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ABSTRACT
Railway traffic is steadily increasing, having a negative impact on maintenance and resulting in
decreased track availability, comfort, and safety. Swedish railway track maintenance mostly focuses on
the actual track condition via a nationwide condition-based maintenance (CBM) strategy. For
maintenance to be conducted in an appropriate way, data on the actual track condition must be
accurate; furthermore, those data need to be converted into accurate information for maintenance
decisions. An information assurance (IA) framework has the potential to deal with the system risks from
a technical perspective. The framework is a guideline that can be implemented within CBM to
understand both condition monitoring data behaviour and the information processing used to reach
maintenance decisions.
This research investigates ways of an information assurance (IA) framework can be implemented in the
following CBM steps: data collecting, data processing and making maintenance decisions on Swedish
railway. The framework can be used to understand data behaviour, information processing and the
communication between information layers for decisions at organisation, infrastructure and
data/information levels. The research uses both qualitative and quantitative methods to investigate
critical information data, parameters, and problems and to suggest which areas need improvement.
Quantitative analysis of the Swedish track geometry database reveals specific information about the
behaviour of the railway data and their processing to make maintenance decisions.
A case study shows how certain sections of a railway track are monitored and evaluates maintenance
practices on those sections. The study finds several different types of measurements are taken using
several different measurement systems. It is difficult to integrate these data for proper processing. In
addition, there are problems of incomplete or irregular data; this affects the derivation of information
and the use of models to understand track irregularities.
Given the problems of data processing and subsequent decision making, the study suggests
implementing an IA framework with CBM. The study checks the achievement of three IA principles
in the existing data: authenticity, integrity and availability. The results show data have problems of
authenticity and integrity, something also mentioned by the stakeholders in interviews. In particular
years and on certain track sections, CM data are more than 5 percent incomplete, significantly affecting
analysis. Incomplete track measurement data reach as high as 63 percent for the parameters of standard
deviation (STD), longitudinal level and STD cooperation. Inaccurate measured values for alignment
long wavelength within certain speed limits reach as high as 71 percent. These indicators are important
for calculating track quality but are either incomplete or incorrect, negatively affecting the calculation
of the Q-value and estimations of the track quality. This, in turn, negatively affects the maintenance
decisions. Using information assurance will increase the system performance by permitting stakeholders
to make accurate decisions.
The suggested information assurance framework can discover technical problems but it needs to be
improved using technologies, techniques and services to ensure complete and accurate data are
available to be processed for maintenance decisions.

Keywords: Authenticity, Availability, Condition-based maintenance, Information Assurance
Framework, Integrity, Railway track.
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CHAPTER 1
INTRODUCTION
1.1.

Background

A railway is essential land transportation used for passengers and freight (Givoni, Rietveld 2007). The
complex structure of the railway network has attracted the attention of researchers in many different
areas (Sen, Dasgupta et al. 2003). Railways are technically divided into many different substructures
including bridges, tunnels, turnouts, permanent ways, tracks and signaling systems (Espling, Kumar
2008). These substructures need to well managed to ensure good service and passengers safety
(Holmgren 2005). The railway track is a significant substructure, as it is expected to guide the train and
facilitate smooth passenger’s transportation (Remennikov, Kaewunruen 2008). The track consists of
rails, fastenings, sleepers, ballast, subballast components (Esveld 2001). Static and dynamic loads acting
on the track and its components may induce damages (e.g. rails deformation, sleepers crack, etc…)
(Remennikov, Kaewunruen 2008). With damage, service, safety and comfort are lost (Tzanakakis
2013).
In 1951, a major derailment occurred at a bridge junction in Doncaster, UK; 14 people died, 12 were
sent in hospital with serious injuries and 17 had minor injuries. The investigation pointed to problems
on the railway track that makes train diversion, thus carries a road junction over the line to the pier
(Wilson, G. R. S. et al. 1952). This is clear the fact that maintenance is preventing railway track
damages (Knothe, Grassie 1993). Maintenance is an important activity that can reduce the track
deterioration and retain functionality (Knothe, Grassie 1993, SS-EN 13306 2001). It is important to
determine the maintenance objectives and resulting strategies to ensure the functionality of the railway
track (Holmgren 2005).
The objectives of maintenance are the targets assigned to maintenance activities (SS-EN 13306 2001).
These include minimising risks: safety, environmental and financial (Kumar, Nissen et al. 2010). The
strategies are the methods used to achieve the objectives (SS-EN 13306 2001). Several factors can affect
the choice of maintenance strategies, e.g. organization requirements, production goals, available
resources, safety and financial consumptions (Kumar, Nissen et al. 2010). Maintenance strategies can be
divided into two main parts: corrective maintenance and preventive maintenance. Preventive
maintenance, in turn, can be divided into predetermined and condition-based maintenance strategies
(SS-EN 13306 2001).
Corrective maintenance is an action which would not be performed were it not for the occurrence of
failures (Bevilacqua, Braglia 2000). It is possible to perform corrective maintenance with the system
continuing to run, for example, if a large industry has a failure of one out of two parallel water pumps.
In this case, production failure related to an individual pump failure and does not immediately affect
the industry (Kumar, Nissen et al. 2010). However, corrective maintenance can be extremely
expensive because the item failure can cause a large amount of consequential damages to other
substructures. Also, the failure can occur at a time that is inconvenient to both the user and owner.
These problems can be addressed by using preventive maintenance (Horner, El-Haram et al. 1997).
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Preventive maintenance is suitable for complex industries because it allows companies to determine
failure as quickly as possible (Barlow, Hunter 1960). It is performed at predetermined intervals. It is
planned ahead and performed at a convenient time to keep costs down. Nevertheless, the maintenance
is performed irrespective of the condition of a system’s condition. It may not need maintenance or it
may end up a worse state as a result of the maintenance task (Horner, El-Haram et al. 1997). In
contrast, a condition-based maintenance strategy can monitor the real system state, pointing to
abnormal situations to perform the necessary action (Bevilacqua, Braglia 2000).
Condition-based maintenance (CBM) is based condition of complex systems, and focuses on the
danger of failure. In some industries, even small failures can be catastrophic; in the chemical industry,
for example, a small failure can stop the entire production process (Kumar, Nissen et al. 2010). The
literature suggests condition-based maintenance is a good maintenance strategy (Andersson 2002,
Ebersöhn 1997, Ebersöhn, Cunningham 2003, Hyslip 2007). CBM detects evidence of abnormal
behaviour in a physical asset (Jardine, Lin et al. 2006). Monitoring is continuous; there is a warning
alarm when something wrong is detected (Golmakani 2012). Figure 1.1 illustrates a failure trend; the
y-axis indicates the system condition, and x-axis indicates time. The failure starts at a point that cannot
be detected and advances to the fault point, when service terminates (Granstrom 2005).

Figure 1.1: Track degradation CBM strategy (Granstrom 2005)
The simplest form of CBM is based on inspection/condition monitoring. It is the primary mode for
studying the system state using direct or indirect contacts. Varied technologies (e.g. sensors) can
measure a physical asset and gather data on its status (Li, Goodall et al. 2007, Kaewunruen,
Remennikov 2010, Aboelela, Edberg et al. 2006). Data processing is used models and algorithms for
setup data limits and understanding contents (Sadeghi, Askarinejad 2010, Percy 2002, Amari,
McLaughlin 2004). At this point, maintenance decision would be crucial to take actions, however, can
be models and algorithms for fault detection or prediction (Grall, Bérenguer et al. 2002).

Maintenance of Swedish railway track: a case study
The Swedish railway authority, Trafikverket, uses both corrective and preventive maintenance.
Corrective maintenance is used for rail replacement when failure has occurred. Preventive maintenance
is used to renew track substructures based on their condition or on time-based inspections (Patra,
8

Söderholm et al. 2009). Trafikverket is changing to CBM to provide better functionality to meet
service and safety requirements. There are guidelines for the track and its compoents, so when the
results are processed, Trafikverket can execute the proper maintenance action (Kumar, Espling et al.
2008).
Trafikverket monitors the track using inspection trains; IMV200/STRIX and IMV100/EM80. The
trains inspect the track using a contactless measurement system. The measurement is based on SS-EN
13484-1 standard (SS-EN 13848-1 2004, Al-Douri, Tretten et al. 2016). Trafikverket track condition
data are collected along the track at speeds up to 200 km/h. Each track section is measured five to six
times per year, depending on the section. Over 33 track geometry parameters are obtained and stored
for every 25 cm (Bergquist, Söderholm 2014). Track components can be measured vertically or
horizontally for the right and left sides. The five main parameters are track gauge, alignment,
longitudinal level, cant, and twist. The degradation of these main parameters is extremely dangerous
and has an effect on safety (Iman 2013). Table 3.3 describes these parameters (SS-EN 13848-1 2004).
To determine the track condition, Trafikverket uses the Q-value. This indicates the track quality based
on calculation the standard deviation of track geometry parameters over 200-m segments in each track
section (Bergquist, Söderholm 2014). The standard deviation of longitudinal level is based on
geometric comfort limits. The standard deviation of the sum of cant and alignment is based on the
geometric comfort limits (BVF 857.02 1997). Longitudinal level measures the vertical position of the
right and left rails. Cant is the height of the sides of a right-angle triangle created by two adjacent
running rails plus the width of the rail head. Alignment is the mean horizontal position covering the
wavelength ranges stipulated, calculated from successive measurements (SS-EN 13848-1 2004).
The measured and calculated parameters give early warning of deterioration and help determine the
maintenance strategy (e.g. corrective or preventive). The information gathered is used to support the
stakeholders within CBM process; stakeholders for measured data, data quality, analysis decision
making and maintenance. The stakeholder’s knowledge affect on the decision made and considering
maintenance action (Al-Douri, Tretten et al. 2016). In summary, CBM is performed by monitoring
the track condition; it is used to detect and correct minor failures and assures safety (Granstrom 2005).
CBM recommends a maintenance action based on the information collected in the condition
monitoring data. The steps of CBM include data collection, data processing and maintenance decision
making (Niu, Yang et al. 2010). Data collection obtains and stores the relevant system health data. Data
processing handles and analyses the collected data to better understand and interpret the contents.
Maintenance decision making determines sufficient strategy based on either fault detection models or
failure predicting models. Accurate information ensures proper maintenance action (Jardine, Lin et al.
2006).
Open System Architecture for Condition-Based Maintenance (OSA-CBM) is proposed by standard
SS-EN 13374 (SS-ISO 13374-2 2007) to implement CBM and understand data and information
processing (Holmberg, Adgar et al. 2010). OSA-CBM includes a wide variety of condition monitoring
data, and several models interact to facilitate maintenance decisions (Niu, Yang et al. 2010). This
architecture is used throughout an industry, starting with lower level data and going right up to the
decision making level. The structure can be represented by six functional blocks: acquiring the data,
filtering it to different levels, deciding the limitations based on the comparison of the acquisition and
filtering, assessing the system state, predicting the future statement, and making maintenance decisions.
The process is shown in figure 1.2 (SS-ISO 13374-2 2007).
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Figure 1.2: OSA-CBM diagram
OSA-CBM layers (figure 1.2) are categorized into collecting data, processing data, and making
maintenance decisions based on valued information (Bengtsson, Olsson et al. 2004). Data collection
includes gathering data from sensor technologies and digitalising it. Data processing filters and processes
the data to facilitate better understanding of the contents and their limitations. Maintenance decision
making uses different fault and prediction models to provide valuable information on system
irregularities. Briefly stated, OSA-CBM architecture is constructed to improve the maintenance process
by structuring data so they yield valuable information (Niu, Yang et al. 2010).
A number of techniques can be used to collect data, e.g. sensors (Jardine, Lin et al. 2006, Iwnicki
2006). Wireless sensors can be adapted for the railway track to measure its components; they can
digitalise the data using software (Shafiullah, Gyasi-Agyei et al. 2007). Various methods can be used to
filter and process the collected data. For example, Blackwellized particle filter (RBPF) is used for
parameters estimations. This method deals with robustness and uncertainty in statistics of the random
track inputs (Li, Goodall et al. 2007). A great deal of research is related to fault detection and predicting
track irregularities to facilitate maintenance decisions. The Bayesian approach has been proposed to
study heterogeneous degradation under uncertainty; the model investigates imperfect inspections (Ye,
Chen et al. 2015). A linear regression equation has also been developed to predict track irregularities
based on historical data. The method considers significant short-term influences (Xu, Sun et al. 2011).
Presently, Trafikverket uses two inspection measurement wagons: IMV200/STIX and
IMV100/EM80. The wagons employ different technologies and consider both weather and delay.
There are some problems, however. For example if there is a positioning problem with the train, the
data will be inaccurate, causing errors in data processing. There may also be difficulties integrating data
sources with different structures. In the decision phase, in order to analyse the track irregularities,
external data such as speed and axle load are required. There are limitations with the models, and
arbitrary judgment may be used to determine the track quality (Al-Douri, Tretten et al. 2016). These
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issues need to be addressed individually and data need to be integrated properly to ensure a proper
framework is set up to handle the data flows and information processing.
Information assurance (IA) uses standards such as the National Institute of Standards and Technology
(NIST) SP 800-53. This standard is the basis for development of organization specific tools for
information assurance during the planning and execution of a security management program (SMP).
SMP measured the organizational security against industry standard. It finds the organization’s baseline,
assess the findings and perform gap analysis. The SMP framework has an annual review and may
change depending on the business drivers (Willett 2008, NIST 2003). The framework needs to
consider both technical and business drivers.
For technical and business drivers, an IA framework employs six functional views to identify the root
risks: organization, infrastructure, data/information, business, policy and people (Andrew, Kovacich
Gerald 2006, Willett 2008). IA principles are intended to ensure the collected data and information
processing does not display unusual behavior (Willett 2008). This framework can be implemented
within Trafikverket CBM strategy to assure the data flow and information processing. Defining the
critical data flows and specific information processing needs within the CBM strategy is important.
Trafikverket requires specific information processing to plan and conduct maintenance efficiently. The
maintenance cost will decrease if the information is valued.
The suggested IA framework is considered at a meta-level to assure the collected data and information
processing can facilitate maintenance decisions. To be implemented with CBM, the architectural views
are categorised into three main steps. The first is collecting data; it is necessary to understand how to
monitor the infrastructure, if data are to be good quality. The second is data/information processing;
the collected data need to be evaluated. The evaluation will give better understanding of the data
behaviour using IA principles. The third is investigating data in the predetermined models to evaluate
the railway track irregularities within Trafikverket policy and stakeholders knowledge to ultimately
make decisions based on the findings.

1.2.

Problem statement

Trafikverket faces challenges when conducting condition-based maintenance (CBM). The demands on
railway transportation are increasing, including greater traffic density, and heavier axle and traction
loads. This has increased the number of railway track failures. To ensure better maintenance, the
collected data (e.g. condition monitoring data), processing data (e.g. limitation models), and the
resulting decisions should be accurate and complete based on deterioration models. Proper data
collecting and good information processing yield valuable information.
The data collecting phase suffers from many problems because of dynamic and extensive technologies
used to digitise the track status. For example, uncertainty positioning on the track occurs because the
various technologies used different components, and collaboration between these components can be
different. The processing phase suffers from inaccurate and incomplete data for some track sections.
Corrupted data affect negatively on the information processing used by different models.
In the decision phase, the models used to detect deterioration and predict track irregularities often have
difficulty understanding the irregularities and may not reflect the real situation. It may also be difficult
to integrate other several data sources to understand deterioration because they may have different
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structures. However, making arbitrary judgments based on calculating the track quality has crucial
affect on maintenance decision.

1.3.

Research purpose and objective

The purpose of this research is to suggest a framework that can be implemented together with
condition-based maintenance (CBM) for railway tracks. The framework can assure data flowing,
information processing for maintenance decisions using the three steps mentioned above: data
collecting, data processing and maintenance decision making.
More specifically, the objectives of this research are to:



Investigate the critical information used for conducting condition-based maintenance (CBM)
on the Swedish railway track.
Suggest a framework that can be implemented together with condition-based maintenance
(CBM) on the Swedish railway track.

1.4.

Research questions

To achieve the purpose and objectives of this research, the following two main research questions have
been formulated:
The first main research question is answered by the first research paper.
RQ1

What information is critical for conducing condition-based maintenance (CBM) strategy
for the Swedish railway track?

To answer the main first research question, two other research questions have been formulated.
x
x

How is CBM conducted on the railway track?
Howe effective is the present system and how can it be improved?

The second research question is answered by the second research paper.
RQ2

How can an information assurance framework be implemented together with a
condition-based maintenance (CBM) strategy for the Swedish railway track?

To answer the second research question, the research question below has been formulated.
x

In what way(s) can a framework implementation be an efficient and effective CBM
strategy?
Table 1.1 Linkage between the research questions and the appended papers.
Paper I

RQ 1
RQ 2

Paper II

¥
¥
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1.5.

Research scope and limitations

The scope is information assurance (IA) framework for condition-based maintenance (CBM) on a
railway track system. The framework is designed to explain data behavior and facilitate information
processing to make better maintenance decisions. This work is limited to Sweden, Trafikverket, and to
the standards and documents of the railway track (TRV 2012/62780 2014). It is also limited to CBM
strategy.
In the data collection phase, the digital technologies used by Trafikverket have some limitations, i.e.
delays and inspection and maintenance intervals. In the data processing phase, the limitations are the
track geometry parameters used to evaluate the track degradation and drive maintenance. The
validation of the suggested framework uses a railway tracks in northern part Sweden from 2007 to
2012. In the decision making phase, the track quality indicator Q-value may have limitations, as it is
difficult to set up an appropriate Q-value limit.
IA framework is limited for use with a CBM strategy. Principles of IA have difficulties for assuring data
flows and information processing depends on the previously mentioned problems. In this research, the
CBM strategy requires collaboration between Trafikverket and its contractors to measure the various
parameters and to carry out maintenance action. This makes it difficult to understand the process in any
depth. Finally, this licentiate thesis focuses only on data and information processing for maintenance
decisions.

1.6.

Research paper contributions

The contribution of each author to the research papers included in this thesis can be divided into the
following activities.
1.
2.
3.
4.
5.

Study conception and design.
Data collection.
Data analysis and interpretation.
Manuscript drafting.
Manuscript critical revision.

Table 1.2: Contribution of each author to the appended papers.
Papers
Authors

Paper I

Paper II

Yamur Aldouri

1–5

1–5

Phillip Tretten

1,4,5

1,4,5

Ramin Karim

1,4
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1.7.

Contributions

The main contributions of this research study are summarized as:
x
x

Investigates the critical information required to conduct condition-based maintenance (CBM) on
the Swedish railway track: critical information refers to specific facts required in each step of CBM.
An information assurance (IA) framework that can be implemented together with a conditionbased maintenance (CBM) strategy. This framework aims to understand the condition monitoring
data behavior by evaluating data using the principles of availability, integrity and authenticity. It
then seeks to understand the information processing required to make maintenance decisions.

1.8.

Thesis structure

This thesis consists of five chapters and two appended papers.
Chapter 1: Introduction: the chapter contains the research area, problem definition, the purpose and
objectives, research questions and their linkage with the appended papers, the scope and limitation of
the research, and contributions.
Chapter 2: Theoretical framework: the chapter contains the theoretical overview. Most of the contents
focus on the railway track, condition-based maintenance and information assurance.
Chapter 3: Research methodology: the chapter describes how this research was conducted.
Chapter 4: Results and discussion: the chapter shows the results answering each research question.
Chapter 5: Conclusions and future works: the chapter synthesizes results and outcomes of this research
and further research.
Paper I: Investigates the critical information for conducting CBM strategy at Trafikverket.
Paper II: IA framework is to understand data behaviour and information processing for maintenance
decision making.
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CHAPTER 2
THEORETICAL FRAMEWORK
This chapter presents the theoretical framework of this research. The goal is to give a review of the
theoretical basis of this licentiate thesis and provide a context for the appended papers. The literature
sources cited in this chapter include conference proceedings, journal papers, international standards,
books and indexed publications.

