrugation 

through a computer vision. Such computerised methods are reliable and accurate. The 

authors show in the study that such methods are more efficient than traditional 

methods and can achieve precision and recall rates of over 99.67% and 98.34% 

respectively [162]. It is normally difficult to get track maintenance schedule to align 

with train operations schedule, more in particular for underground metro lines.  

 

Often facilities and resources are not available for thorough maintenance of such train 

operations arrangements. Hence researchers in the rail corrugation space are putting 

some significant effort in designing rail corrugation monitoring systems that are 

installed on rail cars [163].  Kaewunruen et al. [164] designed an inspection train, 

equipped with sensors, which include a gyroscope, accelerometers, ground penetrating 

radar and etcetera. The train was also installed with high-velocity cameras and 

produced good results as a supplement to track inspections schedule [164].  

 

A British company by the name of Rail Measurement has developed various tools that 

are currently used in the industry for measuring of short pitch rail corrugations. These 

include portable corrugation trolleys which also achieve accurate measurements of 

corrugation crests amplitudes [165 – 167]. Like in any engineering and operations 

environment where continuous improvement is of paramount importance, some 

researchers are working on optimising measuring instruments and tools. Here more 

focus is put on reducing the number of sensors and accelerometers whilst not 

compromising the quality of the important function, i.e. accuracy in measuring rail 

corrugation [168].   
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Real Herraiz at al. [169] studied the dynamics of a vehicle-track system with a time 

domain model they developed. Here a numerical FEA model is developed to 

characterise the track behaviour, whilst the rail car behaviour is characterised by a 

developed unidirectional model of two masses in the VAMPIRE PRO software. The 

loads obtained from the dynamic model are used as an input parameter to the 

numerical FEA model, to obtain the dynamic response of the rail track [169]. From 

the dynamic model it is deduced that the loads on the low rail of the track curve studied 

have higher amplitudes than those on the high rail and these amplitudes [169].  In 

addition, dynamic loads are significantly reduced on the low rail after rail grinding is 

conducted [169]. This method, consisting of a time domain feedback between a 

dynamic model of a rail car and the numerical FEA model of the track is one of the 

interesting tools in studying vehicle-track interaction dynamics [169].   

 

Researchers are also advancing different methods to analyse the short pitch rail 

corrugation in a frequency domain [162]. Li et al. [170] proposed a new method in a 

frequency domain for detection of rail corrugation through analysing the background 

lines of a corrugation captured image [170]. On a similar work a visual inspection 

system was developed for rail corrugation. The system consists of two parts, i.e. the 

part that is responsible for capturing an image and the other responsible for identifying 

corrugation from captured images [171]. Lang et al. [172] developed a method referred 

to as a Wavelet Packet Energy Entropy (WP-EE) to accurately detect corrugation on 

rails. The model incorporates a vehicle-track model and a simplified rail corrugation 

model [172].  The next subsection briefly outlines fundamental details on vibration 

modes and mode shapes. 

 

2.7. Vibration Modes and Mode Shapes 

 

If it is assumed that the vibration frequency increases with the gradually increased 

force applied, the mode shapes become more complex as see in modes 2 and 3 in 

Figure 2.6. To bring it much closer to the context of mode shapes investigated in the 

current study, the study by Goo and Kim [173] is considered. In studying the wheel-

squeal noise the authors developed a wheelset-track model that resulted in different 

modes with different mode shapes in various vibration frequencies. Figure 2.6. shows 

modes obtained in the squeal model by Goo and Kim [173]. 



45 
 

 

 

It can be seen in Figure 2.6. that at lower frequencies of vibration mode shapes are not 

very complex. There is no significant difference in the mode shapes at 115Hz and 

217Hz. However, there is a significant difference in the complexity of the mode shapes 

at the frequency of 217Hz and 3028Hz [173]. This is due to the significant difference 

in frequencies. The next subsection contains the first case study. 

 

2.8. Case Study 1: Harmonic Response of a Railway Wheelset 

 

In the current study the work by Cruceanu and Sorohan [174] on investigation of the 

harmonic response of a railway vehicle wheelset is reviewed and summarised as the 

first case study. The FEA method is used for the investigation of the harmonic 

response of the wheelset. The wheelset investigated is used by a Minden Deutz bogie 

                   

f = 115Hz 

 

f = 217Hz 

           

f = 3028Hz 

 

 

Figure 2.6. Unstable modal shapes of a railway wheelset at different frequencies of 

vibration. Reprinted from [173] 
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of a passenger coach [174]. The aim in analysing the FRFs is to identify how wheel-

rail parameters influence vibration levels and the generated rolling noise [174].  The 

aim of the current study in investigating the vibration response of a locomotive 

wheelset is only related to identifying resonance modes in the frequency range that 

corresponds to short pitch rail corrugation. 

 

The FEA method of investigating the harmonic response of a structure is found to be 

a good approach, given that vibration modes can be excited even at higher frequency 

ranges, beyond 1500Hz [174]. Even though this proposition by Cruceanu and Sorohan 

makes better sense for investigation on wheelsets, it is worth noting that vibration 

modes at high frequency ranges can be excited in other cases as well. The experimental 

study by Thompson [106] managed to excite vibration modes of a railway track, 

including in the frequency range of 0 – 5000Hz. Figure 2.7. shows one of the FRFs 

obtained experimentally in Thompson’s study. 

 

 

As seen in Figure 2.7. the FRFs for vertical mobility of a rail installed in bi-block 

railway track, some resonance modes are excited in the frequency range of 1000Hz to 

at least 5000Hz. Studying of wheel-rail vibrations is a better solution towards 

Figure 2.7. Vertical vibration response of a bi-block track installed with stiff rail pads. 

Vibration is measured mid-span and above a sleeper. Reprinted from [106]. 
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mitigating the negative outcomes realised by excessive vibrations in the medium and 

high frequency range [174].  

 

Kaewunruen [45] also adds the low frequency range of vibration as one of the 

frequency ranges in which some railway track damage is realised. The low frequency 

range of vibration is associated with damage of the substructure, which includes the 

ballast, sub-ballast and subgrade. This occurs particularly in the low frequency range 

of 0 – 40Hz [45].  

 

In their investigation, Cruceanu and Sorohan [174] modelled a wheelset with new and 

with used wheels for comparison of FRFs. This is another prudent way of investigating 

wheelset vibration response in detail, as noted in the current study that resonance 

modes for the wheelset experimented with used wheels, provides slightly different 

natural frequencies as that modelled with new wheels [32]. For harmonic response 

analysis in Cruceanu and Sorohan’s study [174], a 1N steady load is applied firstly in 

the same direction (vertically upwards on the wheel threads) on both wheels. This 

force (1N) represents a load applied by the rail on the wheel in the wheel-rail contact 

point. In the second scenario the 1N load is applied in opposite directions (vertically 

upwards on the threads of one wheel and downwards on the threads of the opposite 

wheel). The force applied vertically downwards represents the load applied by the 

wheel on the rail, in the wheel-rail contact point [174].   

 

Table 2.3. shows material properties of the wheelset modelled in the harmonic 

response investigation by Cruceanu and Sorohan.  

Table 2.3. Parameters of the railway coach wheelset modelled for harmonic response 

investigation [174]. 

Parameter Value 

Density of the material (steel) 7850 kg/m3 

Young’s Modulus of the axle 210 GPa 

Shear Modulus 81 GPa 

Length of the axle 

Diameter of the wheel 

Mass of the axle 

Mass of the new wheel (950 mm) 

Mass of the worn wheel (890 mm) 

Mass of the axle box 

2.2 m 

0.95 m 

346 kg 

378 kg 

288 kg 

95 kg 
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The masses of the wheelsets experimented and modelled in the current study are not 

measured. The new and used locomotive wheelsets used for modelling and 

experimental modal analysis respectively in the current study are slightly larger than 

the railway coach wheelset used in the Cruceanu and Sorohan’s investigation [32, 

174]. The diameters of the used and new wheels in the current study are 0.985m and 

1.016m respectively.  

 

Vibration response in the current study is obtained through a free-free vibration 

analysis, as opposed to a minor steady load of 1N (102 grams) applied in Cruceanu 

and Sorohan’s investigation [174]. An analytical model is developed by Cruceanu and 

Sorohan as a base model for FRFs of the railway coach wheelset. Here the wheelset 

axle is modelled using the Timoshenko beam theories and two rigid bodies attached 

to represent the wheels [174].  

 

The validation model is developed in FEA thereafter. In the current study the 

locomotive wheelset FRFs obtained through the experimental modal method are used 

as the baseline and the FEA response analysis used for validation and to compute 

resonance mode shapes [32]. The fifty harmonic response modes adopted in the 

Cruceanu and Sorohan’s investigation [174] are too limited for a frequency range of 

0 – 1500Hz.  

 

This is due to the fact that similar to brake-disc squeal models, there are repeated root 

modes in the response system and these are practically one vibration mode, which has 

a potential to create contradiction in the results [175]. The author’s proposition for 

modal methods (either forced harmonic or free-free responses) is that modes up to at 

least two times the frequency being investigated, be requested in simulations, 

preferably three times or more than the highest frequency in the frequency range.  

 

As an example, if a complex mode at 150Hz is of interest, real modes up to at least 

300Hz are required. In addition, as an alternative to steer away from that approach, 

Gao et al. [175]  developed a solution to this problem through a curve-fitting 

technique. The FRF results for the harmonic response of the wheelset modelled with 

loads in the same direction in Cruceanu and Sorohan’s investigation [174] are 

presented in Figure 2.8. The results are presented for the model with worn wheels.  
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The harmonic response in Figure 2.8. is presented in form of a receptance, which is 

represented as the distance per unit force at a certain vibration frequency. FRFs for 

both analytical and the FEA methods are clear and well pronounced. FRFs are more 

pronounced if the wheelset is not installed in a bogie and hence a significantly less 

damping experienced [0, 103]. The peaks on the FRF plots represent a resonant and 

the ditches represent an antiresonant vibration.   Table 2.4. contains frequencies for 

the response in Figure 2.8.  

 

The first resonance mode occurs at a frequency of 72Hz. This resonance mode does 

not differ much with the ones excited through the analytical model. It is seen in Figure 

2.8. that there is also an antiresonance that is perhaps slightly below this frequency 

Figure 2.8. Harmonic response of the wheelset. 1N loads applied in the same direction. 

Reprinted from [174]. 

Table 2.4. Resonance frequencies of the harmonic response. 1N load applied in the same 

direction [174]. 
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(72Hz). The resonance mode excited at the frequency of 72Hz has a very narrow peak, 

which symbolizes a heavy damping.  

 

The other two resonance modes excited at frequencies of 254Hz and 723Hz 

respectively represent a more damped response than that occurring at 72Hz. This is 

noted by broader peaks in these two frequencies. The last two resonance modes (at 

254Hz and 723Hz) excited in the FEA are much different from those obtained through 

the analytical model. It is noted from Table 2.4. that all resonance modes excited 

through FEA are less than those obtained from an analytical model. This may be due 

to the difference in assumptions made during FEA modelling, which are not assumed 

in the analytical mode. As well, the direction in which the loads are applied is 

specified, however, the direction of the measured response is not specified, which may 

also contribute to the accuracy of the results. In the current study the response of the 

wheelset is measured in the direction in which the load is applied [32]. 

 

The approach of measuring the response of the structure in the same direction as that 

of the applied load in the current study proves to lower the percentage error between 

the experimental and FEA work. Figure 2.9. shows the FRF results for the harmonic 

response of the wheelset when the 1N loads are applied in opposite directions.  

 

Figure 2.9. Harmonic response of the wheelset. 1N loads applied in opposite directions. 

Reprinted from [174]. 



51 
 

It is noted in Figure 2.9. that when the 1N loads are applied in different directions the 

last two resonance modes are excited at closer frequencies. The response in these 

resonance modes is also more damped than when the 1N loads are applied in the same 

direction. The first resonance and antiresonance shifted above 100Hz and looks more 

damped than when the 1N loads are applied in the same direction. From these facts it 

can be deduced that the response of the wheelset changes when the direction of the 

loads applied is not in the same direction, compared to the scenario whereby the loads 

are in the same direction.  Table 2.5. tabulates the frequencies seen in Figure 2.9. 

 

It is noted in Table 2.5. that the frequencies excited through FEA differ significantly 

with those obtained in the analytical model. For response of the model with worn 

wheels it is noted that even though the resonance modes excited at lower frequencies 

look identical, significant changes are experienced in the response as the frequency 

range increases. Results of the model with new wheels are also slightly different to the 

ones for worn wheels (presented above) [174]. This is given as the difference in 

masses of the wheels between the new and worn wheels. This slight difference is also 

experienced in the wheelset model in the current study, given that the wheelset 

modelled in FEA has dimensions of new wheels and that used for experimental modal 

analysis has worn wheels [32]. As well, in the analytical model the axle is modelled 

as a straight Timoshenko beam, whilst in FEA different geometrical curves are 

considered.  

 

Lastly, the wheels are modelled as thin discs in the analytical model, as opposed to 

solids with all profile parameters required for a complete wheelset. Results of the 

model by Cruceanu and Sorohan [174] differ from those of the wheelset analysis 

Table 2.5. Frequencies of the harmonic response. 1N load applied in opposite directions 

[174]. 
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model in the current study due to minor differences in the wheelset mass and profiles 

of the geometry [32].   

 

The current study adds to the body of knowledge by investigating the vibration 

response of a railway wheelset whilst it is coupled to a traction motor and installed in 

bogie with all its components. The FRFs for a wheelset installed in a complete bogie 

differ in terms of how pronounced the resonance modes are, given the damping effect 

from components in a bogie. The next subsection contains the second case study. 

  

2.9. Case Study 2: Wheel-rail Vibrational Analysis and Experimental Modal Analysis 

on Measures to Suppress Short Pitch Rail Corrugation  

 

The work by Qian et al. [34] on investigating the effect of installation of a rail vibration 

absorber on short pitch rail corrugation is summarised as the second case study. Here 

Qian et al. [34] obtained rail FRFs through experimental modal analysis from two 

rails: one with and one without a vibration absorber, after which two FEA models 

were developed for validation: one for a rail with and one without a vibration absorber. 

Both methods used are in better agreement that the installation of a rail damper will 

damp resonance modes in the frequency range of 20 – 800Hz, which corresponds to 

short pitch rail corrugation frequency range [34].  Despite the fact that the current 

study does not deal with the investigation of the effect of the rail vibration absorber 

itself, the relevance of the study by Qian el al. [34] rests in the methods adopted in 

both studies.  

 

The rail response measurements in the study by Qian et al. [34] are conducted in a 

non-ballasted railway track with concrete sleepers. Part of the current study is aimed 

at addressing the gap that exists in the current literature with respect to analysing 

responses of ballasted railway tracks. Most analysis are conducted on non-ballasted 

railway tracks, whereby the dynamics of tracks installed with other types of sleepers, 

other than concrete sleepers are unthought-of.   

 

Qian et al. [34] used a rail vibration absorber with a mass of ten kilograms, which was 

applied on the field side of the rail web to suppress rail vibration. Even though Qian 

et al. [34] managed to develop a damper that suppressed vibration in a frequency range 
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that includes the 398Hz, it is advisable to first tune the damper [176]. Tuning of a mass 

damper gives it a special design that is dedicated for suppression of resonance 

frequencies in specific frequency ranges [176]. Qian et al. [34] used two 

accelerometers to measure the response of rail in the horizontal and vertical directions. 

Figure 2.10. shows the arrangement of accelerometers mounted at an angle iron that 

is attached beneath the rail foot.  

 

 

   Rail vibration results for the study by Qian et al. [34] in a time domain are shown in 

Figure 2.11. The results are presented in form of vibration acceleration in a time 

period. The results are presented for vibration of the rail with a vibration damper and 

without the damper.  

 

 

It is noted in Figure 2.11. that in both cases (with and without an absorber) the 

amplitude of rail vibration increases after 4 seconds of vibration. After 12 seconds the 

vibration amplitude begins to decrease until vibration dies out just before 20 seconds. 

Figure 2.10. Accelerometers installed for vibration test (a) front view of the rail with 

accelerometers (b) image of accelerometers installed at the base of the rail foot. Reprinted 

from [34]. 

Figure 2.11. Vibration of the rail in the vertical direction. Cases presented for 

vibration with and without an absorber. Reprinted from [34]. 
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The amplitudes for the rail vibration without an absorber seem more than those of rail 

vibration with an absorber. This is a good indication that a rail vibration absorber is 

capable of suppressing resonance frequencies of the rail, which are ultimately 

attributed to the formation of rail corrugation [33]. It is reported by Qian et al. [34] 

that the absorber suppressed the frequency of 381Hz, which is very much closer to the 

short pitch corrugation formation frequency of 398Hz.  

 

Further vibrational analysis by Qian et al. [34] are conducted on the wheel-rail model 

in Figure 2.12.  

 

 

The difference between the “wheel-rail” and the “wheel-rail-absorber” models is the 

absence of the rail vibration absorber in the wheel-rail model. Similar to the wheelset-

track model in the current study, the wheel is modelled in the vicinity of the center of 

the rail and the creep force is assumed to be saturated [33, 34]. The Abaqus (Standard) 

solver is used for wheel-rail vibration simulations and contrary to the wheelset-track 

model in the current study, the analysis are in time domain [34].  

 

The complex eigenvalue analysis method is adopted in studying the stability of wheel-

rail vibration in frequency domain [34]. The results show that the wheel-rail vibration 

frequencies are excited at 363.9Hz (absorber not installed) and 335.7Hz (absorber 

installed). These frequencies are reasonably close to the short pitch corrugation 

formation frequency of 389Hz [34].  

Figure 2.12. Wheel-rail system model with a vibration absorber (a) FE model (b) springs 

and dampers defined in the rail-absorber contact (c) schematic defining contact between the 

rail and absorbers. Reprinted from [34]. 
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The formation frequency (389Hz) for short pitch rail corrugation in the study by Qian 

et al. [34] is quite higher than that of the short pitch rail corrugation with which the 

current study is concerned. The current study is concerned with the short pitch rail 

corrugation with the formation frequency of 108Hz [32]. Amongst other wheel-rail 

parameters, the difference in the short pitch corrugation-borne frequency is influenced 

by the difference in train velocity [10]. 

 

In the study by Qian et al. [34] the train velocity is 70km/h, whilst that of trains 

operating in the railway line with which the current study is concerned is an average 

of 30km/h [10]. Figure 2.13. shows the vibration mode excited in the wheel-rail and 

the wheel-rail-absorber models by Qian et al [34]. 

 

 

 

In Figure 2.13a. As seen in Figure 2.13a., the unstable mode of vibration occurs along 

the Z-axis when the rail vibration absorber is not installed. This unstable mode still 

occurs in the case in Figure 2.13b. where it occurs along the Y-axis, when the rail 

absorber is installed. It is suggested by Qian et al. [34] that based on analysis from the 

wheel-rail model simulations, the frictional self-excited vibration in the wheel-rail 

system can be reduced by a rail vibration absorber. This is apparently true more 

specifically when the coefficient of friction is 0.4 and above [34]. The frictional self-

excited vibration is one of the accepted mechanisms to be the cause for short-pitch rail 

corrugation [33].  

 

Figure 2.13. Unstable mode of the wheel-rail system (a) at a frequency of 363.9Hz, without 

the absorber (b) at a frequency of 335.7Hz, with the absorber. Reprinted from [34]. 
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Whilst following on the same hypothesis that the wheel-rail frictional self-excited 

vibration is the important cause for short pitch rail corrugation, the current study takes 

a different approach. The current study contributes to the body of knowledge by 

conducting the wheel-rail vibrational analysis on a railway wheelset modelled on a 

three-layered ballasted railway track. The analyses are conducted for cases with steel 

and with concrete sleepers. The next subsection contains the third case study. 

 

2.10. Case Study 3: Investigation into Frictional Self-Excited Vibration of a Wheel-

Rail System 

 

The study by Chen et al. [33] is reviewed and summarised as the third case study. Here 

Chen et al. [33] investigated the effect of wheel-rail unstable vibration on the 

formation of rail corrugation. The hypothesis advanced in the study is that a wheel slip 

relative to the rail generates unstable wheel-rail vibrations that ultimately form rail 

corrugation [33]. A wheel-rail FEM is developed with four railway wheels in series, 

one rail and a series of concrete sleepers [33]. It is assumed that the wheel-rail system 

is operating at a vicinity of a saturated creep [33]. The complex eigenvalue analysis 

method is adopted.  The study by Chen et al. [33] pursued a 1318km high-velocity 

railway line from Beijing to Shanghai. The line was put into operations in the year 

2011 and corrugation formed in some sections of the track after 2 – 3 months of 

operations [33].  

