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Abstract 

Railways are currently experiencing higher demands on safety, 

infrastructure performance, network capacity and service quality, etc. As a 

result, a high level of track availability, service quality and infrastructure 

robustness against unexpected events is required, at reduced cost, to meet the 

demands. The track geometry is one of the critical parameters influencing the 

performance of the infrastructure and the capacity and quality of service of 

the railway network. The track geometry continuously degrades and deviates 

from the designed level over time and under the influence of various factors. 

A poor track geometry negatively affects the ride quality and passenger 

comfort and increases the risk of train derailment. To ensure a safe and 

reliable track for the trains, the track geometry should be kept in an 

acceptable condition. This necessitates the development of an applicable and 

effective tamping regime, as the main maintenance action for track geometry 

rejuvenation. An effective tamping regime enables enhancement of the 

availability and safety performance of the track, to control the track 

degradation and to restore the damaged track to an operational state, at the 

lowest possible cost.  

The purpose of the research conducted for this thesis was to develop data-

driven methodologies and optimization approaches for the development of a 

plan for predictive railway track geometry maintenance. First, a study was 

carried out to investigate the application of artificial neural networks to 

estimation of the track geometry degradation rate in spatial space by 

considering the operational and constructional covariates. In addition, the 

relative importance of the observed covariates for the track 

geometry degradation was also explored. The results showed that the 

maintenance history, the degradation value after tamping and the frequency 

of the trains passing along the track were the most important covariates 

affecting the track geometry degradation rate. Second, a case study was 

performed on a heavy haul railway line to analyse the isolated twist and 

longitudinal level defects. A data-driven model was developed to predict the 

occurrence of track geometry defects. A machine learning technique, namely 

the RUSBoost algorithm, was used to classify the track sections into healthy 

and unhealthy track sections. In order to capture information about the shape 

of the defects, first- and second-order derivatives of the track irregularities 

were used. The observed anomalies in the conducted case study in the pattern 

of the track geometry degradation were also explored. It was found that 

applying a combination of the kurtosis and the standard deviation to represent 

the track quality is beneficial for identifying the anomalies in the trend of 

geometry defects. Third, a simulation-based framework was developed with 

the aim of allocating an effective maintenance limit by assessing the effect of 
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different maintenance limits on the total maintenance cost. The results 

showed that it is not one value only, but a range of values for the maintenance 

limits which can be selected to minimize the total maintenance costs. 

However, by considering the safety aspects of track geometry maintenance, it 

is suggested that one should select the lower bound of the range of cost-

effective limits for maintenance planning.  

Finally, an optimization model was developed to schedule track tamping 

activities with the aim of minimizing both the track geometry maintenance 

costs and the number of unplanned maintenance actions. The proposed model 

enables infrastructure managers to examine the effect of different scenarios 

for the control and management of isolated defects on the track geometry 

condition and the maintenance cost. The results obtained in the present 

research are highly relevant for specific industrial challenges and are expected 

to enhance the capability of infrastructure managers to make effective and 

efficient decisions when developing their planning and scheduling of the 

tamping regime. The results have been verified through interaction with 

experienced practitioners working for a major railway infrastructure manager 

and railway maintenance subcontractors. 

Keywords: Data-driven models, degradation, maintenance, tamping, track 
geometry, planning and scheduling, railway infrastructure.  

 

 

 

 

 

 

 

 

 

 

 



v  

 

List of appended papers 

Paper 1  

Khajehei, H., Ahmadi, A., Soleimanmeigouni, I., Haddadzade, M., Nissen, 

A. and Latifi Jebelli, M. J. (2021) ‘Prediction of track geometry degradation 

using artificial neural network: a case study’, International Journal of Rail 

Transportation, DOI: 10.1080/23248378.2021.1875065. 

Paper 2  

Khajehei, H., Soleimanmeigouni, I., Ahmadi, A., Nissen, A. and Kumar, U. 

(2021) ‘Investigation of the track geometry defects on a heavy haul railway 

line’, Journal of Transportation Engineering, Part A: Systems (Accepted for 

publication). 

Paper 3  

Khajehei, H., Ahmadi, A., Soleimanmeigouni, I. and Nissen, A. (2019) 

‘Allocation of effective maintenance limit for railway track geometry’, 

Structure and Infrastructure Engineering, 15(12), 1597-1612, DOI: 

10.1080/15732479.2019.1629464. 

Paper 4 

Khajehei, H., Haddadzade, M., Ahmadi, A., Soleimanmeigouni, I. and 

Nissen, A. (2020) ‘Optimal opportunistic tamping scheduling for railway track 

geometry’, Structure and Infrastructure Engineering, DOI: 

10.1080/15732479.2020.1809467. 

 

 

 

 



vi  

 

Distribution of works 

The main research work carried out for the appended papers was 

performed by the author of the present thesis, while the co-authors of the 

papers made different contributions to the research. The contributions of the 

first author and the co-authors of the four papers are listed in the table below 

according to the following headings: 

1. idea conception, 

2. method and technique selection, 

3. data compilation and processing, 

4. model building, 

5. results and discussions, 

6. article writing, 

7. revision of important intellectual content. 

 

 
Paper 1  Paper 2 Paper 3 Paper 4  

Hamid Khajehei 1,2,3,4,5,6,7 1,2,3,4,5,6,7 1,2,3,4,5,6,7 1,2,3,4,5,6,7 

Alireza Ahmadi 1,2,3,4,5,7 1,2,3,5,7 1,2,3,4,5,7 1,2,3,5,7 

Iman 

Soleimanmeigouni 

3,5,7 1,2,3,4,5 1,2,3,4,5 1,2,4,5 

Uday Kumar  7   

Arne Nissen 3,5 3,5 3,5 5 

Mohammad 

Haddadzade 

4,5   1,2,4,5 

Mohammad Javad 

Latifi Jebelli 

3    

 

 

 



vii  

 

 

List of other papers 

Paper A   

Soleimanmeigouni, I., Ahmadi, A., Khajehei, H. and Nissen, A. (2019) 

‘Investigation of the effect of the inspection intervals on the track geometry 

condition’, Structure and Infrastructure Engineering, 16(8), 1138-1146, DOI: 

10.1080/15732479.2019.1687528. 

Paper B 

Khajehei, H., Ahmadi, A. and Soleimanmeigouni, I. (2017) ‘Forecasting 

railway track geometry condition using neural network approach’, In 5th 

International Conference on Recent Advances in Railway Engineering 

(ICRARE 2017), Tehran, Iran. 

Paper C  

Khajehei, H., Ahmadi, A., Haddadzade, M., Soleimanmeigouni, I. and 

Nissen, A. (2019) ‘Application of artificial neural network for prediction of 

track geometry degradation’, In Proceedings of the IHHA Conference, Narvik, 

Norway. 

Paper D 

Khajehei, H., Ahmadi, A., Soleimanmeigouni, I., Haddadzade, M. and 

Nissen, A. (2019) ‘Application of principal component analysis and artificial 

neural network in prediction of track geometry degradation’, In Proceeding of 

the 5th international workshop and congress on eMaintenance, Stockholm, 

Sweden. 

Paper E  

Soleimanmeigouni, I., Ahmadi, A., Khajehei, H. and Nissen, A. (2019) ‘Cost 

effective railway track geometry inspection interval’, In Proceedings of the 

IHHA Conference, Narvik, Norway. 

Paper F   

Haddadzade, M., Ahmadi, A., Khajehei, H. and Soleimanmeigouni, I. 

(2019) ‘Multi-objective optimization of scheduling of railway track tamping 

using modified NSGA-II’, In Proceedings of the IHHA Conference, Narvik, 

Norway. 



viii  

 

Paper G 

Khajehei, H., Soleimanmeigouni, I., Ahmadi, A., Nissen, A. and 

Haddadzade, M. (2020) ‘Application of First- and second-order derivatives of 

track irregularity to plan local maintenance activities’, The 30th European 

Safety and Reliability Conference, Italy. 

Paper H 

Khosravi, M., Soleimanmeigouni, I., Ahmadi, A., Nissen, A. Haddadzade, 

M. and Khajehei, H. (2020) ‘Track geometry measurements alignment: A 

comparative study of three relative position-based methods’, The 30th 

European Safety and Reliability Conference, Italy. 

Paper I  

Khajehei, H., Ahmadi, A., Haddadzade, M., Soleimanmeigouni, I. and 

Nissen, A. (2020) ‘Optimal track geometry maintenance scheduling using 

genetic algorithm’, Transportforum 2020, Sweden.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix  

 

Acronyms and symbols 

AD Anderson-Darling test 

AL Alert limit 

ANN Artificial neural network 

BIS Trafikverket’s asset register system 

CBM Condition based maintenance 

CM Corrective maintenance  

CMe Emergency corrective maintenance with operational 

actions 

CMn Normal corrective maintenance action 

GA Genetic algorithm 

IAL Immediate action limit 

IL Intervention limit 

IM Infrastructure manager 

KS Kolmogorov-Smirnov test 

LL longitudinal level 

MILP Mixed Integer Linear Programing 

MRT Maintenance response time 

MSE Mean squared error 

OM Opportunistic maintenance 

PIAL The probability that the indicator of isolated defect of 

LL will exceed IAL 

PIL The probability that the indicator of isolated defect of 

LL will exceed IL 

PM Preventive maintenance 

SD Standard deviation 

SDLL Standard deviation of longitudinal level 

TBM Time based maintenance 

TQI Track quality indicator 



x  

 

Ttamp Preventive tamping time 

UBM Usage based maintenance 

UH1 Underhåll 1 (in English: Maintenance 1). Lower bound 

for corrective maintenance 

UH2 Underhåll 2 (in English: Maintenance 2). Upper bound 

for corrective maintenance 

𝛾 Maintenance limit which is corresponding to a certain 

probability of the occurrence of isolated defects 

𝜏 Time interval 

  

  

  

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 



xi  

 

Table of Contents 

ACKNOWLEDGEMENTS ............................................................................................ I 

ABSTRACT ............................................................................................................. III 

LIST OF APPENDED PAPERS .................................................................................... V 

DISTRIBUTION OF WORKS ..................................................................................... VI 

LIST OF OTHER PAPERS ......................................................................................... VII 

ACRONYMS AND SYMBOLS ................................................................................... IX 

TABLE OF CONTENTS ............................................................................................. XI 

INTRODUCTION AND BACKGROUND ...................................................................... 1 

1.1. BACKGROUND ............................................................................................... 1 
1.2. PROBLEM STATEMENT ..................................................................................... 6 
1.3. RESEARCH PURPOSE AND OBJECTIVES ................................................................. 7 
1.4. RESEARCH QUESTIONS ..................................................................................... 8 
1.5. SCOPE AND DELIMITATION OF THE PRESENT RESEARCH ........................................... 8 
1.6. STRUCTURE OF THE THESIS ............................................................................... 9 

THEORETICAL FRAMEWORK ................................................................................. 11 

2.1. TRACK GEOMETRY MEASUREMENT ................................................................... 12 
2.2. TRACK GEOMETRY POSITIONAL ERROR .............................................................. 14 
2.3. TRACK QUALITY INDEX ................................................................................... 15 
2.4. TAMPING PROCESS ....................................................................................... 16 
2.5. TRACK GEOMETRY MAINTENANCE PRACTICE ....................................................... 18 
2.6. TRACK TAMPING SCHEDULING ......................................................................... 20 
2.6.1. MAINTENANCE STRATEGIES ............................................................................ 21 
2.6.2. TRACK TAMPING SCHEDULING ......................................................................... 23 

RESEARCH METHODOLOGY .................................................................................. 25 

3.1. RESEARCH APPROACH ................................................................................... 25 
3.2. RESEARCH PURPOSE ...................................................................................... 26 
3.3. RESEARCH PROCESS ...................................................................................... 27 
3.4. RESEARCH METHOD ...................................................................................... 28 
3.4.1. PROBLEM FORMULATION ............................................................................... 29 
3.4.2. DATA COLLECTION AND PREPARATION .............................................................. 29 
3.4.3. MODELLING ................................................................................................ 31 

SUMMARY OF THE APPENDED PAPERS ................................................................ 33 

4.1. PAPER 1 ..................................................................................................... 33 



xii  

 

4.2. PAPER 2 ..................................................................................................... 34 
4.3. PAPER 3 ..................................................................................................... 35 
4.4. PAPER 4 ..................................................................................................... 36 

RESULTS AND DISCUSSION .................................................................................... 39 

5.1. RESULTS AND DISCUSSION RELATED TO RQ 1 ..................................................... 39 
5.2. RESULTS AND DISCUSSION RELATED TO RQ 2 ..................................................... 44 
5.3. RESULTS AND DISCUSSION RELATED TO RQ 3 ..................................................... 55 
5.4. RESULTS AND DISCUSSION RELATED TO RQ 4 ..................................................... 60 

CONCLUSIONS, CONTRIBUTIONS, AND FUTURE RESEARCH................................... 69 

2.1. CONCLUSIONS ............................................................................................. 69 
2.2. CONTRIBUTIONS........................................................................................... 71 
2.3. SUGGESTED FUTURE WORKS ........................................................................... 72 

REFERENCES .......................................................................................................... 73 

 



 I n t r o d u c t i o n /  1 

 

 

Chapter 1 

Introduction and background 

This chapter starts by providing a brief introduction to track geometry 
degradation and maintenance to make the reader acquainted with the 
problem area. The research purpose is then stated, followed by a description 
of the research questions and research delimitations. Finally, the thesis 
structure is presented. 

1.1. Background 

Nowadays it is accepted as a proven fact that transport infrastructure is a 

key element for adding speed and efficiency to a country's progress. Railway 

assets are one of the most important factors for a country's progress and are 

considered as the “lifeline” of a nation.  

In recent years, rail transports have been experiencing an increase in 

demand for both passenger travel and goods transportation. This is mainly 

due to an increasing trend in population growth and economic development, 

together with an increasing global trade (Trafikverket 2019). For instance, in 

Sweden, the use of rail transport has increased dramatically over the past 26 

years, with an almost 100% increase for passengers and a 12% increase for 

freight traffic (European Commission 2019). The increased traffic volume 

leading to higher utilization of the existing railway network, which led to more 

severe railway track degradation (Nissen 2009). 

The railway infrastructure is a complex and distributed system which 

incorporates many components that work together to provide a high quality 

transportation service (Umiliacchi, Lane et al. 2011, Ghofrani 2020, Espling 

2007). The track is considered as one of the most critical components in the 

railway system, as the track quality is directly linked to the trains’ safety, ride 

comfort, and serviceability. The main role of the track is to guide the trains in 

a safe and economic manner with the designed level of ride comfort (Iwnicki 

2006).  

The track geometry is a key aspect of track construction and characterizes 

the track condition (Esveld 2001). Track geometry maintenance is an 

important part of railway infrastructure maintenance. A poor track geometry 

has a destructive effect on the rest of the track structure and increases the 
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energy consumption of trains and the risk of derailment (Zaayman 2017). A 

good track geometry quality provides a comfortable ride for passengers and 

prevents the track from wearing too quickly (Trafikverket 2017). The track 

geometry quality is subjected to continuous degradation with age and under 

usage and deviates with time from the designed vertical and horizontal 

alignment. There are five track geometry parameters, namely the longitudinal 

level, alignment, gauge, cant, and twist. On the basis of these geometry 

parameters, various track quality indices (TQIs) are built and used for track 

geometry quality assessment. Once a track geometry defect exceeds a 

predetermined maintenance limit, a proper maintenance action needs to be 

scheduled to retain the geometry quality on or restore it to an acceptable level. 

Activities that may be applied in track geometry maintenance are manual 

intervention, tamping and stone-blowing. However, tamping is the 

maintenance activity mostly applied to recover a degraded track geometry 

(Audley, Andrews 2013, Soleimanmeigouni, Ahmadi, and Kumar 2018). As 

discovered by several researchers, a proper planning and scheduling regime 

for track tamping is of crucial importance to maintain the track geometry 

quality on an acceptable level, while keeping the track availability, safety and 

capacity on a desirable level at the lowest possible cost (Budai, Huisman et al. 

2006, Gustavsson 2015, Zhang, Andrews et al. 2013, Sedghi 2020). 

In summary, it is obvious that the railway infrastructure is currently 

experiencing higher demands on track performance, capacity and service 

quality. As a result, a higher level of resilience against failure, robustness and 

availability at reduced cost is expected. This necessitates the development and 

implementation of an applicable and effective planning and scheduling system 

for track tamping. This requires an accurate estimation of the maintenance 

needs through the employment of track geometry degradation and restoration 

models in the short and long term. To achieve a more accurate prediction of 

the track geometry condition, one needs to integrate the track geometry 

degradation model, isolated defect models and tamping recovery models.  

Regarding the track geometry degradation model, one finds in the 

literature a wide variety of data-driven models for predicting track geometry 

degradation. The linear model is widely used in the literature to model the 

temporal track geometry degradation (Andrade, Teixeira 2012, 2013, 2015, 

Vale, Ribeiro et al. 2011, Caetano, Teixeira 2016, Guler, Jovanovic et al. 2011, 

Zhao, Jianmin, Chan et al. 2006). Another widely applied method is the 

exponential method (Soleimanmeigouni, Ahmadi et al. 2018, Lyngby 2009, 

Quiroga, Schnieder 2012, Gustavsson 2015, Famurewa, Xin et al. 2015, 

Famurewa, Juntti et al. 2016, Peralta, Bergmeir et al. 2018). Lichtberger 

(2005) points out that the linear rate of track geometry degradation finally 

changes to an exponential growth on the basis of the operational load and the 

track’s structural design. He mentions that this process generally occurs due 
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to sub-soil problems and ballast cleaning being performed too late. In order to 

capture the uncertainty in the degradation path, stochastic models are used 

by many researchers, for example the gamma process (Meier-Hirmer, Riboulet 

et al. 2009), the Wiener process (Soleimanmeigouni, Ahmadi et al. 2016, Letot, 

Soleimanmeigouni et al. 2016), the Markov chain (Bai, Liu et al. 2015, 

Shafahi, Hakhamaneshi 2009), the Petri net (Andrews 2013, Andrews, 

Prescott et al. 2014), and coloured Petri nets (Shang, Berenguer et al. 2017).  