2.1.

Railway infrastructure

Railway production is increasing. It is becoming larger and more technically complex with various
substructures that are both integrated into it and technically divided from it, e.g. bridges, tunnels,
permanent ways, turnouts, sleepers, electrical assets, and signaling systems (Espling, Kumar 2008). The
railway infrastructure needs to be in good shape, because trains must run on time (Tzanakakis 2013).
The railway track is an essential substructure; it plays a vital economic role and provides a safe and
efficient guided platform for the trains (Indraratna, Salim et al. 2011, Tzanakakis 2013). Most rail tracks
are the traditional ballasted type; see figure 2.1 (Indraratna, Salim et al. 2011):

Figure 2.1: Ballasted rail track (Indraratna, Salim et al. 2011)
The track components (figure 2.1) are classified into rails, sleepers, subgrades, subballast and ballast.
Rails are a longitudinal steel member that guides the wheel in a lateral direction (Esveld 2001). Sleepers
provide a resilient and flat platform holding the rails to maintain the designed rail gauge. Ballast uses
coarse aggregates placed about subballast (finer grained) or subgrade (formation). This becomes a
loadbearing platform to support the track sleepers and rails. Subballast comprises a layer of well-graded
crushed rock between ballast and subgrade. Subgrade is ground on which the rail structure is built
(Indraratna, Salim et al. 2011). Failure of individual track components can lead to the larger failure of
the overall system (Indraratna, Salim et al. 2011, Tzanakakis 2013).
The track components have different kind of failures. Rails have profile deformation because of the
heavy haul traffic; the rails become modified because large amounts of material are removed in one pass
(Esveld 2001, Vidaud, Zwanenburg 2009). Sleepers show fatigue cracking if inferior-quality materials
15

are used under specified environment conditions (Ferdous, Manalo 2014). Ballast and subballast can
show uncertainty in spreading the ballast and subballast bed, as the bed connecting the comonets can
become reshaped (Esveld 2001). Finally, subgrade failures lead to mud-pumping; the soil beneath
becomes soft, and slurry forms at the subgrade surface (Hayashi, Shahu 2000).
Failure during operation can be costly, including costs linked to loss of service, property or human life
(Esveld 2001). Maintenance helps prevent damage to the railway track (Knothe, Grassie 1993). It
therefore plays an important role in both profit-making and safety (Murthy, Kobbacy 2008, Kumar,
Nissen et al. 2010). Determining the right maintenance strategy is crucial to reach the maintenance
targets and ensure track functionality (Holmgren 2005). Selecting a maintenance strategy requires close
scrutiny of organisation’s requirements, goals, and available resources with safety and financial factors
kept in mind (Kumar, Nissen et al. 2010). Figure 2.2 shows the maintenance strategies divided into
corrective maintenance and preventive maintenance. Note that preventive maintenance can be
condition-based maintenance (SS-EN 13306 2001).

Figure 2.2: maintenance strategies
Corrective maintenance is carried out after a failure has been recognized; it returns the items to its
proper state, allowing it to perform its required function (SS-EN 13306 2001). Several models
designed to assess and improve corrective maintenance employ multiple linear regression analysis to
construct effort estimation (De Lucia, Pompella et al. 2005). Others researches have attempted to
improve the maintenance performance b considering deterioration over the life cycle using
probabilistic life cycle or mathematical models (Dekker, Wildeman et al. 1997, van Noortwijk,
Frangopol 2004). Corrective maintenance is costly and the resulting damage can cause huge failures. A
preventive strategy is better able to reduce risks and failure (Horner, El-Haram et al. 1997).
Preventive maintenance is carried out according to certain prescribed criteria to reduce the probability
of failure (SS-EN 13306 2001). Its purpose is to maximize service and safety using a minimum of
maintenance resources (Charles, Floru et al. 2003). Many models are used for early failure detection.
The use of sophisticated mathematical models has increased (Valdez-Flores, Feldman 1989). In
addition, a hybrid model with maintainable failure modes and non-maintainable failure modes through
a sequence of intervals has been proposed as a preventive maintenance model (Lin, Zuo et al. 2001).
Finally, by studying the real state, CBM can be used in preventive maintenance to provide sufficient
warning of failure (Murthy, Kobbacy 2008).
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2.2.

Condition-based maintenance (CBM)

Condition-based maintenance (CBM) allows the equipment to be maintained based on monitoring of
its condition. This strategy uses monitoring to determine early failure of a system. Various techniques
(e.g. vibration, temperature, acoustic emissions, ultrasonic, lubricant condition and time/stress analysis)
are used to assess the health equipment (Murthy, Kobbacy 2008, Holmberg, Adgar et al. 2010). In the
railway condition monitoring (CM) assesses the current railway track condition and evaluates the
components (Randall 2011). Components are usually replaced when the monitored level exceeds the
normal limits (Murthy, Kobbacy 2008, Holmberg, Adgar et al. 2010). In this context, a CBM strategy
plans ahead to ensure both continued service and cost reduced costs (Horner, El-Haram et al. 1997).
The implementation of a CBM strategy requires taking three steps: collecting data, processing data, and
making maintenance decisions. Many studies have examined each step. Railway track data are collected
using a number of different technologies. A small number of robust sensors (bogie-mounted pitchrate
gyro) are used to obtain mean vertical track geometry alignment with wavelength filtering (Westeon,
Ling et al. 2007). A wireless sensor network (WSN) is used to improve the current practice of the
railway track. The wireless network consists of scattered sensor nodes on the railway track; data are
forwarded to monitoring systems at a remote site. A fuzzy logic-based aggregation technique is
employed to maximise the use of resources. Finally, wireless sensor networks powered by an ambient
energy harvesting (WSN-HEAP) device help to monitor the railway track. This device studies how to
maintain good data delivery; this differs according to throughput-fairness and transmits power levels
(Tan, Lee et al. 2009).
Similarly, a number of different models are used to filter and evaluate the collected data. One method
estimates A-weighted sound levels and noises in the vibration spectra due to ground-transmitted
vibration (Kurzweil 1979). A Kalman filter has been formulated to estimate parameters using computer
simulation to verify design and assessment. This filter has been used to estimate 18 state variables and
provide accurate information on the railway track (Mei, Goodall et al. 1999). A nonlinear
combinatorial data reduction model has been proposed to decrease resource utilisation and speed up
train positioning. It employs three algorithms (the concept of looking ahead, dichotomy, and
Employing Breadth-First Strategy) in the shortest path problem to obtain an optimal solution and
reduce data problems (Chen, Fu et al. 2010). A large amount of collected data can be reduced into
useful information with the use of in-service vehicles Unattended Geometry Measuring Systems
(UGMS). The technology is proposed to feed decision making (Weston, Roberts et al. 2015).
Maintenance decision making uses degradation or prediction models of the railway track. Bayesian
approach is widely used to study track degradation and to investigate robust condition monitoring
techniques (Ye, Chen et al. 2015). A Bayesian model has also been used to study uncertainty
parameters that affect prior function calculations and expert opinions (Percy 2002). Artificial neural
network (ANNs) have been adapted to study track geometry deterioration; an ANN model is suitable
in certain situations and conditions (Guler 2014). A novel linear regression equation has been proposed
to predict irregularities in a 200 m track section based on historical data (Xu, Sun et al. 2011). Finally, a
multi-state linear prediction model has been suggested for predicting irregularities and eliminating
hidden danger. It shows changes in the regularity of peak values over time using linear relations with
difference speed types (Guo, Han 2013).
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Trafikverket implements CBM strategy by collecting data, processing them, and using the resulting
information to make maintenance decisions. Track condition data are gathered by measurement
wagons (IMV200/STRIX and IMV100/EM80) at speeds up to 200 km/h. These wagons integrate
several technologies. Each track section measured five to six times per year. Up to 35 track geometry
parameters are obtained and stored for every 25 cm (Bergquist, Söderholm 2014). Parameter
measurement is based on the standard SS-EN 13848-1 (SS-EN 13848-1 2004). For instance,
longitudinal level is a geometry parameter; here, the vertical position of the right and left rails are
measured by a position sensor and accelerometer. The acceleration should be integrated vertically twice
over time to determine the position of the car and, thus, to identify the vertical position of each rail
(SS-EN 13848-1 2004, Iman 2013).
In the CBM process, the measured data are used to evaluate the track quality using the Q-value. The
Q-value is based on calculating the standard deviation of three main track geometry parameters:
longitudinal level, cant, and alignment (see definitions in table 3.5). The formula based on standard
deviation for 200 m and comfort limits depends on the class speed of each track section (table 3.6 and
table 3.7) (BVF 857.02 1997, Bergquist, Söderholm 2014). The gathered information gives an early
warning of track deterioration so a maintenance strategy can be formulated (e.g. corrective or
preventive). Information leads to stakeholder knowledge and, hence, to the formulation of a
maintenance decision (Al-Douri, Tretten et al. 2016).
A CBM strategy has a number of stakeholders. They may be active within the CBM process internally
or externally; internal stakeholders perform technical and administrative actions and external
stakeholders are concerned with the required function of the item (Söderholm, Holmgren et al. 2007).
A stakeholder is an interested party with the right to share in or claim the railway system characteristics
that meet the organisation’s needs (Söderholm, Holmgren et al. 2007). CBM stakeholders are
categorised in the following groups in the Swedish railway system:
x
x
x
x
x

Measurement stakeholders: responsible for measuring the track using the different measurement
tools; they collect data and filter the measured data.
Data quality stakeholders: responsible for assessing the data fitness using statistical methods and
comparing them with previous data records. They report problem data to the measurement
stakeholders to solve the problem.
Analysis stakeholders: responsible for analysing the data with respect to different factors to identify
the railway track state.
Decision making stakeholders: responsible for making decisions and designing railway track
maintenance strategy; they define the cost, set the budget, and plan the maintenance.
Maintenance stakeholders: responsible for performing the required maintenance action.

Communication between the stakeholders is essential. Therefore, the input data and the information
processing need to be understandable. Open System Architecture for Condition-based Maintenance
(OSA-CBM) is used to understand data and information processing (SS-ISO 13374-2 2007). OSACBM is designed to facilitate controlling the data behaviour and information processing between
different layers (figure 1.2) (Holmberg, Adgar et al. 2010, SS-ISO 13374-2 2007) Data provide facts
and figures for a specific system condition but they are not organised or structured, and this is essential
(Thierauf 1999). When information is contextualised, categorised and calculated, this creates a bigger
and more relevant picture of the data (Davenport, Prusak 2000). A huge amount of information is
generated; data must be controlled and verified to improve data processing (Jagersma, Jagersma 2011)
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Further, the resulting knowledge mixes experience, values, contextual information and expert opinion
(Davenport, Prusak 2000).
Trafikverket’s measurement wagons have slightly different measurements based on collaboration
between technologies, as well as, external conditions (e.g. weather). The positioning problem leads to
inaccurate and incomplete collected data, thus hampering the processing of the data. It can also be hard
to integrate various data sources because of their different structures. In the decision making phase,
track irregularities can be difficult to understand. But when arbitrary judgments are used to assess the
track quality, it can be difficult for stakeholders to make decisions (Al-Douri, Tretten et al. 2016).
Maintenance decisions needed rest on a worthy data collecting and processing to integrate and assure
communication. This requires a proper framework, i.e. an information assurance framework.

2.3.

Information Assurance (IA) framework

Information Assurance (IA) can maintain integrity (Willett 2008) despite unusual events that might
interrupt a particular project or mission. Information should be accurate, not corrupted (Andrew,
Kovacich Gerald 2006, Willett 2008). The purpose of information assurance is to reduce the risks
within the system and maintain business continuity (Willett 2008). For instance, the Department of
Defence (DoD) needs information assurance to integrate the defence physical system with the
operational level through addressing the data and information behaviour (Hamilton Jr 2006).
An information assurance framework introduces a way to identify system risks to both technical and
business drivers (left side figure 2.4). Technical drivers require data in different cases (e.g. dynamic, in
transmit, and in use), as well as information from those data, hardware and software. The business
drivers include customer service, marketing, balance sheets and budgets. For example, the Department
of Defence (DoD) uses a risk management framework to achieve the defence needs of the organisation
while avoiding business risks (DoD 8510.01 2014). The framework examines the system components
and the interaction between these components (Maconachy, Schou et al. 2001).
Previous studies divide the IA framework into three components: guideline principles, policies for
information security and assessment of information flow within the system. These components regulate
the information security system within a particular environment. The framework also controls the
information communication between stages. Researchers have analysed four case studies to suggest
guidelines for providing better information quality to users (Ng, Dong 2008). Another study presents
two algorithms to permit user assessment of overall information quality. The algorithms suggested by
Wang et al. (Wang, Reddy et al. 1995) and Wang and Strong (Wang, Strong 1996) use Financial
Accounting Standard Board (FASB) standards to assess content quality. The quality of information
quality is measured based on integrity, accessibility, interpretability, and relevance (Bovee, Srivastava et
al. 2003).
A framework able to handle different system architectures and principles consists of six architectural
views (Figure 2.4): people, policy, business process, systems and applications, information/data, and
infrastructure. Many studies suggest studying the architectural layers individually and together (Willett
2008). People are a constant factor; selecting the appropriate architecture, design, implementation,
operation and maintenance assure understanding. An organisation’s policies specify what behaviour is
desired. Software and systems applications process the information required to measure behaviour,
considering information and/or data from the perspective of being in rest, in transit or in use.
Infrastructure refers to physical and technical equipment. Policies related to infrastructure are based on
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the requirements of both internal and external parts of the organisation (Korotka, Roger Yin et al.
2005, Willett 2008).

Figure 2.4: View of IA framework
In the IA framework, several principles (middle of figure 2.4) are used to understand the data and
information processing. They define problems in terms of both business and technical aspects. The
principles include: confidentiality, integrity, availability, possession, utility, authenticity,
nonrepudiation, authorised use, and privacy. These principles are applied to information in all forms
and during all exchanges (Willett 2008, Qian, Tipper et al. 2010). The definitions of these principles
are shown in table 2.1 (Willett 2008).
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Table 2.1: IA principles descriptions (Willett 2008)
IA principles

Description

Confidentiality

Information is disclosed and observable only by authorized personnel or
information resources.

Integrity

Information remains unchanged from source to destination and has not been
accidently or maliciously modified

Availability

Information nor information resources is ready for immediate use

Possession

Information or information resource remains in the custody of authorized
personnel.

Utility

Information is fit for a purpose and in a suable state.

Authenticity

Information or information source conforms to reality

Authorized use

Cost-incurring services are available only to authorized personnel (e.g., tollfraud prevention)

Privacy

Personal privacy is protected and relevant privacy compliances are adhered to
(e.g., privacy ACT 1974); to be free from observation or intrusion.

Nonrepudiation

The inability for a message sender to later deny having sent the message

The concept of enterprise life cycle management (ELCM) can be used to implement the IA
framework. ELCM is a sequence of continuous phases (right side figure 2.4), starting with the basic
concept. In the architect phase, the concept is related to the business drivers. In the engineer phase, the
technical perspective is added. The phase acquire/develop focuses on the development of core
competencies. In the next phase, the designed and developed concept is implemented in the
organisational environment. It is tested to see if it is working effectively. If so, it is fully deployed on
trains, including their continuous operation and maintenance (O&M). The retire phase marks the end
of the ELCM process (Willett 2008).
Verification consists of four stages: anticipate, defend, monitor, and respond. Anticipate thinks ahead to
certain situations, activities, and demands. Defend protects a system at various operational layers.
Monitoring looks for the condition. Respond is taking action as a result of the discovered condition
(Willett 2008).
The IA framework is suitable for a CBM strategy from a technical and business point of view, as well
as from the perspective of information. Its six architectural views can be implemented in CBM steps.
Organisation, infrastructure and data are related to the CBM data collecting step. Information and
systems and applications connect to data processing. Finally, business process, policy and people deal
with maintenance decisions and stakeholder knowledge.
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2.4.

Implementation of IA framework within CBM

In what follows, we describe an IA framework used within CBM to assure data collection and
information processing for good maintenance decision making. The framework employs the concept
of OSA-CBM functional blocks. It is developed to deal with a particular case, namely railway tracks, to
fulfill core organisational objectives. For example, the Swedish railway authority Trafikverket has the
organisational objective of providing safe and good service to citizens. It can meet this objective by
collecting critical data and processing them correctly for optimal maintenance decisions. To facilitate
Trafikverket’s ability to meet this objective, the present research implements the IA framework within
CBM on three levels: organisation, infrastructure, and data/information. Each is relevant to railway
track maintenance. As shown in Figure 2.5, the organisational level refers to the railway authority, the
infrastructure in question is the track, and the information level is the track geometry database.

Figure 2.5: Three levels of IA framework
The bottom level of the IA framework represents the needs and requirements of the organisation, in
this case, Trafikverket. As the figure indicates, at the infrastructure level, CM data on the track are
gathered. When they are processed, they are examined for possible problems in alignment between the
current situation and the technical requirements. The data must show availability, integrity and
authenticity, or the analyses will be flawed; therefore, the top level of the framework identifies and
addresses problems with the data. These are the fundamental objectives if data are to be good enough
to achieve the level of information assurance required by the railway authority to make decisions.
An alignment between the IA architectural views and principles must be satisfied throughout the
system’s ELCM phases, as shown on the right hand side of Figure 2.5. Working with the original
concept, the architect designs and builds the idea into the existing system and organisation.
Engineering is concerned with the technical perspective, i.e., how data and information are gathered
and flow within CBM steps. The idea is developed using specific condition monitoring data, in this
case, track data from Trafikverket. Data are tested for deviations from the IA core principles. Their
alignment with the organisation’s requirements leads to cost savings.
With proper data on track state, Trafikverket can derive proper information to make proper decisions.
To verify the alignment between the needs and the reality, however, we need to understand the
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railway track monitoring techniques used by Trafikverket. In addition, we must understand the track
geometry parameters and their limitations. Finally, we have to study how track geometry parameters
and track quality models affect maintenance decisions.
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CHAPTER 3
RESEARCH METHODOLOGY
This chapter presents the research methodology and explains the research choices.

3.1.

Research design and strategy

Research is an original contribution from studying and investigating a certain aspect of a particular
subject (Berger 2013). It is systematic and scientific activity to establish a fact, a theory, a principle or
an application that addresses a specific practical issue (Neuman 2005, Kumar 2008). The main function
of research is to improve the procedure of research through extension of knowledge (Singh 2006).
Research may serve to answer a certain question or solve a problem (Neuman 2005). The research
design is a logical plan that guides the investigator in the process of collecting, analysing and
interpreting observations to draw inferences on causal relations (Yin 2014). Research can be
categorised into three main groups: exploratory, descriptive and explanatory (Neuman 2005).
Exploratory research explores a new topic or issue. It might be the first stage in a sequence of research
that a researcher intends to pursue (Neuman 2005). This type of study is undertaken prior to defining
the final study questions or specific methods. Field investigation is included in this category (Yin 2011).
Descriptive research presents the details of a specific situation, social setting or relationship in the
process of developing an idea about a social phenomenon. The outcome is a detailed picture of the
subject, leading to the formulation of hypotheses (Neuman 2005). It generally has manageable
proportions (Yin 2011).
Explanatory research expands on exploratory research by testing a hypothesis of a cause and effect
relationship between variables to explain a certain phenomenon (Neuman 2005). It builds on both
exploratory and descriptive research (Neuman 2005, Yin 2011). It sometimes, but not always, selects
an empirical approach.
Empirical research draws on five main research methods: experiment, survey, archival analysis, history
and case study. To perform empirical research, it is important to consider: 1) the specific type of
research questions required; 2) whether/how the research will control behavioural events; 3)
whether/how the research focuses on contemporary events. Table 3.1 describes these (Yin 2014). A
main factor in the research strategy is the choice of questions (Yin 2014). These are generally
determined by a combination of fieldwork and a literature review (Neuman 2005).
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Table 3.1: Research strategy (Yin 2014)
Strategy

Research question
type

Requires control of
Behavioral Events?