 

As well, after a period of 1 – 2 years the wheels realised a significant increase in the 

formation of wheel polygonisation [33]. In this railway line Chen et al. [33] suggested 

that a more severe rail corrugation occurs in the section of the track where brakes are 

applied by trains, than in that where brakes are not applied during transit. The contact 

point position is at the center of the rail as modelled in Figure 2.14.  
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Figure 2.14. Wheel-rail contact position for all four wheels in series. Reprinted from [33]. 

 

In Figure 2.14. the wheels are modelled in the center of the rail, where 𝑊 is the vertical 

force from the suspension, applied by the axle box, 𝑁 is the normal force, 𝛿 is the 

wheel-rail contact angle, 𝐹𝐿 is the lateral creep force, 𝐶𝑅𝐿 and 𝐶𝑅𝑉 are the damping 

coefficients of the rail fasteners in the lateral and vertical directions respectively. 

 

𝐾𝑅𝐿 and 𝐾𝑅𝑉 are rail fastener spring stiffnesses in the lateral and vertical directions 

respectively, 𝐶𝑆𝐿 and 𝐶𝑆𝑉 are the damping coefficients of the sleeper support dampers 

in the lateral and vertical directions respectively, 𝐾𝑆𝐿 and 𝐾𝑆𝑉 are the lateral and 

vertical stiffnesses of the sleeper support springs respectively [33]. Figure 2.15. shows 

the wheel-rail FEM. 
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In Figure 2.15. the railway track is modelled with a series of sleepers on a monolithic 

track bed. The 8-node hexahedron FEA elements are used on the model. The model is 

built in the ABAQUS FEA software package. The magnitudes for parameters of the 

model in Figure 2.15. are detailed in the paper by Chen et al. [33] and are used in the 

FEA model. The simulation results are limited to a frequency range of 20Hz – 1200Hz.  

 

Figure 2.15. Wheel-rail model for four wheels in series on the rail (a) overall layout (b) 

detailed FEM. Reprinted from [33]. 

 

This frequency range is accepted to be associated with the formation of rail 

corrugation [33]. Figure 2.16. shows the results of the simulations. 

 

 
Figure 2.16. Mode shapes for unstable wheel-rail vibration (a) at a frequency of 331Hz 

(b) at a frequency of 508.89Hz. Reprinted from [33]. 
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As seen in the results in Figure 2.16. the vibration mode at a higher frequency 

(508.89Hz) looks more damped than that at a lower frequency of 331Hz. The damping 

ratios are reported to be -0.001 for the vibration mode at a frequency of 331Hz, which 

is less than -0.0094 for the mode that occurs at a frequency of 508.89Hz [33].  

 

The wheel-rail vibration modes in Figure 2.16. are higher than those excited in the 

wheelset-track model in the current study.  This is due to the significant difference in 

train velocities in the railway lines with which the two studies are concerned. In the 

study by Chen et al. [33] the average train velocities in the railway line of concern are 

around 300 – 350km/h, whilst those associated with the current study are around 

30km/h [10]. From the simulation results Chen et al. [33] pointed out that when the 

coefficient of friction is large enough during a wheel-rail creep, unstable vibration that 

is attributed to the formation of rail corrugation occurs [33]. However, this is contrary 

to the wheel squeal model by Goo and Kim [173] where it is found that at large 

creepage, in the lateral direction, when the friction coefficient is less than 0.1 unstable 

vibration does not occur. The authors further found that in the longitudinal direction, 

unstable vibration modes occurred when the frequency was high [173]. Both these 

findings oppose the proposition by Chen et al. [33].  

 

The author’s opinion is that this interesting outcome can still be more explored in the 

case when the adhesion conditions are different from the assumption of a saturated 

creep. Based on the model results Chen et al. [33] suggested that reducing the slip of 

a wheel relative to the rail will ultimately reduce the formation of corrugation on the 

high-velocity railway rails [33].  

 

A slightly similar model is studied in the current study, with a complete railway 

wheelset modelled on a three-layered ballasted track. Such a model provides a 

reasonably accurate response of the wheel-rail system with an influence of the 

ballasted track bed (with its elasticity) on the response of the entire model [32]. The 

next subsection outlines solutions adopted to prevent or curb corrugation formation in 

the corrugation research space. 
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2.11. Solutions to Rail Corrugation 

 

Grӓssie and Kalousek [14] likened rail corrugation to an Influenza; that it probably 

has infinite diversity; “corrugation is not a phenomenon. It is rather a family of 

phenomena without a common cause or a single cure” [14]. Efforts from the accepted 

research work results in proposed preventions for two wavelength fixing mechanisms. 

The first mechanism involves the vibration borne by wheel-rail interaction [177 – 

187]; which may potentially be prevented by widely used rail dampers [34, 176, 188 

– 193]. 

 

Installation of rail vibration dampers prove beneficial results in different ways. For 

instance, Qian et al. [194] found that short pitch corrugation wear depths were severe 

mid-span (position of rail between two sleepers). Here not only did installation of rail 

vibration damper suppress the short pitch rail corrugation, but uniform wear pattern 

was first achieved on the running surface of the rail [194].  

 

Rail dampers are increasingly being considered as one of the proposed solutions that 

produce immediate and long-term positive results with regards to prevention of the 

short pitch rail corrugation [195]. Chen et al. [196] pointed out that even though there 

exist several dominant vibration frequencies in a corrugated rail, only vibration of 

certain specific dominant frequencies will lead to the formation of rail corrugation 

[196].  

 

The second mechanism involves vibration borne by a stick-slip motion of the wheel 

relative to the rail [197 – 202]; which may be prevented by application of Positive 

Friction Modifiers (PFMs). Stick-slip oscillation of a wheel relative to the rail may 

cause material wear on rails.  

 

PFMs play a significant role in a wheel-rail contact, in preventing such an oscillation 

[204], effects of which have been included in the modelling of rail corrugation in track 

curves [205]. In their study to analyse rail corrugation in a rail track curve, Daniel and 

Meehan [206] found that the leading wheelset of a rail car shows more evident stick-

slip irregularities which are associated with both short and long pitch rail corrugations 

[206]. 
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Eadie et al. [22] have shown that when creep is saturated on the wheel-rail contact 

point; in the presence of negative friction, a stick-slip oscillation occurs. From this it 

is further shown that both wheel squeal and short pitch rail corrugation occur, and a 

high PFM is suggested to alter the friction levels in the contact point [22]. This kind 

of irregularity is undesired as it increases the residual stress and strain in a rail [207].  

 

In order to reduce excessive positive friction on a wheel-rail contact, lubrication of the 

wheel thread and running surface of the low rail in sharp track curves is proposed 

[208]. The water-based lubricants applied in the wheel-rail system prove to produce 

positive results in light of suppressing rail corrugation and growth. This is given that 

rail wear and plastic deformation can be effectively suppressed by water-based 

lubricants in the wheel-rail system [209]. However, solving problems can also lead to 

bigger ones. Extensive work is required to investigate how such a lubrication method 

may influence traction ability. It is the author’s opinion that wheel-rail contact 

lubrication may result in different adhesion condition between the two rails, which 

may lead to first torsional excitation of the wheelset in motion. 

 

In a research conducted in South Africa, Frӧhling et al. [210] showed that torsional 

vibration mode of a wheelset axle may lead to corrugation on wheels i.e. wheel 

polygonisation [210]. In better agreement, Sebesan et al. [211] conducted a study 

which resulted in the same finding in Romania. The authors indicate that researchers 

from the United States had proposed vibration absorbers in 1998, as an important 

measure to prevent the torsional vibration [211].  

 

Grӓssie [212] conducted a field trial work to assess the influence of grinding of the 

rail running surface, on short pitch rail corrugation. Here two new rails were utilised. 

One of the rails was ground new (before use). On pursuit, the ground new rail showed 

no signs of corrugation for the first twenty months in service, whilst the newly 

installed rails without being ground, showed signs at same period of time [212]. The 

pursuit continued and even after fifty months there was barely a sign of corrugation 

on the newly ground rails [212]. In the view of designing track structures to remedy 

the short pitch rail corrugation, it is still expected of researchers to explore different 

aspects, including assessment of rail corrugation formation on different types of 

bridges.  
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Meinke and Stephanides [213] discovered an astonishing finding in a 250m radius rail 

track curve, referred to as “The Brixentaler” curve in Germany. Part of the track curve 

is a ballasted track and part is a steel bridge over a small river “Windacher Ache”. The 

short pitch rail corrugation only formed on the ballasted section of the curve [213]. 

The authors conducted measurements on a train pass from both parts of the track curve 

and found that a wheelset rolls freely and quitter on rails installed in the steel bridge 

section of the curve. However, as expected, the wheelset rolls with noise, bending and 

torsional vibration modes when rolling on the ballasted track section of the curve. This 

opens up for a significant question whether steel bridges do prevent the short pitch rail 

corrugation.  

 

Meinke and Stephanides [213] also confirmed this interesting finding by experience 

they have with other similar bridges in Germany and in Norway. Here the authors’ 

assumption is that the railhead vibration of rails installed in a steel bridge railway track 

reduces the wheel-rail coefficient of friction, hence the smoother rolling of a wheelset 

[213]. Xiao et al. [214] point out the importance of friction coefficient in self-excited 

wheel-rail vibration. According to the authors, a reduction of the coefficient of friction 

to less than or equal to 0.27 will eliminate rail corrugation formation [214]. The next 

section gives a comprehensive summary of Chapter two. 

 

Chapter Two Summary  

 

In this chapter, the literature related to short pitch corrugation on rails is reviewed. 

Initiators of the short pitch rail corrugation can be classified in two mechanisms i.e. 

the damage and the wavelength fixing mechanisms. The primary initiators accepted to 

form corrugation on rails are discussed. The six types of rail corrugation, their 

characteristics and causes are outlined.  

 

Existing gaps are identified in the literature, which the current study is concerned with 

addressing and contributing to the body of knowledge. The short pitch rail corrugation 

is accepted to be related to a few mechanisms, i.e. transient conditions favouring 

certain wavelengths, resonance modes of the wheelsets for rail cars, P2 resonance and 

the recent hypothesis i.e. the self-excited vibration of the wheel-rail system.  
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Experimental work related to the dynamic behavior of rails (as related to short pitch 

rail corrugation) has been conducted. Together with some experimental work, much 

modelling work has been conducted to predict the formation and growth of corrugation 

on rails. Although more research is still required to this effect; it has been shown 

through modelling work that the dynamics of the wheels (particularly the inner wheel 

of the leading wheelset) in a track curve, is more associated with rail corrugation.  

 

Corrugation-borne frequency is mainly related to two components i.e. the wavelength 

and train velocity. Solutions proposed by the science society are brought forward. 

Solutions related to the wavelength fixing mechanism add-up to reducing resonance 

of the wheel-rail system and modifying the wheel-rail contact point friction.  Solutions 

related to the damage mechanism add-up to reducing physical irregularities on rail 

tracks; such as, improving grinding and welds.  

 

Different treatments are proposed for different types of wavelength fixing 

mechanisms. Currently the well-known and mostly used treatment for rail corrugation 

remains reprofiling the rails through grinding. A permanent cure for rail corrugation 

will only be achieved through having one complex model that will encompass various 

components of different prediction models. Short pitch rail corrugation is found in 

almost all curves with rails supported on both the FY-type and PY-type concrete 

sleepers. Different materials and methods were used for experiments and modeling in 

the current study.  

 

A summarised critical synthesis of the reviewed literature is as follows: 

• The first existing gap observed by the author in the accepted literature is that 

there must be too little work (if any at all) done to study the difference in 

dynamics of rails supported on steel and concrete sleepers. In the railway line 

with which the current study is concerned in South Africa, corrugation is not 

found on rail track curves supported on steel sleepers.  

• The second existing gap is the lack of analyses for three-layered ballasted 

tracks with their parameters and elasticities. Most of the conventional models 

include analyses on slab tracks. Three case studies are summarised. One on a 

railway wheelset vibration analysis and two on wheel-rail vibration analysis.  
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In terms of novelty, the author undertakes the research work in an attempt to close the 

gaps existing in the current literature by investigating the difference between the 

dynamics of ballasted rail tracks with concrete sleepers and those with steel sleepers. 

This was done through modelling the ballasted track with these two types of sleepers 

and developing modal analysis experiments for correlation purposes. The next chapter 

gives an outline of materials and methods used during the course of the study. 
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Chapter Three 

 

3. Materials and Methods 

 

What materials and methods are used to study wheel-rail track dynamics? 

 

In order to improve reproducibility of the present work, this chapter presents critical 

materials used in the experimental and modelling work. The methods are outlined on 

how these materials were used. With the use of materials, the approach followed was 

in the chronology of firstly conducting experimental work at a frequency range of 0 – 

500Hz. This was followed by developing FEMs to model the dynamic response of 

wheels and rail tracks; and obtain mode shapes at frequencies of importance. All 

equipment used for experimental modal analysis was within the calibration cycle.  

 

The corrugation frequency was found to be 108Hz, which falls within a low frequency 

range less than 1kHz, hence the frequency range of 0 – 500Hz is safe for the analysis. 

A lower frequency range withing which the corrugation frequency falls could have 

also been chosen. It was in the author’s interest to have a view of modes excited 

beyond the corrugation frequency, until the highest frequency of 500Hz.   The next 

subsection outlines the types of railway track components that were involved in the 

current study.  

 

3.1. Railway Track Components 

 

Figure 3.1. shows the exploded and assembled views of the FY-type concrete sleeper 

and the rail fastening system applicable to it.  
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(a) 

 

 

(b) 

Figure 3.1. FY-type concrete sleeper with a FISTclip rail fastening system. (a) exploded 

view (b) assembled view of the fastening system. 

 

As seen in Figure 3.1. the FY-type concrete sleeper has a space designed for the High 

Density Polyethylene (HDPE) rail pad.  The FISTclip fastening system consisting of 

the clip and insulation pin is used to apply the vertical clamping force between rail, 

pad and sleeper. The insulation pin and the space designed for the rail pad also 

constrain lateral displacement of the fastening system components. Figure 3.2. shows 

the exploded and assembled views of the PY-type concrete sleeper and the rail 

fastening system applicable to it. 
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(a) 

 

 

(b) 

Figure 3.2. PY-type concrete sleeper with an e-Clip rail fastening system. (a) exploded view 

(b) assembled view of the fastening system. 

 

As seen in Figure 3.2. the rail pad sits on top of the PY-type concrete sleeper. The 

lateral displacement of the fastening system components in this case is constrained by 
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embedded parts of the fastening system, embedded on the sleeper. These embedded 

parts are also used to fix the e-Clips. The e-Clips are used to apply the vertical 

clamping force on the rail, pads and the sleeper. The insulator is used to insulate the 

contact between the rail and e-Clip. This ultimately prevents rail and/or e-Clip material 

wear during possible rail displacements relative to the e-Clips or the other way around. 

Figure 3.3. shows a steel sleeper fastening system. 

 

Figure 3.3. Rail on steel sleeper with its fastening system. 

 

As seen in Figure 3.3. the steel sleeper fastening system is of a less complex form than 

that of the concrete sleepers. If the applied torque is adequate on the fastening nuts, 

the rail-sleeper contact stiffness will be adequate, such that the system can easily 

respond as a unit to dynamic loads. No rail pad is used in the rail-sleeper contact 

surface. The next subsection outlines the detail of instruments used to conduct 

experimental modal analysis. 

 

3.2. Materials for Experimental Modal Analysis on a Wheelset and Rail Tracks 

 

The critical materials used involved the following: 

• Isotron® triaxial accelerometer model 65, small size, 10 cubic millimeters, 5g, 

(Isando, South Africa), 

• Modal hammer models 2302 and 2303 manufactured by Endevco®, (New 

York, USA), 
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• PXI0-4472 dynamic signal acquisition module for sound and vibration 

manufactured by Signal Express, (Cary, North Carolina, USA), 

• Signal Express® software (2019), 

• Uninterrupted Power Supply (UPS). Manufactured by Nashua, (Sunninghill, 

South Africa), 

• Battery bank, manufactured by First National Battery, (Benoni, South Africa). 

 

3.2.1. Modal Hammers 

 

Instrumented modal hammers with an integral force transducer were used to excite the 

traction wheelset, rails and sleepers. Figure 3.4. shows the modal hammers that were 

used in the experiments. 

 

Figure 3.4. Modal hammers: (a) used to excite the traction wheelset (b) used to excite rails 

and sleepers. 

 

The smaller modal hammer in Figure 3.4a. is suitable for experimental work on small 

structures, whilst the larger one in Figure 3.4b. is suitable for experimental work on 

medium to large structures such as machinery, shafts, large beams, pipelines, storage 

tanks, and etcetera.  The 12 pounds size is the largest of this model and can excite 

large structures such as bridges, buildings, decks and floors. For the purpose of this 

work the smaller hammer was used on wheels and the larger hammer was used on rails 

and sleepers.  

 

For the model 2302, three interchangeable tips (aluminum, plastic and rubber) that 

give different widths of an input pulse are available. For experiments in the current 

study, the aluminum tip was used. The model 2303 is referred to as a “sledge hammer”. 

The model 2302 hammer used for the purpose of experiments in the current study has 

two tips (the red and the black). The stiffness of the two tips is notably different when 

pressed on with a finger. The black tip which produces a better input force signal was 

used for the purpose of the experiment.  
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3.2.2. Accelerometers 

 

The same model and size of accelerometers were used for experimental work on 

wheels and track. Figure 3.5. shows an image of the Endevco Isotron® triaxial 

accelerometer used for experiments. 

 

Figure 3.5. Triaxial accelerometer used for the experiments. Standard units are in inches, 

converted to millimeters in brackets. 

 

The accelerometer was rigidly mounted in order to minimize mounting resonances. 

The side on which the glue was applied was chosen based on the direction of the input 

force applied and the direction of vibration, which the author was interested in 

measuring. Table 3.1. tabulates details of the Endevco Isotron® triaxial accelerometer 

used for experiments. 

 

Table 3.1. Isotron® accelerometer features 

Model Dimensions 
(mm3) 

Mass (g) Connector 

3202 10 5 4-pin 

 

The 65HT is the lightweight model of an accelerometer that can measure the response 

of structures in three directions (X, Y and Z) simultaneously. This type of an 

accelerometer is suitable for use in the environment of automotive, aircraft testing, 

environmental test chambers, general laboratory testing, and etcetera.  
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3.2.3. Dynamic Signal Acquisition System 

 

The Signal Express® PXI-4472 model, data acquisition hardware is designed for 

sound and vibration measurements. It has eight input channels to digitise input signals 

from the modal hammer and all directions of the accelerometer simultaneously.  The 

Signal Express® signal analysis software was installed in the PXI-4472 hardware. An 

external monitor and keyboard were used to navigate the software.  

 

3.2.4. Computer Aided Design (CAD) Softwares 

 

CAD models for sleepers and rail pads were developed with the use of Creo Parametric 

for 3D modelling, version 4.0. Rails, sleepers and the wheelset models were developed 

with the use of MicroStation for 3D modelling, version 8i. All CAD models were 

assembled in MicroStation, version 8i. The sources for the CAD models were detailed 

and approved technical drawings for all geometries. 

  

3.2.5. FEA Softwares 

 

Patran 2019 was used to develop FEMs for analysis and Nastran was used as the post-

analysis solver. Patran is widely used in industry for modelling and solving of linear, 

nonlinear, explicit dynamics, thermal, and other FE problems. Patran is a pre-

processing modelling software that supports post-processing solvers such as MSC 

Nastran, Marc, Abaqus, LS-DYNA, ANSYS, and Pam-Crash. The next subsection 

outlines details on a typical experimental setup for modal analysis.  

 

3.3. Methods 

 

The important methods adopted in the current study are the experimental modal 

analysis and the FEA structural response analysis, which includes modal analysis on 

the locomotive traction wheelset and the complex eigenvalue analysis for wheelset-

track modelling.  
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3.3.1. Experimental Setup for Modal Analysis 
 

Figure 3.6. shows a typical experimental setup on a railway wheel. 