The aforementioned models can be used to predict the track geometry 

degradation over time. However, in order to plan and schedule for 

maintenance activities, both the time and location for monitoring and 

modelling of the track geometry degradation are important (Bergquist, 

Söderholm 2015). In this regard, the section-to-section variation should be 

considered in the degradation modelling. In the literature, Guler (2014) 

applied an artificial neural network (ANN) to consider the effect of a set of 

influencing factors on the degradation rate of the track geometry parameters 

along a track line. In Lee, Hwang et al. (2018), an ANN and support vector 

regression were used to predict the track geometry degradation by considering 

a set of influencing factors. In Lyngby (2009), a multivariate regression model 

was used to identify the effect of independent variables (influencing factors) 

on the track geometry degradation. Soleimanmeigouni, Ahmadi, Khajehei et 

al. (2020) used random coefficients in their temporal degradation model to 

consider section-to-section variation in their model.  

In addition, isolated defects are the main source of corrective maintenance 

actions and operational disturbances. An ideal maintenance plan should 

consider the occurrence of isolated defects with the aim of minimizing their 

occurrence to ensure the reliability and safety of railroads. In this regard, 

Andrade, Teixeira (2014) applied logistic regression to predict the probability 

that a given track section would require unplanned maintenance due to a 

geometry defect. He, Li et al. (2015) proposed a degradation model to capture 

the changes in the amplitude of geometry defects and to predict the probability 

of geometry defect occurrence over a given time. Cárdenas-Gallo, Sarmiento 

et al. (2017) developed three algorithms, employing a gamma process to model 

the growth of defects over time, logistic regression to identify the relationship 

between the explanatory variables and the future state of defects, and a 

support vector machine to predict the probability of the occurrence of defects. 

They finally ensembled the models to reduce the bias and variance of the 

predictions. Alemazkoor, Ruppert et al. (2018) used survival analysis by 

considering a set of explanatory variables to predict the probability of the 

occurrence of geometry defects in a given period of time. Sharma, Cui et al. 

(2018) calculated the probability of the occurrence of geometry defects using a 

random forest, a support vector machine and logistic regression algorithms. 

Gerum, Altay et al. (2019) used a random forest and a recurrent neural 

network to predict the occurrence of geometry defects. To deal with 
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imbalanced data, they proposed a hybrid approach using particle swarm 

optimization. In Soleimanmeigouni, Ahmadi, Khajehei et al. (2020), ordinal 

logistic regression was applied to model the probability of the occurrence of 

geometry defects. In another study, Soleimanmeigouni, Ahmadi, Nissen et al. 

(2020) used a linear regression function to model the trend of the longitudinal 

level defects within a maintenance cycle. They also applied binary logistic 

regression to predict the probability of the occurrence of geometry defects in a 

track section.  

In order to model the evolution of track geometry degradation in multiple 

maintenance cycles and use for the purpose of track geometry maintenance 

planning and scheduling, one needs to model the effect of tamping on the 

degradation pattern. In the literature, Meier-Hirmer et al. (2005), Oyama, 

Miwa (2006), Vale, Ribeiro et al. (2011), Gustavsson (2015), and Li, Wen et al. 

(2015) estimated the effectiveness of tamping for restoring the track geometry 

by applying a linear regression model. In addition, in Quiroga, Schnieder 

(2012), the track geometry degradation and tamping effectiveness were 

modelled by means of the Monte Carlo simulation method. It was assumed 

that the recovery value after the nth tamping was a random variable, followed 

a lognormal distribution, and was dependent on the number of tamping 

actions. Audley, Andrews (2013) performed a statistical analysis and 

discovered that a two-parameter Weibull distribution could be used to 

estimate the time that it would take for the track to degrade to a certain level. 

In addition, the authors evaluated the effect of the maintenance history and 

the traffic speed on the Weibull parameters. Soleimanmeigouni, Xiao et al. 

(2018) and Soleimanmeigouni, Ahmadi, Khajehei et al. (2020) applied a 

multivariate linear regression model to predict the recovery values and the 

change in the degradation rate after tamping.  

As a best practice within railway tamping scheduling, the tamping of track 

sections can be grouped, which enables the application of opportunistic 

maintenance (OM). OM is a strategy to perform more tamping than necessary 

during the possession time assigned for preventive tamping work for the 

purpose of reducing the need for future tamping activities. The 

implementation of OM is highly important in the scheduling of track tamping 

activities due to the limited amount of maintenance equipment and the 

limited number of crew members normally at hand and the need to reduce the 

service interruption required for tamping interventions. In the literature, 

Budai, Huisman et al. (2006), Macedo, Benmansour et al. (2017), and Budai-

Balke, Dekker et al. (2009) clustered routine maintenance activities and 

projects with the aim of minimizing the track possession and the maintenance 

costs. Prescott, Andrews (2013) defined a maintenance threshold (below 

maintenance threshold which requires maintenance) at which there was a 

possibility of performing OM on track sections at that level with neighbouring 

track sections which had actually been judged to require maintenance. 
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Gustavsson (2015) proposed a mixed integer linear programming (MILP) 

model for tamping scheduling to minimize the cost of tamping in the given 

planning horizon. In this study, Gustavsson considered OM from the 

perspective of economic dependence by considering a setup cost in the model. 

Letot, Soleimanmeigouni et al. (2016) applied OM by merging those track 

sections which had an intervention time close to the tamping time. Wen, Li et 

al. (2016) tried to determine when and where to perform tamping to minimize 

the net percent cost of preventive tamping in a given time horizon. These 

authors determined the OM schedule by considering economic dependence in 

their cost model. Shang, Berenguer et al. (2017) considered the effect of 

economic dependence by grouping maintenance actions when there was a 

delay time to perform maintenance. Pargar, Kauppila et al. (2017) scheduled 

the preventive maintenance and renewal of a multi-component system by 

using a technique for grouping and balancing maintenance actions to 

minimize the maintenance and renewal costs. Kiefer, Schilde et al. (2018) 

scheduled the maintenance activities (tamping, grinding, and rail and switch 

replacement) of a tramway network by taking the possibility of grouping 

maintenance activities into account. Matsumoto, Miwa (2017) applied OM 

using a different approach, by building a model which assessed the effect of 

performing a combined maintenance planning for rail grinding and tamping. 

In addition, a number of studies have tried to combine the maintenance of 

different track components. For example, Caetano, Teixeira (2013, 2015, 

2016), and Zhao, Chan et al. (2009) investigated a maintenance planning 

which took into account the possibility of combining maintenance and renewal 

actions for the rail, sleeper and ballast. 

Although there is a considerable amount of literature published in the field 

of track geometry maintenance, a challenge that still remains is the 

integration of track geometry degradation models and isolated defect models. 

Such a model integration is needed to make it possible to predict the track 

geometry condition on the micro and macro levels for the purpose of track 

geometry maintenance planning and scheduling. In addition, it is vital to 

identify the effects of various covariates on track geometry degradation. New 

methods and frameworks are needed to assess different maintenance 

scenarios with respect to the overall track condition and maintenance cost. 

Furthermore, there is a need to develop models to optimize the scheduling of 

tamping by considering the challenges of track maintenance as a linear asset, 

with a view to enhancing the track reliability, availability and serviceability, 

and reducing the cost of maintenance. 
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1.2. Problem statement 

The railway track is a linear asset which spans long distances, as a result 

of which maintenance of the railway track geometry is complicated and 

presents different issues and challenges. The main complexity and challenge 

arise from the fact that, in addition to the time, the location of a point or a 

section needs to be taken into consideration when making track geometry 

prognoses and performing track geometry maintenance planning and 

scheduling (Bergquist, Söderholm 2015).  

In order to plan track geometry maintenance activities, the track is 

generally divided into sections of a specific length (typically 200 m). The 

degradation of the track geometry can vary along the track line due to many 

factors that heterogeneously influence the railway track (Esveld 2001, Guler, 

Jovanovic et al. 2011). These include, for example, the traffic, substructure, 

material properties, etc. This is called section-to-section variation. In this 

regard, a challenge is to identify the effect of the features/covariates 

influencing the track geometry degradation rate of the track sections and to 

use these covariates in track geometry degradation modelling. 

Traditionally, track geometry maintenance has mainly been based on 

aggregated quality indices (e.g. the standard deviation over a 200 metre 

section). Since the standard deviation summarizes a large number of geometry 

measurements in a track section, it may not provide information about the 

isolated defects that may exist in a track section (Soleimanmeigouni 2019). 

The occurrence of isolated defects of the track geometry is the main reason for 

unplanned maintenance activities. Isolated defects are short irregularities in 

the track geometry that can significantly influence the running behaviour of 

trains and negatively affect the track safety and serviceability 

(Soleimanmeigouni, Ahmadi, Nissen et al. 2020). Hence, it is of the utmost 

importance that one should identify the locations susceptible to the occurrence 

of isolated defects and consider these locations in the tamping scheduling. 

Nowadays, with the current advancements in the field of railway track 

geometry measurement technologies, massive foot-by-foot measurement data 

and event data (e.g. failure and maintenance data) are available. This 

provides the possibility of analysing track geometry defects on the micro and 

macro levels. Micro level analysis aims to describe the behaviour of an isolated 

defect. This can be achieved by modelling the trend of the change in the 

amplitude of the isolated defects of the track geometry. Macro level analysis 

aims to predict the occurrence of isolated defects using aggregated quality 

indices. The link between aggregated indices and isolated defect indices 

provides the opportunity for IMs to consider isolated defects in their track 

geometry maintenance planning and scheduling.  
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When the track geometry degradation exceeds the maintenance limits, this 

may lead to significant consequences, such as damage to the railway asset, 

economic loss and operational interruption, as well as the possible loss of 

human lives. In addition, a degraded track geometry affect subsequent loading 

and damage to the track (Karttunen, Kabo et al. 2012). Obviously, setting an 

inappropriate maintenance limit may result in an inefficient tamping regime, 

which will ultimately affect the overall track quality, safety and ride comfort, 

as well as the total related maintenance costs (Andrade, Teixeira 2016, 

Arasteh Khouy, Larsson-Kråik et al. 2016, Arasteh Khouy 2013, Prescott, 

Andrews 2013, Zhao, Jianmin, Chan et al. 2006, Meier-Hirmer, Riboulet et al. 

2009). In addition, an inappropriately assigned maintenance limit increases 

the risk of a poor track condition which requires operational actions such as 

speed reduction or line closure (Andrews, Prescott et al. 2014). Accordingly, 

an important challenge is to allocate an effective maintenance limit by 

considering both the standard deviation (implying an aggregated index) and 

isolated defects (implying a detailed index) indicators which take into account 

a variety of criteria, such as safety requirements, unplanned maintenance 

actions and maintenance costs.  

The next step is to schedule track tamping activities. Generally, the 

standard deviation of the longitudinal level is used to assess the overall 

condition of a track section and schedule track tamping activities. However, 

the standard deviation aggregates the track geometry measurements over a 

track section and, hence, may not provide complete information regarding the 

occurrence of severe isolated defects (Soleimanmeigouni, Ahmadi, Nissen et 

al. 2020). An effective preventive tamping regime for the track geometry 

should protect the track against the occurrence of isolated track geometry 

defects as much as possible. Therefore, an obvious challenge is to consider both 

the standard deviation indicator and the isolated defect indicator in track 

geometry condition evaluation and schedule for track tamping activities. 

Moreover, there is generally a limited possession time for tamping work, as 

well as a limited amount of equipment and a limited number of crew members 

at hand to perform the tamping tasks. Therefore, it is highly important to 

group tamping activities to make the best use of the available resources. In 

this regard, the challenge is to consider the useful life of track sections and 

the probability of the occurrence of isolated defects while grouping tamping 

activities for track sections.  

1.3. Research purpose and objectives 

The purpose of the research performed for this thesis was to develop data-

driven methodologies and optimization approaches to achieve an effective plan 

for railway track geometry maintenance. 
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In order to achieve the research purpose, the following objectives were set 

and achieved:  

i. to predict isolated defects of the track geometry on the micro and 

macro levels, 

ii. to develop a framework for the allocation of cost-effective track 

geometry maintenance limits,  
iii. to optimize track tamping scheduling activities by considering both aggregated 

and detailed quality indices and by applying the concept of opportunistic 

maintenance. 

1.4. Research questions 

In order to fulfil the objectives of the study, the following research 

questions were formulated:  

1. What are the effects of the operational and constructional covariates on 

the estimation of the track geometry degradation rate? 

2. How does one enhance the prediction and management of isolated track 

geometry defects? 

3. How does one allocate an effective track geometry maintenance limit to 

decrease the number of track interventions at reduced cost?  

4. How does one obtain an optimal tamping scheduling scenario considering 

the opportunistic maintenance concept? 

1.5. Scope and delimitation of the present research 

On the basis of the data availability and considering the industrial interest 

in the research field in question, as well as the research purpose and 

objectives, the scope and limitation of the research performed for this thesis 

are as follows.   

 There are two types of railway track systems, namely ballasted track 

and ballastless (slab) track. The focus of this thesis is on the 

maintenance of ballasted track and slab track is beyond its scope. 

 Since, in the current practice, tamping is the main maintenance 

activity performed to remedy a degraded track geometry, the planning 

and scheduling of tamping have been investigated in the research 

performed for this thesis. Other geometry maintenance activities such 

as stone blowing fall outside the scope of this research.  
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 Some data for assessing the effect of factors influencing the track 

geometry degradation, (e.g. water level and vegetation) were not 

available to us. Therefore, the data used for the investigation of factors 

influencing the track geometry were limited to the data received from 

Trafikverket.  

 There are five track geometry parameters (i.e. the longitudinal level, 

alignment, cant, gauge, and twist) which are used to analysis the track 

geometry condition. Since the longitudinal level is generally the main 

parameter which drives the need for preventive maintenance 

activities, this parameter was the one mainly considered for modelling 

the track geometry degradation and the other parameters were 

considered to a minor extent in the modelling.  

 Concerning the scheduling of tamping activities, based on the problem 

definition, the scheduling of tamping actions was limited to scheduling 

for the track line selected for the research and the railway network 

was not considered in the modelling.  

 When scheduling tamping activities, infrastructure managers (IMs) 

set the maintenance windows and possession time in advance based 

on a number of factors, such as the type of contract in question, the 

volume of the maintenance needs, the availability of the maintenance 

equipment and crew, and the train timetable. Hence, the main focus 

of the scheduling of tamping activities was directed on determining 

which track section would require tamping and which maintenance 

window would be used for assigning the possession time on the basis 

of the requirements and constraints in question. Therefore, the 

volume of traffic was not considered in the modelling.  

1.6. Structure of the thesis 

This thesis has been structured into six chapters as follows. Chapter 1: 

Introduction and background – This chapter introduces a brief background 

dealing with the importance of track geometry maintenance planning and 

scheduling, as well as stating the problems to be addressed in the thesis. In 

addition, Chapter 1 discusses and explains the research purpose and 

objectives, the research questions and the limitations of the research. Chapter 

2: Theoretical framework – In addition to providing the necessary concepts 

and theories relating to the research, this chapter discusses the theories that 

support track geometry degradation, maintenance strategies, and track 

geometry maintenance planning and scheduling. Chapter 3: Research 

methodology – This chapter describes how the research for this thesis was 

conducted, explaining the systematic approach followed and presenting the 
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research purpose. Also explained in this chapter is the step-by-step process of 

the research. Chapter 4: Summary of the appended papers – This chapter 

provides a summary of the four appended papers and highlights their findings. 

Chapter 5: Results and discussion – This chapter presents the results and a 

discussion of the results which is structured according to the research 

questions formulated. Chapter 6: Conclusions, contributions and future 

research – This chapter provides the conclusions that have been drawn from 

the achieved results. Also presented is a summary of the research 

contributions, as well as suggestions for future work. References – A list of 

references is provided. Appended papers – The four appended papers are 

included under this heading. The contents of these papers are summarized in 

different chapters of the thesis, for example in Chapter 4, Summary of the 
appended papers and Chapter 5, Results and discussion. 

 

 

 

 



 T h e o r e t i c a l  f r a m e w o r k /  11 

 

 

 

Chapter 2 

Theoretical framework 

This chapter provides the theoretical framework and the basic concepts 
used within the research performed for this thesis.  

 

The track geometry describes the position that each rail, or the track centre 

line, occupies in space (AREMA 2006). The defects and irregularities in the 

track geometry are mostly used to characterise the quality of the track and to 

plan track maintenance activities. The track geometry quality is subjected to 

continuous degradation with time and deviates from the designed levels due 

to various factors, for example dynamic track loads and structural and 

environmental conditions. It is necessary to maintain the track geometry 

quality on an acceptable level to assure the track safety and serviceability. 

The track quality is quantified through track geometry parameters, which are 

specified by projecting the track geometry into different planes (AREMA 

2006). There are five track geometry parameters, namely the longitudinal 

level, alignment, gauge, cant, and twist. The longitudinal level is the 

projection of the track geometry of each rail or the track centreline onto the 

longitudinal vertical plane (see Figure 2.1). The alignment is the horizontal 

track geometry, i.e. the track geometry of each rail or the track centreline 

projected onto the longitudinal horizontal plane (see Figure 2.1). The gauge is 

the distance between the inner sides of the rail heads (see Figure 2.1). The 

cant, which is also called the cross level, is defined as the height difference 

between the adjacent running tables and is computed from the angle between 

the running surface and a horizontal reference plane (see Figure 2.1). The 

twist is the algebraic difference between two cant values taken at a defined 

distance apart, usually expressed as the gradient between the two points of 

measurement (see Figure 2.1) (AREMA 2006, EN 13848-1 2003). 
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Figure 2.1 Track geometry parameters 

2.1. Track geometry measurement 

Track geometry measurement cars periodically run over the track and 

measure the track geometry parameters at specific sampling intervals 

(usually 25 cm). The main objectives of measuring track geometry parameters 

are to locate and identify the emergency defects and determine their order of 

priority, to assess the condition of the track with the aim of planning 

preventive maintenance activities, and to establish the effectiveness and 

adequacy of financial expenditure (Zaayman 2017). 