Focuses on
Contemporary Events?

Experiment

How, why

Yes

Yes

Survey

Who, what, where, how
many, how much

No

Yes

Archival
Analysis

Who, what, where, how
many, how much

No

Yes/No

History

How, why

No

No

Case Study

How, why

No

Yes

This research uses a case study as the main strategy to answer RQ1 and RQ2. A case study is used to
build theories from real life events. It may be used for preliminary research, but it is not exploratory.
Case studies are preferred when examining contemporary events, but when the relevant behaviours
cannot be manipulated. It adds two sources of evidence not usually included in a history: the direct
observation of events and interviews with the persons involved in the events (Yin 2011).
This case study uses the following research sequence: design, prepare, collect, analyse, report. Design is
the logical linkage between research questions, data and conclusions. Prepare is gathering the resources
required to address the problem, such as carrying out interviews to collect information or exploring the
research background to understand the context. Collect refers to data gathering. The case study uses
four sources: documents, archival records, interviews and participant-observation. Analyse includes
examining, categorising, testing or recombining evidence, to draw empirically based conclusions using
different qualitative and quantitative methods and different techniques. Finally, report refers to the
results and findings (Yin 2011).
In this research, the purpose is to suggest a framework that can be implemented together with a
condition-based maintenance (CBM) strategy on the railway track. The framework can be used to
understand data behaviour in three CBM steps: data collecting, data processing and maintenance
decision making. More specifically, the research examines the collection and processing of
Trafikverket’s CM data on railway track infrastructure and evaluates the data using three principles:
availability, integrity and authenticity. It also studies these data using track assessing models to better
understand track degradation and to improve maintenance decisions.
A research design has a series of essential and interconnected steps to achieve the research purpose.
Figure 3.1 shows the design of this particular research process. Nine activities are distributed among six
stages.
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Exploratory research

Literature study

Formulate research
questions and
objectives

Exploratory and descriptive research
Case study
selection

Inspection
records
Track geometry
data

Data collection

Standards

Interviews

Expert Opinion

Data processing
Processing
information

Statistical
analysis

Articles publish

Literature

Data analysis

Pattern match

Thesis write-up

Figure 3.1: research design process
The first step in the present research was exploring the literature on the railway track to become
acquainted with the fieldwork, current practices and all relevant research subjects. The literature review
included: conference papers, journal publications, PhD theses, technical reports, white papers and other
EU projects related to the maintenance of railway track. The most search results came from the
following keywords:
x
x
x
x
x
x

Railway infrastructure maintenance.
Railway track maintenance.
Condition monitoring.
Condition-based maintenance.
OSA-CBM.
Information and communication technology (ICT).
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x
x
x

Information assurance.
Information assurance frameworks.
Information assurance for condition-based maintenance.

The research has two research questions, RQ 1 and RQ 2.
RQ 1 used exploratory research to explore the topic and issues, looking at a particular case study. The
case study began with a review of the literature. Then interviews were conducted to collect critical
information on the case study company’s CBM strategy (e.g. data, parameters, problems and needs).
Finally, the company’s track CM data were analysed to identify specific problems and needs.
RQ 2 used exploratory and descriptive research. It drew on CM data and carried out a more detailed
analysis of the maintenance decision making situation. Specifically, it implemented an information
assurance framework to understand the condition monitoring (CM) data behaviour and the
information processing used to make maintenance decisions. CM data were evaluated according to the
principles of availability, integrity, and authenticity. Finally, data were assessed using existing models on
track quality, with findings compared to those using the IA framework.

3.2.

Research approach

There are two main techniques to study information collected during research, quantitative and
qualitative analysis (Yin 2014). Quantitative analysis collects data in the form of numbers (Neuman
2005). It uses statistical and analytic methods to understand the cooperation between variables (Denzin,
Lincoln 2011). Qualitative analysis uses a verbal method to understand the meaning of a phenomenon
(Merriam 1988). This strategy includes participants and observers, documents in the area and openended interviews (Neuman 2005). These techniques explain the research area and study the results
(Yin 2014).
RQ 1 was answered by combination of qualitative and quantitative techniques. The qualitative
technique involved the use of interviews. The interviews were an essential source of information in
this case study; notably, they led to conversations rather than structured queries. The quantitative
technique was implemented in statistical analysis supporting the interview results.
RQ 2 was answered quantitatively. Condition monitoring data were analysed quantitatively. These
data were readily available, but there was a need to investigate their completeness and accuracy. These
results were compared to results using existing models. The technique shed light on data behaviour,
data processing and information communication, as these relate to maintenance decisions.

3.3.

Data collection methods

Data are facts that can be collected and communicated by following acceptable procedures within a
specific environment. Relevant data give raw information about the whole phenomenon under study
(Kothari 2004). This research used two types of data: interviews and condition monitoring data. The
interview technique was flexible enough that interview questions could be restructured to elicit the
required information (Kothari 2004, Yin 2014). Condition monitoring data were collected from the
database of the Swedish railway authority, Trafikverket.
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3.3.1.

Interviews

Interviews are employed in many academic disciplines to investigate why and how a certain decision
produces a particular result (Yin 2014). In this research, individual interviews were set up with data
quality, analysis and decision making stakeholders at Trafikverket. The interviews were an essential
source of information for this study. We used guided conversations rather than tightly structured
questions. Generally, interviews can either a) follow a line of inquiry, or b) ask questions in an
unbiased manner to serve the needs of the line of inquiry.
In this case, interviews required operating on two levels: satisfying the needs of the line of inquiry
while simultaneously asking friendly and nonthreatening questions in an open ended interview. The
purpose of the open ended answer was to document the connection between specific pieces of
evidence and various issues at this stage of the research. We carried out individual interviews, both
face-to-face and online, as this ensured respondents understood the situation and the problem. The
method also yielded a higher volume of information. Some interviews were followed up by telephone
to complement missing information. Eight interviewees were working 100 percent of their time on
analysing railway track performance, and one was spending five percent of his time on analysis. Table
3.2 shows the participants, their position, roles and years of experience.
The questions in the case study protocol distinguished clearly among four groups: data, parameters,
problems and needs. The formulated questions are the following:
Data:
x What do you think of the data accuracy? then Why?
x Is the contractor responsible for assuring accuracy or only for data gathering? How?
x How can the contractor assure the quality of data? Give an example for each point.
Parameters:
x What parameters are more affective and important? then Why?
Problems:
x What problems are recognized after analysis?
x What problems exist in different areas, such as functionality and data? (As an end-user)
Needs:
x What analysis is needed within and does it exist now? Why? and How?
x What is needed to improve the prediction? Why? and How?
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Table 3.2: Interview schedule
No. of
interviewees

Position

Roles

Experience

Interviewee 1

Track engineer

Developing Life Cycle Model for
Railway Superstructure and
introducing “Standard” element
which is a calculation block within
LCC depending on certain
parameters

10 years

Interviewee 2

Researcher

Research on railway maintenance
optimisation by applying
maintenance decision support tools
(RAMS & LCC)

7 years

Interviewee 3

Track engineer

Specialist in track analysis

13 years

Interviewee 4

Track maintenance
engineer

Maintenance planning, Planning of
major replacements of track
components, Technical support to
local track managers

5 years

Interviewee 5

Maintenance engineer

Long-term maintenance planning
and technical support

20 years

Interviewee 6

Track engineer

Management leader Optram

6 years

Interviewee 7

Project Manager

Project Manager of the contract for
Track measurements

9 years

Interviewee 8

Maintenance engineer

Presenting long-term maintenance
plans

10 years

3.3.2.

Condition monitoring data

Condition monitoring data come from Optram database. Optram explores the system by observing,
testing or measuring its characteristic condition parameters within a predetermined interval, thus
making it a significant part of maintenance. The inspections considered here use different technologies
based on traffic volume and line speed. Trafikverket track condition data are collected by a
measurement wagon (Al-Douri, Tretten et al. 2016). Different measurements and ways of measuring
assess the railway track components in direct physical contact with each other.
Condition monitoring data in Optram are considered for three track sections. BDL118 stretches 168
km, from Boden to Gällivare. Track section BDL111 is 130 km of single track from Kiruna to
Riskgränsen. Track section BDL119 is 34 km of single track with six meeting stations; it runs from
Boden to Luleå. Figure 3.2 shows these lines. Data on track sections BDL118 and BDL111 come from
2007 to 2012. BDL119 is studied for certain selected years to show the problems in this track section.
These tracks are chosen because of the continuous load and pressure from passenger, cargo and iron
ore trains.
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Figure 3.2: Swedish railway lines BDL111, BDL118 and BDL119
Track geometry inspection data are needed to plan a maintenance strategy. These data give useful
information to avoid too much or too frequent maintenance. Track geometry parameters are
longitudinal level (short, middle and long wavelength), alignment (short, middle and long wavelength),
track gauge, cant, twist (3-m and 6-m) and the standard deviation for longitudinal level and
cooperation. Table 3.3 describes these parameters (SS-EN 13848-1 2004).
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Table 3.3: Track geometry parameters description
Parameter

Description

Longitudinal level

Deviation Z୮ᇲ in z-direction of consecutive running table levels on any
rail, expressed as an excursion from the mean vertical position (reference
line), covering the wavelength ranges stipulated below and is calculated
from successive measurements.

Track gauge

Track gauge, G, is the smallest distance between lines perpendicular to the
running surface intersecting each rail head profile at point P in a range
from 0 to Z୮ below the running surface. Z୮ is always 14 mm.

Cant

The difference in height of the adjacent running tables computed from
the angle between the running surface and a horizontal reference plane. It
is expressed as the height of the vertical leg of the right-angled triangle
having a hypotenuse that relates to the nominal track gauge plus the width
of the rail head rounded to the nearest 10 mm.

Alignment

Deviation Y୮ in y-direction of consecutive positions of point P on any
rail, expressed as an excursion from the mean horizontal position
(reference line) covering the wavelength ranges stipulated below and
calculated from successive measurements.

Twist

The algebraic difference between two cross levels taken at a defined
distance apart, usually expressed as a gradient between the two points of
measurement.

Alignment and longitudinal level have three wavelengths: (Ȝ) short (3 m < Ȝ  25 m), middle (25 m <
Ȝ  70 m) and long (70 m < Ȝ  150 m). In this research, standard deviations over 200 m of track are
calculated for short wavelengths of both alignment and longitudinal level after filtering. Cant
parameters are also calculated. Several condition indicators are used to determine the track state; the
most important is the Q-value. The Q-value indicates the track quality through the calculation of
standard deviations, as shown in equation (1) (Banverket 1997a).
ܳ = 150 െ 100 

ߪௌ
ߪு
+ 2
൨ /3
ߪு 
ߪௌ 

…………………………….

(1)

The standard deviations are (ߪௌ and ߪு ). ߪௌ is the sum of standard deviations of the cant and alignment,
while ߪு is the standard deviation of the average longitudinal level for the left and right rails. The
comfort limits define the acceptable standard deviation for 200 m (BVF 807.02 2005, Arasteh khouy,
Larsson-Kråik et al. 2015) of longitudinal level and cooperation (alignment and cant) based on the
speed class. Each parameter has five different speed classes, as shown in table 3.4 and table 3.5.
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3.4.

Data processing

The information gathered in the interviews constitutes expert opinions. These are matched to the
problem statement and the main research thrust to understand how CBM is conducted by
Trafikverket. The methods used by the company to process raw data into useful information to make
maintenance decisions are of specific interest here. The literature supports all research steps
continuously.
Condition monitoring data are evaluated based on the standard SS-EN 13848-1 with respect to the
limits for each track geometry parameter. Data are evaluated according to the core principles of
integrity, authenticity and availability; these affect data processing and decision making. We specifically
consider the problems in the present CBM strategy mentioned by the stakeholders. In this case,
availability assured CM data are available to use when needed for analysis and for predicting the railway
track status. If data have integrity, they are trustworthy, accurate, relevant and complete. Zeros and null
values negatively affect the information processing required for maintenance decisions. In this research,
the integrity percentage is calculated for each parameter individually based on formula (2) shown
below. The formula sums the number of zeros and null values in the total number of values of each
parameter.
( ݕݐ݅ݎ݃݁ݐ݊ܫ%) = 1 െ

ܰ.  ݏݎ݁ݖ ݂+ ܰ. ݏ݈݈ݑ݊ ݂
൨ × 100
ܰ. ݏ݁ݑ݈ܽݒ ݂

…………………………….

(2)

Authenticity studies the inaccurate values for each wavelength and other track geometry parameters.
The standard SS-EN 13848-5 is used to define the thresholds for each parameter. This research uses
two main thresholds. The first requirement level threshold is for newly built track. The second is for
immediate action when a critical limit is exceeded and there are safety risks. A lower first threshold
means the track is uneven, while being over the second threshold means the parameter is over the
safety limit. Both readings are likely inaccurate. The authenticity percentage is calculated as shown in
formula (3).
( ݕݐ݅ܿ݅ݐ݄݊݁ݐݑܣ%) = 1 െ

ܰ. ݏ݁ݑ݈ܽݒ ݁ݐܽݎݑܿܿܽ݊݅ ݂
൨ × 100
ܰ. ݏ݁ݑ݈ܽݒ ݂

………………………….

(3)

Table 3.4 shows a range of inaccurate values for longitudinal level and alignment with three different
wavelengths and different speed classes. Table 3.5 shows the range of inaccurate values for track gauge,
cant, twist (3-m and 6-m), STD longitudinal level, and STD cooperation with different speed classes.
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Table 3.4: Range of inaccurate values for longitudinal level and alignment with different wavelengths
Speed class

Range of inaccurate values

(A) Longitudinal OHYHOVKRUW PȜP

Speed class

Range of inaccurate values

% /RQJLWXGLQDOOHYHOPLGGOH PȜP

H5 ޒ9250)

݈ > 16 OR ݈ < -16

H5 ޒ9250)

݈ > 28 OR ݈ < -28

H4 ޒ9200)

݈ > 20 OR ݈ < -20

H4 ޒ9200)

݈ > 33 OR ݈ < -33

H3 ޒ9160)

݈ > 23 OR ݈ < -23

H3 ޒ9160)

-

H2 ޒ9120)

݈ > 25 OR ݈ < -26

H2 ޒ9120)

-

H1 ޒ980)

݈ > 28 OR ݈ < -28

H1 ޒ980)

-

H0 (V40)

݈ > 28 OR ݈ < -28

H0 (V40)

-

& /RQJLWXGLQDOOHYHOORQJ PȜP

' $OLJQPHQWVKRUW PȜP

H5 ޒ9250)

݈ > 36 OR ݈ < -36

H5 ޒ9250)

a > 10 OR a < -10

H4 ޒ9200)

݈ > 42 OR ݈ < -42

H4 ޒ9200)

a > 12 OR a < -12

H3 ޒ9160)

-

H3 ޒ9160)

a > 14 OR a < -14

H2 ޒ9120)

-

H2 ޒ9120)

a > 17 OR a < -17

H1 ޒ980)

-

H1 ޒ980)

a > 22 OR a < -22

H0 (V40)

-

H0 (V40)

a > 22 OR a < -22

( $OLJQPHQWPLGGOH PȜP

) $OLJQPHQWORQJ PȜP

H5 ޒ9250)

ܽ > 20 OR ܽ < -20

H5 ޒ9250)

ܽ > 33 OR ܽ < -33

H4 ޒ9200)

ܽ > 24 OR ܽ < -24

H4 ޒ9200)

ܽ > 38 OR ܽ < -38

H3 ޒ9160)

-

H3 ޒ9160)

-

H2 ޒ9120)

-

H2 ޒ9120)

-

H1 ޒ980)

-

H1 ޒ980)

-

H0 (V40)

-

H0 (V40)

-
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Table 3.5: Range of inaccurate values for track gauge, cant, twist (3-m and 6-m), STD longitudinal
level, and STD cooperation
Speed class

Range of inaccurate values

(A) Track gauge

Speed class

Range of inaccurate values

(B) Cant

H5 ޒ9250)

 > ݃ݐ28 OR  < ݃ݐ-5

H5 ޒ9250)

ܿ > 20 OR ܿ < -20

H4 ޒ9200)

 > ݃ݐ28 OR  < ݃ݐ-7

H4 ޒ9200)

ܿ > 20 OR ܿ < -20

H3 ޒ9160)

 > ݃ݐ33 OR  < ݃ݐ-8

H3 ޒ9160)

ܿ > 20 OR ܿ < -20

H2 ޒ9120)

 > ݃ݐ33 OR  < ݃ݐ-9

H2 ޒ9120)

ܿ > 20 OR ܿ < -20

H1 ޒ980)

 > ݃ݐ35 OR  < ݃ݐ-10

H1 ޒ980)

ܿ > 20 OR ܿ < -20

H0 (V40)

 > ݃ݐ35 OR  < ݃ݐ-10

H0 (V40)

ܿ > 20 OR ܿ < -20

(C) Twist 3m

(D) Twist 6m

H5 ޒ9250)

 > ݐ12 OR  < ݐ-12

H5 ޒ9250)

 > ݐ20 OR  < ݐ-20

H4 ޒ9200)

 > ݐ15 OR  < ݐ-15

H4 ޒ9200)

 > ݐ25 OR  < ݐ-25

H3 ޒ9160)

 > ݐ15 OR  < ݐ-15

H3 ޒ9160)

 > ݐ25 OR  < ݐ-25

H2 ޒ9120)

 > ݐ18 OR  < ݐ-18

H2 ޒ9120)

 > ݐ29 OR  < ݐ-29

H1 ޒ980)

 > ݐ18 OR  < ݐ-18

H1 ޒ980)

 > ݐ29 OR  < ݐ-29

H0 (V40)

 > ݐ18 OR  < ݐ-18

H0 (V40)

 > ݐ29 OR  < ݐ-29

(E) STD Longitudinal level

(F) STD Cooperation

H5 ޒ9250)

ܵܶ > ܦ1.15 OR ܵܶ < ܦ-1.15

H5 ޒ9250)

ܵܶ > ܦ1.6 OR ܵܶ < ܦ-1.6

H4 ޒ9200)

ܵܶ > ܦ1.6 OR ܵܶ < ܦ-1.6

H4 ޒ9200)

ܵܶ > ܦ1.7 OR ܵܶ < ܦ-1.7

H3 ޒ9160)

ܵܶ > ܦ1.85 OR ܵܶ < ܦ-1.85

H3 ޒ9160)

ܵܶ > ܦ1.9 OR ܵܶ < ܦ-1.9

H2 ޒ9120)

ܵܶ > ܦ2.50 OR ܵܶ < ܦ-2.50

H2 ޒ9120)

ܵܶ > ܦ2.4 OR ܵܶ < ܦ-2.4

H1 ޒ980)

ܵܶ > ܦ3.75 OR ܵܶ < ܦ-3.75

H1 ޒ980)

ܵܶ > ܦ3.1 OR ܵܶ < ܦ-3.1

H0 (V40)

ܵܶ > ܦ3.75 OR ܵܶ < ܦ-3.75

H0 (V40)

ܵܶ > ܦ3.6 OR ܵܶ < ܦ-3.6
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3.5.