 

 

Figure 3.6. shows a typical experimental setup of a wheel resting freely on a rail. In 

the current work a complete wheelset was coupled to a traction motor and installed in 

a bogie. The same experimental setup for the modal method is adopted in determining 

the vibrational response of the D39 200 locomotive class wheels and that of rail tracks. 

Modal analysis is the method of measuring the response of a structure which can be 

characterised by damping effect, natural frequency, modal mass and mode shape 

[215].  

The response of the structure is measured simultaneously with the unit force [216]. 

The accurate response of a structure is determined by the system through solving of 

equations of motion [217]. Modal analysis can be done mathematically and 

experimentally. The mathematical method involves uncoupling of the equation of 

motions so that each equation of motion can be separately solved [215].  

The numerical approximation methods such as the FE and boundary-element can be 

used in cases where it is impossible to find the solution [215]. The next sub-subsection 

outlines details of mathematics behind analysis of a dynamic system. 

Figure 3.6. Typical experimental modal analysis setup with an impact hammer as 

the force excitation instrument. Reprinted from [223]. 
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3.3.2. Mathematics of Dynamic Response Analysis 

 

The equation of motion used to solve for mode shapes and natural frequencies is as 

follows is outlined by Visser [217] as follows: 

 

                                     ([𝑲] – ⍵𝟐[𝑴]) {𝑼} = {𝟎}                                       (3.1)  

 

where ⍵𝟐 is the eigenvalue and {𝑼} is the eigenvector. The eigenvector {𝑼} with the 

corresponding frequency ⍵ is the solution to this equation.  

 

Modal analysis is a commonly used method to study the response of structures in the 

railway industry [218]. The method can be conducted on a train pass, where the wheels 

of a train apply unsteady dynamic loads on the rail running surface, thereby exciting 

the wheel-rail system [106].  

A structure can also be manually excited using an impact hammer, where it is not 

possible to use a shaker or a train pass method. The next sub-subsection outlines 

modelling of the rail track ballast.  

 

3.3.3. Modelling the Ballast 

 

The bottom ballast was modelled as the stiffest of the three layers. Figure 3.7. shows 

the model representing a ballasted track with three layers.  
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Figure 3.7. Railway track model representing inclusion of ballast layers on a track. 

 

In Figure 3.7. a superstructure with rail, rail pad and concrete sleepers is modelled on 

top of a ballast. Different parameters are represented in the model, 

where 𝑚𝑟, 𝑚𝑠, 𝑚𝑡𝑏𝑙, 𝑚𝑚𝑏𝑙 and 𝑚𝑏𝑏𝑙 respectively represent the masses of rail, sleeper, 

top ballast layer, middle ballast layer and the bottom ballast layer. The vertical 

displacement of the rail, sleepers, top ballast layer, middle ballast layer and bottom 

ballast layer are represented by 𝑋𝑟, 𝑋𝑠, 𝑋𝑡𝑏𝑙  and 𝑋𝑚𝑏𝑙, respectively. 𝑘1, 𝑘2, 𝑘3  and 

𝑘4  respectively represent the vertical stiffness between the rail and sleepers, the 

sleeper and top layer ballast, the top and the middle layer ballast, and also, the middle 

and bottom layer ballast.  

In Figure 3.7. the stiffness per unit length, 𝑘4  was taken from the study by Thompson 

[106] as 300 𝑀𝑁/𝑚2 and the degree of stiffness was assumed to reduce by 10% on 

each layer up to the first layer. This way 𝑘3 = 270 𝑀𝑁/𝑚2, 𝑘2 = 243 𝑀𝑁/𝑚2 and 

𝑘1 = 219 𝑀𝑁/𝑚2. The mass of sleepers per unit length, 𝑚𝑠 was taken from Thompson 

[106] as 250 𝑘𝑔/𝑚. The rail mass per unit length, 𝑚𝑟 = 57 𝑘𝑔/𝑚 for the rail on 

concrete sleepers and 48 𝑘𝑔/𝑚 for the rail on steel sleepers. The ballast mass was 

assumed to constant for the three layers. The bottom ballast mass was calculated from 

the density of 2700 𝑘𝑔/𝑚3 using the volume of one ballast layer, which is 9.9 𝑚3.  

Hence the ballast mass for the bottom layer was calculated as 26.73 𝑡𝑜𝑛. The of ballast 

layer was assumed to reduce by 10% on each layer up to the first layer 
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3.4. The Pyramid Model of the Ballast 

 

A three-layered type of ballast is adopted in the current study. A railway ballast 

arranged in more than a single layer works better than a single-layered ballast with 

respect to preventing ballast settlement [219]. In multi-layered ballasted tracks the 

most bottom layer is designed with the highest vertical stiffness than the other layers 

above [219, 220]. The stiffness of the most bottom ballast layer usually exceeds that 

of the top layers by around 20% [231]. Figure 3.8. shows a ballasted track with a good 

ballast height. 

 

 

When ballast settlement occurs, the ballast rocks are displaced wider than the initial 

position and the ballast height becomes shorter than prescribed in the design. Parts of 

track ballast in the current study are adopted from the Ali Zakeri and Ali Mosayebi 

[220] model, with the use of parameters applicable to the railway track with which the 

current study is concerned. The method by the authors is pivoted around the pyramid 

mode.  

 

The model by Ali Zakeri and Ali Mosayebi [220] proposes that in train pass, if the 

assumed position of the train wheel is between two sleepers, the pyramid shapes occur 

in the ballast between successive sleepers. The angle at which the stress is distributed 

increases with an increase in the depth of each ballast layer [220]. This increases the 

Figure 3.8. Ballasted railway track with a good ballast height 
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possibility of overlapping of stresses distributed in the successive layers of the ballast, 

more in particular in the bottom layers [220]. The authors further derived the theory 

to determine the stiffness of each ballast layer based on the “pyramid” models seen in 

Figure 3.9.  

 

 

 

In the pyramid models in Figure 3.9. 𝐿𝑏, 𝐿𝑠 and ℎ𝑏 are the width of sleepers, length 

between successive sleepers and the depth of ballast respectively. The depth of ballast 

in which the overlap occurs is represented by ℎ𝑜. The ballast stress is distributed at an 

angle with reference to the surface of each ballast layer. The stress distribution angles 

 
Pyramid model 1 

 

 
Pyramid model 2 

 

 
Pyramid model 3 

 
Figure 3.9. Pyramid models of a ballasted track. Redrawn from [220] 
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are not shown in Figure 3.9. due to space constraints, however they are clearly visible 

in [220]. The stress distribution angles are represented by 𝛼1, 𝛼2 and 𝛼3 for stress 

distribution angles in the top, middle and bottom ballast layers respectively [220]. The 

stiffness of each of the three ballast layers are derived by the authors and represented 

in the pyramid models by 𝑘𝑏1, 𝑘𝑏2 and 𝑘𝑏3 respectively.   

 

3.5. Flow Diagram for Purpose of Experimental Modal Analysis on a Wheelset 

Installed in a Bogie 

 

 

 

 

 

 

 

 

 

 

 

 

3.6. Flow Diagram for Purpose of FEA Modal Analysis on a Freely Suspended 

Wheelset  

 

 

Experimental modal analysis conducted on a 

wheelset coupled to a traction motor and installed 

in a bogie  

FRF results 

are obtained 

FRF results are compared 

with experimental modal 

analysis results for a freely 

suspended wheelset 

FRF results are compared 

with FEA modal analysis 

results for a freely 

suspended wheelset 

FEA modal analysis conducted on a freely suspended wheelset  

Mode shape results obtained 

  

Results are compared with 

experimental modal analysis 

results for a freely suspended 

wheelset 

Results are compared with 

experimental modal analysis 

results for a wheelset installed in 

a bogie 
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3.7. Flow Diagram for Purpose of Complex Eigenvalue Analysis on Railway Track 

Installed with Steel Sleepers  

 

 

 

3.8. Flow Diagram for Purpose of Complex Eigenvalue Analysis on Railway Track 

Installed with Concrete Sleepers  

 

FEA Complex Eigenvalue analysis conducted on a railway 

track with steel sleepers  

Results are obtained 

  

Results are compared with FEA Complex 

Eigenvalue analysis results obtained from 

analysis of a railway track with concrete 

sleepers. These are analysed for a corrugation 

frequency of 108Hz 

Conclusions are drawn from the differences in the 

results for both models, based on the hypothesis and the 

accepted literature 

Results for both models are analysed at a 

corrugation frequency of 108Hz and findings 

are made with respect to differences    
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3.9. Flow Diagram for Purpose of Linear Static Analysis on a Wheel-Rail System 

Supported on Steel Sleepers (in Appendix A) 

 

FEA Complex Eigenvalue analysis conducted on a railway 

track with FY-type concrete sleepers  

Results are obtained 

  

Results are compared with FEA Complex 

Eigenvalue analysis results obtained from 

analysis of a railway track with steel sleepers. 

These are analysed for a corrugation frequency 

of 108Hz 

Conclusions are drawn from the differences in the 

results for both models, based on the hypothesis and the 

accepted literature 

Results for both models are analysed at a 

corrugation frequency of 108Hz and findings 

are made with respect to differences    

Linear Static analysis conducted on a wheel 

modelled with the vertical axle load  

Displacement 

results are 

obtained 

Displacement results are compared 

with those obtained from analysis 

of a wheel-rail system supported on 

concrete sleepers and findings are 

made 
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3.10. Flow Diagram for Purpose of Linear Static Analysis on a Wheel-Rail System 

Supported on Concrete Sleepers (in Appendix A) 

 

 

 

3.11. Mass Checking for Finite Element Models (FEMs) 

 

In order to ensure that geometries were modelled accurately, a mass check was 

conducted manually by comparing the weight of a geometry in the real-l world with 

the mass of the FEM. Table 3.2. shows the comparison between masses of components 

with their modelled masses. 

Table 3.2. FEM mass checking 

Geometry 
Expected  
Weight (kg) 

FEM  
Weight (kg) 

Wheelset 1755.0 1751.91 

FY-type concrete sleeper 

Steel sleeper per meter length 

  290.0 

   48.4 

  287.55 

    44.24 

Rail (1 meter) for steel sleepers    48.0     48.69 

Rail (1 meter) for concrete sleepers    57.0     57.52 

 

The expected weights in Table 3.2. were provided with specifications available for 

internal use in the Transnet. However, the weight of the steel sleeper was taken from 

a data sheet from cross section 202 of the British Steel data sheet [221]. 

Linear Static analysis conducted on a wheel 

modelled with the vertical axle load  

Displacement 

results are 

obtained 

Displacement results are compared 

with those obtained from analysis 

of a wheel-rail system supported on 

steel sleepers and findings are made 
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Chapter Three Summary  

 

In this chapter, the materials used for the purpose of the research are outlined.  Where 

data was available, particulars of each material are specified. Different materials were 

used on different experimental and modelling work. The method used for each 

experiment and modelling is outlined. Parameters used in FEA modelling are outlined 

for geometry, meshing, properties, loads and boundary conditions (where applicable).  

 

Results for dynamic response of the railway wheel-track were obtained from 

experimental and modelling work. The results were obtained for analysis of track on 

concrete and steel sleepers. The next chapter outlines and interprets the results for 

works conducted in the current study. 
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            Chapter Four 

 

4.       Experimental Modal Analysis on a Wheelset Installed in a Bogie 

 

What results were obtained from experimental work conducted to study wheelset 

dynamics, and how are they interpreted? 

 

The purpose of this chapter is to investigate the wheelset resonance modes when the 

wheelset is installed in a bogie in order to account for possible bogie elastic modes. 

The primary aim of the experiment was to establish whether there are possible 

wheelset vibration modes that may be associated with rail corrugation at a corrugation 

frequency of 108Hz. The secondary aim of the experiment was to compare the FRF 

results with those obtained in the previous study [10], in which the wheelset was freely 

suspended. Experimental work on wheels was conducted on one wheelset of the 

D39 200 locomotive class. This section gives details and results on experimental 

modal analysis conducted. Given that rail corrugation fixed on rails in the current 

study is of short pitch wavelengths, with average train velocities of around 30km/h, 

the results are reported for a low frequency range of vibration. The frequency range of 

importance in the current study is 0 – 120Hz and the results are reported for the 

frequency range of 0 – 500Hz.   

 

The previous research study [10] by the author on the same railway line found 

corrugation wavelengths to be fixed by the axial bending of the locomotive wheelsets 

at a frequency of 108Hz. This finding was more evident for wheels used by loaded 

trains, hence in terms of the wheelset dynamics, the current study investigates 

dynamics of the wheels at the short pitch corrugation formation frequency of 108Hz, 

when the wheelset is installed in a bogie [10].  

 

The next subsection outlines the environment in which the experimental modal 

analysis was conducted on wheels. 
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4.1. Experimental Setup for Modal Analysis on a Wheelset installed in a Bogie 

The experimental setup for modal analysis on freely suspended wheelset are detailed 

in the previous study [10] by the author. In order to account for interaction of a bogie 

with the wheelset on corrugated rails, the experimental modal analysis in the current 

study also involves a wheelset installed in a bogie.  

 

A bogie already used by one of the D39 200 class locomotives was used for the 

experiment. The procedure followed in the experimental work for modal analysis on 

wheels is first outlined, followed by the presentation of the results obtained. The next 

sub-subsection outlines the environment in which the experimental modal analysis on 

a wheelset installed in a bogie was conducted. 

 

4.1.1. Environment in which Experimental Modal Analysis Was Conducted on a 

Wheelset Installed in a Bogie 
 

The experiment was setup in the Minor Overhaul Program (MOP) workshop for 

locomotives at the Transnet Engineering (TE) facility situated in the East of Pretoria, 

in South Africa. A complete bogie with wheelsets coupled to traction motors was 

removed from one of the class D39 200 locomotives and put aside for testing. In the 

previous study by the author [10] experimental modal analysis was conducted on a 

freely suspended wheelset, the experimental procedure for which is well detailed in 

the same study [10].  

 

In the current study the wheelset is installed in a bogie to account for elastic modes 

from the bogie structure. The results are presented for both cases. An overhead crane 

was used for lifting the bogie frames slightly clear from the ground, to prevent critical 

damping of the wheels. Figure 4.1. shows how the bogie was suspended. 
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The PXI, computer monitor and keyboard were put on the bogie frame, further away 

from the wheels, such that they would not interfere with the measured response of the 

wheelset. No vibrating equipment and machinery was put closer to the testing area and 

some of the locomotive equipment was moved away from the bogie to create a clear 

and better environment for testing.   

 

The next sub-subsection outlines the procedure followed in conducting the 

experimental modal analysis on a wheelset installed in a bogie.  

 

4.1.2. Procedure Followed for Experimental Modal Analysis on a Wheelset Installed in 

a Bogie 
 

The first step in experimental modal analysis on the traction wheelset was to locate 

the best part of the wheel on which the excitation force would be applied. This is done 

following Fourie’s [23] explanation of the dynamic behavior of a railway wheel. This 

fundamental step is also important in order to ensure that the excitation force and the 

accelerometer are not applied at a node.  

 

Fourie explains a railway wheel behavior and likens it with a flat surface disc when 

under vibration. The primary difference being that the cross section of the railway 

Figure 4.1. D39 200 locomotive class bogie with wheelsets and traction motors. Wheels 

prepared for experimental modal analysis 
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wheel is not symmetrical. During vibration a disc forms different mode shapes. These 

mode shapes form such that, if a disc is perfectly symmetrical, two points of a disc 

can vibrate orthogonally relative to one another as seen in Figure 4.2. [23]. 

 

 

Figure 4.2. Two-nodal-diameter spatially orthogonal axial mode pair. Reprinted from [23]. 

  

The vibration phase of one part of the disc relative to the other is denoted by positive 

and negative. Vibration of two orthogonal parts of the disc may be in phase or out of 

phase relative to one another. This theory was validated with the use of a Finite 

Element model of the D39 200 locomotive wheel, on a different study in which the 

author was involved, which was yet to be published. Figure 4.3. shows the mode 

shapes of the D39 200 wheel at two frequencies. 

 

 

Fourie [23] further explains that there are three modes during vibration of the flat 

surface disc i.e. axial, radial and circumferential. The axial mode occurs when 

vibration is normal to the disc surface. The radial mode occurs when vibration is 

normal to the circumference. Lastly, the circumferential mode occurs when vibration 

is tangential to the circumference of the disc [23].  

 

(a)         (b)   

Figure 4.3. Vibration mode shapes of the D39 200 locomotive wheelset (a) at 382Hz 

(b) at 2463Hz. 
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Figure 4.4. shows the measurement points on the wheel profile, on which the 

accelerometer was placed. Impacts were applied as close as possible (approximately 

5mm) to each accelerometer placement point (from A to D) on the wheel thread. In 

order to ensure that the points A – D in Figure 4.4. were not nodal points the manual 

verification was conducted, where two impacts were applied and the response was 

assessed in the response window. About 30 averages were used to better define a 

single FRF. The repeatability was ensured by repeating averages twice at the same 

location. The system was given sufficient time to stabilise after each impact. Each 

impact was delivered as normal to the surface as possible.  

 

Figure 4.4.  Wheel thread locations (A – D) where accelerometer was rigidly mounted and 

the wheel was excited. 

 

A wheelset already used by a locomotive was utilised for the experiments. The used 

wheelset had a diameter of approximately 987.2mm. The minimum and condemning 

diameters for the wheelset are 927 and 1016mm respectively. The wheel profile was 

cleaned using a die grinder and was wiped. The wheel circumference was measured 

and accurately divided into four quarters using a tape measure and a marker.  

 

The wheelset was coupled to a traction motor and installed in a bogie. The entire bogie 

structure was freely suspended from the ground. The FRFs were measured from 

response of both the gear and non-gear side wheels. The distance between each point 

from points A to D in Figure 4.4. is 30mm. Excitation was applied in the radial (normal 

to the wheel thread), axial (normal to the wheel rim) and circumferential (tangential 

to the wheel thread) directions.  

 

A steel block was rigidly mounted on the wheel thread as seen in Figure 4.5. in-

between the excitation points B and C, leaving approximately 5mm away from each 

point. Circumferential impacts were applied on the steel block. 
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Figure 4.5. Steel block stuck on traction wheel thread for circumferential excitation. 

 

The circumferential impacts were applied using a smaller model (2302) hammer in 

the direction of the red arrow in Figure 4.5. A steel block in Figure 4.5. has a negligibly 

small mass (approximate dimensions: 20mm x 20mm x 20mm) when compared to the 

mass of the wheel. In order to ensure that enough data is obtained for analysis the 

Nyquist theorem [222] was applied, which states that the sample rate used should be 

twice or greater than the highest signal frequency analysed. The experiment was hence 

sampled at 2kHz.  

 

In order to obtain a point FRF from axle coupling, one wheel was excited whilst the 

response was measured from an opposite wheel of the same wheelset. In this way 

vibration energy in the excited wheel is transferred to the opposite wheel through the 

axle. The next subsection reports on the results obtained from experimental modal 

analysis on a freely suspended wheelset.  

 

4.2. Results for Experimental Modal Analysis on a Freely Suspended Wheelset and  

            on a Wheelset Installed in a Bogie   

 

The results for experimental modal analysis are presented for two cases: firstly, for 

the traction wheelset freely suspended and secondly for the case in which the wheelset 

was coupled to a traction motor and installed in a bogie, in order to account for 

wheelset-bogie integration. The results for the freely suspended wheelset were 

reprinted from the previous study [10] by the author and those for the wheelset 

installed in a bogie are obtained in the current study.  

 

Given that vibration modes of the circumferential response were not found to be 

clearly pronounced in the previous study [10] by the author, FRFs for dynamic 

response of wheels were presented for the radial and axial (lateral) directions, whilst 
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in the current study they were also found to be well pronounced in the circumferential 

direction. The traction wheelset used for the experiment and modelling belongs to the 

class D39 200 diesel locomotive. The wheelset was suspended from the ground to 

avoid critical damping of vibration of the wheelset.  

 

In FEA modal analysis to investigate mode shapes of the traction wheelset, only the 

freely suspended wheelset was modelled. The exact bogie could not be modelled due 

to copyright restrictions from the supplier. The next sub-subsection reports on results 

for experimental modal analysis on the freely suspended wheelset. 