 Track geometry measurement cars are capable of measuring the most 

important track geometry parameters simultaneously. This characteristic 

creates the possibility of identifying correlations between different track 

parameters and recognizing their possible connections and mutual impacts 

(Auer 2013). These vehicles are equipped with different measurement systems 
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for measuring the geometry parameters. Examples of these measuring 

systems are non-contacting track geometry measuring systems, laser and 

video monitoring systems, corrugation and axle box acceleration measuring 

systems, and ultrasonic rail flaw detection systems (Auer 2013). In Sweden, 

there are two kinds of measurement cars currently in operation, i.e. the 

IMV200 (with a maximum speed of 200 km/h) and the IMV100 (with a 

maximum speed of 100 km/h), and these vehicles measure the track geometry 

parameters according to EN 13848-2 (2008). The IMV200 and the IMV100 are 

equipped with gyroscopes, accelerometers, lasers, cameras, and mirrors to 

record the track geometry measurements (Karis 2018, Iwnicki 2006). Figure 

2.2 is a schematic diagram showing the sensors installed on these vehicles.  

 

Figure 2.2 Track measurement system installed on the measurement cars, consisting 
of accelerometers (ACC) (lateral and vertical), a gyroscope, linear variable differential 

transformers (LVDTs), and an optical system with lasers and cameras 

As Figure 2.2 shows, the measurement system mounted on the 

measurement car measures the rotation and the vertical and lateral 

acceleration and displacement of the vehicle during travelling. Using these 

measurements, the track geometry parameters are calculated. Table 2.1 

provides the track geometry parameters and the corresponding sensors used 

to collect them. 
Table 2.1 Track geometry parameters and the methods used to measure them 

Parameters Sensors 

Longitudinal level Accelerometer 

Alignment Lateral accelerometer 

Gauge Laser system 

Cant Gyroscope 

Twist (Calculated using cant results) 
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2.2. Track geometry positional error 

The measured data have to be localized by synchronizing the measurement 

position with the reference point and measuring the distance travelled by the 

measurement car (EN 13848-2 2008). The travelled distance is measured 

using a tachometer and an odometer. First, the tachometer measures the 

number of wheel rotations based on the pulses generated by the passing gear’s 

teeth assigned on the wheel from the sensor. Then the odometer converts the 

number of wheel rotations per time unit into the travelled distance (Khosravi, 

Soleimanmeigouni et al. 2021, Weston, Roberts et al. 2015). By specifying the 

starting point, the measured data can be localized using the travelled 

distance. Since the accumulated error due to the sensors and the distance 

calculation can cause positional error, a GPS is used to correct this positional 

error. Moreover, there are markers along the track at fixed distances which 

can be used to reset the accumulated positional errors over long distances 

(Khosravi, Soleimanmeigouni et al. 2021). 

The collected track geometry measurements are data series which include 

the values of each track geometry parameter for each 25 cm of the track. The 

data series of each parameter in each inspection suffer from systematic and 

random uncertainties. The systematic uncertainty could be due to the 

limitations in the sensors’ ability to specify the exact location (Khosravi, 

Soleimanmeigouni et al. 2021). In addition, there are some random 

uncertainties that can cause positional error in track geometry 

measurements, such as the uncertainty caused by the slipping or sliding of the 

wheel during inspection, the weather conditions, the wheel wear, and the 

conicity of the wheels (see Figure 2.3) (Xu, Sun et al. 2013, Wang et al. 2018, 

Khosravi, Soleimanmeigouni et al. 2020, Khosravi, Soleimanmeigouni et al. 

2021). As can be observed in Figure 2.3, when wheel slipping occurs, the 

travelled distance is less than that which can be calculated from the wheel 

rotation, and when wheel sliding occurs, the travelled distance is more than 

that which can be calculated from the wheel rotation. In this regard, the 

slipping and sliding of a wheel lead to the stretching and compression of the 

datasets, respectively. Environmental conditions can also cause positional 

error. For instance, environmental conditions can cause changes in the 

coefficient of friction of the wheel-rail interface and result in more slipping or 

sliding of the wheel and even affect the accuracy of sensors (Weston, Roberts 

et al. 2015, Khosravi, Soleimanmeigouni et al. 2021). In addition, track 

geometry degradation is another cause of positional error, as it affects the 

accuracy of the travelled distance estimation. For example, suppose that we 

have three points on the track with a distance of 25 cm from each other (see 

Figure 2.3). If the track’s longitudinal level deviates by about 4 mm in the 

middle point, according to the Pythagorean theorem, the estimated travelled 
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distance is about 25.05 cm. Therefore, over a travelling distance of 1 km, 

considering this deviation as an average for 4000 points (each at a distance of 

25 cm from each other), the total above-mentioned deviation of the 

longitudinal level will result in an error of about 2 m (Khosravi, 

Soleimanmeigouni et al. 2021). 

To sum up, the above-mentioned factors negatively affect the accuracy of 

the positioning of the collected data and create a shift, a stretch or a 

compression in the data collected in one inspection run in relation to the data 

collected in the previous inspections (Ben-Daya, Kumar et al. 2016, Khosravi, 

Soleimanmeigouni et al. 2021). Therefore, data alignment is required to 

reduce the positional errors. In this regard, absolute position-based (APB) and 

relative position-based (RPB) methods can be applied to correct the positional 

error in the measurement data. APB methods correct the positional 

measurement data based on the absolute position of reference points along the 

track (Xu, Sun et al. 2013, 2016). RPB methods correct the positional 

measurement data according to the estimated positional shift relative to 

historical inspection data (Li, Xu 2010, Xu, Sun et al. 2016).  

 

Figure 2.3 Factors affecting the data measured in each inspection (Khosravi, 
Soleimanmeigouni et al. 2021) 

2.3. Track quality index 

The measured track geometry parameters are used to develop track quality 

indices (TQIs). The three indicators which are mainly used to assess the track 

geometry quality are the mean value and the standard deviation of the track 

geometry parameters over a defined length (usually 200 m), and the extreme 

values of isolated defects (EN 13848-5 2008).  
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According to EN 13848-6 (2014), the standard deviation is the TQI most 

commonly used in the European railway networks and is commonly calculated 

for the longitudinal level and alignment, filtered in the wavelength range of 

3-25 m. The standard deviation is used to show the dispersion of track 

geometry measurement data. A low standard deviation indicates that the 

track geometry measurements are close to the mean and a high standard 

deviation indicates that the track geometry measurements have a high 

dispersion around the mean value. Since the standard deviation summarizes 

a large number of track geometry measurements, it may not provide complete 

information about the extreme values of isolated defects that may exist in a 

track section (Soleimanmeigouni, Ahmadi, Nissen et al. 2020). Isolated defects 

are mainly used in maintenance planning to satisfy safety requirements (EN 

13848-6 2014). The number of extreme values of isolated defects which exceed 

a specified maintenance limit on a specified length of track can represent the 

track geometry quality (EN 13848-6 2014). In the research conducted for the 

present thesis, we have called the standard deviation an ‘aggregated quality 

index’ and the isolated defects a ‘detailed quality index’. 

The track geometry quality is analysed for a variety of purposes and, 

depending on the purpose of the analysis, EN 13848-6 (2014) defines three 

levels of aggregation: (1) the detailed level, supporting the analysis used for 

local maintenance decisions and short-term maintenance planning, (2) the 

intermediate level, supporting the analysis used for medium-term 

maintenance and renewal planning, and (3) the overview level, supporting the 

analysis needed for strategic decisions and useful for long-term network 

management. In this regard, the isolated track geometry defects are those 

most suitable for characterizing the track geometry on a detailed aggregation 

level. In addition, the standard deviation is more commonly used for 

assessment of the track geometry on the intermediate and overview 

aggregation levels (EN 13848-6 2014). 

2.4. Tamping process  

Track maintenance is essential for controlling the track geometry 

degradation and restoring the track to its functional state after the occurrence 

of a failure. Maintenance can be defined as a combination of all the technical, 

administrative and managerial actions to be performed during the life cycle of 

an item to retain it in, or restore it to, a state in which it can perform the 

required function (CEN 2010). With regard to railway track, tamping is the 

maintenance action most applied to remedy a degraded track geometry 

(Lichtberger 2005). Under repetitive dynamic loads from traffic, the track 

progressively moves and deviates from the designed vertical and horizontal 
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alignment. Tamping is used to re-arrange the ballast under the sleeper or 

restore the track geometry to an acceptable state (Zaayman 2017).  

Different stages of the tamping process are illustrated in Figure 2.4. 

During the process, the tamping machine moves to the tamping site and stops 

over the sleepers which need to be tamped. In the next step, the lifting and 

lining unit grips the rail under the crown, lifts the track and simultaneously 

displaces it laterally to the desired position, a position which was determined 

in the pre-measuring process. Next, the constantly vibrating tamping tines 

penetrate the ballast bed and, after the final depth has been reached, the 

squeezing movement starts and compacts the ballast under the sleepers 

(Neuhold 2020). 

 

Figure 2.4 Tamping process (Neuhold 2020) 

The most important reasons for performing tamping are to produce the 

required target-level position of the tracks, to rectify the defects in the 

position, and to produce uniform compacted sleeper supports of sufficient 

bearing capacity with the aim of improving the load distribution on several 

sleepers (Lichtberger 2005). The effect of tamping on longitudinal level defects 

before and after the tamping action is illustrated in Figure 2.5.  

It should be mentioned that tamping is able to remove track geometry 

defects with a wavelength range of 3-25 m. Geometry defects with a 

wavelength range of up to 3 m are mainly related to corrugation and can be 

corrected by rail grinding (Esveld 2001). In addition, tamping is an imperfect 

maintenance intervention and cannot rejuvenate the track geometry condition 

to an as-good-as-new state. Figure 2.6 shows a schematic diagram of track 

geometry degradation considering the effect of tamping. The imperfection of 

tamping as an intervention is due to the fact that the tamping tines break 

down the ballast particles. In fact, as can be observed in Figure 2.6, the effect 

of tamping decreases with an increase in the number of tamping actions, 

causing a loss of tamping quality. In addition, the degradation rate increases 

when more tamping actions are carried out (Audley, Andrews 2013, 

Soleimanmeigouni 2019).  
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Figure 2.5 a) Vertical alignment defect in the track geometry before tamping and b) 

the track after tamping with the defect removed (Zaayman 2017) 

 

Figure 2.6 Schematic diagram of track geometry quality and tamping effectiveness in 
the life cycle of the track  

(a modified version of a diagram appearing in Lichtberger (2005)) 

2.5. Track geometry maintenance practice 

In order to uphold the track geometry quality and safety on an acceptable 

level, Trafikverket has defined four main maintenance limits, namely the 

planning limit, the UH1 limit, the UH2 limit and the critical limit, for different 

track geometry indicators and based on different permissible speeds. Track 

irregularities that exceed the UH1 limit must be assessed for conducting 

maintenance before the UH2 limit is exceeded. For track irregularities 

exceeding the UH2 limit, a maintenance action must be taken without 

unnecessary delay. Therefore, track irregularities must be corrected before the 

UH2 limit is reached. If the track irregularity exceeds the critical limit, there 

is a potential risk of derailment and immediate actions such as corrective 
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maintenance, speed reduction or line closure must be taken. In addition, the 

assessment of the severity of the geometry defects is based on their amplitude, 

and UH1, UH2 and critical defects occur when the geometry defect amplitude 

exceeds the UH1, UH2 and critical limits, respectively.  

In addition, the European standard EN 13848-5 (2008), whose aim is to 

harmonise European track geometry quality, has determined the following 

three limits for maintenance actions, based on different permissible speeds.   

1. Immediate action limit (IAL): The IAL “refers to the value which, if 

exceeded, requires taking measures to reduce the risk of derailment 

to an acceptable level. This can be done either by closing the line, 

reducing speed or by correction of track geometry”.  

2. Intervention limit (IL): The IL “refers to the value which, if exceeded, 

requires corrective maintenance in order that the immediate action 

limit shall not be reached before the next inspection”.  

3. Alert limit (AL): The AL “refers to the value which, if exceeded, 

requires that the track geometry condition is analysed and considered 

in the regularly planned maintenance operations”. 

EN 13848-5 (2008) provides ALs for the standard deviation of geometry 

parameters and IALs, ILs and ALs for isolated defects. The IAL takes into 

account the track-vehicle interaction, as well as the risk of unexpected events, 

and is normative. The AL and IL are linked with the type of maintenance 

policy being implemented by each infrastructure manager and are 

informative. The purpose of the maintenance policy can be to uphold safety, 

achieve a good ride quality, lower the life cycle cost, or even provide more 

attractive services (EN 13848-5 2008). In fact, EN 13848-5 (2008) provides a 

range of values rather than a discrete value for the ALs. This means that 

infrastructure managers can set various ALs based on their maintenance 

policy to achieve the desired safety and ride quality and lower the life cycle 

cost.  

Generally, in practice, the standard deviation of the geometry 

measurements is used to control the need for preventive tamping activities, 

and the severity of isolated defects is used for corrective maintenance actions. 

According to the International Union of Railways (UIC), it is usually the short 

wavelength of the longitudinal level measurement that drives the need for 

track geometry maintenance activities (UIC 2008). This includes the 

measurement of single isolated track geometry defects, as well as the overall 

standard deviation of a short section of the track (usually a 200 m track 

section).  
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Figure 2.7 shows various maintenance action zones corresponding to limits 

associated with the standard deviation of the geometry measurements and the 

extreme values of isolated defects. Based on this figure, the following 

observations can be made.   

 When the standard deviation of the geometry measurements is less 

than the AL, no maintenance action will be performed, and when the 

standard deviation of the geometry measurements exceeds the AL, the 

track section/sections is/are monitored and considered for preventive 

maintenance actions. 

 When the indicator of an isolated defect is between the IL and IAL, 

corrective maintenance is carried out on the track geometry without 

any restriction of the track operation (i.e. speed reduction or line 

closure). Because this action is not based on any prior plan, its 

execution is more expensive than preventive maintenance.  

 When the indicator of an isolated defect exceeds the IAL, corrective 

maintenance along with operational restrictions (speed reduction or 

line closure) is carried out on the track geometry. 

 
Figure 2.7 Track geometry maintenance limits 

2.6. Track tamping scheduling 

In the following subsection, different types of track geometry maintenance 

strategies are presented, after which the problem of tamping scheduling is 

discussed.  
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2.6.1. Maintenance strategies  

Track geometry maintenance strategies can be divided into corrective 

maintenance strategies and preventive maintenance strategies, as shown in 

Figure 2.8 with a further sub-division of preventive maintenance strategies. 

Track geometry maintenance strategy

Corrective maintenance Preventive maintenance

Condition-based maintenance Time-/usage-based maintenance
 

Figure 2.8 Track geometry maintenance strategy 

Corrective maintenance: As the name implies, this strategy refers to 

actions that are not based on a prior plan (unscheduled maintenance) and are 

performed after a system failure has occurred for the purpose of restoring the 

track to a functional state. According to the standard EN 13848-5 (2008), 

corrective maintenance is performed to rectify the railway track geometry 

whenever the degradation has exceeded a specific maintenance limit (an IL or 

an IAL based on EN 13848-5 (2008) and a UH2 or critical limit based on 

Trafikverket (2015)). The possession time assigned for unplanned 

maintenance activities (corrective maintenance activities) will disturb the 

serviceability and cause delays in the scheduled train timetable (Zhang, 

Andrews et al. 2013, Patra 2009, Su, Jamshidi et al. 2017). In addition, 

generally corrective maintenance is carried out using non-advance tools that 

are not booked in advance and providing maintenance logistics and crews will 

be an issue for infrastructure managers. All these issues can lead to an 

unbearable total cost for corrective track geometry maintenance and reduce 

the effectiveness of the maintenance intervention, resulting in a reduction in 

the overall track geometry quality. Therefore, it is always desirable to reduce 

the number of corrective maintenance actions. 

Preventive maintenance: In order to prevent failures from occurring and 

reduce the maintenance costs, preventive maintenance can be applied. 

Preventive maintenance is based on prescribed planned procedures. In order 

to make use of resources better, to reduce the unavailability and cost due to 

unplanned maintenance actions, there is a need to shift from corrective 

maintenance to preventive maintenance. Preventive maintenance can be sub-

divided further into time-/usage-based maintenance and condition-based 
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maintenance (Ben-Daya, Kumar et al. 2016, CEN 2010, Murthy, Atrens et al. 

2002, Parida, Kumar 2006).  

Time-/usage-based maintenance: In this strategy, railway track sections 

are preventively maintained using a set of predetermined intervals. The 

intervals can be based on time or usage (i.e. tonnage). When applying time-

based maintenance (TBM), maintenance is preventively carried out on track 

sections at fixed time intervals, kT (k= 1,2,3,…), regardless of the history of 

the track maintenance. One of the drawbacks of TBM is that it does not 

consider the traffic volume of the track in question. To overcome this 

deficiency, usage-based maintenance (UBM) can be used. In the UBM policy, 

maintenance is carried out preventively at fixed traffic load (MGT) intervals. 

Both the TBM and the UBM policies are mostly considered as line tamping 

strategies for keeping the geometrical evenness of the track (Famurewa, 

Juntti et al. 2016). A problem with this approach is that it does not consider 

the actual condition of the track in question, which may lead to early and late 

tamping interventions (Umiliacchi, Lane et al. 2011). 