Data analysis

Data analysis used to discover knowledge from information processing and for objectively explaining
phenomena that is considered for valid, useful, novel, or understandable. Interviews and condition
monitoring data is collected and analyised to establish further relationships and extract useful features.
Thereafter useful information can be extracted for maintenance decision making.
Paper 1 analyses the interviews used to collect critical information on the railway company’s CBM
strategy. Specifically, it uses a pattern matching analytic technique, comparing an empirically based
pattern with a predicted one or with several alternative predictions. The pattern matching technique
finds poor or mismatching matches, so interpretation is less likely to be challenged. This is followed by
analysis of the important parameters, the existing problems of the data and the data requirements. The
analysis considers track sections BDL111 and BDL119; both show the problems mentioned by the
stakeholders. These must be addressed to improve the availability and safety of the railway track.
Paper 2 uses quantitative analysis to summarise all CM data in the Optram database. The summary
helps to find trends in data performance over time based on the problems of unavailable, incomplete or
inaccurate data. Data are analysed for track sections BDL118 and BDL111. The objective is to assure
the availability, integrity and authenticity of data. To achieve this, the paper suggests using an
information assurance framework. Such a framework shows the data behaviour and sheds light on the
subsequent information processing required to make CBM decisions. The paper evaluates data on track
geometry from 2007 to 2012. The formula used to assess railway track quality is the Q-value.
Incomplete and inaccurate track geometry parameters have negatively affect the Q-value. An accurate
Q-value has sufficient information for maintenance decision making.
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CHAPTER 4
RESULTS AND DISCUSSION
This chapter presents the results and discussion corresponding to each research question mentioned.

4.1.

Results and Discussion of Paper I

Answering the first research question, a case study selected to describe the critical information with
conducing CBM strategy. CBM strategy conducted within three main steps data collecting, data
processing and maintenance decisions. Case study findings should aim to understand the critical
information and processing between these steps. Also, it helps to learn general areas that need to be
improved for better maintenance decision. This study correlated interviews and track geometry data
from many resources. The correlation should aim to understand current data collecting state, data
processing of significant parameters, critical problems and analysis for maintenance decision making.

4.1.1.

Data collection

Trafikverket collects data by monitoring the railway track. The data quality stakeholders agreed the
accuracy of the measured data and collared is good. Also, they agreed the collaboration between
different types of measured data works good. The quality of the measured data by comparing many
measurement wagons at the same time within the same distance. This will help to understand the
overall situation and the data behavior. For example, it compared the data of two different
measurements wagons IMV100/EM80 and IMV200/STRIX over the same distance. Figure 4.1 shows
the comparison of these measurements.

(A)
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(B)
Figure 4.1: Measurement of track line BDL111 km 1446 where (A) shows results from vehicle
IMV100/EM80 and (B) shows results from vehicle IMV200/STRIX
IMV100/EM80 measured 12 September 2014 and IMV200/STRIX measured 3 October 2014. Figure
4.1 (A) shows the difference in the measurement of the longitudinal level (mm) for the right and left
measured. Longitudinal level left has harsh trend of IMV100/EM80 compare with smooth trend of
IMV200/STRIX. In addition, there is about 2 mm difference within the same position. However,
figure 4.1 (B) longitudinal level right shows around 2 m shifting over the same distance during the
measurement. The wagon inspection has more or less the same equipment with the speeds or the
different collaborations between wagon equipment. The wagon cannot measure the accuracy of the
data. For some reasons related to the physical structure, weather condition or speed, there is
incomplete or uncertain measurement of the track.

4.1.2.

Data processing

Data processing considered by extracting parameters and data problems. Parameters are measurable
factors defining the conditions of the track. Trafikverket contractors are responsible for doing
measurement and maintenance when threshold is exceeded. The contractor measured more than 30
parameters that used to setting the track state. Also, they are responsible the measure the data quality
before forwarding the data. The main parameters are this study focuses on track geometry parameters.
The degradation of these parameters is highly dangerous because it effected on the safety and
availability. The parameters are track gauge, alignment, longitudinal level, cant and twist. Figure 4.2
shows four parameters with failure spot during the measurement of 29 September 2014.
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Figure 4.2: Track geometry parameters for track line BDL111 km 1464 and the measurements within
red column show spot failure
The figure presents failure spot within longitudinal level, track gauge, twist and cant, measuring over
200 m distance. The degradation recognized between 13 m and 30 m over four parameters. The
definition for each one of these parameters has been mentioned in research methodology chapter table
3.3. Trafikverket stakeholders, they are responsible for analysis and maintenance decision making,
recognized problems with the data processing. The problems are track positioning and incomplete
track measurement.
Track positioning: it means find the right position on the track that needs maintenance. Track
inspection data is integrated from BIS (Ban Information System). This system defines the track nodes
and links between these nodes. It is difficult to determine the exact position posed a problem for doing
maintenance action. Figure 4.3 shows the positioning is currently ±20m. This recognized by
comparing two historical measurements for the same distance 30 January 2014 and 28 May 2014.

Figure 4.3: Measurement of location show a variation of ca 20 m with the same measurement vehicle
on track line BDL119 at km 1174 in Jan and May 2014
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The track positioning problem makes difficulties to figure out the failure point, in turn increase the
maintenance cost. Also, the stakeholders agree on this problem effects on the maintenance decision and
the strategy supposed to select. However, there is no statistical study shows the number of positioning
problem over the whole data. This problem considered because the kilometers system measured is
different from reality. Hence, it is collected from different track areas and stations.
Incomplete track measurement has been realized during the analyzing of the data. The measurement
wagon supposed to measure the track, but suddenly due to the physical situation might not measure.
Figure 4.7 shows the same place does not measured for three continuous times. STD of longitudinal
level of 100m of the track between 1164,661 km and1165,561 km has not measured many times on 1
January 2010, 3 March 2011 and 4 March 2011. During the seam distance, the measurement has been
disrupted. This will effect negatively on the maintenance decision making. It will not be accurate
assessment of the track situation.

Figure 4.7: Unmeasured values

4.1.3.

Maintenance decision making

Maintenance decision considered through analysing and predicting the railway track irregularities.
Trafikverket has different tools that used to study the irregularities and making decision. Also, there is
integration of other data resources during processing step to improve maintenance decision step.
However, there are issues that are suffering from. The issues are limitation with Q-value, difficulties
with analysis, and short term strategy.
Limitation with Q-value: Q-value indicator estimates the track quality, and then setup the budget that
need to do maintenance. Figure 4.4 presents a Q-value over 200m, calculated on 29 May 2014.
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Figure 4.4: Track quality Q-value of track line BDL111 km 1464
In the above figure, it shows the quality of the track high based on the SS-EN 13848 standard. The
limitation is considered on an arbitrary judgment of the historical mean values. The formula used to
calculate the Q-value has no accurate limits on track quality and age. The interviewees mentioned the
Q-value is not high, which means the performance needs to be assured by the contractor through
better standard and quality.
Difficulties of analysis: it is difficult to do additional analysis to understand the track degradation
problem because it should integrate different systems. Each system has individual structure over
individual infrastructure monitoring structure. Currently, the analysis offers over time or distance.
Figure 4.5 shows standard deviation (STD) of longitudinal level of 100 m over the time from 2007
until 2012.

Figure 4.5: Values from same track section showing variations in STD of longitudinal level from 2007
to 2012
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The figure above shows the need for doing maintenance action based on the low STD values. In
addition, it shows the need to specify the problem and the area. Therefore, the Trafikverket
stakeholders use additional tools such as Excel to analyse the integrated data from different systems. It is
difficult to accurately analyse two tracks at the same time then compare between them to understand
the track quality.
Short-term strategy: Trafikverket has short strategy whereby their contractors to fulfil the demands of
Q-value by using corrective maintenance. However, it will lose the control of track quality if the
failure occurs too quickly and the cost of doing maintenance action will be uncertain. Figure 4.6 shows
an example of short-term strategy by analysis of longitudinal level (mm) on 29 May 2014.

Figure 4.6: The high longitudinal level variation above shows that tamping actions must be taken
The short-term strategy figure presents the need to do maintenance action between 18m and 25m.
Over this distance, it is very high peaks and low peaks with uncertain condition for the track. In other
way, there is no clear long-term strategy mentioned by Trafikverket stakeholders because there is no
certain limit and the measured parameters are not enough to decide maintenance action. One of the
stakeholders suggests understanding the trend of the track degradation to decide maintenance.

4.1.4.

Areas need to be improved

Learning the general areas needs to be improved considered by Trafikverket’s stakeholders. These areas
studied within CBM strategy process steps with different stakeholders. They are responsible of analysis
and maintenance decision making to perform the required maintenance through analyses and
processing data. Improving the areas could aim to increase railway track availability, safety and reduce
the cost. The following needs must happen to satisfy the aim.

4.1.4.1.

Analysis enhancement

Analysis enhancement by integrate different data resources. Trafikverket has many data resources; it
should be integrated into one system. It will aim to make more analysis based on axle weight, speed or
total load instead of only time, as show in figure 4.5. Through considering other factors for analysis will
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facilitate understanding the track degradation. Also, it will help to make good maintenance decisions
and estimate the costs.

4.1.4.2.

Further Analysis

Further after analysis, store the highest and lowest peak degradation values in the same data source.
This will facilitate to have more analysis based on the calculated values, ensuring accurate decision
making and aim to help for better prediction of track degradation. Also, it will have better
understanding for track quality by comparing different tracks by estimating the existed problem and
understand the whole performance for railway track. As the analysis in figure 4.2 indicates, considering
the parameters of two tracks can explain the behavior and highlighting the track situation with
comparing the highest and lowest values. In addition, figure 4.5 uses STD of longitudinal level to
understand the degradation and the comparison will use to estimate the failure spot. The highest and
lowest values shown in the analysis will help to have more analysis that aim to understand the track
behavior.

4.1.4.3.

Track maintenance strategy determining

Determine the maintenance strategy for each track. Each track refers to certain maintenance strategy
such as reactive or proactive. Reactive action implemented after failure has occurred, while proactive
action implemented at regular intervals or following certain condition to restore the required function.
Always, there is a need to shift the strategy for each track from reactive to proactive to achieve the
desire goad of improving safety, security and reliability with decrease maintenance cost. Figure 4.6
shows reactive strategy based on the track degradation type at the same time the stakeholders agreed
the proactive will aim to decrease the maintenance cost by planning for doing maintenance based on
the measured parameters and the SS-EN 13848 standard.

4.1.4.4.

Track maintenance planning

Maintenance planning for each track is done by Trafikverket contractor. The measurement wagon as
seem in figure 4.1 has corrective maintenance once highest track degradation raises up. Otherwise, the
preventive maintenance strategy should be planned in advance. There are two main points need to
consider in maintenance planning; applying for track possession time and cost saving through
predicting the required maintenance. For example, predicating the required maintenance action before
nine months is enough time to consider the required maintenance. During this time, it will aim to
determine the required cost for doing maintenance action and the track area needing maintenance.

4.1.4.5.

Time plan for maintenance action

Time slot for maintenance action is significant to define het required time and estimate the required
cost for each part. This will aim to estimate the required time to finalize the task with learning process
for other actions as well. Setting a time slot is significant to identify the required time for maintenance
action, or the extra time needed to complete the mention. It will aim to setup the proper maintenance
plane.

4.1.4.6.

Track visualization

Visualize the railway track geographically will simplify managing the track by mapping the track parts
and give information on the geographic track location. This method allows the railway stakeholder to
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connect the analysis and results with the visualized infrastructure. However, visualizing the track can
help for better decision making that determine the more seriously affected areas by offering a clear
picture and facilitating comparisons with other track sections. It will show obviously the effect of many
factors on the railway performance, making it easier to understand the influence one another. This
technology has an ability to examine individual aspects of the tracks and provides evidences to justify
the maintenance decisions.

4.1.4.7.

Track Life Cycle Cost (LCC)

Life Cycle Cost (LCC) for each track required comparing different maintenance, intervention and
renewal strategies. It needs to quantify the costs and risks performance associated with the period of
time. However, the track LCC model inputs are initial track condition data, intervention triggers, and
the cost of interventions and environmental impacts. LCC obviously effective’s decision support system
for maintenance of the railway track. At the same time, the output cost counts all factors associated
with the lifetime of the system, such as operating costs, maintenance costs and energy costs. The
maintenance cost plays a significant role in railway track. The cost of maintenance of LCC track
infrastructure has two different levels either to such factors as train delay, traffic disruption or
derailment, or to the reliability and maintainability of the track. The main issue for decision making
stakeholders is determining the cost of maintenance action. Hence, it is necessary to order the
equipment and set up the cost for ordering and distance needs maintenance. Therefore, Trafikverket
wants to connect the life cycle costs within certain areas needing maintenance.
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4.2.

Results and Discussion of Paper II

The paper investigates the implementation of an information assurance (IA) framework with a
condition-based maintenance (CBM) strategy. While there are three CBM steps, data collecting, data
processing and maintenance decisions, the paper focuses on data processing and maintenance decisions.
An IA framework can be used to understand both data behaviour and information processing. The
paper evaluates IA from three architectural views: organisation, infrastructure and information/data.
Rather than considering both business and technical drivers, it considers the latter perspective only. It
uses the IA framework to evaluate CM track geometry data and information processing. Accurate and
complete data will lead to proper information for maintenance decisions; this, in turn, will increase
track availability and performance.
In general, the data have availability from 2007 until 2012. They are ready to use, and different types of
stakeholders can access them when needed. Although they are available, there are some issues with the
data. Table 4.1 shows the data integrity from 2007 to 2012 for track section 111 and track section 118
of longitudinal level and alignment parameters. The integrity for longitudinal level short wavelength is
between 96% and 98% for both track sections. The amount of incomplete data varies quite widely,
from 1.61% to 8.45% for both lines for the right and left rail measurement. Data integrity increases
over time, suggesting the continuous improvement of monitoring technologies.
Table 4.1 shows the longitudinal level middle wavelength. The integrity of the data for track section
118 increases over time for both the left and right rails, but is quite uneven for track section 111,
fluctuating between 92% and 98%. The amount of incomplete data decreases over the five years for
track section 118 and is uneven in track section 111. The highest measurement of incomplete data,
7.46%, occurs in 2011. Table 4.1 also shows the longitudinal level long wavelength. The data integrity
is uneven, but it increases in 2012 for both sides of the track. However, there is a difference in the
incomplete measurements, with an uneven range for the two sides.
Alignment has the same wavelengths as the longitudinal level: short, middle and long. The short
wavelength parameter is shown in table 4.1. It has the same frequency as the longitudinal level. It has
uneven values, between 94% and 98%, for both sides of the track for the different wavelengths. The
integrity clearly increases over time; the amount of incomplete data decreases, but remains slightly
uneven. In 2011, track section 111 shows the lowest integrity, 88%, and highest amount of incomplete
data, 12%, for all three wavelengths.
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Table 4.1: Integrity of longitudinal level short, middle and long wavelengths, and alignment of short
wavelength
Year

Longitudinal level
short (%)

BDL 111

Longitudinal level
short (%)

BDL 118

Longitudinal level
middle (%)

BDL 111

Longitudinal level
middle (%)

BDL 118

Longitudinal level
long (%)

BDL 111

Longitudinal level
long (%)

BDL 118

Alignment short
(%)

BDL 111

Alignment short
(%)

BDL 118

2007

2008

2009

2010

2011

2012

Left

95.62

93.94*

93.79*

93.80*

91.58*

97.53

Right

95.54

93.98*

93.72*

93.69*

91.55*

97.44

Left

96.49

96.39

96.24

96.20

97.56

98.39

Right

96.44

96.27

96.15

96.06

97.51

98.30

Left

98.15

95.02

97.14

95.81

92.54*

96.83

Right

98.03

95.08

97.11

95.81

92.54*

96.83

Left

97.41

97.73

96.81

97.26

97.53

98.31

Right

97.40

97.73

96.84

97.28

97.53

98.31

Left

98.42

95.32

97.64

95.62

90.55*

96.80

Right

98.03

95.08

97.11

95.81

92.54*

96.83

Left

97.68

97.78

97.08

96.92

96.78

98.25

Right

97.40

97.73

96.84

97.28

97.56

98.31

Left

94.09*

91.49*

91.51*

90.92*

89.03*

96.44

Right

94.11*

91.69*

91.29*

91.03*

88.81*

96.53

Left

94.26*

94.15*

94.11*

94.06*

96.02

97.24

Right

94.37*

94.19*

94.17*

94.09*

96.12

97.25

Table 4.2 shows the integrity of data for the parameters track gauge, cant, twist, STD longitudinal
level, and STD cooperation. The track gauge parameter shows high integrity for track section 111,
except in 2011, when integrity is 96%. Track section 118 has less integrity in 2007 than in other years.
Overall, data are highly accurate with only a slight incomplete data variance, between 0.06% and
3.31% for both track sections.
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Table 4.2: Integrity for track gauge, cant and twist (3-m and 6-m). Integrity and incomplete for STD
longitudinal level and STD cooperation
Year
2007

2008

2009

2010

2011

2012

BDL 111

99.58

99.76

99.94

99.96

96.69

99.99

BDL 118

99.55

99.77

99.74

99.78

99.80

99.94

BDL 111

99.57

99.65

99.25

99.69

96.35

99.83

BDL 118

99.52

99.56

99.08

99.48

99.53

99.82

BDL 111

98.06

97.92

97.6

97.65

95.12

98.87

BDL 118

98.21

98.04

97.86

98

98.71

99.09

BDL 111

98.77

98.56

98.36

98.42

95.72

99.28

BDL 118

98.86

98.75

98.61

98.71

99.19

99.42

Track gauge (%)

Cant (%)

Twist 3-m (%)

Twist 6-m (%)

Integrity and incomplete for STD longitudinal level and STD cooperation
STD long. Level integrity (%)

99.74

99.47

99.38

99.50

70.68*

36.16*

0.26

0.53

0.62

0.50

29.32*

63.84*

99.68

99.81

99.77

94.26*

60.73*

37.36*

0.32

0.19

0.23

5.74*

39.27*

62.64*

99.92

99.11

99.92

99.89

71.19*

36.25*

0.08

0.89

0.08

0.11

28.81*

63.75*

100.00

100.00

99.92

94.56*

60.92*

37.62*

0.00

0.00

0.079

5.43*

39.08*

62.38*

BDL 111
Incomplete (%)
STD long. Level integrity (%)
BDL 118
Incomplete (%)
STD cooperation integrity (%)
BDL 111
Incomplete (%)
STD cooperation integrity (%)
BDL 118
Incomplete (%)