 

4.2.1. Results for Experimental Modal Analysis on a Freely Suspended Wheelset 

Figure 4.6. shows FRFs representing vibration response for the freely suspended class 

D39 200 locomotive wheelset in the radial and axial directions. Only the FRFs for the 

lateral vibration response were found to be well pronounced for the freely suspended 

wheelset. The FRFs for both wheels of the wheelset were found to be well pronounced 

and hence were presented for both wheels (gear and non-gear side). 

 

Figure 4.6. FRFs for the gear-side wheel of the class D39 200 locomotive wheelset coupled to 

a traction motor and installed in a bogie. Vibration response for the axial directions (diameter 

approximately 993.6 mm). 
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In Figure 4.6. the accelerance on the Y-axis represents the acceleration per unit force 

and the X-axis represents the frequency at which the accelerance occurs. The narrow 

peaks of the FRF represent resonance vibration of the wheel at a given frequency. The 

ditches represent the anti-resonance of the wheel vibration. At anti-resonance the 

wheel does not vibrate with the highest vibration amplitude, and the case is otherwise 

with vibration at resonance.  

 

The vibration frequency window captured is at a frequency range of 0–500Hz; 

interesting resonance modes and anti-resonance vibration are noted in a frequency 

range of 10–460Hz. This frequency range corresponds to a short pitch corrugation 

frequency. In Figure 4.6. it is noted that during vibration of the wheels in the lateral 

direction, the second bending vibration mode of the wheels occurs at 108.5Hz and the 

first torsional mode at 181.3Hz. The second torsional mode occurs at 285Hz and the 

second torsion at 408Hz.  

 

In Figure 4.6, the resonance mode occurring at a frequency of 360Hz is heavily 

damped, and hence not considered in the investigation. The damping of the FRF is 

noted by a broader peak, which is not very narrow on the tip. There also proves not to 

be much activity on the vibration mode at 360Hz given a slow acceleration of the 

response per the unit force applied, whilst the wheel is noted to vibrate at 

antiresonance around same frequency. 
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4.2.2.  Results for Experimental Modal Analysis on a Wheelset Installed in a Bogie 

Figure 4.7. shows FRFs representing vibration response for the class D39 200 

locomotive wheelset in the radial, axial and circumferential directions. 

 

In Figure 4.7. experimental modal analysis was conducted on a used wheelset with a 

diameter of approximately 987.2mm, installed in a bogie. Due to similarity in the 

results obtained from modal testing of both wheels of the traction wheelset, the FRF 

results presented are for the gear-side wheel only. The minimum and condemning 

diameters for the wheelset are 927mm and 1016mm respectively.  

 

The FRFs data was obtained for different directions of response as an output from the 

Fast Fourier Transform (FFT) analyzer and the data points were manually categorized 

by the author, according to the direction of vibration response. The first resonance 

mode occurs at 103Hz in the circumferential direction. The first resonance mode in 

the axial direction occurs at 120Hz. From the FRF for response of the wheel in the 

axial direction; the resonance modes show some resonance damping in the frequency 

range of 0 – 250Hz, where resonance peaks are broader than those in the frequency 

range of 250 – 500Hz.  
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Figure 4.7. FRFs for the gear-side wheel of the class D39 200 locomotive wheelset coupled 

to a traction motor and installed in a bogie. Vibration response for radial, axial and 

circumferential directions (diameter approximately 987.2 mm). 
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In addition, resonance modes occur with less accelerance (acceleration per unit force) 

as compared to those in the frequency range beyond 250Hz. Vibration response of the 

wheelset is lightly damped for resonance modes that occur at a frequency of 307Hz 

and 420Hz, where resonance peaks are sharp and narrower. For the axle coupling 

response in the axial direction, the response is also damped in the frequency range of 

0 – 250Hz, where resonance modes have broad peaks.  

 

Considering the FRF for response of the wheel in the circumferential direction; most 

of the response is heavily damped, given that most of the FRF is flatter. In this 

direction, two damped resonance modes occur at 103Hz and 220Hz. A lightly damped 

cross-coupling resonance mode occur at 420Hz in three directions i.e. axial, radial and 

circumferential. Considering all four FRFs; the response in the axial direction is the 

most pronounced at frequencies of 307Hz and 420Hz, with easily identifiable 

resonance peaks.  

 

In terms of accelerance, the FRF representing the radial response has the lowest 

accelerance.  Response is damped in all directions in the frequencies below 103Hz. A 

resonance mode excited at a frequency of 103Hz in the circumferential direction is the 

closest to the corrugation formation frequency (108Hz). Two axial vibration modes, 

which include the wheelset axle cross-coupling mode, that occur at 120Hz are 

reasonably closer the corrugation formation frequency.  

 

The axle-coupling mode was excited from measuring vibration response of one wheel 

of the wheelset, whilst the dynamic loads are applied on the opposite wheel. This mode 

is excited at 120Hz. This is in better agreement with the previous study [10] by the 

author that found the axial vibration of the wheelset for the same locomotive class, to 

be associated with corrugation formation frequency.  

 

The next sub-subsection correlates the resonance modes obtained from experimental 

modal analysis on wheelsets freely suspended and installed in a bogie, with 

corrugation frequencies in the affected railway line.   
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4.2.3. Correlation of Results for Experimental Modal Analysis on a Wheelset (Freely 

Suspended and Installed in a Bogie) with Corrugation Frequencies 

 

In the previous study [10] by the author corrugation frequencies in track curves were 

determined with the use of train velocities and corrugation wavelengths measured 

from each track curve. Table 4.1. contains corrugation frequencies calculated using 

velocities associated with loaded trains.  

 

Table 4.1. Corrugation frequencies per track curve 

 

In Table 4.1. the track curves from which wavelengths were measured are referred to 

as “Test Points”. The average wavelengths were measured at the beginning and in the 

middle of the curve for test point 7, to validate repeatability of the results. The train 

velocities used were for loaded and empty trains, hence the results were distinguished 

between corrugation frequencies associated with loaded and empty trains. It was found 

that only corrugation frequencies associated with loaded trains (presented in the 

current study) are reasonably closely related to resonance modes of the D39 200 

locomotive wheels. Figure 4.8. shows natural frequencies of the D39 200 locomotive 

wheelsets freely suspended and installed in a bogie. These natural frequencies are 

matched with corrugation frequencies per track curve.  

 

Test 

Point 

Track 

Kilometer 

Point 

Average 

Wavelength 

(m) 

Average 

Loaded 

Trains’ 

Velocities 

(m/s) 

Average 

Empty 

Trains’ 

Velocities 

(m/s) 

Corrugation 

Frequency 

Associated with 

Loaded Trains 

(Hz) 

4 165/8 0.09 10.83 13.33 120.37 

5 169/3 0.082 7.5 10 91.46 

6 172/14 0.086 8.89 10.56 103.36 

7 178/3 0.084 8.33 10.83 99.21 

7 178/3 0.082 8.33 10.83 101.63 

8 181/13 0.068 7.78 11.39 114.38 

9 183/3 0.074 8.61 10.28 116.37 

10 183/7 0.082 8.89 7.78 108.4 

11 184/4 0.068 8.06 9.17 118.46 

12 184/13 0.082 8.61 8.06 105.01 

18 215/15 0.058 8.61 9.17 148.47 

20 216/18 0.077 8.61 9.17 111.83 
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Figure 4.8. Fundamental vibration modes of the D39 200 locomotive wheelset matched with 

corrugation frequencies around each rail track curve. 

 

Evident in Figure 4.8. is that corrugation frequencies around each track curve 

investigated are more associated with the first axial bending and circumferential 

modes of the D39 200 locomotive wheelset. The circumferential mode occurs at 

103Hz when a wheelset is coupled to a traction motor and installed in a bogie, whilst 

the first axial bending mode occurred at 108Hz when only the wheelset was freely 

suspended.  

 

This first axial bending mode at 108Hz shifts to a frequency of 120Hz when the 

wheelset is installed in a bogie. The second axial bending mode of the wheelset (at 

181.3Hz) is not closely associated with corrugation frequencies. The tension-

compression mode of the wheelset that occurs in the longitudinal direction is barely 

closely associated with corrugation frequencies around track curves.  

 

Corrugation wavelengths were measured with a 300mm long ruler. The running 

surface of the rail was first cleaned and wiped for clear visibility of corrugation peaks. 

Corrugation peaks were marked at the center of each peak. Complete wavelengths 

were measured on a peak-alley-peak sequence to complete a wavelength. An average 
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wavelength was calculated from the data. Together with train velocities, average 

wavelengths per track curve were used to calculate a corrugation-borne frequency. 

 

With respect to the number of samples used to estimate the average wavelengths; 

eleven track curves were selected amongst a total of twenty seven track curves. Only 

the heavily corrugated track curves were included. The light and heavily corrugated 

curves were differentiated based on visual inspection. Fifteen corrugation wavelengths 

were measured on each track curve, after which the average wavelength was 

calculated for each track curve.  

 

The average wavelength for a track curve was calculated by summing up the 

wavelengths, divided by the number of complete waves. With respect to the number 

of samples used to estimate the average train velocities, the velocities data were 

downloaded from each of the thirteen locomotives for a trip when it was running 

loaded and empty on each track curve.  

 

Velocities were measured for thirteen locomotives on each track curve. However, 

fifteen data points were obtained, given that two of the thirteen locomotives were 

measured twice for the trips when they were running loaded and empty. The average 

velocity around each track curve was ultimately calculated by summing up train 

velocities from fifteen trips, divided by fifteen [10].  

 

The next subsection discusses critical findings on results for experimental modal 

analysis on wheelsets freely suspended and installed in a bogie. In addition, it 

discusses how resonance modes obtained relate to corrugation frequencies in 

corrugated track curves. 

 

4.3. Results Discussion  

 

In addition to the axial mode at 108Hz that was obtained from a freely suspended 

wheelset, this study found an additional mode in the circumferential direction, which 

is associated with corrugation frequencies on track curves. From the wheelset modal 

analysis results it is concluded that two resonance modes of the D39 200 locomotive 
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wheelset are associated with the formation of corrugation on rails in the Belfast to 

Steelpoort railway line.  

This is found when the dynamic response of the traction wheelset is investigated in 

the frequency range corresponding to short pitch rail corrugation. These resonance 

modes are found to match (reasonably), the average corrugation-borne frequency 

calculated for each rail track curve using average train velocities and wavelengths in 

the previous study by the authors.   

 

The average corrugation frequencies used in the current study were calculated using 

average train velocities for loaded trains. The first resonance mode of the traction 

wheelset occurs at 103Hz in the circumferential direction, when the wheelset is 

coupled to a traction motor and installed in a bogie.  

 

The other resonance mode when the traction wheelset is installed in a bogie occurs at 

120Hz in the axial direction, this mode shifts to 108Hz when the wheelset is removed 

from the bogie and freely suspended. The first-order axial bending mode at 120Hz is 

also excited from a cross-coupling of resonance vibration through a wheelset axle.  

 

Resonance modes look more damped from the FRFs when the traction wheelset is 

installed in a bogie. From the traction wheelset modal analysis, the first axial bending 

mode shape can be used to identify parts of the traction wheelset on which wheelset 

dampers can be applied. This will prevent the traction wheelset from responding 

erratically to dynamic loads during train movement, more in particular at 103Hz, 

108Hz and 120Hz. The next chapter outlines details of the experimental modal 

analysis on railway tracks. 
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            Chapter Five 

 

5.       Experimental Modal Analysis on Rail Tracks Installed with Steel and with 

Concrete Sleepers 

 

What results were obtained from experimental work conducted to study track 

dynamics, and how are they interpreted? 

 

The purpose of this chapter is to investigate the rail tracks’ resonance modes for tracks 

installed with steel and with concrete sleepers. The primary aim of the experiment was 

to establish whether there are possible rail track vibration modes that may be 

associated with rail corrugation at a corrugation frequency of 108Hz. The secondary 

aim of the experiment was to compare the FRF results of the rail tracks supported on 

steel and concrete sleepers, with those obtained using the Finite Element method for  

the railway tracks supported on steel and concrete sleepers. The experimental work 

was conducted on two types of railway tracks: two with concrete sleepers and one with 

steel sleepers. One of the two tracks was installed with the FY-type concrete sleepers 

and the other with the PY-type concrete sleepers. This chapter gives details and results 

on experimental modal analysis conducted on tracks installed with steel and concrete 

sleepers. The frequency range of importance in the current study is the same as that of 

experimental work on wheels (which is 0 – 120Hz) even though the results are 

reported for the frequency range of 0 – 500Hz. This frequency range includes the short 

pitch rail corrugation formation frequency of 108Hz, which is of importance in the 

current study.  The next subsection deals with how the experiment was set up on rail 

tracks supported on steel and concrete sleepers. 

 

5.1. Experimental Setup for Modal Analysis on Rail Tracks Supported on Steel and 

Concrete Sleepers 

One procedure was used to conduct experimental modal analysis on rail tracks with 

steel and with concrete sleepers.  The procedure followed in the experimental work 

for modal analysis on rail track is first outlined, followed by the presentation of the 

results obtained. The next sub-subsection discusses the environment in which 

experimental modal analysis on rail tracks was conducted. 
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5.1.1. Environment in which Experimental Modal Analysis Was Conducted on Rail 

Tracks with Steel and Concrete Sleepers 

 

The railway line from Belfast to Steelpoort goes through other two towns: Ohrigstad 

and Lydenburg. The railway line is 223 kilometers long. Research work in this thesis 

focuses mainly on the part of the railway line between Ohrigstad and Steelpoort, which 

is a 27 kilometers railway line.  This part of the railway line is situated between the 

rail track kilometer points 163 and 223, which is the part of the rail track that has more 

severe corrugation. Figure 5.1. shows the freight data that has the railway line from 

Belfast to Steelpoort, through Lydenburg.   

 

 

In terms of altitude, Belfast is higher (2025m above sea level) than Steelpoort (which 

is 755m above sea level). This means trains are braking for most of the journey when 

transiting empty from Belfast to Steelpoort to load Ferrochrome. The trains will be in 

traction for most of the journey when loaded with the product going back from 

Steelpoort to Belfast. Even though the small town of Steelpoort is missing in the 

freight data in Figure 5.1. it is situated between Lydenburg and Steelpoort. The 

ecology around the affected railway line involves houses and shacks, which are a bit 

far from the railway curves for most of the railway line.  However, some are closer 

Figure 5.1. Freight data showing the railway line from Belfast to Steelpoort [230]. 
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(about 100 meters) to a few affected railway curves. Most part of the affected railway 

line has trees and large rocks grown on the sides of the railway track. A few parts of 

the line have a fence closer to the track, to protect animals from crossing into the rail 

track. Figure 5.2. shows part of the ecology around the corrugated railway track. 

 

 

In some railway track curves the trees have grown much closer to the track. It is only 

a few track curves that are situated between the hills as seen in Figure 5.2. Some of 

the track curves are situated on steeper gradients than others and some have smaller 

radii than others [10]. The inspections and experimental work were always conducted 

around the summer season for the current study. The climate around the rail track 

section between Steelpoort and Ohrigstad is usually mostly sunny with somewhat 

warm temperatures in summer. The next sub-subsection outlines the procedure 

followed in conducting experimental modal analysis on the railway tracks.  

 

 

(a) 

 

(b) 

Figure 5.2. Ecology around the affected railway line (a) trees grown on the sides of the rail 

track (b) rocks on the sides of the rail track. 
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5.1.2. Procedure Followed for Experimental Modal Analysis on Rail Tracks Supported 

on Steel and Concrete Sleepers 

 

The description of the equipment used for the experiment is same as that detailed in 

Chapter 3 and also shown in Chapter 4, except the fact that sledge hammer, details of 

which are provided in Chapter 3 was used for experimental work on rail tracks.  On 

all three track curves the procedure followed for the experiment was cleaning of the 

running surface of the rail using a wheel grinder, measuring and marking the center 

point of rail between two sleepers and the point of the rail that is resting on top of the 

sleeper.  Figure 5.3. shows the accelerometer position and a steel block used to apply 

excitations in the longitudinal direction of the rail.  

 

 

Figure 5.3. Field side rail position for accelerometer and a steel block stuck on the rail 

running surface for longitudinal excitation. 

 

In Figure 5.3. the accelerometer is stuck on the field side of the rail and a steel block 

for longitudinal excitation on the running surface of the rail. A steel block in Figure 

5.3. has a negligibly small mass (approximate dimensions: 30mm x 10mm x 30mm) 

when compared to the mass of the rail. The longitudinal impacts were applied in the 

direction of the yellow arrows in Figure 5.3. The accelerometer orientation applicable 

to each track curve is tabulated in Table 5.1. Details of other track components are 

also contained in the Table (5.1).   

Table 5.1. Track components that are above the ballast and the orientation of the 
accelerometer during experimental Modal Analysis 

Accelerometer orientation and track components 

Track kilometer point 

Sleeper type 

Fastening system 

178/3 

FY-type concrete sleeper 

FISTclip 
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Rail pad 

Rail mass 

 

Accelerometer orientation 

 

 

 

 

 

 

 

 

 

 

Track kilometer point 

Sleeper type 

Fastening system 

Rail pad 

Rail mass 

Accelerometer orientation 

 

 

 

 

 

 

 

 

 

 

Track kilometer point 

Sleeper type 

Fastening system 

Rail pad 

Rail mass 

Accelerometer orientation 

 

 

 

 

 

 

 

 

HDPE 

57 kg/m 

• X-side of the accelerometer facing 

vertically down towards the ground to 

capture the vertical response of the rail, 

• Y-side facing along the rail in the 

direction towards the loading site 

(Steelpoort) to capture the longitudinal 

response of the rail, 

• Z-side facing towards the field in the 

direction orthogonal to the rail to capture 

horizontal response of the rail. 
 

181/6 

Steel sleeper 

Bolt 

Not applicable 

48 kg/m 

• X-side of the accelerometer facing 

vertically down towards the ground to 

capture the vertical response of the rail, 

• Y-side facing along the rail in the 

direction towards the offloading site 

(Belfast) to capture the longitudinal 

response of the rail, 

• Z-side facing towards the field in the 

direction orthogonal to the rail to capture 

horizontal response of the rail. 

 

187/13 

PY-type concrete sleeper 

e-Clip 

Hytrel/6358 

57 kg/m 

• X-side of the accelerometer facing 

vertically down towards the ground to 

capture the vertical response of the rail, 

• Y-side facing along the rail in the 

direction in the direction towards the 

loading site (Steelpoort) to capture the 

longitudinal response of the rail, 

• Z-side facing towards the field in the 

direction orthogonal to the rail to capture 

horizontal response of the rail. 
  

 

As seen in Table 5.1. the rails supported on both types of concrete sleepers weight 57 

kilograms per meter length, whilst the one on steel sleepers weighs 48 kilograms per 
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meter. Track kilometer points are used to locate the railway track curves. The 

experiment was conducted on the high rail of the test curve (178/1), on the low rail in 

track curve 181/6 and on the low rail in track curve 187/13. The types of sleepers 

installed in the track curves are the FY-type concrete, steel and the PY-type concrete 

sleepers for track curves 178/1, 181/6 and 187/13 respectively. The next subsection 

reports on the results for experimental modal analysis on railway tracks supported on 

steel and concrete sleepers. 

 

5.2. Results for Experimental Modal Analysis on Railway Tracks Installed with Steel 

and Concrete Sleepers 

 

FRFs on rail tracks are obtained for dynamic response of rails in the vertical, 

horizontal and longitudinal directions. FRFs are also obtained for vibration response 

of railway sleepers. The FRF results are reported for track models with concrete (both 

the FY- and PY-types), and with steel sleepers. FRFs for tracks with concrete sleepers 

are also compared with those of the track with steel sleepers.  

 

The results are first outlined for rails supported on the FY-type concrete sleepers, 

followed by the PY-type concrete sleepers, thirdly for the rails supported on steel 

sleepers and lastly for vibrational response of the two types of sleepers (steel and 

concrete). The next sub-subsection reports on results for the response of a rail 

supported on FY-type concrete sleepers.  