Condition-based maintenance (CBM): Whenever the degradation of a 

system can be tracked (i.e. through inspection), it is appropriate to base 

maintenance decisions on the condition of the asset rather than on its age or 

usage. Based on this line of reasoning, the condition-based maintenance 

strategy was introduced to enhance the effectiveness of maintenance decision 

making (Ahmad, Kamaruddin 2012, Alrabghi, Tiwari 2015, Ben-Daya, Kumar 

et al. 2016). CBM recommends maintenance actions based on the information 

received from condition monitoring. This maintenance strategy can 

significantly reduce the maintenance costs by avoiding unnecessary 

maintenance actions. However, the CBM programme needs to be properly 

established and effectively implemented (Jardine, Lin et al. 2006). Diagnostics 

and prognostics are two important aspects of a CBM programme. Diagnostics 

deals with the detection and identification of a fault when it occurs. 

Prognostics deals with the prediction of a fault before it occurs. Therefore, 

diagnostics is posterior event analysis, while prognostics is prior event 

analysis (Jardine, Lin et al. 2006).   

The latest and most desirable maintenance strategy is predictive 

maintenance, which involves trying to estimate the time when a fault is most 

likely to occur and performing maintenance interventions accordingly 

(Umiliacchi, Lane et al. 2011). Among all the aforementioned maintenance 

strategies, predictive maintenance is the most desirable and up-to-date 

strategy for railway track maintenance because of its ability to reduce track 

failures and consequently minimize the maintenance costs by extending the 

life of the track and allowing practitioners to plan maintenance ahead of time 

(Xie, Huang et al. 2020, Ghofrani 2020). 



 T h e o r e t i c a l  f r a m e w o r k /  23 

 

2.6.2. Track tamping scheduling 

Track tamping scheduling is important to make the best use of 

maintenance resources, prevent the occurrence of unexpected failures, 

increase the track availability and reduce the maintenance costs. In order to 

conduct tamping activities in a way that does not disrupt the normal traffic, 

infrastructure managers (IMs) set maintenance windows in advance. In the 

available maintenance windows, a fixed possession time is assigned for 

tamping work and during that time the track is free of traffic and regular 

service. When a tamping intervention is required, the main task is to answer: 

1) which maintenance window must be used to carry out the tamping activity 

and 2) which track sections must be tamped in the chosen maintenance 

window, with a view to reducing the maintenance costs and keeping the track 

quality on an acceptable level.  

When an isolated geometry defect occurs between maintenance windows, a 

corrective maintenance action is carried out using lightweight machines to 

rectify the defect. The rectification of isolated geometry defects between 

maintenance windows is costly and causes an unplanned delay in the normal 

train timetable and a disruption to the train serviceability. In the case of an 

unplanned maintenance action in a line section, the trains in the faulty line 

section should either continue after a delay on the remedied line section or be 

rerouted and continue on another line section. The occupation of other line 

sections will increase the traffic congestion, lead to more delay and cause train 

cancellations. In order to avoid such problems, it is crucial that one should 

schedule tamping activities in such a way that the number of corrective 

maintenance actions is minimized.  

Due to the normally limited number of maintenance resources and the 

normally limited amount of possession time available for tamping work, it is 

highly important that one should group the tamping of track sections to enable 

the application of opportunistic maintenance (OM). When assigning 

possession time for tamping work, it is in the power of IMs to decide the best 

time to perform the tamping of track sections, and they have the possibility of 

grouping the tamping of track sections for OM. For this purpose, the 

stochastic, structural and economic dependence of the track sections is taken 

into consideration (Khajehei, Haddadzade et al. 2020). The existence of 

stochastic dependence (Pham 2003, Thomas 1986, Castanier, Grall et al. 2005) 

means that the degradation in one track section may influence the 

degradation of other track sections. This type of dependence was proven by 

Andrade, Teixeira (2011) and Soleimanmeigouni, Xiao et al. (2018). They 

confirmed that there is a correlation between the degradation of a track 

section and that of adjacent track sections and that determining the 

dependence between different track sections provides an opportunity to group 
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the track sections better for tamping. Structural dependence means that 

performing tamping on a track section may affect the state of other track 

sections due to the physical interaction among track sections. In the economic 

dependence (Wang 2002, Gustavsson 2015, Nicolai, Dekker 2008), once a 

tamping activity has been triggered for a track section, the machines and 

logistics available for the tamping of that track section can be used for the 

tamping of other track sections and the maintenance cost can thereby be 

shared and thus reduced.   

Figure 2.9 illustrates the effect of OM on tamping scheduling. Figure 2.9.a 

shows an ungrouped tamping schedule, with the assumption that track 

section 2 and track section 3 will have reached the maintenance limit in 

maintenance windows 1 and 2, respectively. Two scenarios may follow for 

grouping tamping activities, i.e. one in which a planned tamping action is 

performed in an earlier window and one in which a planned tamping action is 

postponed and performed in a later window, as shown in Figures 2.9.b and 

2.9.c, respectively. Shifting the tamping of track section 3 from the second 

maintenance window to the first maintenance window will reduce the risk of 

unexpected events, but will increase the unused life of the track section due 

to the earlier performance of tamping (see Figure 2.9.b). On the other hand, 

shifting the tamping on track section 2 from the first maintenance window to 

the second maintenance window (tamping postponement) will reduce the 

unused life, but will increase the risk of unexpected events (see Figure 2.9.c). 

In both scenarios the number of used maintenance windows is reduced, which 

may lead to a significant reduction of the maintenance cost and increase the 

track capacity. However, it is important to consider the unused life of track 

sections and the probability of the occurrence of isolated defects when 

grouping the tamping of track sections. 

 

Figure 2.9 a) Preliminary tamping schedule without grouping, b) group maintenance 
activities achieved by earlier tamping and c) group maintenance activities achieved 

by tamping postponement 
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Chapter 3 

Research methodology 

This chapter starts by describing the research approach, after which the 
research purpose is provided. Finally, the research process and research 
method are presented, covering the problem formulation, data collection, data 
analysis and models.  

3.1. Research approach  

Research can be referred to a systematic method, consisting of expressing 

a problem, formulating a hypothesis, collecting facts and data, and analysing 

the facts and data, in order to reach some conclusion(s) regarding a specific 

problem (Kothari 2011).  

Research can be categorised into applied (action) research and 

fundamental (basic) research. The aim of the former is to find a solution for a 

problem facing society or an industrial organization, while the aim of the 

latter is to achieve a generalization and a formulation of a theory for future 

use (Kothari 2011). In the research for the present thesis, the problems and 

research questions were defined based on the needs and requirements of the 

railway industry, in combination with a gap analysis conducted through a 

literature review. In this research, data-driven techniques have been 

developed for prediction of the track geometry condition. A simulation-based 

framework has been developed to determine cost-effective track geometry 

maintenance limits. An optimal opportunistic tamping scheduling has been 

developed to minimize the maintenance costs and the number of unplanned 

maintenance actions. Since the aims of the research performed for this thesis 

have been to solve an existing problem in the railway industry, this research 

can be considered to be applied research.  

Furthermore, research approaches may be divided into qualitative and 

quantitative approaches. The qualitative approach generally relies on non-

numerical information (conveyed by words, for example), whereas the 

quantitative approach generally relies on numerical information (conveyed by 

numbers) (Johnson, Christensen 2019, Ahmadi 2010). The present research is 

based on both quantitative and qualitative approaches. Firstly, a qualitative 
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approach was employed to explore the challenges and issues in railway track 

geometry maintenance planning and scheduling. Secondly, a quantitative 

approach was used to predict track geometry degradation and to determine 

the optimal maintenance plan and schedule for track geometry maintenance 

activities. 

3.2. Research purpose 

The purpose of research is to explore and find answers to questions through 

scientific procedures (Kothari 2011). We can subdivide the purpose of research 

into the following three categories: exploration of a new topic (exploratory 

research), description of a phenomenon (descriptive research), and 

explanation of why something is occurring (explanatory research) (Neuman 

2014). Exploratory research is an initial stage of research in which one gains 

familiarity with a new phenomenon or a topic, and is useful in identifying a 

problem and laying the groundwork for future studies. Qualitative methods 

like a literature review are often used in this type of research. Descriptive 

research focuses on finding answers to questions such as ‘Who?’, ‘When?’, 

‘Where?’ and ‘How?’ in relation to the research problem. In attempting to 

provide an accurate description or picture of the characteristics of a 

phenomenon or a situation, descriptive research can use quantitative, 

qualitative and mixed research methods such as surveys, tests and 

measurements, and case studies (Johnson, Christensen 2019). The purpose of 

explanatory research is to answer the ‘why’ question to try to identify the 

reason why something occurs (Neuman 2014), and to try to establish evidence 

for cause-and-effect relationships (Johnson, Christensen 2019). 

The research performed for this thesis has been a combination of 

exploratory, descriptive and explanatory research. Firstly, exploratory 

research was carried out by digging into the literature and holding discussions 

with railway maintenance experts to become familiar with the concept of track 

geometry degradation, the maintenance of track geometry, degradation 

models, track geometry maintenance planning and scheduling, and the issues 

and challenges in the field. The outcome of this stage was identification of the 

research gaps and formulation of the research questions. Furthermore, the 

exploratory research performed helped us to gain knowledge about the 

selection and development of a case study. Then, after the gap identification 

using exploratory research, descriptive research and explanatory research 

were used to collect data, perform statistical analysis, and develop data-driven 

models. In particular, descriptive research and explanatory research were 

used to understand how to predict track geometry degradation, how to 

estimate the probability of the occurrence of isolated defects, how to allocate 

an effective track geometry maintenance limit, when and where to perform 
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tamping, and how to determine an optimal schedule for track tamping 

activities.  

3.3. Research process 

The research process consists of the series of steps that are necessary to 

perform the research in question effectively (Kothari 2011). Figure 3.1 shows 

an overview of the research process which was followed throughout the studies 

performed for the present thesis. The research process can be regarded as 

consisting of the following four main steps: problem formulation, data 

collection and preparation, modelling, and extracting results and reporting 

the findings. 

First step (Problem formulation): This step started by performing a 

comprehensive literature review on the topic of railway track geometry 

maintenance and holding regular discussions with railway maintenance 

experts with the aim of increasing our understanding of and insight into the 

topic, as well as discussing issues, challenges, and previous findings which we 

had retrieved from the literature. By digging into the literature and holding 

discussions with experts in the field, research gaps and problems were 

identified. Subsequently, the feasibility of the planned research was checked 

with respect to the required time, the required experience or knowledge, and 

the availability of the required data. If an identified problem was too time 

consuming or required certain knowledge not possessed by us, or if the 

required data were not available, then that problem was considered as a 

problem to be reserved for future research and the whole process (literature 

review, discussions and gap identification) was started again from the 

beginning. Finally the research questions were set accordingly.  

Second step (Data collection and preparation): After formulating the 

problem and defining the research questions, line sections which were 

appropriate for researching the problem were selected and the required data 

were collected. Then the collected data were cleaned and pre-processed using 

standards, expert opinions and data visualization. In addition, various data 

analyses were performed on the collected data to gain knowledge and extract 

suitable information about the data.  

Third step (Modelling): Depending on the type of problem under 

investigation, models need to be selected which are appropriate for solving the 

problem and finding solutions to the related research questions. In this step, 

various data-driven models were used to predict the track geometry 

degradation and model the effect of tamping. In addition, simulation and 

optimization techniques were used to allocate cost-effective maintenance 

limits and schedule track tamping activities. 
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Final step (Extracting results and reporting the findings): This step 

involved meticulous analysis of the results and reporting the results in journal 

papers and a thesis.   
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Figure 3.1 The research process 

3.4. Research method 

‘Research method’ refers to all the methods or techniques that are used for 

conducting the research in question (Kothari 2011). The research method 
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applied for the studies documented herein can be divided into three categories: 

problem formulation, data collection and preparation, and data analysis and 

modelling. 

3.4.1. Problem formulation 

In order to formulate the problem, we began by conducting a 

comprehensive literature review on track geometry maintenance. 

Simultaneously, we held regular discussions with railway maintenance 

experts to find the current issues and challenges in practice and share and 

discuss previous findings which we had retrieved from the literature. 

Regarding the literature review, systematic research was conducted through 

searching for literature in the three main relevant databases, i.e. Scopus, Web 

of Science and Google Scholar. The papers cited in the reference lists of the 

reviewed papers were also studied to identify more papers of relevance to the 

present research (Greenhalgh, Peacock 2005). A combination of the following 

keywords was used for searching in the mentioned databases: track geometry 

degradation, railway infrastructure management, tamping, track geometry 

maintenance planning, maintenance scheduling, and inspection. 

A number of tasks were conducted to filter the documents and to identify 

the papers most relevant to the scope of the present research. The titles and 

abstracts of all the papers were reviewed to exclude the papers that were not 

directly related to track geometry maintenance. More filtration was applied 

by skimming the whole texts of the papers to find out the most relevant 

documents among the papers selected in the first step. In addition, the search 

for conference papers was limited to those which had been cited in the journal 

papers or those which had been published in the past five years. The selected 

papers were classified according to their subject content and according to the 

aim of the paper. The papers in each category were studied and analysed all 

together to gain a better understanding of the trends in track geometry 

maintenance and to extract information on the current research gaps. Finally, 

after discovering the current research gaps through studying the literature 

and after determining the current needs of industry, research questions were 

set and a time plan was drawn up for achieving the research target and solving 

the research problems. 

3.4.2. Data collection and preparation 

Depending on the target problem, specific types of data need to be collected 

and analysed. The present research involved the collection of the following five 

types of data: track geometry measurement data, event data, asset 
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information data, cost data, and information from standards. Different 

sources were used for the data collection. Table 3.1 presents details of the data 

collected for each paper. In addition, Table 3.2 provides the data type 

corresponding to each collected parameter. The track geometry measurement 

data were collected from Optram. Optram is the system that has been used 

since 2007, formerly by Banverket (the former Swedish Rail Administration) 

and subsequently by Trafikverket, for studying the measurements performed 

on the track and overhead lines. The event data and the asset information 

data were collected from the BIS database. BIS is an asset register database 

which contains information on the infrastructure and facilities, agreements, 

and the history of tamping and grinding, based on the track objects and 

attributes. The event data include the records of activities performed on the 

track (e.g. installation and corrective and preventive maintenance) and their 

causes. The asset information data contain information such as the speed 

class, the existence of a level crossing or bridge, the material type and the 

asset age. 

In the next step, the data were cleaned and pre-processed to remove the 

errors in the data. This step was carried out by visualizing and checking the 

track geometry data and consulting railway maintenance experts. If 

necessary, the data collected from the two different databases (Optram and 

BIS) were compiled and structured so that they could be effectively managed 

and used for the purpose of modelling (see Paper 1). In addition, more analysis 

was performed on the data to check their usefulness and prepare them for 

analysis and modelling.  

Table 3.1 Details of the data collected for each paper 

 TGM data Event data Asset 

information 

Maintenance limit Line section (data 

collection period) 

Paper 1 SDLL TGM history 

Component 

replacement 

history 

Material type 

Material age 

Traffic 

Speed 

Track 

elements 

EN13848-5 

TDoK2013:0347 

311 (2011-2018) 

416 (2007-2018) 

422 (2007-2018) 

511 (2007-2018) 

612 (2011-2018) 

Paper 2 SDLL 

SD-twist 

Kurt-LL 

Kurt-

twist 

ISO-LL,  

ISO-twist 

TGM history Speed class EN13848-5 

TDoK2013:0347 

117 (2010-2020) 

Paper 3 SDLL 

ISO-LL 

TGM history 

 

Speed class EN13848-5 

TDoK2013:0347 

414 (2007-2015) 

Paper 4 SDLL 

ISO-LL,  

ISO-HA, 

ISO-twist 

TGM history 

 

Speed class EN13848-5 

TDoK2013:0347 

414 (2007-2018) 

TGM=track geometry measurement; SDLL=standard deviation of longitudinal level; LL=longitudinal 

level; HA=alignment; kurt=kurtosis; ISO=isolated defect; TDok=Trafikverket document 
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Table 3.2 Details of the data type corresponding to each collected parameter 
Parameter  Data type 

Standard deviation of 

longitudinal level 

 Decimal (mm) 

Standard deviation of twist  Decimal (mm) 

Isolated defects of longitudinal 

level 

 Decimal (mm) 

Isolated defects of alignment  Decimal (mm) 

Isolated defects of twist  Decimal (mm) 

Kurtosis of longitudinal level  Decimal (mm) 

Kurtosis of twist  Decimal (mm) 

Maintenance history  Integer 

Curvature  Decimal (1/m) 

Number of maintenance 

interventions 

 Integer 

Speed  Decimal (km/h) 

Ballast age  Time 

Sleeper age  Time 

Sleeper type  Enumeration (concrete, steel, …) 

Ballast type  Enumeration (M1, …) 

Rail type  Enumeration (UIC60, SJ50) 

Track elements 
 Enumeration (level crossings, 

drums, bridges) 

Soil type  String 

3.4.3. Modelling 

Different models and techniques were applied within the framework of this 

research to find solutions for the defined research questions presented in 

Chapter 1. Predictive models including data-driven models and machine 

learning techniques were used for various purposes. Data-driven models were 

used to predict the track geometry degradation, to model the effect of tamping, 

and to model the occurrence of isolated defects. Regarding machine learning 

algorithms, an ANN was used to estimate the track geometry degradation rate 

and a RUSBoost algorithm was used to classify the track sections into healthy 

and unhealthy sections. Optimization techniques including simulation-based 

optimization and mathematical programming were also implemented. A 

simulation technique was used to simulate the track geometry behaviour 

under various maintenance strategies for the track geometry condition. 