Like track gauge, the cant parameter (Table 4.2) shows good integrity and little incomplete data. As the
table shows, in 2011, the integrity in track section 118 is higher than in track section 111. This might
be related to the track infrastructure which has an effect on the measurement car. It appears to be the
same with track gauge. In the data from 2007 to 2012, cant has not been filtered into different
wavelengths; it needs to be filtered using a mathematical equation to extract the short wavelength.
Otherwise, cant can be estimated by subtracting longitudinal right short wavelength from longitudinal
left short wavelength.
Twist (3-m and 6-m) has good integrity, between 95% and 99% for both track sections. The parameter
has little incomplete data. The highest incomplete percentage of incomplete data is 4.28% in track
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section 111 in 2011; track section 118 has 0.81% that same year. The standard deviation for
longitudinal level shows different results (Table 4.2). The integrity is very high in both tracks between
2007 and 2010. It starts to decrease in 2011 when it drops to 36%; in 2012 it goes back up slightly to
37%. In addition, the percentage of incomplete data increases during these two years: track section 111
goes to 63%, and track section 118 is almost the same, at 62%. The incomplete data on STD
longitudinal level negatively affect the ability to make maintenance decisions.
Standard cooperation is a very important parameter used to calculate Q-values to study track
irregularities. Between 2007 and 2010, Table 4.2 shows the integrity of this parameter is very high,
standing at 100% with very limited incomplete values. However, in 2011 and 2012 the amount of
incomplete data is very high, reaching 63% in track section 111 and 62% in track section 118. This will
certainly not facilitate the prediction of track quality. Nor will it help the railway authority to make
proper maintenance decisions.
In both, tables 4.2 and 4.3 shows in bold incomplete percentage higher than 5%. It is shown in
different parameters in different track sections within different years. Over five present incomplete
means every 100 continuous analysis that shows over 5% incomplete values if you look randomly.
More analysis will show more incomplete values. This five and more percentage might reject the
hypothesis or the model that used to study the irregularities of the track system for example. To
consider as a significant and worthy data incomplete needs to be 5% or less.
The determination of inaccuracy or lack of authenticity is based on the ranges in (Table 3.4 and Table
3.5) for each measured and calculated parameter. Longitudinal level short wavelength has very high
authenticity in both track sections 111 and 118. The lowest inaccuracy is 0.05% for track section 111;
this is a very low reading and it occurs in 2009. Inaccuracy is also very low in longitudinal middle
wavelength, except in 2012 when data for track section 111 are highly inaccurate, with a reading of
0.29%. This value does not affect decisions since there is a huge amount of data. Longitudinal level
long wavelength inaccuracy is almost zero or very low, dropping to 0.001% inaccuracy in 2012 on
track section 118.
The inaccuracy for alignment short wavelength is also low, but in track section 118 in 2011, these data
are only 0.018% inaccurate, and there is high authenticity in other wavelengths as well. In the same
year, alignment short wavelength for track section 111 has no inaccurate values. Alignment middle
wavelength in both track sections also has very low inaccuracy. In 2012, track section 111, 0.3% and
track section 118, 2.6% inaccurate values respectively; in other words, there is a jump in inaccuracy for
section 118. However, the inaccuracy for alignment long wavelength on track section 111 drops from
2.23% to 1.08%. Track section 118 has 0.01% inaccuracy, which is very low.
Track gauge has no inaccuracy problem in track section 111, but track section 118 has 0.0017% and
0.015% in 2012 and 2011, respectively. Cant authenticity testing shows high percentages, 97%, with
low values for inaccuracy. Twist 3-m and 6-m authenticity for track sections is very high with very
low inaccurate values over the years. For STD longitudinal level, the inaccuracy is quite uneven in
track section 118, varying between 14.39% and 5.57% inaccuracy. The inaccuracy of data for track
section 111 decreases over time, dropping from 5.82% to 1.44%. In other words, data are becoming
more accurate. As for STD cooperation, in track section 111, the inaccuracy drops from 6.40% to
0.80%; in other words, data are less inaccurate. The inaccuracy of data for track section 118 drops from
3.21% to 1.75%.
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Table 4.3 shows the long wavelength parameter for alignment for both track sections from 2007 until
2012, for speed class 4 (Table 3.4). Here we see somewhat high values of inaccuracy over time in both
track sections. This measurement might affected by the train speed. The value for inaccuracy is 40% on
both sides of the track, with uneven ranges in track section 111. The higher inaccurate values are on
track section 118, with 70% for both sides. Both track sections show degradation in authenticity over
time until 2012. In 2012, there are fewer inaccurate values than in other years, mostly because of the
technologies used for measuring.
Table 4.3: Inaccuracy for speed class 4 of alignment long wavelength
Year

Alignment long (%)

Alignment long (%)

2007

2008

2009

2010

2011

2012

Left

39.76

37.03

31.20

37.02

27.09

20.08

Right

40.46

35.41

32.18

36.11

30.03

19.84

Left

0.00

70.87

71.17

46.09

41.53

9.11

Right

0.00

70.65

71.10

34.32

41.62

8.77

BDL 111

BDL 118

In summation, for most parameters, integrity is high, over 94%, and the amount of incomplete data is
relatively low. However, a couple of important parameters – STD longitudinal level and STD
cooperation – show less integrity, more incomplete data and less authenticity for 2011 and 2012 (Table
4.2). These parameters are important for maintenance decisions, as they are used to calculate the Qvalue as seen in formula (1) section 3.3.2. Q-value can be calculated, but STD longitudinal level and
STD cooperation will be zeros. In this case, the value will be difficult to understand the track
irregularities and have maintenance decision. The incomplete data makes difficulties to understand the
models and having decisions. It needs to integrate other data sources and particular models to
understand irregularities. In addition, the authenticity for particular parameters needs to be improved,
for example, alignment long wavelength for train speed class 4 (Table 4.3). This will improve
maintenance decision making and increase railway track availability.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORKS
This chapter relates the research questions to the findings, reaches conclusions about the research, and
suggests future work.

5.1.

Conclusion of Paper I

Trafikverket conducts CBM in three main steps: data collection, data processing and maintenance
decision making. To investigate each step, we need to understand how the railway track is monitored
and evaluate the maintenance actions. In this case, we encounter problems with the measured data. In
addition, analysis deals with different areas processing different types of information. Critical problems,
such as inaccurate and incomplete data, affect the derivation of information and hamper the models
used to understand track degradation. The multiple data sources in different areas make it difficult to
integrate preventive maintenance. Development in the areas of condition monitoring data and models
is definitely called for. Track degradation models require clear input definitions for data and
environmental impacts. It is necessary to have a framework to assure the quality of condition
monitoring data from all sources in order to gain a complete understanding of the railway network and
make proper maintenance decisions.

5.2.

Conclusion of Paper II

Given problems of data processing and decision making, the study investigates the possibility of
implementing an information assurance (IA) framework. The results show a good possibility of
implementing this framework throughout three layers: organisation, infrastructure and
data/information. The research purpose is to understand and evaluate data behavior and to evaluate the
ability of the track assessing models to make maintenance decisions. The study checks the achievement
of IA principles: authenticity, integrity and availability. In particular years and on certain track
sections, CM data are more than 5% incomplete, significantly affecting analysis. Incomplete track
measurement data reach as high as 63%, and incorrect measured values for the track are as high as 71%.
Finally, the Q-value is limited because it depends on other measured parameters. Taken together, this
makes it difficult to study irregularities. Ultimately, there is a need to integrate other data sources to
make accurate maintenance decisions.

5.3.

Future work

The following section is considered as interesting for future research
x
x
x

Study track geometry data for other track sections in Sweden.
Study existing models to improve maintenance decision making for the railway track, for example,
data mining and probability models.
Develop a fuzzy model for assuring the unknown problems with condition monitoring (CM) data
and study the relations with existing models used to assess the railway track quality. Unknown
problems are those not discovered by classical quantitative analysis.
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x

Develop a genetic-fuzzy model for predicting the railway track degradation. The model could used
to improve the study of degradation of the railway track and predict the optimal remaining useful
life to improve maintenance decision making.

50

REFERENCES
ABOELELA, E., EDBERG, W., PAPAKONSTANTINOU, C. and VOKKARANE, V., 2006.
Wireless sensor network based model for secure railway operations, Performance, Computing, and
Communications Conference, 2006. IPCCC 2006. 25th IEEE International 2006, IEEE, pp. 6 pp.-628.
AL-DOURI, Y.K., TRETTEN, P. and KARIM, R., 2016. Improvement of railway performance: a
study of Swedish railway infrastructure. Journal of Modern Transportation, 24(1), pp. 22.
AMARI, S.V. and MCLAUGHLIN, L., 2004. Optimal design of a condition-based maintenance
model, Reliability and Maintainability, 2004 Annual Symposium-RAMS 2004, IEEE, pp. 528-533.
ANDERSSON, M., 2002. Strategic Planning of Track Maintenance. State of the Art. TRITAINFRA, (02-035),.
ANDREW, B. and KOVACICH GERALD, L., 2006. Information Assurance: Security in the
Information Environment (Computer Communications and Networks).
ARASTEH KHOUY, I., LARSSON-KRÅIK, P., NISSEN, A. and KUMAR, U., 2015. Costeffective track geometry maintenance limits. Institution Of Mechanical Engineers.Proceedings.Part F: Journal
Of Rail And Rapid Transit, .
BANVERKET, 1997a. BVF 587.02 - Spårlägeskontroll och kvalitetsnormer – Central mätvagn STRIX.
Borlänge: Banverket.
BANVERKET, 1997b. Z-647 97-11-15 – Beskrivning av spårlägessystemet i mätvagn STRIX. Borlänge:
Banverket.
BARLOW, R. and HUNTER, L., 1960. Optimum preventive maintenance policies. Operations
research, 8(1), pp. 90-100.
BENGTSSON, M., OLSSON, E., FUNK, P. and JACKSON, M., 2004. Design of condition based
maintenance system—A case study using sound analysis and case-based reasoning. Condition Based
Maintenance Systems—An Investigation of Technical Constituents and Organizational Aspects; Malardalen
University: Eskilstuna, Sweden, , pp. 57.
BERGER, A.A., 2013. Media and communication research methods: An introduction to qualitative and
quantitative approaches. SAGE Publications, Incorporated.
BERGQUIST, B. and SÖDERHOLM, P., 2014. Control Charts supporting Condition-Based
Maintenance of Linear Railway Infrastructure Assets, Proceedings of the 3rd international workshop and
congress on eMaintenance: June 17-18 Luleå, Sweden: eMaintenance, Trends in technologies & methodologies,
challenges, possibilites and applications 2014, Luleå: Luleå tekniska universitet.
BEVILACQUA, M. and BRAGLIA, M., 2000. The analytic hierarchy process applied to maintenance
strategy selection. Reliability Engineering & System Safety, 70(1), pp. 71-83.
BOVEE, M., SRIVASTAVA, R.P. and MAK, B., 2003. A conceptual framework and belief䇲
function approach to assessing overall information quality. International Journal of Intelligent Systems,
18(1), pp. 51-74.
51

BVF 807.02, 2005. Säkerhetsbesiktning av Fasta Anläggningar. Banverket, Sweden: .
BVF 857.02, 1997. Spårlägeskontroll och Kvalitetsnormer Central Mätvagn Strix Docs.
http://www.refworks.com/refworks2/?r=references|MainLayout::init#. Borlänge, Sweden: CT.
CHARLES, A., FLORU, I., AZZARO-PANTEL, C., PIBOULEAU, L. and DOMENECH, S.,
2003. Optimization of preventive maintenance strategies in a multipurpose batch plant: application to
semiconductor manufacturing. Computers & Chemical Engineering, 27(4), pp. 449-467.
CHEN, D., FU, Y., CAI, B. and YUAN, Y., 2010. Modeling and Algorithms of GPS Data
Reduction for the Qinghai–Tibet Railway. Intelligent Transportation Systems, IEEE Transactions on,
11(3), pp. 753-758.
DAVENPORT, T. and PRUSAK, L., 2000. Working knowledge: How organizations know what
they know. Harvard Business School Press, Boston, MA, .
DE LUCIA, A., POMPELLA, E. and STEFANUCCI, S., 2005. Assessing effort estimation models for
corrective maintenance through empirical studies. Information and Software Technology, 47(1), pp. 3-15.
DEKKER, R., WILDEMAN, R.E. and VAN DER DUYN SCHOUTEN, FRANK A, 1997. A
review of multi-component maintenance models with economic dependence. Mathematical Methods of
Operations Research, 45(3), pp. 411-435.
DENZIN, N.K. and LINCOLN, Y.S., 2011. The SAGE handbook of qualitative research. Sage.
DOD 8510.01, 2014. Risk Management Framework (RMF) for DoD Information Technology (IT).
Department of Defence.
EBERSÖHN, W. and CUNNINGHAM, J., 2003. Maintenance Management on Amtrak’s Heavy
Haul and High Speed NEC Railway Line, IHHA Conference, May 2003.
EBERSÖHN, W., 1997. Track maintenance management philosophy, Proceedings from 6th International
Heavy Haul Railway Conference 1997, pp. 6-10.
ESPLING, U. and KUMAR, U., 2008. Benchmarking of the maintenance process at Banverket (the
Swedish National Rail Administration). Complex System Maintenance Handbook. Springer, pp. 559-583.
ESVELD, C., 2001. Modern railway track.
FERDOUS, W. and MANALO, A., 2014. Failures of mainline railway sleepers and suggested
remedies–review of current practice. Engineering Failure Analysis, 44, pp. 17-35.
GIVONI, M. and RIETVELD, P., 2007. The access journey to the railway station and its role in
passengers’ satisfaction with rail travel. Transport Policy, 14(5), pp. 357-365.
GOLMAKANI, H.R., 2012. Condition-based inspection scheme for condition-based maintenance.
International Journal of Production Research, 50(14), pp. 3920-3935.
GRALL, A., BÉRENGUER, C. and DIEULLE, L., 2002. A condition-based maintenance policy for
stochastically deteriorating systems. Reliability Engineering & System Safety, 76(2), pp. 167-180.
52

GRANSTROM, R., 2005. Maintenance for improved punctuality : a study of condition monitoring
technology for the Swedish railway sector.
GULER, H., 2014. Prediction of railway track geometry deterioration using artificial neural networks:
a case study for Turkish state railways. Structure and Infrastructure Engineering, 10(5), pp. 614-626.
GUO, R. and HAN, B.M., 2013. Multi-Stage Linear Prediction Model for Railway Track
Irregularity. Applied Mechanics and Materials, 361, pp. 1811-1816.
HAMILTON JR, J.A., 2006. DoDAF-based information assurance architectures. CrossTalk The Journal
of Defense Software Engineering, Feb.Issue, .
HAYASHI, S. and SHAHU, J., 2000. Mud pumping problem in tunnels on erosive soil deposits.
Géotechnique, 50(4), pp. 393-408.
HOLMBERG, K., ADGAR, A., ARNAIZ, A., JANTUNEN, E., MASCOLO, J. and MEKID, S.,
2010. E-maintenance. Springer Publishing Company, Incorporated.
HOLMGREN, M., 2005. Maintenance-related losses at the Swedish Rail. Journal of Quality in
Maintenance Engineering, 11(1), pp. 5-18.
HORNER, R., EL-HARAM, M. and MUNNS, A., 1997. Building maintenance strategy: a new
management approach. Journal of Quality in Maintenance Engineering, 3(4), pp. 273-280.
HYSLIP, J.P., 2007. Substructure maintenance management: its time has come.
IMAN, A.K., 2013. Cost-effective maintenance of railway track geometry: a shift from safety limits to
maintenance limits, Luleå tekniska universitet.
INDRARATNA, B., SALIM, W. and RUJIKIATKAMJORN, C., 2011. Advanced rail geotechnology–
ballasted track. CRC Press.
IWNICKI, S., 2006. Handbook of railway vehicle dynamics. CRC press.
JAGERSMA, P.K. and JAGERSMA, P.K., 2011. Competitive information logistics. Business Strategy
Series, 12(3), pp. 136-145.
JARDINE, A.K., LIN, D. and BANJEVIC, D., 2006. A review on machinery diagnostics and
prognostics implementing condition-based maintenance. Mechanical systems and signal processing, 20(7),
pp. 1483-1510.
KAEWUNRUEN, S. and REMENNIKOV, A., 2010. Dynamic properties of railway track and its
components: recent findings and future research direction. Insight-Non-Destructive Testing and Condition
Monitoring, 52(1), pp. 20-22.
KNOTHE, K. and GRASSIE, S., 1993. Modelling of railway track and vehicle/track interaction at
high frequencies. Vehicle System Dynamics, 22(3-4), pp. 209-262.
KOROTKA, M.S., ROGER YIN, L. and BASU, S.C., 2005. Information assurance technical
framework and end user information ownership: a critical analysis. Journal of Information Privacy and
Security, 1(1), pp. 10-26.
53

KOTHARI, C., 2004. Research methodology: Methods and techniques. New Age International.
KUMAR, U., NISSEN, A., SCHUNNESSON, H. and PARIDA, A., 2010. Operational Safety and
Maintenance. LTU, Luleå, Sweden, .
KUMAR, C.R., 2008. Research Methodology. APH Publishing Corporation.
KUMAR, S., ESPLING, U. and KUMAR, U., 2008. Holistic procedure for rail maintenance in
Sweden. Proceedings Of The Institution Of Mechanical Engineers Part F-Journal Of Ra, 222(4), pp. 331-344.
KURZWEIL, L., 1979. Ground-borne noise and vibration from underground rail systems. Journal of
Sound and Vibration, 66(3), pp. 363-370.
LI, P., GOODALL, R., WESTON, P., LING, C.S., GOODMAN, C. and ROBERTS, C., 2007.
Estimation of railway vehicle suspension parameters for condition monitoring. Control Engineering
Practice, 15(1), pp. 43-55.
LIN, D., ZUO, M.J. and YAM, R.C., 2001. Sequential imperfect preventive maintenance models
with two categories of failure modes. Naval Research Logistics, 48(2), pp. 172-183.
MACONACHY, W.V., SCHOU, C.D., RAGSDALE, D. and WELCH, D., 2001. A model for
information assurance: An integrated approach, Proceedings of the 2001 IEEE Workshop on Information
Assurance and Security 2001, New York, USA.
MEI, T., GOODALL, R. and LI, H., 1999. Kalman filter for the state estimation of a 2-axle railway
vehicle, Control Conference (ECC), 1999 European 1999, IEEE, pp. 2431-2435.
MERRIAM, S.B., 1988. Case study research in education: A qualitative approach. Jossey-Bass.
MURTHY, D.P. and KOBBACY, K.A.H., 2008. Complex system maintenance handbook. Springer.
NEUMAN, W.L., 2005. Social research methods: Quantitative and qualitative approaches. Allyn and Bacon
Boston.
NG, R. and DONG, L., 2008. An Information Assurance Framework on Trusted Autonomic
Communications, Electronic Commerce and Security, 2008 International Symposium on 2008, IEEE, pp.
367-373.
NIST, S., 2003. 800-53. Recommended Security Controls for Federal Information Systems, , pp. 800-853.
NIU, G., YANG, B. and PECHT, M., 2010. Development of an optimized condition-based
maintenance system by data fusion and reliability-centered maintenance. Reliability Engineering & System
Safety, 95(7), pp. 786-796.
PATRA, A., SÖDERHOLM, P. and KUMAR, U., 2009. Uncertainty estimation in railway track
life-cycle cost: a case study from Swedish National Rail Administration. Proceedings of the Institution of
Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 223(3), pp. 285-293.
PERCY, D.F., 2002. Bayesian enhanced strategic decision making for reliability. European Journal of
Operational Research, 139(1), pp. 133-145.
54