 

5.2.1. Results for Experimental Modal Analysis on a Rail Supported on FY-Type 

Concrete Sleepers 

 

Figure 5.4. shows FRFs and face representing vibration response of rail supported on 

top of the FY-type concrete sleepers. Here the results are reported for vibration 

measured in the vertical direction. The results are measured mid-span and on top of 

sleeper point. In all FRF figures for all experimental modal analyses conducted, the 

natural frequencies are depicted by the dash lines which were manually identified 

through a peak-picking method and plotted by the author.   
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Evident in Figure 5.4. is that FRFs for vibration response of rail are not as pronounced 

as those of wheels. The reason for this is explained to be the fact that the wheel is a 

finite and lightly damped structure [106]. On the other hand, the rail is an infinite 

continuous body which as a result, easily works as a waveguide, allowing one or more 

waves to spread away and sideways (along the rail length) from the point of excitation. 

Thus, the rail presents one or two resonance modes, after which it works as a 

waveguide.  

 

In addition, a rail is much more damped as compared to a wheel [106]. As seen in 

Figure 5.4. in the vertical direction, vibration response of the rail mid-span is in phase 

with that measured on top of sleeper point, at least for the frequency range of 0 – 

173Hz. The vibration response of rail is at antiresonance at a frequency of 25Hz. 

Accelerance of vibration increases from this antiresonance until at the critically 

damped resonance mode occurring at 173Hz. Accelerance is the frequency-dependent 

acceleration of a point divided by the force excitation. Given that it is acceleration, it 

is measured in meters per squared second, after it is measured, it is expressed in 

   Figure 5.4. FRF and phase for rail vibration response, vibration measured in the vertical 

direction from two positions i.e. mid-span and on top of the FY-type concrete sleeper point. 
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decibels using a reference of one. This makes the graphical representation of data 

easier, given that FRFs represent response of vibration, and a decibel is a concept of 

measure that is central to noise and vibration. At a frequency range beyond 173Hz, 

two antiresonance troughs are identified at 244Hz and 270Hz. At antiresonance the 

rail vibrates at the lowest amplitude or displacement. Evident in Figure 5.4. is that in 

the vertical direction, the response of rail to vibration is mostly not at resonance, with 

one critically damped resonance mode identified.  

 

For the rest of vibration response, the rail acts as a waveguide, hence no more 

resonance modes are identified. From the FRF results in Figure 5.4. it is understood 

that, mid-span and on top of sleeper point, no resonance mode is excited in the vertical 

direction, to exactly match the corrugation formation frequency of 108Hz in the line. 

Figure 5.5. shows FRFs and face representing vibration response of rail supported on 

top of the FY-type concrete sleepers. 

 

 

Figure 5.5. FRF and phase for rail vibration response, vibration measured in the horizontal 

direction from two positions i.e. mid-span and on top of the FY-type concrete sleeper point. 
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In Figure 5.5. the results are reported for vibration measured in the horizontal 

direction. The results are measured mid-span and on top of sleeper point. Evident in 

Figure 5.5. is that the in the horizontal direction, the rail starts vibrating at 

antiresonance at a frequency of 25Hz. In the horizontal direction, the rail responds 

with the same accelerance and in phase for the mid-frequency range of 0 – 290Hz at 

both excitation points.  

 

Rail vibration accelerance starts to isolate from the frequency of 290Hz, where the 

mid-span horizontal vibration occurs with a higher accelerance than that on top of 

sleeper point. A resonance mode is excited at 425Hz at both positions of the rail and 

the rail responds in phase on these two positions. Given the FRF results in Figure 5.5. 

it is understood that the horizontal dynamic response of rail supported on FY-type 

concrete sleepers, mid-span position and on top of sleeper point, excites no resonance 

mode to exactly match the corrugation formation frequency at 108Hz.  

 

Figure 5.6. shows comparison of FRFs between the vertical and horizontal vibration 

response measured mid-span. The response is measured from rail supported on FY-

type concrete sleepers. 

 

Natural frequencies are heavily damped in Figure 5.6. making it not easy to identify 

resonance peaks. Evident in Figure 5.6. is that mid-span, in the frequency range of 0 

– 500Hz, one resonance mode is excited in each direction of vibration. In the vertical 

        

 
Figure 5.6. Comparison of FRFs for rail vibration response, vibration measured in the 

vertical and horizontal directions on top of sleeper point. Rail is supported on FY-type 

concrete sleepers. 
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direction the resonance mode occurs at a frequency of 173Hz. In terms of the mid-

span response of the rail on the FY-type concrete sleeper, this resonance mode is the 

closest to the corrugation formation frequency of 108Hz. In the horizontal direction 

the resonance mode occurs at 425Hz, which is the frequency much higher than the 

corrugation formation frequency in the Belfast to Steelpoort railway line.  

 

The resonance mode in the vertical direction is more damped than that of vibration in 

the horizontal. At mid-span the acceleration of vibration is more in the horizontal 

direction than in the vertical. Two antiresonance modes are identified. i.e. one at a 

frequency of 25Hz, which occurs in both directions of vibration, and the other at a 

frequency of 244Hz in the vertical direction.  

 

At mid-span the acceleration of vibration is higher in the vertical direction only at start 

of excitation in the frequency range of 0 – 50Hz. Beyond this frequency range, 

acceleration of vibration becomes significantly higher in the horizontal direction for 

the entire frequency range of 50 – 500Hz. Figure 5.7. shows comparison of FRFs 

between the vertical and horizontal vibration response measured on top of the FY-type 

concrete sleeper point. From the mid-span response of rail supported on the FY-type 

concrete sleepers, no resonance mode is excited to exactly match the corrugation 

formation frequency at 108Hz. 

 

                
 

Figure 5.7. Comparison of FRFs for rail vibration response, vibration measured in the 

vertical and horizontal directions mid-span. Rail is supported on FY-type concrete 

sleepers. 
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Evident in Figure 5.7. on top of the FY-type concrete sleeper point, the two resonance 

modes in the horizontal direction occur at 375 and 420Hz. One mode excited in the 

vertical direction occurs at 183Hz. In terms of vibration response from the position on 

top of sleeper point, this is the closest resonance mode to the corrugation formation 

frequency of 108Hz. This mode looks more damped with a broader peak than the two 

modes in the horizontal direction. Similar to the response measured mid-span position, 

on top of FY-type concrete sleeper point the rail responds with higher accelerance in 

the horizontal direction. Anti-resonance occurs at 20Hz in the vertical and horizontal 

directions, and also at a frequency of 272Hz in the vertical direction.  

The response of rail has more pronounced resonance modes in the horizontal direction 

in the frequency range of 272 – 420Hz than in the vertical direction. On top of sleeper 

point the rail responds with more accelerance in the horizontal direction than in the 

vertical, for almost the entire response period. No resonance mode is excited at 108Hz 

on top of sleeper point.  

Similar to the response from the mid-span position, the closest resonance mode to the 

corrugation formation frequency occurs in the vertical direction. The next sub-

subsection reports on results for the response of rail supported on the PY-type concrete 

sleepers. 

 

5.2.2. Results for Experimental Modal Analysis on a Rail Supported on PY-Type 

Concrete Sleepers 
 

Figure 5.8. shows FRFs and phase representing vibration response of rail supported 

on top of the PY-type concrete sleepers. Here the results are reported for vibration 

measured in the vertical direction. The results are measured mid-span and on top of 

sleeper point 
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Figure 5.8. FRF and phase for rail vibration response, vibration measured in the vertical 

direction from two positions i.e. mid-span and on top of the PY-type concrete sleeper point. 

 

Evident in Figure 5.8. is that in the vertical direction, there is more activity from 

response of rail supported on PY-type concrete sleepers, than that supported on the 

FY-type in Figure 5.8. A few resonance and antiresonance modes are identified from 

the response of rail supported on the PY-type concrete sleepers. From the response the 

vertical direction, two resonance modes are identified mid-span and two on top of 

sleeper point.  

 

At mid-span the resonance modes occur at 90Hz and 366Hz. On top of sleeper point 

they occur at 142Hz and 366Hz. An antiresonance occur at 22Hz at both positions of 

the rail. Other two antiresonance occur at a frequency of 154Hz and 173Hz mid-span 

and on top of sleeper point respectively. The rail responds with a higher accelerance 

mid-span for most of the response period, except at the frequency range of 100 to 

173Hz.  

 

In terms of the vertical response of rail supported on the PY-type concrete sleeper, the 

closest resonance mode to 108Hz occurs in the vertical direction at a frequency of 

90Hz. No resonance mode is identified to exactly match the corrugation formation 
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frequency at 108Hz. The closest resonance mode to the corrugation formation 

frequency in the Belfast to Steelpoort railway line occurs at a frequency of 90Hz. This 

resonance mode occurs mid-span of the rail. Figure 5.9. shows FRFs and face 

representing vibration response of rail supported on top of the PY-type concrete 

sleepers. Here the results are reported for vibration measured in the horizontal 

direction. The results are measured mid-span and on top of sleeper point. 

 

Figure 5.9. FRF and face for rail vibration response, vibration measured in the horizontal 

direction from two positions i.e. mid-span and on top of the PY-type concrete sleeper point. 

 

Evident in Figure 5.9. is that for response of rail on PY-type concrete sleepers, in the 

horizontal direction, there are no resonance modes of vibration closely associated with 

the corrugation formation frequency in the Belfast to Steelpoort railway line. This is 

more evident in particular in the frequency range of 0 – 431Hz. The FRFs are flat in 

the frequency range of 122 – 402Hz which indicates no much activity occurring at 

both rail positions. 

 

One resonance mode at 445Hz is identified in the horizontal direction mid-span. Anti-

resonance occurs at a frequency of 463Hz on top of sleeper point. In the horizontal 

direction the rail responds with a higher accelerance on top of sleeper point than mid-

span. This applies on a frequency range of 37Hz to 431Hz. Figure 5.10. shows 



109 
 

comparison of FRFs between the vertical and horizontal vibration response measured 

mid-span. The response is measured from rail supported on PY-type concrete sleepers. 

  

Evident in Figure 5.10. is that response of rail shows a flatter FRF in the horizontal 

direction mid-span, than in the vertical direction. No resonance modes are identified 

in the frequency range of 0 – 403Hz in the horizontal direction. In contrast, two 

damped resonance modes are identified mid-span in the vertical direction. These occur 

at frequencies of 90Hz and 366Hz.  

 

The one resonance mode identified from the mid-span response in the horizontal 

direction occurs at a frequency of 447Hz. At mid-span the closest resonance mode to 

the corrugation formation frequency in the Belfast to Steelpoort railway line occurs in 

the vertical direction at 90Hz. From the response of rail at both directions of mid-span, 

no resonance mode precisely matches the corrugation formation frequency in the 

Belfast to Steelpoort railway line.   

 

Figure 5.11. shows comparison of FRFs between the vertical and horizontal vibration 

response measured on top of sleeper point. The response is measured from rail 

supported on PY-type concrete sleepers. 

       

 

Figure 5.10. Comparison of FRFs for rail vibration response, vibration measured in the 

vertical and horizontal directions mid-span. Rail is supported on PY-type concrete sleepers. 
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Evident in Figure 5.11. is that similar to the mid-span response, the response of rail 

shows a flatter FRF in the horizontal direction on top of sleeper point, than in the 

vertical direction. This is evident particularly for the frequency range of 122 – 453Hz. 

No resonance modes are identified in the frequency range of 0 – 403Hz in the 

horizontal direction. In the contrary, two damped resonance modes are identified on 

top of sleeper point in the vertical direction.  

 

These occur at frequencies of 142Hz and 366Hz. On top of sleeper point the rail 

responds with a higher accelerance in the horizontal direction than in the vertical. This 

is evident particularly in the frequency range of 28 – 453Hz. The next sub-subsection 

reports on the results for response of rail supported on steel sleepers. 

 

5.2.3. Results for Experimental Modal Analysis on a Rail Supported on Steel Sleepers 

 

Vibration response of rail on steel sleepers was measured for comparison to that of 

rails supported on both types of concrete sleepers. Results for vibration response of 

rail on steel sleepers are first reported for the vertical direction at both positions of the 

rail. After which the results are reported for the horizontal direction for both positions.  

 

Lastly the results of vibration response of the rail on steel sleepers were compared 

with those of the rails supported on concrete sleeper types. Figure 5.12. shows FRFs 

and phase representing vibration response of rail supported on top of FY-type concrete 

                    
Figure 5.11. Comparison of FRFs for rail vibration response, vibration measured in the 

vertical and horizontal directions of mid-span. Rail is supported on PY-type concrete 

sleepers. 
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sleepers. Here the results are reported for vibration measured in the vertical direction. 

The results are measured mid-span and on top of sleeper point.  

 

Evident in Figure 5.12. is that there is no much activity from vibration response of the 

rail in the vertical direction mid-span. A damped resonance mode is identified at 

188Hz on top of sleeper point. No other resonance modes are excited in the frequency 

range of 0 – 500Hz at both positions of the rail. The mid-span response in the vertical 

direction is more damped than in the horizontal, the FRF for mid-span response is 

almost entirely flat with no identified resonances.  

 

An anti-resonance occurs at 272Hz in the vertical direction on top of steel sleeper 

point. In the vertical direction, vibration occurs with a higher accelerance mid-span 

than on top of sleeper point. In terms of vibration response in the vertical direction, no 

resonance mode is excited to match the corrugation formation frequency in the Belfast 

to Steelpoort railway line.  

               

 
Figure 5.12. FRF and phase for rail vibration response, vibration measured in the 

vertical direction from two positions i.e. mid-span and on top of steel sleeper point. 
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Figure 5.13. shows FRFs and phase representing vibration response of rail supported 

on top of steel sleepers. Here the results are reported for vibration measured in the 

horizontal direction. The results are measured mid-span and on top of sleeper point. 

 

Evident in Figure 5.13. is that in the horizontal direction the response of rail mid-span 

is in phase with that on top of steel sleeper point. This is evident in particular for most 

of the frequency range of 0 – 308Hz. Two resonance modes are excited i.e. at 398Hz 

in the horizontal direction mid-span and at 195Hz at both positions of the rail.  

 

The resonance mode at 195Hz is damped and occurs at both positions of the rail. Anti-

resonance occurs at a frequency of 434Hz in the horizontal direction, on top of steel 

sleeper point. In the horizontal direction, for most of the response window, the rail 

responds with a higher accelerance on top of sleeper point, than mid-span. This is 

evident in particular for the frequency range of 0 – 308Hz.  

 

             

 

Figure 5.13. FRF and phase for rail vibration response, vibration measured in the 

horizontal direction from two positions i.e. mid-span and on top of steel sleeper point. 
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No resonance mode excited exactly matches the corrugation formation frequency in 

the Belfast to Steelpoort railway line. Figure 5.14. shows comparison of FRFs between 

the vertical and horizontal vibration response measured mid-span. The response is 

measured from rail supported on steel sleepers. 

 

Evident in Figure 5.14. is that the response in the vertical direction mid-span is more 

damped than that in the horizontal direction. The vertical FRF looks flatter than the 

horizontal and shows more damping at resonances more in particular for the frequency 

range of 60 – 500Hz. There are no identified resonance modes in the vertical direction.  

 

Two resonance modes are excited mid-span in the horizontal direction at 195Hz and 

398Hz. Mid-span the rail responds with more accelerance in the horizontal direction 

than in the vertical, particularly for the frequency range of 60 – 500Hz. Figure 5.15. 

shows comparison of FRFs between the vertical and horizontal vibration response 

measured on top of sleeper point.  

 

The response is measured from rail supported on steel sleepers. From the response or 

rail on steel sleeper, mid-span, it is deduced that more activity and resonance occurs 

in the horizontal direction than in the vertical.  

 

 

 

 
                       

Figure 5.14. Comparison of FRFs for rail vibration response, vibration measured 

in the vertical and horizontal directions mid-span. Rail is supported on steel 

sleepers. 
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Evident in Figure 5.15. is that there is no much vibration response activity in both 

directions on top of sleeper point. The rail responds with higher accelerance in the 

horizontal direction for most of the response period. An anti-resonance occurs at 16Hz 

in both directions and at 434Hz in the horizontal direction. The vertical FRF is flatter 

than the horizontal for the entire response period beyond 90Hz.  

 

No resonance mode is identified in both directions for the entire response period. The 

next sub-subsection compares the response of rail supported the FY-type concrete 

sleepers and on steel sleepers. 

 

5.2.4. Comparison of Experimental Modal Analysis Results for Rails Supported on FY-

type Concrete Sleepers and Steel Sleepers 

 

One of the most critical objectives of the current study is to establish the difference 

between the dynamic response of the two types of tracks i.e. one with concrete and 

one with steel sleepers. The results are compared for two positions of the rail i.e. mid-

span and on top of sleeper points. The results are compared for response in the same 

direction, and on the same position for both types of tracks.  

 

Figure 5.16. shows comparison of FRFs for the vertical vibration response measured 

mid-span. The response is measured from rails supported on FY-type concrete and on 

steel sleepers. 

                     

Figure 5.15. Comparison of FRFs for rail vibration response, vibration measured in the 

vertical and horizontal directions on top of sleeper point. Rail is supported on steel 

sleepers. 
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Evident in Figure 5.16. is that mid-span the vertical horizontal of the rail on steel 

sleepers is more damped than that of rail supported on the FY-type concrete sleepers. 

No resonance mode is identified from the mid-span response of rail supported on steel 

sleepers. One resonance mode occurs at a frequency of 425Hz, from the response of 

rail supported on FY-type concrete sleepers.  

 

At mid-span the rail supported on concrete sleepers vibrates with more accelerance 

(vertically) than that supported on steel sleepers, for most of the vibration response 

window. It is only in the frequency range of 25 – 122Hz that the accelerance is less 

for the rail supported on FY-type concrete sleepers. No activity of interest occurs from 

the vertical mid-span vibration of the rail supported on steel sleepers.  

 

In the vertical direction, no resonance mode was found to match the corrugation 

formation frequency in the Belfast to Steelpoort railway line, for both rails supported 

on concrete and steel sleepers.  Figure 5.17. shows comparison of FRFs for the 

horizontal vibration response measured mid-span. The response is measured from rails 

supported on FY-type concrete and on steel sleepers. 

 

 

 

 

 

         

Figure 5.16. Comparison of FRFs for rail vibration response, rails are supported on FY-

Type concrete and on steel sleepers. Vibration measured in the horizontal direction mid-

span. 
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Evident in Figure 5.17. is that in the horizontal direction, mid-span, the rails on FY-

type concrete and on steel sleepers respond in somewhat a similar manner. Two 

resonance modes are identified in the horizontal direction from a mid-span vibration 

of the rail supported on steel sleepers. Two resonance modes occur at a frequency of 

195Hz and 398Hz, with the mode at 195Hz being the more than that at 398Hz.  

 

One resonance mode is identified in the horizontal direction, mid-span, from response 

of rail supported on the FY-type concrete sleepers. This resonance mode occurs at 

425Hz. In the horizontal direction, mid-span, the rail on steel sleepers vibrates with 

more accelerance in the low frequency range of 16 – 257Hz. No resonance mode is 

found to exactly match the corrugation formation frequency in the Belfast to 

Steelpoort railway line.  

 

The FRFs in Figure 5.17. look critically damped. With the FRF for rail on steel 

sleepers looking more damped. One of the explanations to this may be difference in 

the fastening for the two types of rails on sleepers. The steel sleeper-rail system 

responds to excitation as a unit, given the bolting method of the fastening system, 

which should possibly account for some degree of damping in the vertical direction.  

The difference in damping Figure 5.18. shows comparison of FRFs for the vertical 

vibration response measured on top of sleeper point. The response is measured from 

rails supported on FY-type concrete and on steel sleepers. 

  

Figure 5.17. Comparison of FRFs for rail vibration response, rails are supported on 

FY-Type concrete and on steel sleepers. Vibration measured in the vertical direction 

mid-span. 
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Evident in Figure 5.18. is that similar to the response measured mid-span, in the 

vertical direction, on top of sleeper point, there is no much activity from the response 

of rail supported on steel sleepers. The FRF for vertical response of rail on steel 

sleepers, on top of sleeper point, is much flatter than that of rail supported on the FY-

type concrete sleepers.  

 

One resonance mode occurs at 190Hz in the vertical direction, from response of rail 

supported on FY-type concrete sleeper point. An antiresonance occurs from response 

of rail supported on FY-type concrete sleepers at a frequency of 272Hz. On top of 

sleeper point, the rail supported on steel sleepers responds with more accelerance than 

that supported on the FY-type concrete sleepers, for the entire response period of 0 – 

500Hz.  