Mathematical programming was used to schedule track tamping activities. A 

genetic algorithm (GA), together with a heuristic algorithm, was used to solve 

the formulated mathematical problem. The methods and techniques used in 

the studies documented in Paper 1-4 are described further in Chapter 5, 

‘Results and discussion’. 

 

 



32 / S u m m a r y  o f  t h e  a p p e n d e d  p a p e r s  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S u m m a r y  o f  t h e  a p p e n d e d  p a p e r s /  33 

 

Chapter 4 

Summary of the appended papers  

This chapter provides a summary of the four papers appended to the thesis, 
and describes their contributions towards answering the research questions 
(see Table 4.1). Further information can be found in the appended papers. 

Table 4.1 Relationship between the appended papers and research questions 

  

P
a
p

e
r 

1
 

P
a
p

e
r 

2
 

P
a
p

e
r 

3
 

P
a
p

e
r 

4
 

RQ 1 

What are the effects of the operational and 

constructional covariates on the estimation of 

the track geometry degradation rate? 

+    

RQ 2 
How does one enhance the prediction and 

management of isolated track geometry defects? 
 + + + 

RQ 3 

How does one allocate an effective track 

geometry maintenance limit to decrease the 

number of track interventions at reduced cost? 

  +  

RQ 4 

How does one obtain an optimal tamping 

scheduling scenario considering the 

opportunistic maintenance concept? 

   + 

4.1. Paper 1 

Paper 1 presents a study in which an ANN model was applied to estimate 

the track geometry degradation rate and to explore the relative importance of 

various covariates in geometry degradation. In order to build the ANN model, 

data on the standard deviation of the longitudinal level and asset information 

data were collected for five line sections in Sweden. In order to develop an 

ANN model, it is highly important to collect an appropriate set of features. 

Therefore, the following 14 features were collected after discussions were held 

with railway maintenance experts: 1) the ballast age, 2) the maintenance 

history (the number of tamping interventions), 3) the rail type (SJ50 or 

UIC60), 4) the sleeper type (three types), 5) the sleeper age, 6) the existence 

of a drum, 7) the existence of a level crossing, 8) the existence of a bridge, 9) 

the track speed class (three types), 10) the average annual frequency of the 

trains passing along the track, 11) the degradation level after tamping or 
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renewal, 12) the curvature, 13) the ballast type (M or M1), and 14) the soil 

type. In the collected dataset, the ballast type was excluded from the set of 

features since less than 1% of the dataset belonged to one of the ballast types 

(M). In addition, since the collected data related to the soil type did not contain 

high-resolution information, this feature was not considered in the modelling 

either. In the study presented in Paper 1, the performance of the ANN model 

was assessed using the coefficient of determination (R2) and the mean squared 

error (MSE) by assigning training sample sizes ranging from 20% to 90% of 

the whole dataset. Randomization was used for selection of the training data 

to make sure that the training data would contain the whole range of the input 

dataset. The results show that the best results were achieved in terms of the 

R2 and MSE by using 80% of the data to train the model and 20% to test it. 

The next step was to determine a suitable architecture for the construction of 

the ANN model. The Levenberg-Marquardt back-propagation (LMBP) 

algorithm was used to train the model. The R2 and MSE were used as 

performance criteria to determine the suitable architecture with the best 

performance. The results show that the ANN model with ten neurons in the 

hidden layer had the best performance and, hence, that model was selected for 

the prediction of the track geometry degradation rate. The results show that 

the proposed ANN model could properly estimate degradation rates with an 

R2 of 0.85. In the study, the relative importance of the selected features for the 

track geometry degradation rate was also assessed by applying a Garson 

algorithm. The results show that the number of tamping interventions, the 

degradation value after tamping or renewal, and the average annual 

frequency of trains make the greatest contribution to the estimation of the 

track geometry degradation rate when comparing the different covariates in 

the set selected for the case study. 

4.2. Paper 2 

In the study documented in Paper 2, the twist and the longitudinal level 

defects were analysed through a case study performed on a heavy haul line 

section located between Murjek and Gällivare in the north of Sweden. The 

trends of the changes in the amplitude of the twist and the longitudinal level 

defects were analysed to predict when a certain defect would exceed the UH2 

limit. The results of the analysis show that the evolution of the amplitude of 

the twist and the longitudinal level defects had a linear pattern. In addition, 

it was observed that the average degradation rate of the twist was higher than 

that of the longitudinal level defects in the performed case study. 

Furthermore, different types of defect shapes were identified in the performed 

case study and the application of first- and second-order derivatives to identify 

the shape of defects was investigated. It was observed that the bump-shaped 

defect was the most frequent type of defect. In addition, most of the bump-
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shaped and damped-sinusoid-shaped defects were observed in plain sections 

and almost all the cusp-shaped defects were observed in switches and 

crossings. Moreover, plateau-shaped defects were observed in transition 

curves. These results can be used for the purpose of prioritizing local 

maintenance activities. Furthermore, considering that the data were 

imbalanced, a RUSBoost algorithm was used to classify sections into healthy 

sections (those without a UH2 defect) and unhealthy sections (those with at 

least one UH2 defect) by considering the standard deviation of the 

longitudinal level, the kurtosis of the longitudinal level, the standard 

deviation of the twist and the kurtosis of the twist as explanatory variables. 

The results of the classification show that the standard deviation and the 

kurtosis of the geometry parameters form a suitable combination of input 

variables for achieving a successful classification. The results show that for 

the LL defects, the model correctly predicted 93.25% of the unhealthy track 

sections and only 3.6% of the healthy track sections were incorrectly labelled 

as unhealthy track sections. In addition, 96.4% of the healthy sections were 

correctly labelled and only 6.75% of the unhealthy track sections were 

incorrectly labelled as healthy sections. Regarding the twist results, the model 

correctly predicted 91% of the unhealthy track sections and only 9% of the 

unhealthy track sections were labelled as healthy sections. Moreover, 92.8% 

of the healthy sections were correctly labelled and 7.2% of the healthy sections 

were labelled incorrectly as unhealthy ones. Paper 2 also presents different 

types of anomalies in the geometry degradation pattern observed in the 

performed case study. The results presented in Paper 2 show that a 

combination of the standard deviation and the kurtosis of geometry 

parameters can be a useful measure for identifying anomalies in the 

degradation pattern. 

4.3. Paper 3 

Paper 3 proposes a simulation-based framework to determine the effective 

track geometry maintenance limit which minimizes the total maintenance 

costs. The framework considers prediction models for track geometry 

degradation on the micro and macro levels, as well as a cost model for 

assessing the effect of different maintenance limits. In the framework, a linear 

model is used to predict the track geometry degradation over time. Ordinal 

logistic regression is applied to predict the probability that isolated 

longitudinal level defects will exceed the IL and IAL by considering the 

standard deviation of the longitudinal level as the explanatory variable. The 

tamping recovery is modelled using linear regression by considering the 

degradation value before tamping and the tamping type (partial or complete 

tamping) as explanatory variables. All the models are integrated along with a 

maintenance strategy to assess the long-term behaviour of the track. In the 
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study presented in Paper 3, a cost model was also developed by considering 

the cost associated with inspection, preventive maintenance, normal 

corrective maintenance and emergency corrective maintenance that leads to 

speed reduction or line closure. Due to the complexity of the problem, 

specifically the interaction between the degradation process and the 

maintenance process, the analysis of the whole process was carried out using 

Monte Carlo simulation to estimate the mean number of preventive 

maintenance actions, the mean number of normal corrective maintenance 

actions and the mean number of emergency corrective maintenance actions.  

A case study was performed using data collected from the Main Western 

Line in Sweden. The results show that a range of maintenance limits can be 

selected for use in an effective scenario in terms of maintenance costs. 

However, in terms of safety aspects, it is recommended that one should select 

the lower bound limit within a region of effective maintenance limit. In order 

to assess how the uncertainty in various parameters can affect the optimal 

maintenance limit, a set of sensitivity analysis were conducted on emergency 

corrective maintenance cost, inspection interval, and maintenance response 

time. The results show that the lower maintenance limits need to be assigned 

for tracks with a high cost for emergency corrective maintenance actions (e.g. 

main tracks with high traffic congestion). In addition, the results indicate that 

length of inspection interval has a significant effect on the mean number of 

emergency corrective maintenance actions. Finally, the results show that the 

number of preventive maintenance actions is not sensitive to different 

response times. It should be mentioned that the main reason is that 

preventive maintenance is carried out on the track at predetermined times 

intervals. However, the response time for maintenance actions can affect both 

the mean number of normal and emergency corrective maintenance actions. 

4.4. Paper 4 

The focus of Paper 4 was directed on scheduling tamping activities in such 

a way that the total maintenance costs and the number of unplanned 

maintenance actions would be minimized. In the study presented in this 

paper, the track tamping activities were scheduled by considering the 

standard deviation of the longitudinal level and the extreme values of the 

isolated defects of the longitudinal level, alignment and twist as the track 

quality indicators. An exponential model and a binary logistic regression 

model were used to predict the track geometry degradation and estimate the 

probability of the occurrence of isolated defects, respectively. Moreover, the 

destructive effect of tamping was also considered in prediction of the track 

geometry condition over multiple tamping cycles. The tamping scheduling 

problem was formulated as a mixed integer linear programming (MILP) 
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model. OM was considered in the model in the form of economic and structural 

dependence. The objective function considered three main components, i.e. the 

cost of preventive tamping, the cost associated with the occurrence of UH2 

defects, and the cost related to the unused life of track sections due to the early 

performance of tamping interventions. In order to assess the performance of 

the model, a case study was carried out on the data collected from the Main 

Western Line in Sweden. The optimal tamping schedule was determined by 

defining three different scenarios, namely a pessimistic maintenance policy, a 

base case policy and an optimistic maintenance policy. The scenarios were 

defined by considering the relationship between the standard deviation of the 

longitudinal level and the probability of the occurrence of UH2 defects and by 

applying three cut-off values. The problem of tamping scheduling was solved 

using a genetic algorithm. The results obtained using the model proposed in 

Paper 4 enable infrastructure managers to examine the effect of different 

scenarios on the control and management of isolated defects of the track 

geometry. In the study documented in this paper, an investigation was 

performed of the effects of the following factors on the optimal tamping 

scheduling: 1) the change in the degradation rate parameter, 2) the fixed cost 

of tamping, 3) the unused life of track sections and 4) the tamping machine 

speed. The results demonstrate that predicting the track geometry 

degradation without considering the destructive effect of tamping will lead to 

underestimation of the maintenance needs. The results of the sensitivity 

analysis on the fixed cost of tamping show that the lower the fixed cost of 

tamping is, the more maintenance windows are occupied for tamping 

operations. When there is a lower fixed cost, the model tends to schedule 

tamping actions when the track sections approach the upper bound of the 

maintenance limit. Concerning the effect of the unused life of track sections 

on the optimal tamping scheduling, Paper 4 points out that a model which 

does not include the unused life in the objective function selects more track 

sections as candidates for conducting earlier tamping actions and, 

consequently, shortens the life cycle of track sections. Therefore, it is 

important to consider the unused life of track sections as a parameter in the 

model. Regarding the effect of the tamping machine speed on the optimal 

tamping schedule, the results show that the travelling speed has a negligible 

effect on the final results and can be ignored in the modelling. However, 

tamping machines with higher tamping speeds and faster production rates 

can significantly improve not only the optimal schedule, but also the costs of 

maintenance. Based on the analysis, Paper 4 concludes that tamping 

machines with higher tamping speeds provide greater flexibility and more 

opportunities for maintenance contractors to perform tamping on more track 

sections (if necessary) in a shorter period of time. 
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Chapter 5 

Results and discussion 

This chapter presents the results of the research performed for this thesis 
and a discussion of them based on the research questions (RQs) formulated.  

5.1. Results and discussion related to RQ 1  

RQ 1: What are the effects of the operational and constructional covariates 
on the estimation of the track geometry degradation rate? 

The section-to-section variation in the track geometry degradation rate is 

due to the effect of the operational, constructional and environmental 

covariates. Therefore, it is of great importance to estimate the degradation 

rates of track sections considering these covariates and to identify their effect 

on the degradation rate. 

In the study documented in Paper 1, an artificial neural network (ANN) 

technique was used to estimate the track geometry degradation rate in spatial 

space using the operational and constructional covariates. In this connection, 

the potential covariates were identified through discussion with railway 

maintenance experts. The preliminary list of selected covariates (features) 

included the following: the ballast age, the maintenance history (the number 

of tamping interventions), the rail type, the sleeper type, the sleeper age, the 

existence of a drum, level crossing or bridge, the speed, the average annual 

frequency of the trains passing along the track, the degradation level after 

tamping or renewal, and the curvature, ballast type, soil type, vegetation 

density and water level. In the next stage, we collected data for five line 

sections. In the collected dataset, the soil type did not have sufficient 

resolution and was excluded from the list. The data related to the vegetation 

density and water level were not available and they were left for future 

research. After the data collection, considerable effort was spent cleaning, 

structuring and preparing the data for the construction of an ANN model. In 

addition, data on the standard deviation of the longitudinal level (SDLL) were 

collected to estimate the degradation rate in each maintenance cycle using the 

linear regression method (for details, see Paper 1, Section 4.1).  
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In order to develop the ANN model, the data were split into a training and 

a test set. The Levenberg-Marquardt back-propagation (LMBP) algorithm was 

used to train the model and find the optimal connection weights. Eighty 

percent of the total sample data were used to train the ANN model and the 

remaining 20% were used to test it. In order to determine a suitable 

architecture for the ANN model, several models with different numbers of 

neurons in the hidden layer were built and their performance was assessed 

using the coefficient of determination (R2) and the mean squared error (MSE). 

The R2 shows how strong the linear relationship is between the predicted 

degradation rate and the actual rate. The MSE measures the average of the 

squared errors and the smaller is the value of the MSE, the closer we are to 

the best fitted line. The results of the track geometry degradation estimation 

using the ANN are presented in Table 5.1. The results show that by increasing 

the number of neurons from three to 20, the R2 of the training set increases; 

however, the R2 of the test set decreases for ANN models with more than ten 

neurons in the hidden layer. In addition, the MSE for the training set 

decreases by increasing the number of neurons, while the model with ten 

neurons has the smallest MSE for the test set, which shows a better fit. 

Therefore, the ANN model with ten neurons in the hidden layer results in the 

best performance for the estimation of the track geometry degradation.  

Table 5.1 Performance of the ANN model with different numbers of hidden neurons 

 Training set Test set 

No. of hidden neurons R2 MSE R2 MSE 

3 0.875 7.59E-4 0.759 21.00E-4 

5 0.890 6.85E-4 0.774 14.00E-4 

7 0.900 6.63E-4 0.818 10.00E-4 

10 0.906 5.90E-4 0.850 09.37E-4 

15 0.914 5.32E-4 0.818 12.00E-4 

20 0.934 4.14E-4 0.791 16.00E-4 

The results for the degradation rates estimated using the ANN and the 

actual values are presented in Figure 5.1. This figure shows that with the 

considered set of constructional and operational covariates, the ANN model is 

able to predict the track geometry degradation rate with an R2 of 0.85. In order 

to improve the accuracy of the proposed ANN model, we can incorporate other 

factors, such as the soil type, water level, and vegetation density in the future.   
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Figure 5.1 Predicted vs observed values for both datasets 

In order to provide an example of the performance of the proposed ANN 

model, a sample of six track sections was selected and their estimated 

degradation rates were compared to the actual values. Table 5.2 presents the 

covariates of the samples. The covariates (x1 to x12) were input into the ANN 

model and they were normalized between 0 and 1, to guarantee stable 

convergence of the ANN weights and biases. As shown in Figure 5.2, by 

comparing the estimated and the actual degradation rates, it can be inferred 

that the proposed ANN model can be used to estimate the degradation rates.  

Table 5.2 An example of the prediction of the track geometry degradation rate using 
the proposed ANN model 

Sec. Feature index 

ID 𝑥1 𝑥2 𝑥3 𝑥4 𝑥5 𝑥6 𝑥7 𝑥8 𝑥9 𝑥10 𝑥11 𝑥12 

1 0.33 0.4 0 0.5 1 1 1 0 1 0.13 0.54 0.37 

2 1 0 1 1 0 0 0 0 1 0.13 0.09 0.00 

3 0.33 0.2 1 1 1 0 0 0 1 0.13 0.32 0.21 

4 0.33 0.6 0 1 1 1 1 1 0.5 1 0.47 0.76 

5 0.33 0.4 0 0 1 0 0 0 0.5 1 0.11 0.97 

6 0.67 0 1 1 0.67 1 0 0 1 0.09 0.24 0.54 

 
Figure 5.2 Comparison of the degradation rates of the sample 

of six track sections estimated by the ANN model and the actual rates of the sections 
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An additional task of the study presented in Paper 1 was to identify the 

relative importance of the observed operational and constructional covariates 

for the geometry degradation rate. Garson’s algorithm was applied to assess 

the relative importance of the input parameters. Table 5.3 shows the 

percentages of the relative importance of the covariates for the prediction of 

the geometry degradation rate, along with the rank of each feature. The 

results show that the maintenance history (the number of tamping 

interventions), the degradation level after tamping or renewal, and the 

average annual frequency of trains are the three most important covariates 

contributing to the estimation of the track geometry degradation rate when 

comparing the covariates in the considered set with one another. 