QIAN, Y., TIPPER, D., KRISHNAMURTHY, P. and JOSHI, J., 2010. Information assurance:
dependability and security in networked systems. Morgan Kaufmann.
RANDALL, R.B., 2011. Vibration-based condition monitoring: industrial, aerospace and automotive
applications. John Wiley & Sons.
REMENNIKOV, A.M. and KAEWUNRUEN, S., 2008. A review of loading conditions for railway
track structures due to train and track vertical interaction. Structural Control and Health Monitoring, 15(2),
pp. 207-234.
SADEGHI, J. and ASKARINEJAD, H., 2010. Development of improved railway track degradation
models. Structure and Infrastructure Engineering, 6(6), pp. 675-688.
SEN, P., DASGUPTA, S., CHATTERJEE, A., SREERAM, P., MUKHERJEE, G. and MANNA,
S., 2003. Small-world properties of the Indian railway network. Physical Review E, 67(3), pp. 036106.
SHAFIULLAH, G., GYASI-AGYEI, A. and WOLFS, P., 2007. Survey of wireless communications
applications in the railway industry, Wireless Broadband and Ultra Wideband Communications, 2007.
AusWireless 2007. The 2nd International Conference on 2007, IEEE, pp. 65-65.
SINGH, Y.K., 2006. Fundamental of research methodology and statistics. New Age International.
SÖDERHOLM, P., HOLMGREN, M. and KLEFSJÖ, B., 2007. A process view of maintenance and
its stakeholders. Journal of Quality in Maintenance Engineering, 13(1), pp. 19-32.
SS-EN 13306, 2001. Maintenance - Maintenance terminology . Swedish Standard Institute.
SS-EN 13848-1, 2004. Railway applications/Track - Track geometry quality - Part 1: Characterisation of track
geometry . Sweden: SIS/TK 254.
SS-ISO 13374-2, 2007. Condition monitoring and diagnostics of machines - Data processing, communication
and presentation - Part 2: Data processing (ISO 13374-2:2007, IDT). Swedish Standards Institute.
TAN, H., LEE, P.W., SEAH, W.K. and EU, Z.A., 2009. Impact of power control in wireless sensor
networks powered by ambient energy harvesting (WSN-HEAP) for railroad health monitoring,
Advanced Information Networking and Applications Workshops, 2009. WAINA'09. International Conference
on 2009, IEEE, pp. 804-809.
THIERAUF, R.J., 1999. Knowledge management systems for business. Greenwood Publishing Group.
TRV 2012/62780, 2014. Banäverbyggnad - Spårläge - krav vid byggande och underhåll. Trafikverket.
TZANAKAKIS, K., 2013. The Railway Track and Its Long Term Behaviour: A Handbook for a Railway
Track of High Quality. Springer.
VALDEZ-FLORES, C. and FELDMAN, R.M., 1989. A survey of preventive maintenance models
for stochastically deteriorating single-unit systems. Naval Research Logistics (NRL), 36(4), pp. 419-446.
VAN NOORTWIJK, J.M. and FRANGOPOL, D.M., 2004. Two probabilistic life-cycle
maintenance models for deteriorating civil infrastructures. Probabilistic Engineering Mechanics, 19(4), pp.
345-359.
55

VIDAUD, M. and ZWANENBURG, W., 2009. Current situation on rolling contact fatigue–a rail
wear phenomenon, 9th Swiss Transport Research Conference 2009, pp. 9-11.
WANG, R.Y., REDDY, M.P. and KON, H.B., 1995. Toward quality data: An attribute-based
approach. Decision Support Systems, 13(3), pp. 349-372.
WANG, R.Y. and STRONG, D.M., 1996. Beyond accuracy: What data quality means to data
consumers. Journal of Management Information Systems, 12(4), pp. 5-33.
WESTEON, P., LING, C., ROBERTS, C., GOODMAN, C., LI, P. and GOODALL, R., 2007.
Monitoring vertical track irregularity from in-service railway vehicles. Proceedings of the Institution of
Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 221(1), pp. 75-88.
WESTON, P., ROBERTS, C., YEO, G. and STEWART, E., 2015. Perspectives on railway track
geometry condition monitoring from in-service railway vehicles. Vehicle System Dynamics, (ahead-ofprint), pp. 1-29.
WILLETT, K.D., 2008. Information Assurance Architecture. CRC Press.
WILSON, G. R. S., LANGLEY and C. A., 1952. Railway accidents: report on the derailment which occurred
on 16th March 1951 at bridge Junction, Doncaster in the Eastern Region British Railways. London: Ministry
of Transport, Berkeley Square House.
XU, P., SUN, Q., LIU, R. and WANG, F., 2011. A short-range prediction model for track quality
index. Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 225(3),
pp. 277-285.
YE, Z., CHEN, N. and TSUI, K., 2015. A Bayesian approach to condition monitoring with imperfect
inspections. Quality and Reliability Engineering International, 31(3), pp. 513-522.
YIN, R.K., 2014. Case study research: Design and methods. Sage publications.
YIN, R.K., 2011. Applications of case study research. Sage.

56

APPENDED PAPERS

Paper I

Yamur K. Al-Douri, Phillip Tretten & Ramin Karim (2016), Improvement of
railway performance: a study of Swedish railway infrastructure, published in Journal
of Modern Transportation, volume 24, issue 1, pp. 22-37.

Paper II

Yamur K. Al-Douri & Phillip Tretten, Implementing information assurance
framework for condition-based maintenance of Swedish railway tracks, Structure
and Infrastructure Engineering Journal, Submitted to Structure and Infrastructure
Engineering Journal.

57

Paper I

Improvement of railway performance:
a study of Swedish railway infrastructure

Published:
Journal of Modern Transportation, Volume 24, Issue 1, pp
22-37, 2016.

J. Mod. Transport. (2016) 24(1):22–37
DOI 10.1007/s40534-015-0092-0

Improvement of railway performance: a study of Swedish railway
infrastructure
Yamur K. Al-Douri1 • Phillip Tretten1 • Ramin Karim1

Received: 18 May 2015 / Revised: 1 December 2015 / Accepted: 7 December 2015 / Published online: 21 January 2016
 The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract The volume of rail trafﬁc was increased by 5 %
from 2006 to 2010, in Sweden, due to increased goods and
passenger trafﬁc. This increased trafﬁc, in turn, has led to a
more rapid degradation of the railway track, which has
resulted in higher maintenance costs. In general, degradation affects comfort, safety, and track quality, as well as,
reliability, availability, speed, and overall railway performance. This case study investigated the needs of railway
stakeholders responsible for analysing the track state and
what information is necessary to make good maintenance
decisions. The goal is to improve the railway track performance by ensuring increased availability, reliability, and
safety, along with a decreased maintenance cost. Interviews of eight experts were undertaken to learn of general
areas in need of improvement, and a quantitative analysis
of condition monitoring data was conducted to ﬁnd more
speciﬁc information. The results show that by implementing a long-term maintenance strategy and by conducting
preventive maintenance actions maintenance costs would
be reduced. In addition to that, problems with measured
data, missing data, and incorrect location data resulted in
increased and unnecessary maintenance tasks. The conclusions show that proactive solutions are needed to reach
the desired goals of improved safety, improved availability,
and improved reliability. This also includes the
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development of a visualisation tool and a life cycle cost
model for maintenance strategies.
Keywords Condition-based maintenance  Condition
monitoring  Maintenance  eMaintenance  Railway track

1 Introduction
Railway infrastructure covers a large area and is often
difﬁcult to maintain given its complexity, number of
stakeholders, weather variations, and physical components
designed and developed for previous trafﬁc and track
conditions. This infrastructure is divided into several
components, including administration, maintenance, trafﬁc,
and new investments. Of this system, the track is the
central part. The whole railway infrastructure is focused on
the track; therefore, good maintenance of the track is
essential. Track maintenance must consider availability,
reliability, and safety, and also be cost effective [1–3]. The
purpose of the track is to provide a stable, safe platform for
the train to operate at various speeds. The main issues in
track deterioration are deformation of the rail head, dangerous rail cracks, and damage to the sleepers, caused by
speed and load of the rolling stock. The problems increase
as the train speed increases, resulting in considerable
negative effects on the track components’ life cycle. When
the track breaks down, the loss of service, property, and
even of life may occur, resulting in high maintenance costs,
decreased overall track performance, unsatisﬁed passengers, and damaged goods [3–5].
Railway maintenance is crucial for increasing safety and
to reduce costs [6]. Maintenance conducted by the Swedish
Transportation Authority (TrV) is necessary to support
railway resources and facilities [3, 7]. After railway
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stakeholders consider the data and the maintenance
requirements, they can make policy decisions assisting
Traﬁkverket. For this reason, support planning is used to
identify the necessary resources for the desired maintenance tasks. The goal is to increase availability and reliability, while decreasing the risk of failure [8, 9]. The type
of maintenance strategy to be implemented is based on the
railway track components under speciﬁc conditions [10,
11]. Preventive maintenance is one of these strategies. It is
used to deﬁne maintenance over predetermined time
intervals or according to speciﬁc monitoring conditionbased maintenance [10]. Condition-based maintenance
(CBM) is another strategy for sufﬁcient maintenance
before an impending failure; it triggers maintenance when
degradation occurs in the track. To realize this, Condition
Monitoring (CM) is needed. CM means that the status of
the railway track condition is monitored, recorded, and
reported so that maintenance actions can be conducted
before a problem occurs, thus reducing breakdowns which
improves the overall track performance and reduces costs
[11, 12].
Presently, Traﬁkverket is responsible for gathering track
condition data. Schunnesson et al. [13] described tamping,
a maintenance strategy at Traﬁkverket, and evaluated the
measurement effectiveness. Tamping aims to improve the
track quality by optimising the track geometry maintenance
strategy. Bergquist and Söderholm [14] proposed an
approach to be used for condition assessment of tracks.
This approach ensures earlier fault warnings while the
traditional approach uses a control chart to assess the track
twist condition. Schunnesson’s strategy relies on the real
track geometry data, while the approach in Ref. [14]. relies
on visual inspection of the track condition. Sadeghi and
Askarinejad [15] developed a new track degradation model
in two formats. This model can provide better understanding of the long-term behaviour of railway track system. Vale and Ribeiro [16] proposed a condition-based
maintenance model formulated as a nonlinear program that
characterised the deterioration rate of the standard deviation. They simulated the deterioration rate using Monte
Carlo techniques on the real data, with the goal of optimising tamping and predicting its need in ballasted tracks.
A vast amount of information generated over several
parameters indicates the condition of the railway track.
Controlling the information is essential to improve the
quality of the information and allow stakeholders to make
better decisions [17–19]. In addition, information exchanges within maintenance should be enhanced using today’s
digital technologies. Maintenance draws on new technologies that take advantage of the enormous data available
for the railway track. It facilitates the collection, forwarding, and processing of the information for the relevant
maintenance activities and stakeholders [19, 20]. Many
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stakeholders have a share in the system [21, 22]. The
maintenance stakeholders involved in analysis and decision
making are particularly interested in condition-based
maintenance. They are responsible for investigating,
designing, and developing the railway maintenance strategy; to make the best decisions, certain needs must be met.
The purpose of this study is to investigate the needs of
maintenance stakeholders. As noted previously, they are
responsible for analysis of track irregularities and maintenance decision support. The aim of this study is to ﬁnd out
if the stakeholders have access to robust track information
and is the information acceptable for track maintenance.
Additionally, potential problems in data by analysis are
investigated. To fulﬁl this goal, the study aims to ﬁnd out
what data are necessary and how they are to be collected so
that track performance could be improved through proactive railway track maintenance.

2 Railway infrastructure
Railway infrastructure is divided into technical subsystems,
including substructure, track, electrical system, signalling
system, and telecom system [23]. The rolling stock is
treated as a different technical subsystem, depending on
what is being transported, passengers or goods [1, 2]. For
trains to run on time the condition of the infrastructure
must be sufﬁcient [3]. The purpose of a railway track is to
provide a stable, safe, and efﬁciently guided platform for
the train to run at various speeds with different axle loadings [24]. There are two types of railway tracks: conventional ballasted tracks and slab tracks [5]. Current studies
indicate slab tracks may be more cost effective than conventional ballasted tracks, considering life cycle, maintenance cost, and trafﬁc disruption during maintenance [25].
The slab track incurs higher initial construction costs and
repair costs, but structural damage takes longer to occur [5,
25]. Most railway tracks in Sweden are of the traditional
ballasted type.
Figure 1 shows the traditional ballasted rail track. The
rails are made of I-shaped bars on which the rail vehicle
wheels run. Smooth and comfortable rails should have
lengths up to 400 m, which are soldered together. Sleepers
transfer the load from the vehicles into the ballast and are
constructed of concrete. The ballast bed anchors the track,
creates bearing capacity for the track, and prevents lateral
and longitudinal movement [27]. The sub-ballast is the
prime track foundation; it prevents vertical movements
based on the thickness of the subgrade [26]. The most
physical failures and/or degradation over time occur in the
track. The track affects the performance of the whole
system and can lead to huge failures. Failure during
operation can be costly, including costs linked to loss of
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Fig. 1 Example of ballasted rail track [26]

service, property, or human life. Good track quality means
lower cost and longer service life. Often, the quality is
mixed because elements with different ages and statuses
have to work together. Moreover, the track is not perfectly
levelled and aligned; track irregularities cause the train to
vibrate. Passengers are less comfortable, and goods may be
damaged. This explains the need for maintenance [3, 5].
2.1 Maintenance of railway infrastructure
Proper maintenance of railway is necessary for rail trafﬁc.
The Swedish standard SS-EN 13306 p. 5 [28] deﬁnes
maintenance as ‘‘the combination of all technical and
administrative actions with the aim of retaining or restoring
an object in such a condition as to perform its proposed
function’’. On a basic level, maintenance is conducted on
the infrastructure as reactive or proactive. Reactive maintenance refers to actions after failure has occurred, while
proactive maintenance takes place at regular intervals or
following certain criteria to restore the desired functionality. The maintenance objective is to minimise safety,
health, environment, and ﬁnancial risks [9].
Overall, maintenance plays an important role in the
railway industry, supporting both safety and proﬁt-making
[6, 9]. Maintenance support includes such resources as
documentation, information, information systems, personnel, support equipment, materials, spare parts, and facilities
[29]. The trend in the railway has been towards increasing
automation and increasing productivity. As a result, it has
become larger, more expensive, and more technically
complicated than ever. The track infrastructure is a signiﬁcant part of the railway system, and its maintenance
plays a vital ﬁnancial role in technical, administrative, and
managerial decisions [3, 5, 7].
Monitoring the condition of the railway track is part of
the maintenance strategy [3, 4] and it is described as an
‘‘arrangement of the ‘type’ of maintenance, which is to be
done to the track and its components, at a speciﬁc rate or
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frequency, under speciﬁc operating conditions’’ [3]. This
can include the total life cycle, that is, costs associated with
the lifetime of the track such as operating costs, maintenance costs, energy costs, and taxes. Also are included
costs associated with decisions related to maintenance
actions and probabilistic assessment estimations of train
delay, derailment, and trafﬁc disruption. All these consider
the operational and technical aspects of the track, as well as
the maintenance actions [30]. For example, by adding a life
cycle costing (LCC) model for the track the total cost over
its total lifespan will be calculated. It would be used to
systematically process and evaluate the cost impacts of the
whole life cycle of the infrastructure [3]. A LCC model is a
simpliﬁed representation of a real situation in that it
extracts the product cost and estimates the relationships of
the products to each other and their costs in a model. Each
model has its own application of the contents based on the
amount of information needed and identiﬁed with the
results [31].
Presently, Traﬁkverket is developing a LCC model of
the railway infrastructure in the Mainline project [32]. This
model incorporates mechanisms to estimate track deterioration with the ﬁnancial and operational impacts. In this
project, a tool is being developed, although not to be a fully
functioning piece of software, consisting of recommendations and algorithms to be used in developing a commercial
product. This Life Cycle Analysis Tool (LCAT) provides
elements of Life Cycle Analysis (LCA) to assist work in
railway track to justify decisions based on evidence,
develop a budget for more efﬁcient maintenance, deﬁne
levels of safety and service, and predict timing for future
expenditures [32].
2.2 Condition-based maintenance for railway
infrastructure
A particular maintenance strategy should be determined for
railway infrastructure components for speciﬁc operating
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Fig. 2 Description of the maintenance strategy [10]

conditions [3]. Generally speaking, railway maintenance
strategy can be one of the two types, corrective maintenance or preventive maintenance (see Fig. 2 [9]). Corrective maintenance, immediate or deferred, is carried out
after fault recognition [10]. Immediate maintenance is done
as soon as the fault is detected, while deferred maintenance
is delayed according to given maintenance rules. Preventive maintenance takes place at predetermined intervals or
according to speciﬁc criteria to reduce the probability of
failure or the degradation in the functionality of the
equipment. Preventive maintenance can be predetermined
maintenance following established intervals of time or
number of used units or condition-based maintenance [10].
Condition-based Maintenance (CBM) for the railway is
a maintenance strategy that can provide sufﬁcient warning
of an impending failure. It will allow the equipment to be
maintained only when there is objective evidence of failure. The methods used to monitor tracks have been
improved over recent decades. Sensor fusion techniques
are now commonly in use [6]. Moreover, a variety of
techniques in vibration, temperature, acoustic emissions,
ultrasonic, lubricant condition, and time/stress analysis
have received considerable attention. The components are
usually replaced or repaired as soon as the monitoring level
value exceeds the normal value [6, 29]. Track condition
monitoring is an important part of CBM. Condition monitoring (CM) monitors the current railway track condition
and aims to predict the future condition of the operation
[33]. CM can decrease the operational risk, improve the
performance, and reduce the operation cost. Being able to
monitor and detect the degradation of the equipment
improves the ability to prepare the necessary maintenance.
The required maintenance will be performed efﬁciently,
reducing downtime and associated costs [12, 34].
The critical part of the railway infrastructure is the track;
track failures potentially affect safety and may cause delays
in the speed [35]. Thus, the main objective is to ensure the
performance, safety, reliability, and cost-effectiveness of
the track. The inspection methods used by Traﬁkverket to
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control track irregularities and note any displacement from
the design are conducted by inspection trains. The STRIX/
IMV100 monitors the track using a contactless measurement system, based on an inertial measurement system and
an optical system. The measurement is based on the standard EN 13848-2. Traﬁkverket track condition data are
collected by the measurement wagon. The wagon goes
along the track at speeds up to 200 km/h and measures
each track section ﬁve to six times per year, depending on
the section. Up to 35 track geometry parameters are
obtained and stored for every 25 cm [35]. Different measurements and ways of measuring are available to assess
the railway track components in direct physical contact
with each other. For instance, the longitudinal level measurement is a vertical position of the right and left rails
measured by a position sensor and accelerometer. The
acceleration measure should be integrated vertically twice
over time to determine the position of the wagon. The
result is summed to identify the vertical position of each
rail [11, 36].
To measure track condition, Traﬁkverket uses the
Q value. This value is calculated based on the standard
deviation. The Q value includes the contract between the
rail administrator and contractor. These values show how
the maintenance action is related to the maintenance
strategy, i.e. corrective or preventive maintenance [11, 36].
The measurement parameters give early warning of deterioration. The available information from the monitoring
and control systems includes performance data from sensors [10, 29]. The information generated in railway track
monitoring is used to support different stakeholders.
Information exchange and knowledge management affect
the decisions made and the system performance [19].
Controlling the information assures better decision-making
quality through information veriﬁcation and improved
processes [37].
In addition, ICT (Information and Communication
Technology) is used to increase accessibility and usability.
ICT provides several technologies to enhance information
exchange over the maintenance processes. This, in turn,
suggests the need to deﬁne and develop new technologies
able to manage and use this information [17]. An example
of ICT is the use of eMaintenance to manage railway tasks
and information using digital technologies [19]. eMaintenance provides diverse beneﬁts, for example, increased
value to customers, increased availability, and reduced life
cycle cost of railway track. However, developing eMaintenance requires the transformation of traditional ‘‘fail and
ﬁx’’ maintenance practices to a ‘‘predict and prevent’’
methodology [38, 39]. It can integrate production systems,
operations systems, and remote customer sites, like those
found in railway industry [38]. In this context, eMaintenance provides dynamic information to the customers and
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to the entire railway track system. Developing and implementing this type of system allows information to be processed in real-time. In this way, maintenance information
can be used throughout the whole system life cycle [40].
2.3 Stakeholders in condition-based maintenance
ISO/IEC 15288 (2002) deﬁnes a stakeholder as ‘‘an interested party having a right, share or claim in the system or in
its possession of characteristics that meet that party’s needs
and/or expectations’’. In this deﬁnition, the railway stakeholder is seen as a party with needs requiring appropriate
actions [21]. Particular stakeholders in the railway include
those involved in operation and maintenance decisions and
activities [6]. CBM processes have a number of stakeholders. They may be active within this process internally
or externally. Internal stakeholders perform technical and
administrative actions on an item. External stakeholders
are concerned with the required function of the item.
Internal stakeholders may be determined by applying
inductive reasoning to the condition-based maintenance
process, using empirical data to develop a theory. External
stakeholders may be identiﬁed by applying deductive logic
to the condition-based maintenance process, using general
theory to explain a speciﬁc case [21, 41]. As an example,
stakeholders in condition-based maintenance are categorised in the following groups based on the Swedish
railway system:
•

•

•

•

Measurement stakeholders They are responsible for
measuring the railway infrastructure using the measurement wagon. They are responsible for collecting
data, ﬁltering the measured data at different levels, and
assuring the data accuracy. Their goal is to record the
railway infrastructure state.
Data quality stakeholders They are responsible to
assess the data ﬁtness to serve a speciﬁc purpose. The
assessment uses statistical methods, comparing new
data with previous data records. They report the data
quality to the measurement stakeholders to solve
problems.
Analysis stakeholders They are responsible for analysing the incoming data using different factors. This
analysis will help to identify the railway infrastructure
state and decide when, where, and how maintenance
should be done. A maintenance decision is made by
analysing a track section. Most of the decisions are
corrective maintenance.
Decision-making stakeholders They have the responsibility for designing and developing the railway infrastructure maintenance strategy. They also deﬁne the cost
of and the budget for maintenance. For instance, they
plan tamping and determine the cost.
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•

Maintenance stakeholders They are responsible for
performing the required maintenance on the infrastructure. The required action is based on the decisions of
the decision-making stakeholders.