 

No resonance mode is found to match the corrugation formation frequency in the 

Belfast to Steelpoort railway line. The closest resonance mode to the corrugation 

formation frequency in the Belfast to Steelpoort railway line occurs at 190Hz in the 

vertical direction, from rail supported on top of FY-type concrete sleepers. Figure 

5.19. shows comparison of FRFs for the horizontal vibration response measured on 

     

Figure 5.18. Comparison of FRFs for rail vibration response, rails are supported on FY-

Type concrete and on steel sleepers. Vibration measured in the vertical direction on top 

of sleeper point. 
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top of sleeper point. The response is measured from rails supported on FY-type 

concrete and on steel sleepers. 

 

Evident in Figure 5.19. is that on top of sleeper point, in the horizontal direction, more 

activity occurs from response of rail supported on FY-type concrete sleepers. No 

resonance mode is identified in the horizontal direction on top of steel sleeper point, 

instead, one antiresonance mode is identified at 435Hz. In the contrary, three 

resonance modes are identified from rail response in the horizontal direction on top of 

FY-type concrete sleepers.  

 

The three resonance modes occur at 292Hz, 368Hz and 420Hz. One antiresonance 

occurs from response of rail supported on FY-type concrete sleepers in the horizontal 

direction, on top of sleeper point at 477Hz. No resonance mode is found to match the 

corrugation formation frequency in the Belfast to Steelpoort railway line. In the 

horizontal direction, the rails start to go on a resonance vibration beyond 200Hz.  

 

The first vibration mode occurs at 292Hz from response of rail supported on top of 

FY-type concrete sleepers. Similar to the vertical response, the rail supported on steel 

sleepers responds with higher accelerance for most of the response period. The next 

 

Figure 5.19. Comparison of FRFs for rail vibration response, rails are supported on FY-

Type concrete and on steel sleepers. Vibration measured in the horizontal direction on top 

of sleeper point. 
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sub-subsection compares the response of rail supported the PY-type concrete sleepers 

and on steel sleepers. 

 

5.2.5. Comparison of Experimental Modal Analysis Results for Rails Supported on PY-

type concrete Sleepers and Steel Sleepers 

 

The results for comparison of response of rails on PY-type concrete sleepers and on 

steel sleepers is reported in a similar chronology to that of comparison for rails on FY-

type concrete sleepers and on steel sleepers. The results are compared for two positions 

of the rail i.e. mid-span and on top of sleeper points. The results are compared for 

response in the same direction, and at the same position, for both types of tracks.  

 

Figure 5.20. shows comparison of FRFs for the vertical vibration response measured 

mid-span. The response is measured from rails supported on PY-type concrete and on 

steel sleepers. 

 

 

Evident in Figure 5.20. is that in the vertical direction, mid-span, vibration response 

of the rail supported on top of the PY-type concrete sleepers has more activity than 

that of the rail supported on steel sleepers. No resonance mode is identified from 

response of rail supported on steel sleepers. Two resonance modes are identified from 

response of rail supported on PY-type concrete sleepers.  

 

  

Figure 5.20. Comparison of FRFs for rail vibration response, rails are supported on PY-

Type concrete and on steel sleepers. Vibration measured in the vertical direction mid-

span. 
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The resonance modes occur at frequencies of 90Hz and 366Hz respectively. Vibration 

response from rail supported on steel sleepers is more damped than that from rail 

supported on the PY-type concrete sleepers, with a much flatter FRF in the frequency 

range of 70 – 500Hz. An antiresonance occurs at a frequency of 154Hz on response 

of rail supported on PY-type concrete sleepers.  

 

No resonance mode is found to exactly match the corrugation formation frequency in 

the Belfast to Steelpoort railway line. The closest resonance mode to the corrugation 

formation frequency occurs at 90Hz, from response of rail supported on PY-type 

concrete sleepers. Figure 5.21. shows comparison of FRFs for the horizontal vibration 

response measured mid-span. The response is measured from rails supported on PY-

type concrete and on steel sleepers. 

 

 

Evident in Figure 5.21. is that in the horizontal direction, mid-span, the rail on steel 

sleepers responds with two resonance modes, whilst that on PY-type concrete sleepers 

responds with one. The two resonance modes from response of rail on steel sleepers 

occur at frequencies of 195Hz and 396Hz, whilst that from the rail supported on PY-

type concrete sleepers occurs at 477Hz.  

 

Antiresonance occurs from response of rail supported on PY-type concrete sleepers at 

398Hz; at this frequency the rail on steel sleepers responds with resonance vibration. 

The rail on steel sleepers responds with higher accelerance than the rail on PY-type 

 

Figure 5.21. Comparison of FRFs for rail vibration response, rails are supported on PY-

Type concrete and on steel sleepers. Vibration measured in the horizontal direction mid-

span. 
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concrete sleepers for almost the entire response period, starting from the frequency of 

28Hz. 

 

No resonance mode is found to match the corrugation formation frequency in the 

Belfast to Steelpoort railway line.  Figure 5.22. shows comparison of FRFs for the 

vertical vibration response measured on top of sleeper point. The response is measured 

from rails supported on PY-type concrete and on steel sleepers.  

 

Evident in Figure 5.22. is that on top of sleeper point, in the vertical direction, the rail 

on steel sleepers has a more damped response than that supported on PY-type concrete 

sleepers. The FRF for response of rail on steel sleepers is much flatter than that of rail 

supported on PY-type concrete sleepers in the frequency range of 70 – 500Hz. No 

much activity occurs from response of rail supported on steel sleepers.  

 

Two damped resonance modes occurring at frequencies of 142Hz and 366Hz are 

identified from response of rail supported on PY-type concrete sleepers. 

Antiresonance occurs at a frequency of 173Hz from response of rail supported on PY-

type concrete sleepers. The rail on steel sleepers responds with higher accelerance than 

that on PY-type concrete sleepers in the low frequency range of 16 – 272Hz.  

 

 

Figure 5.22. Comparison of FRFs for rail vibration response, rails are supported on PY-

Type concrete and on steel sleepers. Vibration measured in the vertical direction on top of 

sleeper point. 
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No resonance mode is found to match the corrugation formation frequency in the 

Belfast to Steelpoort railway line. The closest resonance mode to the corrugation 

formation frequency in the Belfast to Steelpoort railway line occurs at a frequency of 

142Hz. Figure 5.23. shows comparison of FRFs for the horizontal vibration response 

measured on top of sleeper point. The response is measured from rails supported on 

PY-type concrete and on steel sleepers. 

 

Evident in Figure 5.23. is that in the horizontal direction, on top of sleeper point, there 

is no much activity occurring, from rails supported on both steel and PY-type concrete 

sleepers. No resonance modes are identified from response of rails supported on both 

sleeper types, instead, rails supported on both sleeper types vibrate at antiresonance. 

The antiresonance occurs at frequencies of 435Hz and 463Hz for rails supported on 

steel and on PY-type concrete sleepers respectively.  

 

The rail on steel sleepers responds with higher accelerance than that on PY-type 

concrete sleepers, for most of the response in the frequency range of 16 – 385Hz. No 

resonance mode is found to match the corrugation formation frequency in the Belfast 

to Steelpoort railway line. The next sub-subsection reports on results for vibrational 

response of the three types of sleepers whilst installed in the tracks. 

 

 
Figure 5.23. Comparison of FRFs for rail vibration response, rails are supported on PY-

Type concrete and on steel sleepers. Vibration measured in the horizontal direction on top 

of sleeper point. 
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5.2.6. Comparison of Experimental Modal Analysis Results for Steel, FY-type and PY-

type Concrete Sleepers 

 

Excitations were applied on the rail crown, whilst the response was measured directly 

on the sleepers. Vertical excitations were applied on the running surface of the rail, 

directly on top of sleeper point. Horizontal excitations were applied on the field side 

of the rail crown, directly on top of sleeper point. Figure 5.24. shows comparison of 

FRFs for the vertical vibration response measured on sleepers. The response is 

measured from steel, FY-type and PY-type concrete sleepers. 

 

Evident in Figure 5.24. is that the response of sleepers is less pronounced than that of 

wheels in the frequency range of 0 – 500Hz.  In the vertical direction, sleepers respond 

in a similar manner as compared to the rail. At the beginning of vibration, one or two 

resonance modes occur, whereafter the sleepers vibrate at no resonance. The steel 

sleeper has a more damped response in the vertical direction, than the concrete 

sleepers.  

 

 

Figure 5.24. Comparison of FRFs for vibration response of sleepers. Vibration 

measured in the vertical direction, on the top face of sleeper, by the field side of the rail. 
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This is evident in particular for the response in the frequency range of 97 – 500Hz. In 

this frequency range the response of a steel sleeper is much flatter than that of the 

concrete sleepers, with no identified resonance modes. The steel sleeper responds with 

a higher accelerance than concrete sleepers, for the entire response period. The first 

resonance mode occurs at a frequency of 80Hz for steel and FY-type concrete sleepers, 

whilst it occurs at 150Hz for the PY-type concrete sleeper. The second resonance 

mode for the FY-type sleeper occurs at 196Hz. The FY-type concrete sleeper vibrates 

with a higher accelerance than the PY-type from the beginning of vibration to 319Hz. 

The PY-type concrete sleeper only vibrates at higher accelerance than the FY-type in 

the frequency range of 319 – 500Hz. No resonance mode is found to match the 

corrugation formation frequency in Belfast to Steelpoort railway line. 

 

The closest resonance mode to corrugation formation frequency occurs at 80Hz from 

response of steel and FY-type concrete sleepers. Figure 5.25. shows comparison of 

FRFs for the vertical horizontal response measured on sleepers. The response is 

measured from steel, FY-type and PY-type concrete sleepers. 

 

 

            

Figure 5.25. Comparison of FRFs for vibration response of sleepers. Vibration measured 

in the horizontal direction, on the top face of sleeper, by the field side of the rail. 
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Evident in Figure 5.25. is that in the horizontal direction more activity occurs from 

response of steel sleepers than the other two types of concrete sleepers. Similar to the 

vertical direction, vibration of sleepers in the horizontal direction reaches peak time at 

different frequencies. This is the time from the beginning of vibration to the first 

highest peak, whereafter the FRF starts to take a different response.  

 

The peak time for response of concrete sleepers occurs around 75Hz, whilst that of 

steel sleepers occurs at 120Hz. In the frequency range of 120 – 500Hz, more resonance 

modes are identified from response of steel sleepers than from that of concrete 

sleepers. The steel sleeper resonance modes are identified at frequencies of 160Hz, 

235Hz, 330Hz and 445Hz. These resonance modes are damped, with broad and flat 

FRF peaks. 

 

One damped resonance mode is identified at 370Hz from response of the PY-type 

concrete sleeper. The FY-type concrete sleeper also vibrates with a damped resonance 

mode at this frequency (370Hz), whilst the steel sleeper vibrates with antiresonance. 

The second resonance mode for the FY-type concrete sleeper occurs at 415Hz. In the 

horizontal direction, the steel sleeper vibrates with a higher accelerance than the 

concrete sleepers for the entire response period of 0 – 500Hz.  

 

The PY-type concrete sleeper vibrates with a higher accelerance than the FY-type in 

the frequency range of 0 – 235Hz. No resonance mode is found to occur at a 

corrugation formation frequency in the Belfast to Steelpoort railway line. The next 

subsection summarises the discussion of results for experimental modal analysis on 

railway tracks supported on steel and concrete sleepers. 

 

5.3. Results Discussion  

 

In light of comparison between the dynamic response of rail on steel and FY-type 

concrete sleepers, a few differences are noted. On top of the FY-type sleeper point the 

horizontal response of the rail is more pronounced than the vertical, more in particular 

for a frequency range of 272 – 460Hz. The rail responds with higher accelerance in 
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the horizontal direction at both positions of the rail on FY-type concrete sleepers, for 

most of the response window.  

 

At both positions the rail on steel sleepers, the rail responds with higher accelerance 

in the horizontal direction than in the vertical direction for the entire mid-frequency 

response window. A few differences are also noted in comparing the dynamic 

response of rail on steel and PY-type concrete sleepers. For response of rail on PY-

type concrete sleepers, mid-span, the vertical response is more pronounced than the 

horizontal.  

 

The horizontal response mid-span is flatter than the vertical response. Two resonance 

modes occur in the vertical direction mid-span at frequencies 90Hz and 366Hz, whilst 

one resonance mode is excited in the horizontal direction mid-span at a frequency of 

477Hz. On top of the PY-type concrete sleeper point, no resonance mode is excited in 

the horizontal direction and the horizontal response FRF is flatter than the vertical, 

particularly for the mid-frequency range of 122 – 453Hz.  

 

For steel sleepers no resonance modes are excited in the vertical direction for response 

at both positions of the rail. Two resonance modes are excited in the horizontal 

direction at frequencies 195Hz and 398Hz. The FRFs representing the response at both 

positions of the rail on steel sleeper is flat for the entire response window, particularly 

from 70Hz. 

 

In terms of vibration response of rails on steel and concrete sleepers, it is established 

that mid-span and on top of sleepers point, the rail on steel sleepers has a more damped 

response than that on concrete sleepers. This is evident from flatter FRFs for response 

of rail on steel sleepers, whilst more resonance modes are identified from the response 

of rail on concrete sleepers. However, the opposite is established in terms of 

accelerance. The rail on steel sleepers responds with a higher accelerance than that on 

concrete sleepers for most of the response window in the frequency range 

corresponding to short pitch rail corrugation. This can be explained by the difference 

in mass for the two rails. The rail on the steel sleepers is at 48kg/m while that on the 
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concrete sleepers is at 57kg/m. It is commonly understood that a lower mass and a 

stiffer beam results in an increased frequency.  

 

With respect to vibration response of sleepers, vibration of steel sleepers is more 

damped in the vertical (but not as damped in the horizontal) direction than that of 

concrete sleepers. This can be seen in Figure 5.12. where the FRF is flat for steel 

sleepers in the vertical direction, and Figure 5.13. where a few resonance modes are 

identified for the same sleepers in the horizontal. Similar to the response of rails, 

accelerance is higher for steel sleepers than that of concrete sleepers. 

 

In terms of response of concrete sleepers, a few resonance modes are identified 

vertically and horizontally. Experimentally, no resonance mode was excited on rails 

and sleepers at 108Hz. From the current study, a few opportunities exist, which may 

ultimately reduce the impact of the current problem in the railway tracks and the 

ecology surrounding it. The next chapter outlines details of FEA modal analysis on 

wheels. 
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           Chapter Six 

 

6.       FEA Modal Analysis on a Freely Suspended Wheelset 

 

What results were obtained from FEA modelling work conducted to study wheelset 

dynamics, and how are they interpreted? 

 

The purpose of this chapter is to investigate vibration modes of a freely suspended 

wheelset of a D39 200 locomotive through the normal modes eigen-solver. The 

primary aim of the analysis was to establish whether there are any vibration response 

modes that may be associated with the rail corrugation with which the current study is 

concerned. The secondary aim of the analysis was to compare the vibration response 

results of a freely suspended wheelset with those obtained experimentally for two 

cases: (i) for a freely suspended wheelset, (ii) for a wheelset installed in a bogie. A 

complete wheelset is modelled for vibrational response. Here the wheelset is subjected 

to a free-free vibration.  

 

The next subsection outlines details of the FEA procedure adopted in modelling 

vibrational response of the D39 200 locomotive class wheelset. Modal analysis results 

in this Chapter are subsequently compared with experimental modal analysis results 

for a freely suspended wheelset for the D39 200 locomotive class. The FEA modal 

analysis was conducted after the experimental part, given that no output parameters 

were required from the FEA modal analysis to be used as input parameters to the 

experiment.  

 

6.1. Procedure for FEA Modal Analysis on a Freely Suspended Wheelset  

 A 3D FE model of the D39 200 locomotive traction wheelset was developed as shown 

in Figure 6.1. 
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Figure 6.1. FEA model for a D39 200 locomotive traction wheelset. 

 

The traction wheelset model in Figure 6.1. includes a bull gear mounted on a wheelset 

axle. The bull gear was modelled to accurate dimensions with teeth profile. The 

coupling between the bull gear and traction motor pinion is not modelled. The gear 

case is also not modelled. This is for accurate comparison of experimental modal 

analysis results with those of a freely suspended wheelset FEA model.  

The mesh details for the FEM are tabulated in Table 6.1. Tet10 solid elements were 

used on all solids of the wheelset model to ensure better contact definition.  

Table 6.1. Mesh details for the traction wheelset 

Mesh Item Mesh Details 

Mesh type Solid 

Element type Tetrahedron 

Mesher TetMesh 

Topology Tet 10 

 

The element nodes were equivalenced to 0.1 mm to ensure better alignment of the 

nodes on created contacts, and also to get rid of unnecessary nodes in the model. Table 

6.2. tabulates mesh convergence for the wheelset model. Mesh convergence was 

measured on the first bending mode only, for all mesh sizes. 

Table 6.2. Mesh convergence for the traction wheelset model 

Element Global 
Edge Length 
(mm) 

Number of 
Nodes 

Maximum 
Displacement 
(mm) 

250 48,188 42.3 
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50 182,346 43.8 

10 763,491 54.7 

5 823,157 57.3 

4 834,568 57.7 

3.5 869,498 58.1 

3 905,567 58.1 

 

Evident in Table 6.2. is that the mesh used in the traction wheelset FEM converges at 

a global edge length of 3.5mm. Materials are understood to be isotropic and the 

material properties of steel used in the FEA model are tabulated in Table 6.3. The 

material of steel used in modelling the D39 200 wheelset is used in practice.  

 

Table 6.3. Material properties for FE model of a D39 200 traction wheelset [23] 

Material 
Young’s 
Modulus 
(GPa) 

Density 
(kg/m3) 

Poisson’s 
ration 

Steel 210 7850 0.3 

 

Constraints and loads were not applied in the model in all six DOF. Vibration 

frequency is set to a range of 0 – 500Hz to capture the vibration modes that correspond 

to a short pitch corrugation on rails. Vibration modes requested are 16, which include 

the first six rigid body modes. Hence the vibration mode number seven is in principle 

the first mode. A rigid mode occurs at the beginning of the vibration process of a 

structure, where its translation and or rotation does not result in a significant internal 

deformation. This typically occurs at in the first six vibration modes of the structure 

[217].  

The bull gear material properties used are the same as those of the entire wheelset. 

The next subsection reports on the results for the FEA modal analysis on a freely 

suspended wheelset. 

 

6.2. Results for FEA Modal Analysis on a Freely Suspended Wheelset 

 

To validate experimental results of modal analysis conducted on a freely suspended 

wheelset and on a wheelset installed in a bogie, an FEA model of a freely suspended 

wheelset model is developed.  Figure 6.2. shows the axle bending mode of the traction 
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wheelset at a frequency 100Hz. This is the first wheelset axle bending mode after the 

six rigid body modes. In order to better resolve bending stresses, the FEM was meshed 

significantly finer, with the global edge length of 3.5mm. This resulted in over 1.3 

million nodes for the entire FEM.  

 

 

Figure 6.2. Traction wheelset – mode shape for first-order bending mode. 

 

Evident in Figure 6.2. is that at 100Hz the axle bends along the horizontal plain, such 

that it shall ultimately form an arc. This mode forces the wheels to tilt sideways along 

the vertical plain as though they are pivoted on the points where they couple to the 

axle. The bending of the axle to sort of form an arc shape naturally forces one wheel 

to tilt in the opposite direction to the next wheel in the vertical plane.   

This mode shape is the most closely associated with the resonance that occurs at the 

short pitch corrugation formation frequency of 108Hz and that at 120Hz of the axial 

FRF in Figure 4.8. given that the mode shape presents an axial bending of the wheels 

due to axle bending. Even though it would have made more sense for this mode to 

occur exactly at 108Hz, a percentage error played a role in the slight deviation in 

frequency between experimental and modelling.  

 

A percentage error makes for the difference in the frequency at 108Hz and 100Hz 

obtained experimentally from a freely suspended wheelset and through FEA modal 

analysis respectively. Table 6.4. shows the percentage errors for two cases: (i) when 

results of the modelled freely suspended wheelset are compared to those of 

experimental modal analysis on a freely suspended wheelset (ii) when results of the 
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modelled freely suspended wheelset are compared to those of experimental modal 

analysis a wheelset installed in a bogie. 