Table 5.3 Relative importance of the input variables based on Garson’s algorithm 

Feature 

index 

Feature name Relative  

importance (%) 

Rank 

𝑥2 the number of tamping interventions  16.13 1 
𝑥11 degradation level after tamping or renewal 11.79 2 

𝑥10 average annual frequency of trains 9.51 3 
𝑥9 track speed class 7.97 4 
𝑥1 ballast age 7.81 5 
𝑥5 sleeper age 7.78 6 
𝑥4 sleeper type 7.45 7 
𝑥7 level crossing 7.29 8 

𝑥3 rail type 6.69 9 
𝑥8 bridge 6.58 10 
𝑥12 curvature 6.32 11 
𝑥6 drum 4.64 12 

The results show that the number of tamping interventions makes the most 

important contribution to the estimation of the track geometry degradation 

rate. This is in line with findings presented in the literature regarding the 

destructive effects of tamping. Audley, Andrews (2013) and 

Soleimanmeigouni, Ahmadi et al. (2018) also showed that consecutive 

tamping activities increase the track geometry degradation rate. This means 

that, in general, the more numerous the tamping actions carried out on a track 

section are, the higher is the degradation rate to be expected, owing to the 

destructive effect of tamping on the ballast particles. 

An ANOVA test was used for further investigation of the effect of the 

number of performed tamping interventions on the track geometry 

degradation rate. Since the distribution of the original data follows a 

lognormal distribution, a log-transformation was applied on the original data 

to satisfy the normality assumption. The result showed that the means are 

not equal. This means that there is a difference in the degradation rate 

depending on the number of performed interventions. In the next step, it was 

of interest to determine how many groups there were with a different average 

degradation rate. In this connection, a Tukey test was applied to perform a 
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pairwise comparison of the group means. Table 5.4 presents the results of the 

Tukey test. The degradation rates can be divided into four separate groups, as 

shown in Table 5.4. It can be inferred that, in general, performing more 

tamping actions will increase the degradation rate.  

Table 5.4 Results of the Tukey test 

Factor Mean 95% CI Grouping 

Tamping5 -1.27240 (-1.28707, -1.25774) A    

Tamping4 -1.08430 (-1.10072, -1.06788) A B   

Tamping3 -0.9561 (-0.9825, -0.9297)  B   

Tamping2 -0.8812 (-0.9347, -0.8276)   C  

Tamping1 -0.7024 (-0.8670, -0.5377)    D 

The results obtained using Garson’s algorithm also show that the 

degradation level after tamping or renewal has the second highest relative 

importance among the set of features. Generally the higher the initial 

degradation level is, the quicker is the degradation growth and the shorter is 

the tamping cycle. In addition, tamping is sometimes only performed on a part 

of a track section, which is called partial tamping. Partial tamping is less 

effective than complete tamping. As a result, one can expect to discover a 

higher degradation level and rate after a partial tamping intervention than 

after complete tamping.  

The frequency of the trains passing along the track was found to have made 

the third most important contribution when comparing the operational and 

constructional covariates in the set studied. One possible reason is that the 

more trains there are passing along the track, the more repetitive are the 

forces applied to the track. The cyclic loading caused by trains pumps up fine 

grains inside the ballast from the subgrade formation, which leads to a 

blockage of the surface water running through the ballast and causes a rapid 

degradation of the track geometry parameters (UIC 2008). In addition, 

increasing the frequency of the trains will magnify the effect of the defects in 

the rolling stock on the track geometry degradation rate. For instance, if the 

wheels of a train suffer from out-of-roundness, this will subject the track to 

high dynamic forces (UIC 2008).  

Finally, the results showed that the track speed class, ballast age, sleeper 

age and sleeper type, and the existence of a level crossing made a roughly 

equal contribution to the estimation of the track geometry degradation rate. 

Although these covariates have less importance, they still partially explain 

the variation in the degradation rates of the track sections. Therefore, the 

contribution of these features cannot be ignored in the modelling.  

According to the results, the first three features, namely the number of 

tamping interventions, the degradation level after tamping or renewal, and 

the frequency of the trains passing along the track, have the highest effect on 
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the degradation rate (see Table 5.3 for rank 1-3). These features are 

operational covariates and are under the control of the IMs. This information 

can be used further to implement efficient operation and maintenance 

scenarios to achieve a lower degradation rate and better ride comfort.  

5.2. Results and discussion related to RQ 2  

RQ 2: How does one enhance the prediction and management of isolated 
track geometry defects?  

Nowadays, the majority of researchers have shifted their attention towards 

using foot-by-foot track geometry data. These data provide the opportunity to 

perform track geometry diagnostics and prognostics on a more detailed level. 

To answer RQ2, foot-by-foot geometry measurement data were used to analyse 

and model isolated track geometry defects on the micro and macro levels. 

Figure 5.3 shows the process of analysis followed to answer RQ2, starting with 

data collection. Since isolated geometry defects are location-specific, data 

alignment is an important prerequisite for reducing the positional error for 

the analysis of geometry defects on the micro level. In micro-level analysis, the 

main task is to model the evolution pattern of single longitudinal level (LL) 

defects and twist over time. Another task is to analyse and identify the shape 

of the isolated track geometry defects, as an important factor affecting vehicle-

track interaction, using first- and second-order derivatives of track 

irregularities in spatial space. In addition, anomalies in the track geometry 

degradation are analysed. On the other hand, in macro-level analysis, the 

main task is to identify the relationship between the aggregated quality 

indices and the isolated track geometry defects. This is of crucial importance 

since the current maintenance practice is based on aggregated indices 

computed for track sections of a specific length, e.g. 200 m.  

Data alignment 

The first step towards using foot-by-foot track geometry measurement data 

is to align the track geometry data recorded in multiple inspections. Generally, 

the track geometry data obtained by measurement cars suffer from positional 

errors. The study presented in Paper 2 applied a cross-correlation function 

(CCF) algorithm to align the data in different inspection runs. The aligned 

data provide the opportunity to follow the trend of repetitive isolated track 

geometry defects.  
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Figure 5.3 The process followed to answer RQ2 

Micro-level analysis  

The following sub-sections provide the main results from a case study on a 

heavy haul track line in northern Sweden presented in Paper 2.  

Identification of the degradation pattern of isolated defects 

In the study documented in Paper 2, the pattern of the changes in the 

amplitude of the LL defects and twist were analysed. To achieve this, the three 

LL defects and three instances of twist with the highest and lowest amplitude, 

along with their positions in all track sections in each inspection run, were 

extracted from the dataset. Figure 5.4a and 5.4b show the changes in the 

amplitude of the LL defects and twist, respectively. The results of the analysis 

show that the evolution of both defects has a linear trend within a 

maintenance cycle. Therefore, a linear regression was applied to predict the 

evolution of the amplitude of the LL defects and twist.  

  

(a) (b) 
Figure 5.4 a) Changes in the amplitude of the LL defects over time, b) changes in the 

amplitude of the twist over time 

Data 
collection

• Foot-by-foot track geometry measurements for twist and LL defects

• Aggregated quality indices, i.e. SDLL, kurtosis of LL, SD of twist, and kurtosis of twist

• Position of defects

• Maintenance history

Data 
alignment

• Reducing positional error using the cross correlation function (CCF)

Micro level

• Using foot-by-foot measurements by applying linear regression to predict the 
occurrence of geometry defects

• Considering the derivatives of track irregularities to analyse the shape of defects

• Performing anomaly detection

Macro level

• Identifying the relationship between the aggregated quality indices and the occurrence 
of isolated geometry defects using machine learning techniques
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In order to validate that linear regression was a proper choice, the 

normality assumption for the residuals was tested using the Kolmogorov-

Smirnov (KS) test. The results for both the LL and the twist tests showed that 

the p-values were larger than the significance level of 5%. Therefore, it can be 

concluded that the normality assumption for the residuals of the linear 

regression for both the LL defects and the twist was valid for our case study. 

In addition, in order to check the prediction accuracy of the model, the actual 

times to reach the UH2 limit for LL defects were extracted from the dataset 

and compared to the predicted times from the proposed linear regression, see 

Figure 5.5. The results show that the proposed linear model has an acceptable 

accuracy with an R2 of 0.93.  

The research presented in Paper 2 shows that the uncertainty in the 

degradation pattern of isolated defects is negligible and a simple linear model 

with a normal error term can successfully be used to predict their occurrences. 

The proposed model on the micro-level helps IMs to predict when a UH2 defect 

will occur. This information can be used to plan maintenance actions to rectify 

geometry defects before they reach a problematic state.  

 
Figure 5.5 Predicted vs actual time to reach the UH2 limit for the LL defects 

In another attempt in the case study presented in Paper 2, the degradation 

rates of the LL defects and twist categorized into five groups, as presented in 

Table 5.5. Table 5.5 shows that the majority of the LL defects and instances 

of twist have a low degradation rate (0-1 mm/year). However, around 6% of 

the LL defects and 15% of the instances of twist have a significantly high 

degradation rate and must be carefully considered for maintenance planning. 

Table 5.5 Percentage rate of change in the amplitude of the LL defects and twist  

Rate (mm/year) 0-1  1-2  2-3  3-4  >4  

LL 78.87% 14.73% 4.12% 1.27% 1.00% 

twist 66.51% 17.78% 8.31% 3.35% 4.04% 
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In addition, to compare the rates of the LL defects and twist, two sample t-

test were applied using a 5% significance level. A Box-Cox transformation was 

carried out prior to the test on the original data to satisfy the normality 

assumption of the tests. The results of the t-test showed that the degradation 

rate for the twist was greater than the degradation rate for the LL defects in 

the performed case study. Therefore, special attention needs to be paid to twist 

and instances of twist should be considered in the analysis to reduce the 

number of hazardous events.  

Analysis of the defect shape 

In the current practice and standards, the severity of the defect is mainly 

based on the amplitude of the defect. However, the dynamic force between the 

wheel and rail highly depends on the defect shape. In order to address this 

issue, in another attempt into micro-level analysis, the defect shapes were 

identified using first- and second-order derivatives of the track irregularities. 

The first- and second-order derivatives of track irregularities provide 

information about the slope and the curvature of the defects, respectively. By 

analysing the shape of the LL defects detected in the case study performed in 

Paper 2, four types of shapes, namely the cusp, bump, damped sinusoid, and 

plateau, were found in the dataset. Examples of the four types of defects are 

presented in the left-hand panels of Figure 5.6. It was observed that the bump-

shaped defect was the most frequent type of defect. In addition, most of the 

bump-shaped and damped-sinusoid-shaped defects were observed in plain 

sections and almost all the cusp-shaped defects were observed in switches and 

crossings. In addition, plateau-shaped defects were observed in transition 

curves.  

In Figure 5.6, the locations of the defects are shown with a red dashed 

circle. The middle and right-hand panels of this figure demonstrate the first- 

and second-order derivatives of the original defects, respectively. The results 

of the derivatives show that defects with sharper slopes and curvatures have 

a higher amplitude in the first- and second-order derivatives. In order to check 

if the first- and second-order derivatives can be used to distinguish between 

the shapes of defects, an analysis was performed on two defect types (cusp- 

and bump-shaped defects) with approximately the same maximum amplitude 

(10.8 mm) and the same length (11 mm) (see the cusp-shaped and bump-

shaped defects in Figure 5.6). The results for the first- and second-order 

derivatives of the defects indicate that the cusp-shaped defect has higher first- 

and second-order derivatives. In addition, the first- and second-order 

derivatives of the track irregularities were calculated for all types of defects 

and are listed in Table 5.6. The results presented in Table 5.6 show that the 

four mentioned defect shapes have different values for the first- and second-

order derivatives. These results can be used to classify the defects based on 
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their shapes using the first- and second-order derivatives of the track 

irregularities. 

 
Figure 5.6 Four types of defect shapes observed in the dataset along with  

their first- and second-order derivatives 
 
Table 5.6 Average amplitude of the first- and second-order derivatives for four defect 

shapes   
 Defect amplitude (mm) 

Amplitude Cusp Bump Damped-sinusoid  Plateau  

First-order derivative  > 2 < 2 < 1 < 1 

Second-order derivative  > 0.5 < 0.5 < 0.3 < 0.3 

 

Anomalies in the geometry degradation 

Additionally in the study presented in Paper 2, the patterns of the SDLL, 

the kurtosis of the LL, and the isolated defects of the LL were monitored, and 

it was found that there were different types of anomalies in the geometry 

degradation pattern, as illustrated in Figure 5.7. It was observed that in the 

collected data, which covers 11 years, there is an anomaly of about 3% in the 

degradation pattern of the LL defects and an anomaly of around 1% in the 

degradation of the twist.  

Focusing on track section (a) in Figure 5.7, we can observe a sudden jump 

in the kurtosis, a change in the degradation trend of the SDLL, and a sudden 
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jump in the LL defect amplitude, all of which occurred at the same time. In 

order to investigate the behaviour of this track section further, the waveform 

of the section was analysed. In the waveform, we can observe that there are a 

number of defects in this section which are spread along its length. The first 

inspection of section (a) (in March 2013) shows that this section was in good 

condition before the occurrence of a shock in the section. A shock is a sudden 

change in the pattern of the degradation. In the second inspection (in April 

2014), one geometry defect can be seen in section (a). In the third inspection 

of section (a) (in July 2015), we can observe that the geometry condition is 

worsening and there are a number of defects in the section exceeding the UH1 

and UH2 limits. Studying the behaviour of section (a) at this time (in July 

2015), we can observe that the SDLL is rising fast while the kurtosis is 

dropping. The reason is the existence of more than one geometry defect in the 

section, which is leading to an increase in the standard deviation value and a 

decrease in the kurtosis value. 

 Regarding track section (b) in Figure 5.7, a normal degradation trend can 

be observed in the SDLL over time, but a sudden jump can be seen in both the 

kurtosis and the amplitude of the LL. The waveforms of this section show that 

the existence of only one geometry defect is the main reason for the sudden 

jump in the kurtosis of the LL. Based on discussions with railway 

maintenance experts, we reached the conclusion that a poorly performed 

sleeper replacement was the main reason for the creation of the anomalies in 

section (a) and (b).  

In track section (c) in Figure 5.7, we can observe that a shock in this section 

occurred right after tamping and, as a result, the rate of the change in the 

amplitude of the LL defect increased after tamping (see the right-hand panel 

for section (c)). In this section, there is no sign of an anomaly in the SDLL 

pattern, but an increasing trend can be seen in the kurtosis of the LL. In this 

section, we can see that tamping improved the quality of the track section, but 

the degradation rate dramatically increased due to a poor tamping 

intervention. Therefore, one can conclude that in order to assess the 

performance of a tamping intervention, one must not only take the gain made 

by tamping into account (considering the difference between the degradation 

value before tamping and that after tamping), but also check the degradation 

trend after tamping. 

Based on the above-mentioned explanations, we can conclude that both the 

standard deviation and the kurtosis must be used to identify anomalies in a 

track section. It can be concluded that: 

 when the standard deviation and kurtosis have a regular trend, there is 

no anomaly in the track section;  
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 when one defect emerges in a track section, the standard deviation will 

show a normal trend, but the kurtosis will have a significant change in 

its pattern;    

 when there is a poor section with multiple defects, the kurtosis becomes 

less sensitive to the presence of anomalies, but the defects will affect the 

standard deviation value.  

 

 
(a) 

 

 
(b) 

 
(c) 

Figure 5.7 Anomalies in the track geometry degradation pattern for  
track section (a), (b) and (c)  
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Macro-level analysis 

In macro-level analysis, the main task is to identify the relationship 

between the aggregated quality indices and the occurrence of isolated defects. 

In the study presented in Paper 2, a model was developed to classify the track 

sections into healthy sections (without a UH2 defect) and unhealthy sections 

(with at least one UH2 defect). In the first stage, the relationship between the 

aggregated quality indices and the occurrence of UH2 defects was analysed. 

For this purpose, the standard deviation and kurtosis were chosen as the 

aggregated indices. The standard deviation shows the variation of the data 

points and kurtosis is a useful tool for acquiring more knowledge about the 

existence of extreme values in the dataset. Figure 5.8a presents the 

relationship between the standard deviation and the kurtosis for the LL with 

the occurrence of UH2 defects. Figure 5.8b provides the corresponding 

relationship for the twist with the occurrence of UH2 defects. As Figure 5.8 

shows, both the standard deviation and the kurtosis must be higher than a 

certain value for a UH2 defect to occur.  

  

(a) (b) 
Figure 5.8 a) Relationship between the standard deviation and the kurtosis of the LL 

with the occurrence of UH2 defects, and b) relationship between the standard 
deviation and the kurtosis of the twist with the occurrence of UH2 defects 

Further analysis was performed by examining the geometry waveforms of 

the six track sections marked with numbers in Figure 5.8a. The results are 

presented in Figure 5.9. The left-hand panels of Figure 5.9 show the 

measurements of the LL for the selected samples, while the right-hand panels 

show the density estimations of the measurements obtained using a kernel 

smoothing function. An interpretations of the six selected samples are as 

follow. 

 Sample 1: This sample has a low standard deviation and low kurtosis. 

The condition of this section is excellent, the amplitudes of the LL 

defects are below the planning limit, and there is no UH2 defect in this 
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section. The density function of the sample has short tails and is close 

to a normal distribution. 

 Sample 2: This sample has a low standard deviation and high kurtosis. 

The condition in most parts of the section is excellent and only a small 

part of the track section reached the planning limit. The section has a 

high kurtosis as a result of the existence of an extreme value in 

comparison with the values for the other data points in the section. 

The long tail of the density function also shows the existence of an 

extreme value in the track section. 

 Sample 3: This sample has a high standard deviation and low kurtosis, 

and is in a moderate condition. Although there is no UH2 defect in the 

section, the amplitude of the LL in most parts of the section is higher 

than the planning limit and, hence, the standard deviation is very 

high. One can observe that the kurtosis is negative, which indicates 

that the data have a flatter peak and lighter tail than the normal 

distribution (see the density function for this sample). 

 Sample 4: In this section, there is a UH2 defect in a small part of the 

track section and the rest of the section is in a good condition. As a 

result, this section has a moderate standard deviation and a very high 

kurtosis value. The density function of this sample also shows a long 

tail, which means that it has a high kurtosis. 

 Sample 5: This section is in a poor condition, similar to the condition 

of sample 3. In contrast to sample 3, there is a UH2 defect in this 

sample. As a result, this section has a high standard deviation and a 

moderate kurtosis. The moderate kurtosis can also be interpreted as 

showing that there are a number of extreme values along the section. 