The stakeholders in condition-based maintenance are
responsible for analysing the railway infrastructure state
and setup and developing the maintenance strategy.
Obviously, stakeholders who make decisions have certain
needs; if their needs are met, in terms of the correct data
gathered by selecting the correct measures, their analysis
will be better, they will make better decisions, and the
performance of the railway system will improve.

3 Case study design and participants
A case study is generally used to test assumptions and to
answer speciﬁc research questions. The design of case
study established the chain of evidences to create a draft of
information, in order to capture the possible information.
Through our case study, we seek to improve the railway
infrastructure performance [41].
In what follows, ﬁrst, we do a review of the literature on
maintenance, condition monitoring, and condition-based
maintenance. Next, we conduct a case study using mixed
methods research. We use material from interviews to
prepare the questions. The results help us to recognise the
data, parameters, identify the problems, and determine the
corresponding needs to correct the problems and improve
track performance. Finally, the study analyses track condition data with respect to the identiﬁed problems/needs.
The mixed study combines qualitative and quantitative
approaches, with two types of data sources.
3.1 Interviews
Individuals interviewed held positions where they were
responsible for data quality, data analysis, and maintenance
decision making for Traﬁkverket. Eight interviewees work
fulltime analysing the railway track performance, and one
spends ﬁve percent of his time on analysis. Table 1 shows the
participants, their position, roles, and the years of experience.
The interviews were open-ended lasting from two to four
hours per individual. The interviews were either face-to-face
or via videoconference so as to ensure better understanding.
This method also yielded a high volume of information. Some
interviewees were followed up by telephone to complement
missing information. Questions used served as guidelines to
gain information for four different areas; data, parameters,
problems, and needs. The questions are found in Appendix.
The interviews were structured around what was
required by decision-making stakeholders and the problems
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Table 1 Interviewees’ position, role in the organisation, and experience
No. of
interviewees

Position

Roles

Experience

Interviewee 1

Track engineer

Developing Life Cycle Model for Railway Superstructure and
introducing ‘‘Standard’’ element which is a calculation block within
LCC depending on certain parameters

10 years

Interviewee 2

Researcher

Research on railway maintenance optimisation by applying
maintenance decision support tools (RAMS & LCC)

7 years

Interviewee 3

Track engineer

Specialist in track analysis

13 years

Interviewee 4

Track maintenance engineer

Maintenance planning, Planning of major replacements of track
components, Technical support to local track managers

5 years

Interviewee 5

Maintenance engineer

Long-term maintenance planning and technical support

20 years

Interviewee 6
Interviewee 7

Track engineer
Project Manager

Management leader Optram
Project Manager of the contract for Track measurements

6 years
9 years

Interviewee 8

Maintenance engineer

Presenting long-term maintenance plans

10 years

they faced. The interviewer wanted to get to the point
without missing important issues. The interviewees were
experienced and understood the environment. All interviews were tape recorded and transcribed to make data
analysis easier and capture the relevant information. The
interviews results considered the expert personnel answers.
The analysis of the interview data was used to make
empirically based conclusions on the case study data.
Speciﬁcally, the case study used a pattern matching analytic technique, comparing an empirically based pattern
with a predicted one or with several alternative predictions.
The pattern matching technique ﬁnds gross matches or
mismatching, so interpretation is less likely to be
challenged.
3.2 Data collection and treatment
The case study is based on the Traﬁkverket database
Optram (optimised track management system). These data
collected with a measurement vehicle, operated by a contractor, were used to observe more than 30 parameters of
the track condition. The parameters are measured up to six
times per year. The measurement depends on the nature of
the section, such as curves or stations, and its relation to
GPS positioning and kilometre markers on the track. The
resulting data on track quality are divided into ﬁve classes,
depending on the load and the speed [11, 12]. Optram data
consist of track geometry measurements, overhead wire
measurements, real proﬁle measurements, corrugation
measurements, ballast proﬁle measurements, ground penetrating radar, and stiffness measurements. These data are
used in planning the maintenance strategy. The data have
been chosen for the lines section BDL111 and BDL119
between 2007 and 2014.
The Optram track geometry parameters are longitudinal
level (short, middle, and long wavelength), alignment
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(short, middle, and long wavelength), track gauge, cant,
twist (3 m and 6 m), and the standard deviation for longitudinal level and cooperation. Each of these parameters is
calculated on the EN 13848 standard. Also, the indicator
identiﬁes the track state is Q value. Q value is the sum of
standard deviations of the cant error and the standard
deviation of the average longitudinal level on the comfort
limits for the acceptable standard deviation.
Track section 111 is a 130-km section of single track
from Kiruna to Riksgränsen. It is mainly used for iron ore
transport, which means that this line demands much
maintenance at a high cost. The train quality class is 3,
80–120 km/h, the maximum axle load is 32 t, and the
annual accumulated tonnage is over 22 MGT. However,
the track structure on this line section was renewed with
ballast between 2006 and 2009. In addition, it should also
be noted that this line is operated in extreme climate
conditions, which can inﬂuence the track performance. The
performance has effects on the availability and safety
aspects of the track. The annual climate varies from warm
summers to heavy snow, and the temperatures vary
between ?27 C and -34 C.
The track section 119 is a 34-km section of single track
consisting of six meeting stations from Boden to Luleå.
Two of these six meetings allow for passenger exchange.
The trafﬁc consists of both passenger and goods trafﬁc, and
has an annual volume corresponding to approximately 23
MGT. On average about 50 trains pass the section daily,
including ore trains with an axle load of 30 tonnes, freight
trains with axle loads of 22.5–25 tonnes, and passenger
trains. The speed varies from 50 km/h for loaded ore trains
up to 140 km/h for the passenger trains. Figure 3 shows the
track sections 111 and 119 on the Sweden map.
The data analysis was conducted using Excel based
upon measured and ﬁltered track quality values; longitudinal level, alignment, track gauge, cant, twist, STD for
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Fig. 3 Sweden map track sections 111 and 119

longitudinal level, and the relationship of track distance
(km) or over time. This study analyses longitudinal level,
alignment, track gauge, cant, and twist over the kilometre.
The distance was analysed for 200 m of each track section. This was done to gain an understanding of the track
behaviour and quality for facilitating maintenance decision
making. In addition, STD for longitudinal level and
cooperation analyses over time was used since it aims to
understand the track deviation over the years and recognise
the problems from measurement or the data quality.

4 Results and discussion
We selected a single case study to describe the needs of
stakeholders, along with the problems encountered, with
the goal of improving the performance of the railway
infrastructure. Ultimately, the ﬁndings should help companies make better maintenance decisions about track and
asset. They will be able to deﬁne what work needs to be
done, and when and where it should take place. To this end,
the study correlates track data from many resources and
provides features for analysing railway data. The interviews provided main four points: data, parameters,
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problems and analysis, and the needs of analysis and
decision-making stakeholders.
4.1 Data
Traﬁkverket collects data by monitoring the infrastructure.
These data are collected by many systems: assets BIS,
failure system 0felia, inspection system Bessy, track
recording measuring data, and wayside monitoring systems
for wheel ﬂats and hot bearings. For the track condition
data, the data quality stakeholders agree that the accuracy
of data measured or calculated is good. They agree that the
collaboration between different types of data measurements works well and the content accuracy is acceptable.
Some stakeholders at Traﬁkverket are working on assuring
data quality by comparing many measurements at the same
time and in the same place. This will help them understand
the overall situation, for example, by comparing the data of
two different car measurements IMV100/EM80 and
IMV200/STRIX over the same distance. Figure 4 shows
the comparison of these measurements. This comparison
was done using Optram data. IMV100/EM80 was measured on 12 September 2014. IMV200/STRIX was measured on 3 October 2014.
Figure 4 shows the difference between two measurements through the longitudinal level (mm). Longitudinal
level (mm) is a parameter measured by Traﬁkverket to
express a mean vertical position covering the wavelength
ranges stipulated, and is then calculated through successive
measurements. Figure 3a shows the IMV200/STRIX car
has a smooth trend over the distance, with only about
2 mm difference in some places at the same position.
Figure 3b shows IMV100/EM80 has a harsh trend, with
around 2 m shifting over the same distance measurement in
some places. Car inspection uses more or less the same
equipment but at different speeds or with different collaborations between car equipment. The car runs once per
year. During this time, if the car inspection ﬁnds a problem,
an alarm will be recorded in Optram. However, the car
inspection cannot measure the data accuracy. Additionally,
it recognises neither empty values nor zero values in the
data; this affects processing. For this reason, measurement
is uncertain, for example, when the track is covered by
snow.
4.2 Parameters
Parameters are measurable factors setting the conditions of
track operations. Traﬁkverket measures more than 30
parameters used in variant analysis and prediction. The
analysis of parameters shows the quality of the track and
indicates failures requiring maintenance. Traﬁkverket
contractors are responsible for doing maintenance when the
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Fig. 4 Measurement of track line BDL111 at kilometre marker 1446 a from vehicle IMV100/EM80 and b from vehicle IMV200/STRIX

parameters’ threshold is exceeded. Although it is difﬁcult
to know what other contractors did or how they delivered
the data, the main parameters are track geometry. The
degradation of these parameters is extremely dangerous;
degradation also has an effect on passenger comfort. Track
geometry parameters are track gauge, alignment, longitudinal level, cant (cross level), and twist. Figure 5 shows
four of these parameters within a spot failure on track
number 1464, measured on 29 September 2014.
Figure 5 presents the analysis of four parameters, longitudinal level, track gauge, twist, and cant of the failure
spot, measuring a 200-m distance. These ﬁgures show the
degradation of track performance between 13 m and 30 m.
Obviously, the degradation over this distance appears with

J. Mod. Transport. (2016) 24(1):22–37

the analysis of the four parameters. However, these
parameters have different measurements and meanings.
•
•
•
•

Track gauge is the distance between the gauge faces of
the two adjacent running rails.
Alignment is the mean horizontal position covering the
wavelength ranges stipulated, then calculated from
successive measurements.
Longitudinal level is the mean vertical position covering the wavelength ranges stipulated, then calculated
from successive measurements.
Cant (cross level) is the height of the vertical side of the
right-angled triangle related to nominal track gauge
plus the width of the rail head.
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Fig. 5 Track geometry parameters for track line BDL111 km 1464 and the measurements within red column show spot failure

•

Twist is the gradient between the two points of
measurement.

4.3 Problems
Traﬁkverket stakeholders recognised problems after performing data analysis and comparing the historical data.
Different types of analysis show the problems and give a
better understanding of the nature of the problem.
4.3.1 Positioning problems
Positioning means ﬁnding the exact position on the track
that needs maintenance. Two types of maintenance actions
are considered, tamping or manual action. The positioning
data are integrated from BIS (Ban Information System).
BIS describes the railway in the form of nodes and links.
Then, it classiﬁes the railway into systems, areas, and
distance, based on the map of Sweden. Positioning problems occur because kilometres (km) given in the BIS
system are different from reality. The positioning within
kilometres (km) is correlated using different track areas
and stations. There might be additional uncertainty in
measurements of alignment when the track is covered by
snow. Traﬁkverket analysis stakeholders observed the difﬁculties in determining the exact position which posed a
problem for doing tamping. The contractor with
Traﬁkverket should deliver positioning of less than 5 m,
but the track positioning is currently ±20 m. Therefore,
the measurement data are neither good nor accurate. This
obviously appears in comparisons using other historical
data for the same distance, such as longitudinal level
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measuring for a 200-m distance. Figure 6 shows the positioning problem by comparing the data of 30 January 2014
and 28 May 2014 over the same 200-m distance.
Figure 6 presents the difference between these two
measurements for the same track number and the same
distance, around 20 m. This difference will increase difﬁculties in ﬁguring out the exact failure point; this, in turn,
will increase maintenance cost. Most of the interviewees
agreed that this problem has a negative effect on maintenance decision making. It might lead to wrong decisions.
At the same time, uncertainty about the position might
have an effect on the selection of a maintenance strategy.
Other interviewees disagreed, saying that positioning is not
a huge problem and does not greatly affect the maintenance
decision. However, no statistical study shows the number
of positioning problems over the whole data. There is some
discussion about integrating a GPS system for more
accurate position, but Traﬁkverket contractors have no
desire to integrate it.
4.3.2 Limitations of mean Q value
Calculating the mean Q value could be useful to estimate
the track quality, and then compare the tracks to get an idea
about the budget. Figure 7 shows a Q value curve over
200 m, calculated on 29 May 2014 with the measured track
length of 1464 kilometre.
Figure 7 shows the quality of the track. Over this distance, the quality is high. The quality is decided based on
SS-EN13848 standard. The standard categorises the track
classes; however, the Q value limitation is based on an
arbitrary judgment of the historical mean values. It is more
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Fig. 6 Measurements of location show a variation of circa 20 m with the same measurement vehicle on track line BDL119 at kilometre marker
1174 in Jan and May 2014

Fig. 7 Track quality Q value of track line BDL111 at kilometre marker 1464

common to divide the track into small sections to get more
control and detect the track quality better, but it is critical
for track quality to set up an appropriate Q value limit that
should be maintained. The formula calculating the Q value
has no accurate value limits on track quality and age.
Additionally, it shows the need to have more knowledge
about the degradation of track quality to set up the proper
limitations. The interviewees mentioned that the limit for
the Q value is not high. This means the performance-based
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contracts need to ensure a better standard and quality. Also,
it is not a sure-ﬁre method for keeping high track quality in
the long run with low maintenance cost.
4.3.3 Difﬁculties of analysis
The problem is that the systems use different condition
monitoring data for the railway infrastructure. Traﬁkverket
has many systems responsible for recording all the
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Fig. 8 Values from same track section showing variations in STD of longitudinal level from 2007 to 2012

infrastructure state. Traﬁkverket’s software tools for analysis do not provide all the required functionalities; therefore, it is difﬁcult to do additional analysis or calculations
to better understand track degradation. Hence, different
systems must be integrated. For instance, Optram can offer
analysis over time or distance as shown in Fig. 8. This
analysis shows the need for doing tamping based on the
STD values, although speciﬁc problem and problem area
are not available. Figure 8 shows the results of data from a
100-m section that was recorded between 2007 and 2012.
It is not possible to plot speciﬁc positions due to the
nature of the system and the type of data available in the
system. Presently, personnel export data to other tools,
such as Excel, for further data analysis. However, it is still
difﬁcult to accurately analyse different track sections
simultaneously. Track quality is an important analysis and
for this to be done tracks must be compared.
4.3.4 Short-term strategy
Traﬁkverket has a short-term strategy whereby their contractors fulﬁl the demands of the Q value, using corrective
tamping to decrease track failure. If irregularities in ballast
occur too often, Traﬁkverket will lose control of track
quality since there is no speciﬁc long-term strategy. The
cost of using the tamping machine is uncertain. Figure 9
shows the short-term strategy based on the analysis of
longitudinal level (mm) on 29 May 2014. The ﬁgure suggests the need to do tamping between 18 and 25 m. Over
this distance, we see very high peaks and very low peaks.
Note that longitudinal level is one of the parameters used to
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calculate the Q value. Therefore, this variant will affect the
Q value.
However, throughout a year, tamping is conducted
based on the track quality analysis. Yet, the results show
that the analysis is inaccurate and ineffective. Therefore,
discussions and on-going projects are conducted to identify
future tamping plans. An example of this is that the Q value
has no speciﬁc limit and the measured parameters are not
reliable enough to make tamping decisions. It is proposed
that other measured parameters should be used to predict
track degradation and determine tamping actions.
4.3.5 Incomplete track measurement
Incomplete track measurement has been recognised in data
analysis. In such cases, the measurement wagon was supposed to measure the whole track, but was suddenly stopped or changed direction. The measurement stakeholders
were supposed to ensure the continuity of the measurement
wagon but sometimes they did not realize a distance was
not measured. Traﬁkverket measures 5–6 times per year.
Software tools have indicated some places are not measured. Figure 10 shows the STD of longitudinal level of
100 m of track. The distance between 1164,661 and
1165,561 km has not been measured over several measuring times: 1 January 2010, 3 March 2011, and 4 March
2011.
The measurement of the track has been disrupted, with
negative effects on decision making. Some parts have not
been measured, so there is no accurate assessment of track
situation.
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Fig. 9 The high longitudinal level variation above shows that tamping actions must be taken