 

Table 6.4. Percentage error between experimental and FEA modal analysis 

 

Frequency (Hz) for 
First Bending Mode 

(Experimental Modal 
Analysis) 

Frequency (Hz) For 
First Bending Mode 

(FEA Modal 
Analysis) 

% 
Error 

Freely suspended 

wheelset 
108 100 7.4 

Wheelset installed 

in a bogie 
120 100 16.6 

 

A percentage error exists between experimental and modelling work, typically due to 

the assumptions made (and also those not made) by the FEA and the accuracy of the 

modelled geometry [174]. Some of the assumptions not made by the FEA in a freely 

suspended wheelset in the current study are slinging effects of the wheelset using a 

steel chain, thermal and corrugation effects, friction, gravity and bolt loading were not 

considered. In the case of the wheelset installed in a bogie, some elastic modes of the 

bogie structure may interfere with the response of the wheelset.  

In addition, outcomes of experimental work may also be influenced by environmental 

factors during time of conducting the experiment. From the mode shape in Figure 6.2. 

it is safely deduced that in order to reduce the association of the first bending 

resonance mode of the wheelset, with rail corrugation formation frequency, efforts 

shall be made to firstly prevent excessive bending of the axle along the horizontal 

plane.  

The second part of the solution is to damp resonance of the wheels in the axial 

direction, particularly on the wheel web, towards the wheel profile. It is understood 

from the accepted literature that the flexibility of railway wheels has a significant 

influence on the flexibility of the entire wheelset [223]. This is the first-order wheelset 

axle bending mode after the six rigid body modes as shown in Figure 6.2.  

The second-order wheelset bending mode occurs at a frequency of 158Hz as seen in 

Figure 6.3. 
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Figure 6.3. Traction wheelset – mode shape for second-order bending mode. 

 

Evident in Figure 6.3. is that the wheelset still experiences an axle bending mode at 

158Hz. This is the second bending mode, where the axle bends along the horizontal 

plain, such that it will ultimately form a sine wave. This mode forces the wheels to tilt 

sideways along the vertical plain as though they are pivoted on the points where they 

couple to the axle. The next subsection summarises the discussion of the results for 

FEA modal analysis on a freely suspended wheelset. 

 

6.3. Results Discussion 

Evident from the FEA modal analysis results is that the first-order axle bending mode 

of the D39 200 wheelset is excited at a frequency of 100Hz. This vibration mode is 

reasonably close to that excited experimentally at 108Hz on a freely suspended 

wheelset. This bending mode at 100Hz excited on FEA modal analysis was also 

compared with the first axial bending mode excited experimentally when the wheelset 

was installed in a bogie and the results were still reasonably close. However, the 

percentage error is larger for the case in which the FEA modal analysis bending mode 

is compared with that of a wheelset installed in a bogie. This can be explained by the 

effects of elastic modes of a bogie, as these may have effects in the response of the 

wheelset.  

The wheelset presents a second-order axle bending mode shape at 158Hz. The bending 

of the axle to sort of form a sine wave naturally forces both wheels to tilt in the same 

direction in the vertical plane. From the mode shape in Figure 6.3. it is safely deduced 
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that in order to reduce association of resonance of the second bending mode of the 

wheelset, with rail corrugation formation frequency, it would be safer to apply a 

damping mechanism along the entire length of the axle, and not only in the middle.  

A smaller size damper applied in the middle of the axle may sit directly at the node of 

the second-order bending mode. In terms of the FEA modal analysis some modes are 

not excited. None of the wheel vibration modes presented circumferential binding in 

the frequency range of 0 – 500Hz. The rest of the mode shapes at different frequencies 

are found in Appendix D.  

These mode shapes occur at frequencies higher than 150Hz, making them not to be 

closely associated with the rail corrugation formation frequency in the Belfast to 

Steelpoort railway line. 

The next chapter outlines details of the FEA complex eigenvalue analysis on railway 

tracks installed with steel and concrete sleepers. 

 

6.4. Recommendations 

Short pitch rail corrugation is a complex problem that will require different pieces of 

well-established models describing and predicting elements of the problem. 

Ultimately these will form a complex model that may be used to solve short pitch rail 

corrugation problem in different rail track environments. These models may be 

developed with the use of other well-known models in the rail corrugation space. 

From the current study, the following recommendations that could be useful are 

outlined: 

 

• Development of a numerical and analytical models to assess the effect of 

damping of wheel resonance modes, on short pitch rail corrugation. 

Development of numerical and analytical models to assess the effect of 

damping of rail resonance modes, on short pitch rail corrugation, 

• Development of numerical and analytical models to assess the effect of altering 

the damping and stiffness of rail pads, on short pitch rail corrugation, 
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• Development of numerical and analytical models to assess the effect of 

damping of the concrete sleepers (possibly with installation of booted 

sleepers), on short pitch rail corrugation, 

• Development of numerical and analytical models to assess the effect of 

increasing the vertical fastening stiffness of the FISTclip and e-Clip rail 

fasteners, on short pitch rail corrugation, 

• In the Belfast to Steelpoort railway line; to study the effect of altering the rail 

foot angle, on short pitch rail corrugation, 

• In the interim, whilst researchers make efforts to develop a permanent cure, 

reinstallation of steel sleepers is recommended on all track curves in the line. 

Design of steel sleepers shall be improved in line with latest axle loads and 

considering the future product movement targets for the line.  
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      Chapter Seven 

 

7.       Complex Eigenvalue Analysis on Railway Tracks Installed with Steel and Concrete 

Sleepers 

 

What results were obtained from the complex eigenvalue analysis for modelling 

work conducted to study tracks’ dynamics, and how are they interpreted? 

 

The purpose of this chapter is to use a Finite Element method to investigate the rail 

tracks’ resonance modes for tracks supported on steel and with concrete sleepers. The 

primary aim of the experiment was to establish whether there are possible rail track 

vibration modes that may be associated with rail corrugation at a corrugation 

frequency of 108Hz. The secondary aim of the experiment was to compare the 

vibration response results of the rail tracks supported on steel and concrete sleepers, 

with those obtained from experimental modal analyses of the two railway tracks 

supported on steel and concrete sleepers.  

 

The Complex Eigenvalue analyses were adopted to identify the possible unstable 

modes in terms of the coupling phenomena. The complex eigenvalue analysis models 

for rail tracks include a traction wheelset for the class D39 200 diesel locomotive on 

top of rails. In these track models the wheelset is modelled without a bogie and traction 

motor. The next subsection outlines the procedure adopted in conducting the complex 

eigenvalue analysis on railway tracks.  

 

7.1. Procedure for Finite Element Complex Eigenvalue Analysis on Rail Tracks 

Supported on Steel and Concrete Sleepers 

For the complex eigenvalue analysis, two rail track models were developed for 

investigation of mode shapes, i.e. the steel and concrete sleeper track models. The 

primary difference between the models is the sleeper types, rail mass and the fact that 

there are no rail pads in the steel sleeper track model. Figure 7.1. shows a side view of 

the steel sleeper model. 
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Figure 7.1. Rail track model with steel sleepers. 

                                    

The model in Figure 7.1. has 30m long rails and a sleeper bay of 700mm in the Y-

direction, which makes fourty three steel sleepers. The D39 200 locomotive traction 

wheelset is modelled at a center distance from rail ends. Contacts created for 

deformable bodies are tabulated in Table 7.1. 

Table 7.1. Contacts created for deformable bodies in the steel sleeper model 

Geometry (in contact) Geometry (in contact with) Contact  

Wheelset axle 

Wheels 

Rails 

Sleepers 

Wheels 

Rails 

Sleepers 

Ballast 

Glue 

Glue 

MPC 

MPC 

 

Glued contacts were created for connections between the wheelset axle and wheels. 

The same was done for the connection of wheels to rails. The MPCs were used for 

connection between the bottom face of rail foot and the sleepers. Similar to the wheel-

rail contact model with steel sleepers; the rail foot does not make contact with the 

entire top face of the sleeper, only a few points of the geometries make contact.  

The same method of the MPCs was used for connection of the bottom face of sleeper 

legs and the top face of the top ballast layer. Table 7.2. tabulates details of the mesh 

used in the FEM for rail track with steel sleepers.  

Table 7.2. Mesh details for rail track FEM with steel sleepers 

Mesh item Mesh details 

Mesh type 

Element type 

Mesher 

Topology 

Solid 

Tetrahedron 

TetMesh 

Tet 10 
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The element nodes were equivalenced to the tolerance of 0.1mm.  Materials are 

understood to be isotropic and the material properties allocated to each FEM solid are 

tabulated in Table 7.3. Given that steel sleepers are not sufficiently studied, material 

properties of the steel sleeper were provided by the Track Technology department at 

Transnet.  

Table 7.3. Material properties for FEMs on rail track model with steel sleepers [23] 

FEM 
Solid Material  Density 

(kg/m3) 

Young’s 
Modulus 
(GPa) 

Poisson’s 
Ratio 

Shear 
Modulus 
(GPa) 

Axle 

Wheel 

Rail 

Sleeper 

Steel 

Steel 

Steel 

Steel 

7850 

7850 

7800 

7870 

210 

210 

210 

205 

0.30 

0.30 

0.30 

0.29 

 

 

 

80 

 

Figure 7.2. shows the concrete sleeper model. Only the rail track with FY-type 

concrete sleepers is modelled. Similar to the model with steel sleepers; the model in 

Figure 7.2. has 30m long rails and a sleeper bay of 700mm in the Y-direction; which 

makes fourty three concrete sleepers. The D39 200 locomotive wheelset is modelled 

at a center distance from rail ends.  

 

 

(a)  (b)      

Figure 7.2. Concrete sleeper track. (a) rail track model with concrete sleepers (b) rail pad on 

a concrete sleeper. 

 

More contacts were created for the concrete sleeper model, given that it includes 

rubber rail pads. Two contacts were created for rails’ pads, i.e. contact for rail with the 

rubber pads and for pads with the sleepers. Contacts created for deformable bodies are 

tabulated in Table 7.4. 
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Table 7.4. Contacts created for deformable bodies in the concrete sleeper model 

Geometry (in contact)       Geometry (in contact with)    Contact  

Wheelset axle 

Wheels 

Rails 

Pads 

Sleepers 

Wheels 

Rails 

Pads 

Sleepers 

Ballast 

Glue 

Glue 

MPC 

   Nodes equivalenced 

   Glue 

 

In order to prevent FEMs from dislocating from touching connections in the track 

model with concrete sleepers, glued contacts were created for connections between 

the wheelset axle and wheels. The same was done for the connection of wheels to rails. 

In order to save simulation time, MPCs were used for connection between the bottom 

face of the rail foot and pads.  

Nodes were created in the rail foot to align to those of the rail pads. This made it easier 

for MPCs to connect. Edges of rail pads were perfectly aligned with those of the top 

surface of the sleepers, hence the nodes were only equivalenced for the pad and 

sleeper. This achieved a significant saving in computation time. A glued contact was 

used for connection of the bottom face of sleepers and the top face of the top ballast 

layer. Table 7.5. tabulates details of the mesh used in the FEM for rail track with 

concrete sleepers.  

Table 7.5. Mesh details for rail track FEM with concrete sleepers 

Mesh item Mesh details 

Mesh type 

Element type 

Mesher 

Topology 

Solid 

Tetrahedron 

TetMesh 

Tet 10 

 

The element nodes were equivalenced to the tolerance of 0.1mm.  Materials are 

understood to be isotropic and the material properties allocated to each FEM solid are 

tabulated in Table 7.6. Given that the rail pads are not sufficiently studied, material 

properties of the rubber rail pad were provided by the Track Technology department 

at Transnet.  
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Table 7.6. Material properties for FEMs on rail track model with concrete sleepers [23] 

[224] 

FEM 
Solid Material  Density 

(kg/m3) 

Young’s 
Modulus 
(GPa) 

Poisson’s 
Ratio 

Damping 
Coefficient 

Axle 

Wheel 

Rail 

Pad 

Sleeper 

Steel 

Steel 

Steel 

Rubber 

Concrete 

7850 

7850 

7800 

1300  

2400 

210.000 

210.000 

210.000 

    0.080 

  36.406 

0.30 

0.30 

0.30 

0.45 

0.20 

 

 

 

0.34 

The rail pad material properties used were found from Chen et al [137]. The damping 

for the rail pad was characterized following the procedure for rail pads material models 

[225]. From the models in Heunis [225], the Hysteretic damping coefficient was used, 

which is represented by equation (7.1).  

                                                                                  

(7.1) 

 

In equation 7.1 ω is the excitation frequency and 𝑐𝑒𝑞 is the equivalent viscous damping 

coefficient.  The corrugation frequency (108Hz) was used as the excitation frequency 

and the equivalent viscous damping coefficient of 0.002 Ns/m was taken Grӓssie’s 

[226] analysis of the dynamic behaviour for rail pads. In order to represent the 

gravitational force, the inertial load of -9.81 was created along the z-direction. The 

inertial load was created for both models of rail tracks with steel and concrete sleepers. 

The next subsection outlines the procedure adopted for modelling of the three-layered 

track ballast. 

 

7.2. Procedure for Modelling of Track Ballast 

A track ballast is understood to have a possible effect in response of a railway track 

structure to dynamic loads. Both tracks with concrete and steel sleepers were modelled 

with ballast. Effects from the subgrade (native soil layer underneath the ballast) are 

not considered in the current study. As well, it is assumed that the contact surface 

between the soil (ground) and the bottom ballast is uniform in the longitudinal 

direction, likewise with the contact surface between ballast layers. The ballast was 

divided into three layers i.e. top, middle and bottom. The top layer ballast was 

modelled as less stiffer than the middle.  
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Figure 7.3. shows the ballast as modelled underneath the sleepers in the FEA model. 

 

 

Figure 7.3. FEA model representing ballast underneath concrete sleepers. 

 

The same size of ballast was used for FEA models of both tracks with steel and 

concrete sleepers. To model the ballast, a volume of 30m x 2.2m x 0.45m was 

developed. The volume was divided into three layers of same thickness i.e. 0.15m, 

which yields the total height of 0.45m for the entire ballast. Table 7.7. tabulates details 

of the mesh used in the ballast FEM. 

 

Table 7.7. Mesh details for ballast FEM  

Mesh item Mesh details 

Mesh type 

Element type 

Mesher 

Topology 

Solid 

Tetrahedron 

TetMesh 

Tet 10 

 

The same mesh type and size was used for both ballast FEMs of steel and concrete 

sleepered tracks. The same mesh element size and nodes were used for all three ballast 

layers, which provided for ease of mesh optimisation. The element nodes were 

equivalenced to the tolerance of 0.1mm between all layers.  The ballast material was 

treated as isotropic. The assumption was that tamping of the ballast was sufficiently 

done such that no ballast settlement would occur, causing the stiffness to be the same 

along and across the length of the ballast.  The material properties allocated to the 

ballast FEM are tabulated in Table 7.8. 



142 
 

Table 7.8. Material properties for ballast FEM [227] 

FEM Solid Material  Density 
(kg/m3) 

Young’s 
Modulus 
(MPa) 

Poisson’s 
Ratio 

Structural 
Damping 

Top layer ballast 

Middle layer ballast 

Bottom layer ballast 

 

 

 

Stones 

Stones 

Stones 

 

 

2500 

2600 

2700 

256 

276 

300 

0.2 

0.2 

0.2 

0.01 

0.01 

0.01 

 

The ballast material properties used were found from Aikawa [227], and different 

parameters of ballast properties were established following the Zakeri and Mosayebi 

method that achieves different stiffnesses between layers [220].  Two contacts were 

created for ballast layers; contact for bottom face of the top ballast in contact with the 

top face of the middle ballast; and the bottom face of the middle ballast in contact with 

the top face of the bottom ballast. 

Contacts created for deformable bodies are tabulated in Table 7.9. For complex 

eigenvalue analysis the ballast is the only FEM on which constrains were applied. 

Table 7.9. also tabulates the loads and boundary conditions applied on the ballast. 

Table 7.9. Contacts and constraints created for deformable bodies of the ballast 

Geometry (in 
contact) 

Geometry (in 
contact with) Contact  Fix 

translation 
Fix 
rotation 

Top layer ballast 

Middle layer ballast 

Bottom layer ballast  

Middle layer ballast 

Bottom layer ballast 

 

Glue 

Glue    

   

 

 

<0,0,0> 

 

 

<0,0,0> 

 

Only the nodes on the bottom face of the bottom ballast were fixed for translation and 

rotation in all six DOFs. The ballast was treated as a structure erected above ground 

(not partially buried), hence the nodes on the side faces of the ballast were not 

constrained. The next subsection reports on the results for complex eigenvalue 

analysis on railway tracks supported on steel and concrete sleepers.  

 

7.3. Results for FEA Complex Eigenvalue Analysis on Rail Tracks Supported on Steel 

and Concrete Sleepers 

Figure 7.4. shows complex eigenvalue analysis results for the railway track model 

with steel sleepers at 108Hz.  
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The rail track model results in Figure 7.4. show the deformed and undeformed shapes. 

For normalization, a generalized modal mass is equal to unity. The color coding in the 

legend correspond to the colors in the deformed shape of the model results. It is seen 

in Figure 7.4. that at 108Hz the rail on steel sleepers vibrates with a bending mode in 

the horizontal direction. At this mode the ballast remains at its original position, whilst 

the sleepers are taking shape of the rail as they are joined together. The wheelset at 

this mode also presents a complicated shape as it is glued to the rails to avoid 

dislocation during vibration. Figure 7.5. shows a clearer view of this vibration mode 

for sleepers and rail. 

 
Figure 7.5. Bending mode for rail track with steel sleepers at 108Hz, no ballast. 

 

 
Figure 7.4. Bending mode for rail track with steel sleepers at 108Hz and ballast. 
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It is clear from this Figure (7.5.) that at 108Hz the rail merely bends horizontally 

without any vertical bending and/or attempting to twist the track. This complex 

eigenvalue model does not present the self-excited unstable vibration in the vertical 

direction, which is the direction of vibration that is associated with the formation of 

rail corrugation [34]. The rest of the mode shapes at different frequencies are found in 

Appendix E. Figure 7.6. shows complex eigenvalue analysis results for the railway 

track model with concrete sleepers at 108Hz. 

 

Figure 7.6. Bending mode for rail track with concrete sleepers. 

 

As seen in Figure7.6. contrary to the rail track model with steel sleepers, the rail track 

with concrete sleepers shows no vibration modes in the horizontal direction. The rail 

track with concrete sleepers shows a vertical bending mode at 108Hz. This complex 

eigenvalue model presents the self-excited unstable vibration in the vertical direction, 

which is the direction of vibration that is associated with the formation of rail 

corrugation [34]. 

In the middle of the track the wheelset-rail system shows a complex vibration mode. 

This is due to the fact that the wheelset is glued to the rails, hence the rails follow the 

wheelset bending. More resonance modes that showed some clear activity occur in 

frequencies lower than 108Hz are found in Appendix F.  
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7.4. Results Discussion 

Given that the first important resonance mode of the traction wheelset was identified 

to reasonably match the average corrugation frequencies at 108Hz, rail track models 

were developed to investigate the dynamic response at the same frequency. From the 

complex eigenvalue analysis, it is established that at 108Hz the rail track with concrete 

sleepers responds with a vertical bending mode. 

This is noted by the bending mode of rails in the vertical direction with complete 

waves, giving a mode that Garcia [151] refers to as a “rail vibration” mode. This (rail 

track with concrete sleepers) is the rail track on which corrugation formed. It is 

generally accepted that formation of corrugation on rails is linked with vertical 

vibration [151, 228], and increasing the vertical clamping force of rail fasteners 

reduces corrugation formation [33].  

No vertical mode is excited at 108Hz for the rail track with steel sleepers. This finding 

is in line with the modal analysis results for track with steel sleepers in Figures 5.14. 

where no resonance mode is excited in the vertical direction for the track with steel 

sleepers. In the same Figure (5.14.) two resonance modes are excited in the horizontal 

direction, even though these occur at higher frequencies than the short pitch 

corrugation formation frequency.  