This interpretation is supported by the density function of this section, 

which has a flat peak and long tail. 

 Sample 6: This section is in a poor condition, having a UH2 defect and 

a number of defects exceeding the planning limit. As a result, both the 

standard deviation and the kurtosis are high. The density function of 

this sample can be used to obtain the same result. The sample’s 

density function has a flat peak and very long tail, which means that 

this section has a high standard deviation and a high kurtosis. 
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Figure 5.9 Samples of track sections from different areas identified in Figure 5.8, 

along with the kurtosis and SDLL for the selected track sections 

The analysis shows that both of these indicators must be bigger than a 

certain limit to conclude that there is a UH2 defect in a track section. 

Therefore, we used these two indicators as explanatory variables to build two 

different classification models for the LL defects and twist.  
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In classification, the proportion of samples belonging to each class in the 

dataset is highly important. The imbalance problem occurs when the samples 

in one class (the minority class, which is generally the class of interest) are 

much fewer than those in the other class (the majority class) (Ghofrani, Sun 

et al. 2021, López, Fernández et al. 2013). In the case study performed in 

Paper 2, we observed that both the LL and the twist datasets suffered from 

imbalanced data with imbalance ratios of 26.47 and 32.84 for the LL defects 

and the twist, respectively. The imbalance ratio is the number of majority 

class instances divided by the number of minority class instances. In this 

study, the RUSBoost algorithm was used to classify the track sections into 

healthy and unhealthy sections, while dealing with the problem of an 

imbalanced dataset. Table 5.7 presents the confusion matrix obtained by 

RUSBoost for the LL and the twist datasets. This table shows that for the LL 

defects, the model correctly predicted 93.25% of the unhealthy track sections, 

and only 3.6% of the healthy track sections were incorrectly labelled as 

unhealthy track sections. In addition, 96.4% of the healthy sections were 

correctly labelled and only 6.75% of the unhealthy track sections were 

incorrectly labelled as healthy sections. Concerning the results for the twist, 

the model correctly predicted 91% of the unhealthy track sections and only 9% 

of the unhealthy track sections were labelled as healthy sections. In addition, 

92.8% of the healthy sections were correctly labelled and 7.2% of the healthy 

sections were labelled incorrectly as unhealthy ones.  

Based on the results obtained from the classification, we can conclude that 

the standard deviation and the kurtosis of the geometry parameters make up 

a suitable combination of input variables for a successful classification of the 

track sections. The results of the classifications obtained using the RUSBoost 

algorithm can be used in the scheduling of maintenance activities.    

Table 5.7 Confusion matrix for the LL and twist models 

LL 

  Predicted status 

  Unhealthy section Healthy section 

True status Unhealthy section  93.25%  6.75%  

 Healthy section 3.6% 96.4% 

Twist 

  Predicted status 

  Unhealthy section Healthy section 

True status Unhealthy section  91% 9% 

 Healthy section 7.2% 92.8% 

The findings presented in Paper 2 were used in the studies documented in 

Paper 3 and Paper 4 to predict the occurrence of isolated defects by considering 

the standard deviation of the longitudinal level as an explanatory variable. In 

the study treated in Paper 3, an ordinal logistic regression model was applied 

to estimate the probability of the occurrence of UH2 defects and critical defects 
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by considering the SDLL as the predictor. These results were later used to 

identify the most cost-effective maintenance limit for planning tamping 

actions. In the study dealt with in Paper 4, a binary logistic regression model 

was applied to estimate the probability of the occurrence of UH2 defects. These 

estimations were later included in the scheduling problem to find the most 

cost-effective scheduling scenario. As demonstrated here, the results of macro-

level analysis can help IMs to shift from using traditional quality indices to 

applying detailed level indices for planning track maintenance activities. Such 

a change in strategy will improve the performance of tamping scheduling 

scenarios by reducing the number of unplanned maintenance actions due to 

the occurrence of isolated defects. 

5.3. Results and discussion related to RQ 3 

RQ 3: How does one allocate an effective track geometry maintenance limit to 

decrease the number of track interventions at reduced cost?  

The study documented in Paper 3 proposed a framework for achieving a 

cost-effective track geometry maintenance limit, see Figure 5.10. The 

framework consists of the following five steps: 1) modelling the track geometry 

degradation, 2) integration of the track geometry degradation and the 

maintenance strategy and simulation of the track geometry condition, 3) 

estimation of the number of maintenance needs, 4) cost analysis, and 5) 

sensitivity analysis.  

 

Figure 5.10 The framework proposed in Paper 3 for determining a cost-effective track 
geometry maintenance limit 

In the study dealt with in Paper 3, the track geometry degradation was 

modelled using random coefficient linear regression. In the model, the SDLL 

was used to represent the quality of the track sections and the degradation 

parameters (the degradation value after tamping and the degradation rate) 

were treated as random to consider the section-to-section variation in the 

degradation rates. In addition, the tamping recovery was modelled by 

applying linear regression with the degradation value right before tamping 

and the tamping type (partial or complete tamping) as explanatory variables. 

In order to incorporate the extreme values of isolated defects in the modelling, 

an ordinal logistic regression model was applied to estimate the probability 

that the indicator of isolated defects of the longitudinal level would exceed the 

IL and IAL by considering the SDLL as the predictor. Details of the modelling 
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of the track geometry degradation, the tamping recovery, and the occurrence 

of isolated defects are presented in Paper 3. 

In order to assess the behaviour of the track geometry in the long term, the 

track geometry degradation model, the tamping recovery model, and the 

model for the probability of the occurrence of isolated defects need to be 

integrated with a maintenance strategy. Figure 5.11 presents a one-

dimensional schematic description of the maintenance strategy followed in the 

study presented in Paper 3. As can be seen, the track geometry is inspected at 

discrete time intervals (τ) to determine the track condition. At each inspection 

interval, the SDLL and the probability that the indicator of isolated defects of 

the LL will exceed the IL (PIL) or the IAL (PIAL) are estimated and 

corresponding decisions are made.  

 

Figure 5.11 One-dimensional schematic description of the maintenance strategy 

In the study treated in Paper 3, a cost model was developed by considering 

the cost associated with inspection, preventive maintenance, normal 

corrective maintenance and emergency corrective maintenance that leads to 

speed reduction or line closure. Monte Carlo simulation was used to estimate 

the mean number of preventive maintenance actions, the mean number of 

normal corrective maintenance actions and the mean number of emergency 

corrective maintenance actions.  

A case study was performed to assess the performance of the proposed 

framework with data collected from line section 414 in Sweden. In total, 15 

different AL scenarios were assessed to find the most cost-effective one. The 

input simulation parameters are presented in Table 5.8. 

Table 5.8 Input model parameters 

Description Value 

Time horizon 15 years 

Inspection interval 4 months  

Response time for normal CM N(5,1) weeks 

Response time for emergency CM 1 day 

PM window 12 months 

Cut-off value for normal CM  PIL≥0.70 

Cut-off value for emergency CM PIAL≥0.05 
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The cost parameters were set as follows:  

Cost parameters =

{
 

 
Inspection (per 200 m track section) − SEK240                                           

𝑃𝑟𝑒𝑣𝑒𝑛𝑡𝑖𝑣𝑒 𝑡𝑎𝑚𝑝𝑖𝑛𝑔 (𝑝𝑒𝑟 200 𝑚 𝑡𝑟𝑎𝑐𝑘 𝑠𝑒𝑐𝑡𝑖𝑜𝑛) − 𝑆𝐸𝐾5,000                  

Normal corrective tamping (per 200 m track section) − SEK11,000       

Emergency corrective tamping (per 200 m track section) − SEK40,000

 

The cost parameters were set based on the literature and discussions with 

railway maintenance experts. Finally, for each simulation, 80,000 runs were 

performed to make sure that the simulation would be converged. A sample of 

simulation convergence for AL = 1.9 mm is illustrated in Figure 5.12. The 

figure shows that after around 40,000 simulation runs, the results converge 

to an acceptable value. However, the simulation runs were continued to 

ensure model convergence.  

 
Figure 5.12 Sample convergence of the mean total cost (per year) for AL = 1.9 mm 

The results for different AL scenarios are presented in Table 5.9 and Figure 

5.13. The results show that allocating either a low or a high maintenance limit 

will not necessarily result in a low maintenance cost, because the maintenance 

limit affects the mean number of corrective and preventive maintenance 

actions. As is supported by Table 5.9, setting an inappropriate maintenance 

limit may result in overestimation or underestimation of the maintenance 

needs, both of which have negative effects on the whole railway system. 

Setting a low maintenance limit imposes a larger number of PM actions than 

required and reduces the useful life of the track, while setting a high 

maintenance limit increases the number of CM actions and causes track 

unavailability. By analysing the results of the simulation, it was found that a 

range of AL scenarios could be selected as effective maintenance limits from a 

cost point of view; this range falls between the vertical blue dashed lines in 

Figure 5.13 (scenarios with AL = 1.5 mm, AL = 1.55 mm and AL = 1.6 mm). 

However, as can be observed in Table 5.9, the mean number of normal and 

emergency corrective maintenance actions increases exponentially after 

allocating AL = 1.5 mm. Therefore, since the total cost for the mentioned range 

is almost the same, it is recommended that one should select the lower bound 
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of the cost-effective region to reduce the risk of the occurrence of isolated 

defects. 

Table 5.9 Mean number of maintenance actions for different AL scenarios (15 years) 
Scenario Maintenance 

limit (AL) 

Mean number 

of CMn  

Mean number of 

CMe  

Mean number 

of PM actions 

1 1.2 47.005 64.883 2048.140 

2 1.25 47.679 66.140 1956.052 

3 1.3 48.457 66.374 1845.871 

4 1.35 49.355 67.994 1739.603 

5 1.4 50.031 71.103 1653.880 

6 1.45 50.638 73.585 1580.811 

7 1.5 51.976 78.575 1489.608 

8 1.55 57.131 88.838 1426.723 

9 1.6 63.354 103.321 1358.053 

10 1.65 73.859 127.537 1297.404 

11 1.7 87.087 157.608 1228.142 

12 1.75 104.180 200.907 1166.977 

13 1.8 126.736 249.987 1093.242 

14 1.85 149.335 316.195 1017.883 

15 1.9 173.421 399.071 928.2291 

CMn = normal CM actions; CMe = emergency CM actions 

   
Figure 5.13 The effect of allocating different maintenance limit scenarios on the 

mean total maintenance cost per year (SEK) 

Since a variation in the simulation inputs may affect the cost-effective 

maintenance limit, a sensitivity analysis was performed on the emergency 

corrective maintenance cost, the inspection interval, and the maintenance 

response time in the study presented in Paper 3.  

The emergency corrective maintenance cost is highly dependent on the type 

of traffic (passenger or freight trains) and the traffic congestion. The execution 

of emergency corrective maintenance reduces the track capacity and causes 

delay in the system due to the speed reduction or line closure necessary for 

unplanned maintenance work. Generally, emergency corrective maintenance 

imposes heavy costs on IMs, especially when heavy haul tracks and tracks 
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with high traffic congestion are concerned. Therefore, it is logical to consider 

a higher cost for emergency CM for track lines with high traffic congestion. 

Figure 5.14 presents the results of the sensitivity analysis performed on the 

emergency corrective maintenance cost to show its effect on the selection of an 

effective maintenance limit. The results show that setting high maintenance 

limits exponentially increases the total maintenance costs. The reason for this 

is that the higher the maintenance limit is, the more time the track spends in 

a poor condition. Hence, a higher maintenance limit increases the number of 

isolated defects on the track line, which in turn increases the need for 

emergency corrective maintenance actions. In addition, since low 

maintenance limits provide the possibility of rectifying isolated defects before 

emergency actions are needed, the total maintenance cost connected with a 

low maintenance limit is not sensitive to the cost of emergency actions for 

maintenance limits below 1.55 mm.  

 
Figure 5.14 Optimal track geometry maintenance limit regions for various CMe 

A sensitivity analysis was also performed on the inspection interval to 

assess its impact on the mean number of maintenance actions. Table 5.10 

gives the mean number of maintenance actions needed in a given time horizon 

for different inspection intervals. The results show that the mean number of 

PM actions is not sensitive to the frequency of inspections. The main reason 

for this is that PM is carried out on track sections at predetermined tamping 

times. In addition, the results show that the mean number of normal and 

emergency CM actions increases when the frequency of inspections decreases. 

This is explained by the fact that increasing the frequency of inspection will 

increase the detectability of the defects. Therefore, isolated defects will be 

identified and rectified before reaching the IL and IAL. 
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Table 5.10 Effect of the length of the inspection interval on the mean number of 
maintenance actions (15 years) 

Inspection interval (months) 1 2 3 4 6 

Mean number of PM actions 1496.04 1496.04 1496.04 1491.93 1494.39 

Mean number of CMn  64.11 67.77 73.98 68.63 81.74 

Mean number of CMe 18.91 32.47 46.03 51.98 59.18 

Finally, a sensitivity analysis was performed on the maintenance response 

time to assess its impact on the selection of an effective maintenance limit. We 

set the range of response times to 0-15 weeks and considered a standard 

deviation of one week for the whole analysis. Table 5.11 presents the effect of 

the different response times on the mean number of maintenance actions for 

a time horizon of 15 years. As can be seen in this table, the variation of the 

normal and the emergency CM actions for response times from 0-3 weeks is 

negligible, but after three weeks, the number of CM actions increases 

exponentially. In addition, the number of PM actions is not sensitive to 

different response times. The main reason for this is that preventive tamping 

is carried out on the track at predetermined tamping times. In order to reduce 

the number of CM tamping actions, it is highly recommended that one should 

keep the maintenance response time to less than three weeks. One’s ability to 

decrease the response time depends on the available resources, logistic issues, 

budget limitations, managerial decisions, etc. A reduction of the response time 

for maintenance can be achieved by increasing the amount of resources, or 

even by performing a proper resource allocation. 

Table 5.11 Effect of the response time on the mean number of maintenance actions 
(15 years) 

MRT (weeks) 0 1 3 5 7 9 12 15 

MN PM actions 1500.15 1500.15 1496.04 1491.93 1496.04 1496.04 1500.15 1508.37 

MN CMn actions 72.336 73.569 74.802 78.5421 86.31 89.187 94.119 111.38 

MN CMe actions 47.265 47.676 48.909 51.97506 55.074 59.184 66.582 85.075 

MRT = maintenance response time; MN = mean number of  

5.4. Results and discussion related to RQ 4 

RQ 4: How does one obtain an optimal tamping scheduling scenario 
considering the opportunistic maintenance concept? 

The study presented in Paper 4 attempts to take advantage of opportunistic 

maintenance (OM) to schedule tamping activities by considering both 

aggregated indices and detailed level indices. The objective function was set 

to minimize the total maintenance costs, the number of unplanned tamping 

activities and the unused life of the track sections. The framework for 

achieving an optimal scheduling scenario is presented in Figure 5.15. In the 

first step, the degradation, recovery, and isolated defect models are integrated 
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to estimate the maintenance needs in each maintenance window. In this stage, 

the initial tamping schedule is built. In the next step, the practical issues 

concerning tamping planning and applying the OM concept are formulated as 

mixed integer linear programming and a GA algorithm is applied to solve the 

problem. 

1st step- Implementation of 
initial scheduling plan 

Degradation model
-Section-based model
-Defect-based model

-Recovery model

Estimate maintenance needs in  
maintenance window tɛT

Initial scheduling plan

2nd step- Implementation of 
OM scheduling plan

Constraints
-Possession time
-Resource availablility
-Safety and ride comfort limits
-Tamping machine restrictions

-Track layout

Objective function(s)
-Total maintenance cost
-Number of unplanned tamping 
actions

-Unused life of track sections
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Optimal 
solution?
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Optimal scheduling 
matrix
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Figure 5.15 The procedure for achieving an optimal tamping schedule 

Details of the models applied for prediction of the track geometry condition 

in connection with the scheduling problem are listed in Table 5.12. 

5.12 Models applied for prediction of the track geometry condition 
Model Model type Formulation 

Track geometry degradation Exponential model 𝑆𝐷𝐿𝐿𝑠,𝑛(𝑡) = 𝑆𝐷𝐿𝐿𝑠,𝑛
0 . 𝑒𝑏𝑠

0(1+𝜔)(𝑛−1)×(𝑡−𝑇𝑙𝑡𝑠) 

Tamping recovery  Linear regression 
�̂�𝑠,𝑛 = {

𝛼 + 𝛽𝑆𝐷𝐿𝐿𝑠,𝑛(𝑡𝑡𝑎𝑚𝑝
− ),       𝑛 = 1

𝑅𝑠,1. (1 − 𝜑)
𝑛−1,                  𝑛 > 1

 

Isolated defect  Binary logistic regression 
𝑃 (𝑌𝑠,𝑡 = 1|𝑆𝐷𝐿𝐿𝑠,𝑛(𝑡)) =

𝑒𝛽0+𝛽1𝑆𝐷𝐿𝐿𝑠,𝑛(𝑡)

1 + 𝑒𝛽0+𝛽1𝑆𝐷𝐿𝐿𝑠,𝑛(𝑡)
 

𝑆𝐷𝐿𝐿 = the standard deviation of the longitudinal level 

𝑆𝐷𝐿𝐿𝑠,𝑛
0  = the initial degradation value after the nth tamping 

cycle for track section 𝑠𝜖𝑆 

𝑏𝑠
0 = the initial degradation rate for track section 𝑠𝜖𝑆 

𝜔 = a constant value which shows the change in the 

degradation rate after tamping 

n = the number of tamping actions 

𝑇𝑙𝑡𝑠 = the time of the latest tamping intervention for track 

section 𝑠𝜖𝑆 

𝑅𝑠,𝑛 = the recovery value for track section 𝑠𝜖𝑆 in the nth 

maintenance cycle (n>1) 

𝛼 = the regression coefficient 

𝛽 = the coefficient for the degradation before the first tamping 

𝑆𝐷𝐿𝐿𝑠,𝑛(𝑡𝑡𝑎𝑚𝑝
− ) = the degradation value for track section 𝑠𝜖𝑆 

right before tamping 

𝑅𝑠,1 = the first recovery value for track section 𝑠𝜖𝑆, which is 

dependent on the degradation value before tamping 

𝜑 = a constant value which shows the percentage of quality loss 

due to a tamping action 

𝛽0 𝑎𝑛𝑑 𝛽1 = the model coefficients 
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By integrating the models presented in Table 5.12, the maintenance needs 

in each maintenance window can be estimated. However, the achieved result 

will be neither practical nor optimally cost-effective. To optimize the tamping 

schedule, it is important that one should implement OM. In the study 

documented in Paper 4, OM was implemented by taking structural 

dependence and economic dependence into consideration. Concerning 

structural dependence, a constraint was proposed which stipulated the 

performance of tamping on a track section located between two track sections 

that needed to be tamped. Regarding economic dependence, a fixed cost would 

be incurred whenever a tamping intervention was carried out on a track 

section in a maintenance window. The fixed cost is due to the availability of 

maintenance equipment and crew. Therefore, an opportunity would thereby 

be created to perform more tamping than necessary.  

The problem was formulated as a mixed integer linear programming 

(MILP) model. The objective was to schedule tamping activities in such a way 

that the cost of tamping, and the number of unplanned maintenance actions 

would be minimized. Therefore, in the study documented in Paper 4, a cost 

model was developed to fulfil this objective. The cost model incorporates the 

costs associated with preventive maintenance, the probability of the 

occurrence of isolated defects, and the cost of the unused life of track sections 

due to the earlier performance of tamping actions. In the study in Paper 4, a 

set of constraints related to, i.e., resource availability, possession time, safety 

and ride comfort limits, track layout, and tamping machine restrictions was 

also developed. Details of the constraints and the objective function are 

provided in Paper 4, Section 4.3. A genetic algorithm (GA) was used to find 

the optimal solution for the problem. In addition, a heuristic algorithm was 

developed to increase the efficiency of the GA and solve the problem faster. 

The heuristic algorithm helps the GA with the initialization by providing 

initial logical solutions for the problem. Details of the heuristic algorithm are 

to be found in Paper 4, Section 5.  

In the study presented in Paper 4, a case study was conducted with a 

dataset collected from line section 414 in Sweden. For the purpose of the case 

study, we determined the optimal tamping scheduling by considering three 

different scenarios for the tamping limit (𝛾). The scenarios for the tamping 

limit (𝛾) were defined by considering the relationship between the SDLL and 

the probability of the occurrence of UH2 defects and by applying three cut-off 

values, i.e. 0.1, 0.3 and 0.5. In the base case scenario, the cut-off value was 0.1, 

which meant that the 𝛾 value was the corresponding SDLL for a probability 

of the occurrence of UH2 defects equal to 0.1. Applying a small cut-off value 

implies a pessimistic maintenance policy, while a larger cut-off value implies 

an optimistic maintenance policy.  
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Table 5.13 and 5.14 present the cost parameters and the initial parameters 

which were set to develop the model, respectively. The costs and initial 

parameters were set based on discussions with railway maintenance experts. 

 Table 5.13 Cost parameters 

Description 
Parameter Cost 

(SEK) 

Fixed cost of maintenance (per maintenance window) 𝑓 150,000 

Cost of preventive tamping (per metre) 𝐶𝑝𝑚 25 

Cost of the probability of isolated defects 𝐶𝑖𝑠𝑜 11,000 

Cost of unused life due to earlier performance of tamping 

action 

𝐶𝑈𝐿 3,000 

 
Table 5.14 Initial parameters to develop the model 

Description Parameters Value 

Time horizon T 3 years 

Maintenance windows t 6 months 

Possession time for tamping work 𝑇𝑃 6 hours 

Warm-up and cool-down time 𝑇𝑐𝑤 20 mins. 

Speed of tamping machine during tamping 𝑉𝑡𝑎𝑚𝑝 1 km/h 

Speed of tamping machine during travelling 𝑉𝑡𝑟 80 km/h 

Lower bound of preventive limit plan 1.2 mm 

Details of the results, including the required number of tamping 

interventions (# tamping) and the length of track tamped, are presented in 

Table 5.15. The results show that the base case scenario is more conservative 

and for this scenario, the model results in more candidate track sections for 

tamping to reduce the number of occurrences of UH2 defects. In addition, the 

maintenance costs of all the scenarios are illustrated in Figure 5.16. It should 

be mentioned that the third scenario results in the smallest number of 

tamping actions and the shortest total length of tamped track. However, 

comparing the total maintenance costs of all three scenarios, it can be 

observed that the second scenario provides the minimum maintenance costs. 

The reason for this is the existence of the cost component related to the 

probability of the occurrence of UH2 defects. Moreover, Figure 5.17 shows the 

mean probability of the occurrence of UH2 defects for all the three scenarios. 

This figure clearly shows that the mean probability of the occurrence of UH2 

defects for the second and third scenarios is higher than that for the base case 

scenario. 
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Table 5.15 Detailed results for the optimal tamping schedule 
Maintenance window  (1) (2)  (3)  (4)  (5) 6) Total 

First scenario (base case)        

# tamping 14 0 10 0 18 0 42 

Total length tamped (metres) 2354 0 1657 0 3357 0 7368 

Second scenario         

# tamping 9 0 7 0 0 0 16 

Total length tamped (metres) 1432 0 1265 0 0 0 2697 

Third scenario         

# tamping 9 0 0 4 0 0 13 

Total length tamped (metres) 1457 0 0 711 0 0 2168 

 
Figure 5.16 Maintenance costs for all scenarios 

 
Figure 5.17 Mean probability of the occurrence of isolated defects for the whole line 

section for different scenarios 

The optimal tamping schedule for the base case scenario is displayed in 

Figure 5.18. This figure shows that three maintenance windows were used in 

the optimal schedule plan as a result of grouping the tamping activities. In 

addition, because the unused life is considered in the proposed model, the 

model tries to schedule tamping as late as possible to minimize the unused life 

of track sections.  
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Figure 5.18 The optimal tamping schedule for the base case scenario 

In order to assess the effect of various parameters on the optimal track 

tamping scheduling, sensitivity analysis was performed on a set of parameters 

in the study presented in Paper 4. The effect of the change in the degradation 

rate parameter on the optimal tamping scheduling was investigated. It was 

found that prediction of the track geometry condition without considering the 

destructive effect of tamping (the change in the degradation rate after 

tamping) will lead to underestimation of the maintenance needs by 2%.  

The effect of the fixed cost of tamping on the optimal tamping scheduling 

was also investigated. This parameter generally depends on the number of 

maintenance machines, the amount of fuel consumed, the logistics, and the 

crew’s salary and accommodation, among other causes of relevant 

expenditure. The results presented in Figure 5.19 show that the lower the 

fixed cost of tamping is, the more maintenance windows are occupied for 

tamping operations. When there is a lower fixed cost, the model tends to 

schedule tamping actions when the track sections approach the upper bound 

of the maintenance limit, as the benefit obtained by releasing a maintenance 

window is rather small in relation to the total maintenance cost.  

 

 

 

(a) 

 

 

 

(b) 

 

 

 

(c) 

Figure 5.19 Optimal tamping schedules for the base case scenario for a fixed cost of 
maintenance equal to a) 10,000 SEK, b) 50,000 SEK and c) 150,000 SEK 
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In the study dealt with in Paper 4, a sensitivity analysis was also 

performed on the effect of the unused life of track sections due to an early 

maintenance action on the optimal tamping scheduling. Table 5.16 presents 

the results of the analysis. The results show that both the model including and 

the model excluding the unused life parameter result in approximately the 

same number of candidate track sections for tamping and approximately the 

same consumed possession time for tamping work. However, the model 

without the unused life parameter selected more track sections in the earlier 

maintenance windows, while the model including the unused life parameter 

selected candidate track sections for tamping as late as possible. Therefore, it 

can be concluded that, in the long term, the model excluding the unused life 

parameter will shorten the life cycle of the track sections.  

Table 5.16 The results of the model with and without the unused life  
included in the objective function 

Maintenance window  (1) (2) (3) (4) (5) (6) Total 

Model without unused life        

# tamping 17 14 0 0 13 0 43 

Total length tamped (metres) 2796 2578 0 0 2274 0 7468 

Consumed possession time 6.0 5.4 0 0 4.4 0 15.8 

Model with unused life (base case)        

# tamping 14 0 10 0 18 0 42 

Total length tamped (metres) 2354 0 1657 0 3357 0 7368 

Consumed possession time 5.6 0 4.5 0 5.8 0 15.9 

Finally, a sensitivity analysis was carried out to assess the impact of 

tamping machine speed during tamping and travelling on the total 

maintenance costs and the total possession time. In this connection, the 

optimization procedure was performed for three tamping machines with 

different tamping speeds, i.e. 0.5 km/h, 1 km/h and 1.5 km/h, and three 

different machines with travelling speeds of 80 km/h, 100 km/h and 120 km/h. 

Figure 5.20 demonstrates how using the different tamping machines affects 

the total consumed possession time. This figure shows that the tamping speed 

of the tamping machine highly affects the total working performance, while 

the travelling speed has a negligible effect on it. The results show that the 

tamping machine working at a speed of 0.5 km/hr requires 34.3% more time 

to finish the task than the tamping machine working at a speed of 1.0 km/hr, 

and 44.2% more time than a machine working at a speed of 1.5 km/hr. 

Concerning the travelling speed, the maximum improvement achieved with 

the fastest tamping machine with regard to the total consumed possession 

time will be about 1.2%, which will have almost no effect on the final result.  
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Figure 5.20 Effect of the tamping speed and travelling speed of the tamping machine 
on the total working performance 

Table 5.17 presents the effect of using different tamping machines on the 

total maintenance costs. The results show that using a tamping machine with 

a low tamping speed (0.5 km/hr) will highly increase the total maintenance 

costs, while using a tamping machine with a high production rate (1.5 km/hr) 

will have no effect on the total maintenance costs compared to the base case 

model. The results can be interpreted as indicating that, since there is a 

limited possession time in each maintenance window, using a tamping 

machine with a low performance requires the occupation of more maintenance 

windows for tamping work to maintain the quality of the track. In addition, 

the total maintenance costs for a tamping machine with a high production rate 

are the same as those for the base case, because the benefits (bonus) of 

finishing the tasks in a shorter time than the assigned possession time were 

not considered in the model. Based on the results, it can be concluded that 

tamping machines with higher tamping speeds provide a greater opportunity 

for maintenance contractors to perform tamping on more track sections, if 

necessary, in a shorter period of time.  

Table 5.17 Effect of the tamping speed of the tamping machine on the total 
maintenance costs 

Tamping speed (km/h) Total maintenance costs (SEK) 

0.5  13.101˟105 

1.0 (base case) 10.246˟105 

1.5  10.246˟105 
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Chapter 6 

Conclusions, contributions and future research 

This chapter summarizes the conclusions drawn from the present research 
and its contributions to the body of knowledge in the field concerned, as well 
as suggesting areas of future research.  

2.1. Conclusions 

The main conclusions of this research based on the RQs given in Chapter 

1 are as follow:  

RQ 1: What are the effects of the operational and constructional covariates 
on the estimation of the track geometry degradation rate?  

 The artificial neural network (ANN) technique was used to estimate 

the track geometry degradation rate in spatial space using the 

operational and constructional covariates. The results show that using 

the chosen set of covariates, coefficients of determination (R2) of 0.906 

and 0.850 were obtained for the training set and the test set, 

respectively. This indicates that the applied ANN model performs on 

an acceptable level when estimating the degradation rate of track 

sections. 

 It was found that the covariates related to the track operation (e.g. the 

degradation level after tamping, the frequency of trains passing along 

the track, and the track speed class) and the maintenance history (the 

number of tamping interventions) made the greatest contribution to 

the track geometry degradation rate when comparing the 

contributions of the considered set of covariates.  

RQ2. How does one enhance the prediction and management of isolated 
track geometry defects? 

 The trend of the change in the amplitude of the twist and the 

longitudinal level defects was investigated. It was found that the 

uncertainty in the degradation pattern of isolated instances of twist 

and longitudinal level defects is negligible and a simple linear model 
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with a normal error term can successfully be used to predict their 

degradation pattern.  

 It was found that the first- and second-order derivatives of track 

irregularities can effectively be used to identify the shape of defects.  

 The results obtained when applying the RUSBoost algorithm show 

that track sections could accurately be classified into healthy sections 

and unhealthy sections using the aggregated quality indices, i.e. the 

standard deviation and kurtosis of the geometry parameters. The 

healthy sections were defined as those without any UH2 defect and 

the unhealthy sections as those with at least one UH2 defect. In the 

current practice, the scheduling of track tamping activities is mainly 

based on the aggregated indices. The proposed model can be effectively 

used to select those track sections which are susceptible to the 

occurrence of isolated defects as candidates for tamping in the tamping 

scheduling plan. 

 It was observed that a small portion of isolated defects exhibited an 

anomalous behaviour which could be regarded as a break point in their 

degradation pattern. By monitoring the trend of the standard 

deviation, the kurtosis and the degradation pattern of isolated track 

geometry defects, it was concluded that a combination of the standard 

deviation and kurtosis of track irregularities can efficiently be used for 

the detection of anomalies in the degradation patterns of isolated 

defects. 

RQ3. How does one allocate an effective track geometry maintenance limit to 

decrease the number of track interventions at reduced cost? 

 It has been shown that an optimal allocation of the maintenance limit 

not only minimizes the maintenance cost, but also reduces the number 

of unplanned maintenance actions. 

 It has been found that there is a range of values for the maintenance 

limit that can be considered as cost-effective. Accordingly, we can 

group the tamping of track sections whose degradation value falls 

within this range, without negatively increasing the cost of 

maintenance. One more interpretation is that if the response time for 

maintenance is long (e.g. due to a limited amount of available 

maintenance equipment), one should consider the lower bound of the 

range of cost-effective maintenance limits. Adopting this approach, 

there would be enough time to respond to the maintenance need 

without being concerned about the maintenance costs.  

 The results show that the cost of emergency maintenance actions 

significantly affects the allocation of maintenance limits. This cost is 

highly dependent on the type of traffic (freight or passenger traffic) 

and the level of traffic congestion (the volume of traffic). In this regard, 
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the higher the level of traffic congestion is, the lower should be the 

maintenance limit.  

RQ4. How does one obtain an optimal tamping scheduling scenario 
considering the opportunistic maintenance concept? 

 The results show that the proposed strategy of scheduling 

opportunistic maintenance by considering the structural and economic 

dependence significantly reduces the required possession time, the 

need for maintenance resources, and the maintenance cost while 

preserving the useful life of track sections. 

 From the results it is revealed that including different cut-off values 

for the probability of the occurrence of isolated defects provides the 

possibility for infrastructure managers to generate different optimal 

maintenance scheduling scenarios for the control and management of 

isolated track geometry defects.  

 The results emphasize the importance of considering the effects of 

tamping on the track geometry degradation (i.e. a drop in the 

degradation value and a change in the degradation rate after tamping) 

when dealing with the scheduling problem. It has been found that if 

one simplifies the scheduling problem by assuming that the tamping 

effectiveness is such that the track will be restored to an as-good-as-

new condition, this will lead to an underestimation of the maintenance 

needs. 

 The proposed model avoids the early performance of tamping actions 

by considering the unused life of track sections in the objective 

function. This will prevent early tamping interventions and increase 

the life cycle of the track.  

2.2. Contributions 

The main contributions of this research can be summarized as follows: 

 the development of an artificial neural network model for 

estimation of the track geometry degradation rate; 

 the application of a Garson algorithm to evaluate the effect of the 

operational and constructional covariates on the track geometry 

degradation rate; 

 identification of the degradation pattern of isolated twist and 

longitudinal level defects 

 an analysis of the application of first-and second-order derivatives 

of the track irregularities to identify the shape of the track 

geometry defects; 
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 classification of the track sections into healthy and unhealthy track 

sections using a RUSBoost algorithm and by considering 

aggregated quality indices as the explanatory variables; 

 the development of a predictive model for isolated defects using 

binary and ordinal logistic regression;  

 the proposed application of the standard deviation and kurtosis as 

useful statistics for identifying anomalies in the degradation 

pattern of isolated defects; 

 the development of a simulation-based framework for determining 

the cost-effective track geometry maintenance limit;  

 the development of an opportunistic maintenance optimization 

model to address the problem of track tamping scheduling. 

2.3. Suggested future works 

During the progress of this research, several interesting new research 

ideas emerged. However, due to a dearth of time, it was not possible to pursue 

all of them in the research studies documented in this thesis. In this section, 

some of these ideas are now presented below as suggested areas for future 

research: 

 an extension of the ANN model for estimation of the track geometry 

degradation rate by including more covariates, such as the soil 

type, water level condition and vegetation density (it must be noted 

that to consider the mentioned covariates in the model, one must 

use data with a high resolution); 

 the development of a model for prediction of the degradation 

pattern of the horizontal alignment; 

 the use of measurement data from in-service vehicles to model 

accurately changes in the amplitude of isolated defects in a short 

period of time; 

 classification of the track sections based on the shapes of their 

defects using the first- and second-order derivatives of the track 

irregularities;  

 investigation of the effect of seasonal changes on the occurrence of 

isolated defects; 

 the development of a framework for finding the optimal 

maintenance limit for both the vertical and the horizontal 

alignments simultaneously; 

 extension of the tamping scheduling problem to cover the issues 

associated with the network level (the main task will be including 

the allocation of the maintenance resources in the optimization 

problem).  
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