For rail track curves with concrete sleepers in the Belfast to Steelpoort railway line, 

increasing the vertical fastening stiffness has to be taken as one of the critical measures 

in an attempt to reduce corrugation formation. Only a horizontal bending is identified 

at 108Hz for rail track with steel sleepers. At frequencies beyond 108Hz the rail tracks 

respond with complex vibration modes, where twisting of the tracks occurs.  

At these modes it is not easy to identify the shape that the track takes, since the track 

twists many times in a short span. The next chapter discusses the implications of the 

current study and concludes on the findings thereof. 
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                                                       Chapter Eight 

 

8.                 Implications and Conclusions 

 

What impact will the current study have on future research, what major conclusions 

are drawn from the research study and what direction should be considered next? 

 

8.1. Implications 

It was of importance to conduct the current study in an attempt to reduce corrugation 

formation on the running surface of rails in the Belfast to Steelpoort railway track 

curves. The experiment conducted on the traction wheelset adds to the current body 

of knowledge with introduction of the method of coupling a wheelset to a traction 

motor and installing it in a bogie. This method is beneficial in aiming to yield more 

reasonably accurate FRF results where wireless accelerometers are not available. 

The FEA conducted on modelling the traction wheelset on a reasonably long track 

structure adds to the current body of knowledge with introduction of excitation of the 

entire track structure and the wheelset simultaneously. The common methodology in 

the field of rail corrugation investigations often has wheels analysed separately from 

the rails. In this way the results may prove not to be as accurate where FRFs of the 

wheels are correlated to those of the rail track.  

This model of the ballasted railway track with steel sleepers is novel. Most 

conventional models are developed for slab tracks with monoblock and bi-block 

concrete sleepers. If any literature exists, it is not sufficient and advanced enough to 

explore the dynamics of ballasted railway tracks installed with steel sleepers. On a 

lighter note, concrete sleepers are arguably the most common type used on modelling 

corrugation on rails, both in high and low velocity operations [33, 35].    

The pyramid model adopted in modelling the track ballast will assist researchers in 

the rail corrugation space to achieve more accurate modelling results. This is given 

that parameters of each ballast layer are accurately defined in the pyramid model. The 

model allows different ballast layer stiffnesses to be defined in an attempt to achieve 

more accurate results [220]. Given that experimental modal analysis of FRFs in the 
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current study are obtained from a three-layered ballasted track, it makes more sense, 

hence, that modelling is conducted on same arrangement of the ballast. 

The current study will impact the latest research work by adding the complex 

eigenvalue FEA procedure in modelling ballasted tracks. The experimental modal 

analysis procedure will also be effectively used to obtain point FRFs for rails of 

ballasted rail tracks and sleepers installed in ballasted railway tracks. The easier basic 

method to match vibration modes of the traction wheelset to corrugation frequencies 

per track curve will add to the latest body of knowledge.  

A need still exists to develop further analytical and numerical models, to be used 

together with models in the current study, to prevent a short pitch corrugation from 

forming in the future. This will ultimately produce a complex model that will be used 

in solving the short pitch corrugation problem in the railway space. 

 

8.2. Conclusions 

In the frequency range that corresponds to short pitch rail corrugation, there exists 

important differences in dynamic responses of ballasted rail tracks with steel and 

concrete sleepers. The vertical bending mode of the ballasted rail track with concrete 

sleepers could be attributed to existence of corrugation on rails. This is concluded 

given the dynamic behaviour of the ballasted rail track at a frequency of 108Hz, which 

can be strongly associated with the short pitch corrugation formation.  

It is well known that the vertical vibration of rails has an effect of significance on 

corrugations on rails [151, 228]. The rail supported on concrete sleepers responds 

reasonably with more resonance modes that are supported on steel sleepers. This is 

generally found mid-span and on top of sleeper point, in the vertical and horizontal 

directions. Damping of the first axial bending resonance mode remains critical in an 

attempt to prevent the wavelength fixing mechanism for short pitch rail corrugation.  

The first axial bending mode of the D39 200 locomotive traction wheelset is excited 

on vibration response, when the traction wheelset is uncoupled from the traction motor 

and is freely suspended. This mode is also excited when the traction wheelset is 

coupled to a traction motor and installed in a bogie. This traction wheelset mode 

reasonably matches corrugation frequencies for nearly all corrugated track curves. 
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More damping of this resonance mode is noted from the FRFs when the wheelset is 

coupled to a traction motor and installed in a bogie. This first axial bending mode is 

also excited by cross-coupling of vibration response by the axle. From these three 

scenarios the importance of this mode is validated and given emphases. In the 

frequency range that corresponds to short pitch rail corrugation, the dynamic response 

of concrete sleepers shows a few undesired resonance modes in the vertical direction, 

which could contribute in the rail track structure responding erratically to vibration 

during train pass. It is of importance to reduce resonance of all components closely 

connected to the rails, such as rail pads and sleepers.  
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Appendix A.  Wheel-rail contact displacement modelling. 

 

(i) Procedure for Finite Element Wheel-Rail Contact Analysis:  

A single wheel was modelled on top of a rail to find the wheel-rail contact and analyse 

displacements around the contact point. Here two models are considered, i.e. one 

model is for rail on steel sleepers and the other is for rail on concrete sleepers. The 

difference between the two models is pertaining the sleepers and rail size. The size of 

rail on steel sleepers is at 48kg/m, whilst that on concrete sleepers is at 57kg/m. Figure 

A1. shows the CAD models used in the contact point analysis.  

Figure A1 – CAD model used in the wheel-rail contact point FEA. (a) wheel-rail model on 

steel sleepers (b) wheel-rail model on concrete sleepers. 

 

In order to save on computational time by exploiting the symmetry of the wheel, the 

wheel-rail model is cut into a half model, such that the contact point is cut in the middle 

as seen in Figure A2.  

 

Figure A2 – Finer mesh around the wheel-rail contact point. 
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Four deformable body contacts were created for the FEM in Figure A2. Given that the 

model is cut in the middle and also due to the fact that the smaller wheel and rail pieces 

are cut from the main wheel and rail, the model in Figure A2. ultimately comprised of 

five FEM pieces. The wheel has a smaller piece cut out, referred to as the “wheel 

piece”, the rail also has a smaller piece cut out, referred to as the “rail piece”.  

 

The wheel is also referred to as a “half wheel”. Table A1. tabulates the contacts created 

for deformable bodies.  

 

Table A1. Contacts created for deformable bodies for the wheel-rail contact FEMs 

Geometry (in contact) Geometry (in contact with) Contact 

Wheel piece 

Wheel piece 

Rail piece 

48kg/m rail 

57kg/m rail 

Half wheel 

Rail piece 

Rail 

Steel sleepers 

Concrete sleepers 

Glue 

Touching 

Glue 

MPC 

Glue 

 

In order to prevent FEMs from dislocating from the touching connections, glued 

contacts were created for connections between the wheel piece and half wheel; also 

for rail piece and rail. A touching contact was created for the wheel-rail contact point. 

In order to save on simulation time, the Multi Point Constrains (MPCs) were used for 

the connection between the bottom face of rail foot (and rail piece foot); to the steel 

sleepers.  

As seen in Table A1. a glued contact was created for rail on concrete sleepers. MPCs 

were easy to apply on a few points of the steel sleeper, that make contact with the rail 

foot. The mesh details for mesh used on the FEMs in Figure A2. are tabulated in Table 

6.2. 

 

Table A2. Mesh details for wheel-rail contact analysis FEMs  

Mesh item Mesh details 

Mesh type 

Element type 

Mesher 

Topology 

Solid 

Tetrahedron 

TetMesh 

Tet 10 
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The element nodes were equivalenced to a tolerance of 0.1mm.  Mesh optimisation 

was conducted on both the wheel piece and rail piece. Mesh optimisation was 

conducted manually by the author, by running the model and keeping record of the 

results at completion of each run. Figure A2. shows a finer mesh around the wheel-

rail contact point. It was critical to create a denser mesh around the contact point, in 

order to better define displacements. The mesh is left coarser on the rest of the FEM 

groups.  Table A3. tabulates details of mesh optimisation for the wheel-rail contact 

analysis model with steel sleepers.  

Table A3. Mesh convergence for wheel-rail contact model with steel sleepers 

Element 
Global Edge 
Length (mm) 

Number of 
Nodes for 
48kg/m rail piece 

Number of Nodes 
for the wheel 
piece 

Maximum 
Displacement 
(mm) 

20 47,426 61,323 0.082 

15 60,189 94,277 0.088 

10 84,633 191,727 0.177 

5 151,751 262,912 0.198 

4 184,865 291,115 0.224 

2.5 252,486 451,485 0.224 

 

The mesh converges at an element global edge length of 4mm as is in the wheel-rail 

contact analysis model for rail on steel sleepers. Mesh optimisation details for the 

wheel-rail contact analysis model with concrete sleepers is tabulated in Table A4.  

 

Table A4. Mesh convergence for wheel-rail contact model with concrete sleepers 

Element 
Global Edge 
Length (mm) 

Number of 
Nodes for 
57kg/m rail piece 

Number of Nodes 
for the wheel 
piece 

Maximum 
Displacement 
(mm) 

20 57,826 61,323 0.063 

15 78,965 94,277 0.079 

10 99,153 191,727 0.091 

5 178,427 262,912 0.102 

3.5 249,736 291,115 0.104 

2.5 316,223 451,485 0.104 

 

The mesh converges at an element global edge length of 3.5mm as is in the wheel-rail 

contact analysis model for rail on steel sleepers. Materials are understood to be 

isotropic and material properties allocated to each FEM of the wheel-rail contact 
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models are tabulated in Table A5. Material properties in Table 6.5. are for FEMs 

utilised on both models with steel and concrete sleepers. 

 

Table A5. Material properties of FEMs for wheel-rail contact analysis models [23] [224] 

FEM Solid Material  Density 
(kg/m3) 

Young’s 
Modulus (GPa) 

Poisson’s 
Ratio 

Half wheel 

Wheel piece 

Rail 

Rail piece 

Steel sleeper 

Concrete sleeper 

Steel 

Steel 

Steel 

Steel 

Steel 

Concrete 

7850 

7850 

7800 

7800 

7870 

2400 

210.000 

210.000 

210.000 

210.000 

205.000 

  36.406 

0.30 

0.30 

0.30 

0.30 

0.29 

0.20 

 

The axle load was applied in the axle bore, on the part of the surface where the 

wheelset axle sits. Figure A3. shows the surface of the axle box on which the load was 

applied. The nodes selected for load application are circled in the red line seen in 

Figure A3. The red arrows illustrate the direction of the load. 

Figure A3 – Axle load application area. 

 

The total axle load per wheelset is 20tons, which is equivalent to 196.2kN. It is 

assumed that each wheel carries a load of 98.1kN. In addition, given that the wheel is 

cut in the middle, a load of 49.05kN is applied in the axle bore. In order to represent 

the gravitational force, the inertial load of -9.81 was created along the z-direction. The 

inertial load was created for both wheel-rail models with steel and concrete sleepers. 

Table A6. tabulates details of the loads and boundary conditions for the wheel-rail 
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analysis models. The loads and boundary conditions in Table A6. are applicable to 

wheel-rail contact analysis with both steel and concrete sleepers. 

Table A6. Loads and boundary conditions for both wheel-rail contact analysis FEMs 

Geometry (in 
contact) 

Load  
(<x,y,z>) 

Fix translation 
(<x,y,z>) 

Fix rotation 
(<x,y,z>) 

Axle bore 

Wheel rim 

Rail piece face 

Rail face 

Bottom of sleepers 

<0,0,-891.82> 

  

 

 

<0,0,  > 

<0,0,0> 

<0,0,0> 

<0,0,0> 

 

<0,0,  > 

<0,0,0> 

<0,0,0> 

<0,0,0> 

 

A load of 891.82N was applied on 55 nodes in the axle bore, to yield a total load of 

49.050kN, which is equivalent to a mass of 5tons.  The load is applied downwards in 

the direction “z” (or in “-z”). One node in the wheel rim was fixed in all six DF. The 

face of one end of the wheel piece and one end of the rail were fixed in all six Degrees 

of Freedom (DOF). All nodes at the base face of sleepers were fixed in all six DOF.  

 

(ii) Results for FEA Wheel-Rail Contact Analysis for Rail on Steel and Concrete 

Sleepers: 

The first part of modelling is concerned with finding the wheel-rail contact 

displacements for both wheel-rail models with steel and concrete sleepers. Here only 

a short piece of track without ballast is considered to analyse displacements around 

the wheel-rail contact point. Figure A4. shows the displacement distribution around 

the wheel-rail contact point for the wheel-rail FEM with steel sleepers. More views of 

this Figure (A4.) are found in Appendix B. 
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Figure A4 – Displacement distribution around wheel-rail contact point, for wheel-rail FEM 

with steel sleepers. 

 

In Figure A4. the analysis of displacements taking into account the plastic and elastic 

strains in the wheel and rail is performed. The wheel-rail contact model results in 

Figure A4. show the displacements distribution around the wheel-rail contact point. 

The legend in the Figure (A4.) presents displacements with the units in meters. For 

normalization, a generalised modal mass is equal to unity. 

The color coding in the legend correspond to the colors in the deformed shape of the 

model results. It is noted in Figure A4. that the nodes of the wheelset situated around 

the light blue color of the deformed shape displace the least, with the smallest 

displacement being 0.015mm. The nodes situated around the green and yellow color 

experience average displacement, whilst the modes around the orange, red, and black 

colors experience the largest displacement.  

The largest displacement experienced is 0.224mm. It is seen in Figure A4. that the 

contact displacements is average around the wheel-rail contact point. The contact 

displacement is more on the part of the wheel that is towards the field side. The rail 

web takes the least displacement during contact. Overall, the displacements are very 

minimal (less than a millimeter) and no severe displacements are experienced around 

the wheel-rail contact point.  

Figure A5. shows the displacement distribution around the wheel-rail contact point for 

the wheel-rail FEM with concrete sleepers. More views of this Figure are found in 

Appendix C. 
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Figure A5 – Displacement distribution around wheel-rail contact point, for wheel-rail FEM 

with concrete sleepers. 

 

Evident in Figure A5. is that the displacements of the wheel-rail contact model are 

slightly less than those seen on the wheel-rail contact model with steel sleepers in 

Figure A4. Displacement distribution in Figure A5. is more concentrated towards the 

field face of the rail crown. This is given that, contrary to the wheel-rail model with 

steel sleepers, in the model with concrete sleepers the wheel-rail contact is not situated 

exactly at the center of the wheel and rail widths.  

From the assembly drawings in the Appendix H it can be seen that the shape of the 

concrete sleeper is not entirely flat on the top face, which forces the rail pad and rail 

to slightly lean inwards. Contrary to that, horizontally the top face of the steel sleeper 

is completely flat, which allows the rail to seat straight along the vertical plane. The 

displacements concentration in Figure A5. is more on the rail than on the wheel. 

From a closer view it can be seen that the displacements is more severe in the material 

closer to the contact point, than further from the contact point. It is common for 

displacements to be more concentrated on the rail when a load is applied vertically in 

a wheel-rail contact analysis and these displacements can be beyond the yield point of 

the rail [173] [229].  

(iii) Results Discussion: 

From the FEA models developed to find the wheel-rail contact point when the wheel-

rail system is modelled with steel and concrete sleepers, a difference in the wheel-rail 
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contact point location is noted.  The wheel-rail contact point for wheel-rail system on 

concrete sleepers is not located exactly in the middle of the wheel-rail system.  

This is caused by the fact that the rail is not positioned exactly upright along the 

vertical plane, due to the slightly banked top surface of the concrete sleepers. This 

ultimately causes displacement concentration towards the field side of the wheel-rail 

system, which may ultimately wear the rails and wheels one point on train passes.  

It can be seen in the wheel-rail contact analysis in the wheel squeal model by Goo and 

Kim [173] that when a load is applied in the vertical direction, the wheel-rail 

displacement distribution can occur evenly around wheel-rail contact point region. 

However, the wheel has to be modelled accurately in the vicinity of the center of the 

rail.  

El Beshbichi et al. [143] showed how significant the interaction of a wheel cross 

section and the track gauge influence the self-excited vibration, which favours the 

development of the short pitch rail corrugation. The development of corrugation on 

rails in the Belfast to Steelpoort railway line may possibly be influenced by rail wear 

from this irregularity.  

The irregularity is not found in the wheel-rail system with steel sleepers. However, 

displacements around the wheel-rail contact point are minimal, since they are less than 

a millimeter, which may pose a lower risk for wheel-rail material wear. Nonetheless, 

placing the rail upright on its rail foot along the vertical axis should be taken as an 

additional measure in reducing the damage mechanisms for rail corrugation.  
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Appendix B. Additional views of results for wheel-rail contact point analysis, for FEM with steel 

sleepers. 

 

Figure B1 – Front view of the wheel-rail model with steel sleepers 

 

 

Figure B2 – Left view of the wheel-rail model with steel sleepers 

 

 

Figure B3 – Right view of the wheel-rail model with steel sleepers 
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Figure B4 – Isometric view of the wheel-rail model with steel sleepers 
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Appendix C. Additional views of results for wheel-rail contact point analysis, for FEM with FY-

type concrete sleepers. 

 

Figure C1 – Front view of the wheel-rail model with concrete sleepers 

 

 

Figure C2 – Left view of the wheel-rail model with concrete sleepers 

 

 

Figure C3 – Right view of the wheel-rail model with concrete sleepers 
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Figure C4 – Isometric view of the wheel-rail model with concrete sleepers 
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Appendix D.  Additional views of modal analysis results for the D39 200 wheelset model. 

 

Figure D1 – Traction wheelset – axial bending of the wheels 

 

 

 

Figure D2 – Traction wheelset – axial bending of the wheels and bull gear 

 

 

 

Figure D3 – Traction wheelset – axial bending of the wheel  
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Figure D4 – Traction wheelset – axial bending of the axle and bull gear 
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Appendix E. Additional views of results for the complex eigenvalue analysis, for FEM with steel 

sleepers. 

 

Figure E1 – Mode shape at 29.1446Hz from complex eigenvalue analysis for wheelset-track FEM 

with steel sleepers 

 

 

Figure E2 – Mode shape at 40.5072Hz from complex eigenvalue analysis for wheelset-track FEM 

with steel sleepers 
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Figure E3 – Mode shape at 82.3875Hz from complex eigenvalue analysis for wheelset-track FEM 

with steel sleepers 

 

 

Figure E4 – Mode shape at 88.2272Hz from complex eigenvalue analysis for wheelset-track FEM 

with steel sleepers 
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Appendix F.  Additional views of results for the complex eigenvalue analysis, for FEM with 

concrete sleepers. 

 

Figure F1 – Mode shape at 24.204Hz from complex eigenvalue analysis for wheelset-track FEM 

with concrete sleepers 

 

 

Figure F2 – Mode shape at 24.204Hz from complex eigenvalue analysis for wheelset-track FEM 

with concrete sleepers 
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Figure F3 – Mode shape at 42.242Hz from complex eigenvalue analysis for wheelset-track FEM 

with concrete sleepers 

 

 

Figure F4 – Mode shape at 42.242Hz from complex eigenvalue analysis for wheelset-track FEM 

with concrete sleepers 
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Figure F5 – Mode shape at 42.242Hz from complex eigenvalue analysis for wheelset-track FEM 

with concrete sleepers 

 

 

Figure F6 – Mode shape at 108.71Hz from complex eigenvalue analysis for wheelset-track FEM 

with concrete sleepers 
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Figure F7 – Mode shape at 108.71Hz from complex eigenvalue analysis for wheelset-track FEM 

with concrete sleepers 

 

 

Figure F8 – Mode shape at 108.71Hz from complex eigenvalue analysis for wheelset-track FEM 

with concrete sleepers 
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Appendix G. Images for symptoms of excessive corrugation-born vibration.  

 

Figure G1 – (a) Rail pad damage (b) effect of rail pad damage due to excessive vibration 

 

 

 

 

Figure G2 – (a) Fair condition ballast, with desired quality (b) bad condition ballast due to 

excessive shaking from corrugation-born vibrations, undesirable quality 
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Figure G3 – Whitish colour of ballast around concrete sleepers due to excessive corrugation-borne 

vibration 
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Appendix H. Detailed design drawings of CAD models for wheelset and rail track components.  1 

 2 
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