Fig. 10 STD of longitudinal level of 100 m of track

4.4 Needs
Traﬁkverket stakeholders that are responsible of analysis
and maintenance decision making want to improve maintenance performance and decrease costs by improving
analysis and prediction. If done correctly they will increase
railway availability, improve safety, increase the use of
resources, enhance reliability, and overall performance. As
a result of this, track degradation and maintenance costs
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will decrease. To meet these aims, the following must
happen.
4.4.1 Analysis enhancement
Enhance analysis by integrating data resources. Traﬁkverket has several data resources such as assets BIS, failure
system 0felia, inspection system Bessy, track recording
measuring data, and wayside monitoring systems for wheel
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ﬂats and hot bearings; these should be integrated into one
system. This will facilitate the analysis of axle weight,
speed, or total load instead of just time analysis, as shown
in Fig. 8. The trends found in the analysis suggest that
speciﬁc parts of the track need maintenance and give a
better understanding of the situation. For instance, the
analysis presents the standard deviation of alignment over
time. Other factors must be considered for analysis as well,
such as axle weight or speed, as these are partially to blame
for failure. At the same time, a general framework capable
of integrating all these systems is required. Most of the
interviewees have used other software tools in Traﬁkverket
to integrate systems and enhance analysis to assist them in
maintenance decisions and estimation of maintenance
costs.
4.4.2 Further analysis
After analysis, store the highest and lowest degradation
values in the data source for each track section. Facilitate
analysis based on the calculated values, to ensure better
decision making and to predict track degradation. Storing
the values for each track will facilitate the comparison of
railway tracks. Figure 8 shows the importance of this for
understanding degradation. A comparison is used to estimate the failure spot. It aims to estimate the existing
problem and understand the whole performance of the
railway infrastructure. One of the interviewees said he
stores these values manually in an individual ﬁle for further
calculation. They might help understand and minimise
track degradation. As the analysis in Fig. 5 indicates,
considering the parameters of two tracks can better explain
the behaviour by highlighting the track situation and
allowing stakeholders to compare the highest and lowest
values in each track to estimate the current problem. It will
also allow the stakeholders to determine the highest values
on track quality and performance.
4.4.3 Track maintenance strategy determining
Develop and determine a maintenance strategy for each
track section. Today the railway track has two maintenance
strategies, either, reactive or proactive. Many software
tools in Traﬁkverket are supposed to do proactive maintenance, but Traﬁkverket uses them for reactive maintenance because there is no clear limitation for maintenance
cost. There is a need to shift the culture of Traﬁkverket,
speciﬁcally among the analysis and decision-making
stakeholders, from a reactive to a proactive approach. The
maintenance of the railway tracks needs to integrate
proactive solutions into its plan to reach the desired goal of
improving safety, security, and reliability. Figure 9 shows
the preferred case for deciding maintenance. Most of the
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interviewees said deﬁning the strategy depends on the track
degradation type. They agreed that a proactive strategy can
decrease the maintenance cost and improve performance.
They also said that they have a limitation for each track
parameter, which has two levels UH1 and UH2 deﬁned by
the SS-EN13848 standard. The maintenance action is taken
based on degradation reaching the UH1 as reactive maintenance. The UH1 values are lower than UH2. There is no
reason for contractors to work on a proactive strategy when
the degradation reaches UH2.
4.4.4 Track maintenance planning
Plan the maintenance for each track. Maintenance planning
is done by the Traﬁkverket contractor. The car inspection
records the faults, as shown in Fig. 4, and equates risk level
to required maintenance. Corrective tamping maintenance
is governed by regulations in the SS-EN13848 standard and
preventive tamping should be planned in advance. There
are two main aspects to consider in maintenance planning:
applying for track possession time and decreasing the
maintenance cost by predicting the required tamping. For
instance, predicting tamping for nine months is enough
time to consider the maintenance plan and budget. However, the costs depend on the distance of the track needing
maintenance and the location needing maintenance.
Another person claimed setting up a maintenance plan for a
certain part of the track will help estimate the cost required
to order the tamping machine. At the same time, it will
decrease the cost and improve the track quality and
performance.
4.4.5 Time plan for maintenance action
Create a time slot for maintenance. It is important to
determine the time required for maintenance and estimate
the cost required for each part of the maintenance plan.
Estimating the extra time required to ﬁnalise the task is a
learning process for other maintenance actions as well.
Setting a time slot is crucial in estimating the time required
for the maintenance plan, the extra time needed to complete the maintenance and the required cost. Determining
the extra time required will help to set up a better maintenance plan.
4.4.6 Track visualisation
Visualise the railway track data geographically. This can
be done through GPS coordinates that measures
Traﬁkverket during the measuring track quality. The
visualisation will simplify managing the railway. The
mapping can show the track parts and give information on
the geographic track location. This method allows
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Fig. 11 Condition-based maintenance stakeholders’ agreement on needs

stakeholders to connect the results of the analysis with the
track infrastructure. However, visualising the track can
help analysis and decision-making stakeholders to determine the more seriously affected areas by offering a clear
picture and facilitating comparisons with other track sections at the same time. A clear picture of the track will
show the inﬂuence of various factors on the track status.
Also, it makes easier to understand how they inﬂuence one
another. This technology has the ability to examine individual aspects of the tracks and would provide evidence to
justify decisions to funders and policy makers.
4.4.7 Track life cycle cost (LCC)
Determine life cycle cost (LCC) for each track. This
requires a comparison of different maintenance, intervention, and renewal strategies for track sections based upon
the costs and risks over a period of time. Track deterioration modelling techniques are used to evaluate the deterioration processes for sleepers, transport loadings, track
alignments, lengths of radius, the operational speed, sublayer conditions to renew the track structure. However, the
track LCC model inputs are initial track condition data,
intervention triggers, uplift effects, and the cost of interventions and environmental impacts. LCC’s effective
decision supports system for maintenance of the railway
track. At the same time, the output cost takes into account
all factors associated with the lifetime of the system, such
as operating costs, maintenance costs, and energy costs.
The maintenance cost plays an important role in track
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infrastructure. The cost of maintenance of LCC track
infrastructure has two different levels of uncertainty. Costs
are due either to such factors as train delay, trafﬁc disruption or derailment, or to the reliability and maintainability of the track. The main issue for decision-making
stakeholders is determining the tamping cost. Hence, it is
necessary to order tamping and set up the cost for about a
year. Therefore, Traﬁkverket wants to connect the life
cycle costs within certain areas needing maintenance, e.g.
tamping. Ultimately, determining the life cycle cost for the
track will be based on the equipment needing maintenance.
Figure 11 shows the interviewees’ agreement on needs.
Many stakeholders want LCC, a maintenance plan for each
track and the ability to store values after the analysis.
However, two of Traﬁkverket’s condition-based maintenance stakeholders want a maintenance strategy for each
track; they want to compare the analysis of two tracks at
the same time, clearly visualise the track on a geographical
map, and ascertain a time slot for each maintenance plan.
Achieving these needs will improve railway track performance, facilitate the analysis of the track, and help predict
the future state of the track.

5 Conclusion
The purpose of this study was to investigate the needs of
maintenance stakeholders and to ﬁnd out if the stakeholders’
knowledge needs are satisfactory. The results showed that
problems with data measurement and analysis should be dealt
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with speciﬁc needs for more consistent data and information
that can assist them in maintenance decisions. These needs are:
•
•
•
•
•

Positioning irregularities of measured data made it
difﬁcult to determine where maintenance activities
were to be conducted.
Over 30 railway track parameters are measured but
only ﬁve show to be signiﬁcant for track irregularities.
Degradation of these affects safety.
Long-term maintenance strategy is lacking, therefore,
only arbitrary judgement and historical data are used to
plan maintenance actions.
Limitations in analysis of data since the software and
data sources are not compatible with each other.
Missing data, even when measurements are conducted
regularly on the track sections. It is not known why the
information is lost or missing.

Limitations of this study are that there were a limited
number of interviews conducted, although key people
were chosen, and that only Optram was studied. It is true
that there are other systems used in the railway network.
Even if some do report more accurate data they do not
speciﬁcally deal with track condition data. Additionally,
by analysing several systems together, a better understanding of the whole rail network could be possible;
however, this study does show where improvement work
should begin.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

In addition to the problems, areas of improvement were
found. These are:
•

•

•

The maintenance of the railway tracks needs to integrate
proactive solutions in order to reach the desired goals of
improved safety, improved availability, and improved
reliability. This includes analyses based on the calculated
values to understand the process of track degradation and
what needs to be done to improve maintenance decisions.
Develop a visualisation tool that shows the railway
track geographically, using both mile markers and GPS
coordinates, for information concerning track quality.
This mapping should show the track parts clearly and
be used to facilitate the connection between the results
and the track infrastructure. This is to also include
maintenance windows (time slots), which are crucial in
assisting the estimation of maintenance actions.
Develop Life cycle cost (LCC) model for track degradation where maintenance interventions can be compared
with different interventions and maintenance strategies.

These ﬁndings are applicable for the Swedish railway network in that the areas with speciﬁc problem and the areas
chosen for improvement are critical for maintenance decisions.
For good decision support, it is necessary to use accurate
condition monitoring data, from all sources, to gain a complete
understanding of the railway network. And then a more longterm strategy can be set up which can then support a LCC
model for railway infrastructure. For that to occur, a more
speciﬁc development, in the areas of condition monitoring data
collection and in the development of analysis models, is needed. When these are complete, track degradation models
necessary for a LCC model, with clear input deﬁnitions for
data, triggers, uplift effect, cost, and environmental impacts
can be developed. In conclusion, by applying the knowledge
gained in this study, railway track availability can be increased,
as well as, operation and maintenance costs can be reduced.
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Appendix
The questions focus on two main areas:
(a) Identify the problem.
(b) Deﬁne the stakeholders needs.
Data
(1)
(2)
(3)

What do you think of the data accuracy? Why?
Is the contractor responsible for assuring the accuracy
or only for data gathering? How?
How can the contractor assure the quality of data? In
each point give me an example.

Parameter
(4)

What are the parameters that are more sufﬁcient and
important? Why?

Problems
(5)
(6)

What are the problems recognised after analysis?
What are the problems that exist in different areas
such as functionality and data? (As an end-user)

Needs
(7)
8)

What analysis is needed within and does it not exist
now? Why? and How?
What is needed to improve the prediction? Why? and
How?
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Abstract
Swedish railway traffic is increasing putting more demands on maintenance. Proper
maintenance requires proper data on track conditions; from those data, proper information
can be gleaned to make proper decisions. This study investigates how the implementation of
an information assurance (IA) framework within railway track condition-based maintenance
(CBM) and using OSA-CBM functional blocks can shed light on the behaviour of the data
and information used to make maintenance decisions. A literature review shows the IA
framework has potential for railway infrastructure from a technical perspective. The study
tests IA using real data on track quality from the Swedish railway authority. The case study
results show some areas have incomplete or inaccurate data, making it difficult to have
proper information to plan effective maintenance. For some track sections, two parameters,
standard deviation (STD) longitudinal level integrity and cooperation have over 63%
incomplete data. In addition, there is a problem with the authenticity of data for the parameter
alignment long wavelength (71% incorrect) within specific train speeds. These indicators are
important for calculating the Q-value and estimating track quality but are either incomplete or
incorrect, thus negatively affecting the development of information for maintenance
decisions.

Keywords
Authenticity, Availability, Condition-based maintenance, Information assurance, Integrity,
Railway track

Introduction
Railway traffic is increasing at a steady rate, affecting track wear and reducing the amount of
time available to conduct maintenance. Given the reduced maintenance time, maintenance
strategies need to become more effective and efficient to avoid hindering normal traffic.
Condition monitoring can ensure maintenance actions are conducted on the track where they
are needed, when they are needed. Presently in Sweden, condition-based maintenance (CBM)
for railway tracks is based on the available track condition and deterioration models which
are dependent on the measurements taken and how these data are analysed. Unfortunately, a
recent study showed both measurement and analysis problems, as some collected data were
incorrect and other data were incomplete (Al-Douri, Tretten, & Karim, 2016). This obviously
affects the development of the information required to make good maintenance decisions.
Frameworks used in railway maintenance decision making often include Corrective
Maintenance (CM), Time-Based Preventive Maintenance (TBPM), and Condition-Based
Predictive Maintenance (CBPM) using simulation and Goal Programming (GP)-fuzzy
analytic hierarchy process (AHP). These three techniques support the decision making
process by improving overall equipment availability and cost effectiveness (Ghosh & Roy,
2009). Other frameworks consider the errors in decision making methods by using Statistical
Process Control, the Hidden Markov Model, and the Proportional Hazard Model. These
2

models simulate decision making processes to increase the probability of making correct
maintenance decisions (Orth, Yacout, & Adjengue, 2012). However, all models focus on
improving decision making without considering the quality of data being collected and
analysed.
In the Swedish railway, the track maintenance strategy is based on track measurement data
from measurement vehicles; alarms and notifications that occur during the measurements are
used to plan maintenance actions. The collected data are analysed and used to assess and
monitor of health degradation. The processing of data uses open system architecture for
condition-based maintenance (OSA-CBM); six functional blocks process data and provide
information for maintenance decisions.
Presently, no system assures the quality of data is good enough for all maintenance decisions
(Al-Douri et al., 2016). For this to occur, we need an information assurance framework to
identify the risks in terms of technical problems in the data. An information assurance
framework is based on the organisation’s situation, problems and/or challenges (Willett,
2008). This framework could assure the proper information is available for track quality
models, leading to optimal maintenance decisions.
This study investigates how an information assurance (IA) framework can be implemented
together with railway track condition-based maintenance (CBM) to address data and
information problems, possibly leading to better maintenance decisions. Condition
monitoring (CM) data from a railway track are analysed according to the information
assurance principles of availability, integrity and authenticity. These data are currently used
in models assessing the railway track to make maintenance decisions. With the knowledge
gained by integrating IA and CBM, the models can improve and the availability, reliability,
and safety of the track can increase.
The work tests whether an information assurance framework can be used together with a
condition-based maintenance strategy to improve the CBM process. It asks the following
research questions:
x
x
x

Is IA compatible with a CBM strategy?
How can an IA framework be implemented with CBM?
How can CM track data be put into an IA framework to ensure an efficient and
effective CBM strategy?

This paper begins with a review of the literature on maintenance, condition-based
maintenance (CBM), open system architecture for condition-based maintenance (OSA-CBM)
and information assurance related to CBM and OSA-CBM. It then presents a case study,
followed by data analysis. The paper goes on to discuss the information assurance framework
and condition-based maintenance strategies in the Swedish railway infrastructure. It ends by
drawing conclusions and suggesting future work.
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Theoretical overview
Condition-based maintenance (CBM) for railway tracks
Track degradation requires monitoring and timely maintenance (Tzanakakis 2013, Iman
2013). Condition monitoring is used to assist in forecasting the future state of an object, so it
can be maintained correctly. Condition monitoring requires relevant and accurate
measurement data to estimate the actual condition of the measured object and the remaining
time for it to fail. When implemented correctly, CM assists in the planning of maintenance
actions. The overall goal is to reduce the failure probability and operating costs by reducing
breakdowns, delays, and failures, as well as maintaining safety and performance levels. As
shown in earlier work, condition monitoring and condition-based maintenance can be used to
prevent failures by detecting system deterioration before failure occurs; appropriate
maintenance actions can then be taken in a timely fashion (Jardine, Lin, & Banjevic, 2006;
ON, 2004). This is especially important in railway systems, as track failure can disrupt
service, increase the risk of human injury and fatality, and increase transportation costs.
The track is an essential railway subsystem with two key functions: to ensure safety by
guiding the train and its load and to distribute the load to the subgrade (Tzanakakis 2013).
The railway system consists of several interrelated technical levels: system, subsystem and
component levels and strategic, tactical and operational levels (SS-EN 13848-1, 2004). Track
failure will affect the performance of the whole railway system. Previously developed
guidelines for monitoring the track (Kumar, Espling, & Kumar, 2008) can be used to assist
infrastructure and maintenance stakeholders in conducting condition monitoring. A variety of
monitoring systems are used to determine track status (Randall, 2011; Sadeghi &
Askarinejad, 2011).
Condition-based maintenance (CBM) can be scheduled or dynamic, depending on the system
status (Asplund, 2014). The maintenance strategy should provide sufficient warning of an
impending failure (Murthy & Kobbacy, 2008), and it should assist in selecting maintenance
actions based on the evidence of abnormal behaviour of the physical track (Jardine et al.,
2006). Condition-based maintenance, if conducted correctly, will decrease operational risks
and overall costs. CBM detects degradation by inspection and testing; the inspection and test
results are assessed and the appropriate maintenance action is carried out (Asplund, 2014;
Frangopol, Saydam, & Kim, 2012; Kumar et al., 2008).
There are many problems measuring and processing data for decision making, as shown in
(Al-Douri et al., 2016). One difficulty with CBM on railway systems is the use of a shortterm strategy to control track irregularities. A general track degradation model illustrates
degradation characteristics as a function of the final stages of failure. It shows how a failure
starts and then deteriorates to the point at which it can be detected and corrected (Granstr\om,
2005; Nowlan & Heap, 1978).

4

Figure 1: Illustration of track degradation (Granstr\om, 2005)
The goal of condition-based maintenance is to provide information generated through
monitoring so stakeholders have the knowledge to make the correct maintenance decisions
(Candell, Karim, & Söderholm, 2009). In this context, collected and processed data available
to the Swedish railway authority Trafikverket suffer several problems, most notably,
incomplete and inaccurate data that cannot be integrated with other types of data with
different structures. The models used for assessing track quality and assisting in maintenance
decisions are limited (Al-Douri et al., 2016). These points to the need for an open system
architecture for condition-based maintenance (OSA-CBM) (SS-ISO 13374-2, 2007) to
understand the data and process the information.
OSA-CBM architecture is designed to facilitate control of the data and information
processing behaviour using different functional blocks (Holmberg et al., 2010; SS-ISO
13374-2, 2007). The basic data on the state of the track are collected from multiple resources
and converted from different sensors. The raw data are filtered into categories based on their
physical structure. The data are analysed to find track irregularities, and the track degradation
is forecast to enable the development of information for maintenance decisions. As shown in
Figure 2, data are processed and modified to become valuable information using six
functional blocks, starting with data acquisition and ending with decision support (SS-ISO
13374-2, 2007).
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Figure 2: OSA-CBM functional block diagram (SS-ISO 13374-2, 2007)
The functional blocks of OSA-CBM contain a considerable amount of data and a large
information flow which needs to be controlled to ensure the completeness and accuracy
required to make good decisions. A framework is required to process the data and
information within the functional blocks and keep the information from any degradation,
destruction, manipulation or exploitation to ensure the condition monitoring is conducted
correctly and produces information relevant for making the correct maintenance decisions. IA
can handle this task.
Information Assurance (IA)
Information assurance is used to define and implement all policies, standards, methodologies,
services, and mechanisms necessary to maintain operational integrity with respect to people,
process, technology, information, and supporting infrastructure (Willett, 2008). If the quality
of the information is assured, the operation can continue despite interruptions (Andrew &
Kovacich Gerald, 2006; Willett, 2008). Information assurance helps reduce risks in the
system by providing technologies and techniques that assure data quality at the operational
level (Willett, 2008). IA is also related to the organisational and technical levels; an example
of the latter is the assurance that data from the wireless technologies used in CBM techniques
can supply condition monitoring data for the railway track. The aim of the information
assurance framework is to expose risks to the system which can be mediated and, thus, help
increase productivity.
The American Department of Defense depends on information assurance because of the
increasing number of security issues; it needs to know it is receiving good data. With IA, it
can integrate systems, from local networks to the operational level. Information assurance is
useful in designing, verifying and validating the complete network to mitigate distributed
denial-of-service attacks on network bandwidth (Hamilton Jr, 2006).
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Basically, information assurance ensures correct action is derived from correct information
and correct processing of that information (Willett, 2008). An IA framework defines and
describes a solution by identifying the risks in terms of business and technical needs.
The IA framework is a guide and cognitive tool to enable better decision making, especially
when combined with brainstorming techniques (Korotka, Roger Yin, & Basu, 2005; Willett,
2008). These can help shape a framework to best serve the needs of a particular organisation
or industry. The National Institute of Standards and Technology (NIST) uses standards such
as NIST SP 800-53 as a basis for the development of organisation-specific tools to use during
the planning and execution of a security management program (SMP). An organisation’s
baseline security with respect to the industry standard is determined and gap analysis is
performed. An SMP is reviewed annually and may change depending on the business drivers.
This framework is easily implemented and can be used to compare plans, accomplishments,
findings, gaps, remediation, and progress reporting (NIST, 2003; Willett, 2008).
The IA framework contains six architectural views: people, policy, business process, systems
and applications, information/data, and infrastructure, as shown in Figure 3 (Willett, 2008).
The people architecture is a constant factor in design, implementation, operations and
maintenance. Policy specifies the desired behaviour. Business process is an activity with one
or more workflows to fulfil a business service provided by people in the organisation.
Systems and applications address the software developed to process the required information.
Information/data are considered from the perspective of being at rest, in transit or in use.
Infrastructure considers the physical and technical equipment, such as the railway track and
its components. The overall information assurance framework core principles are based on
the requirements of both internal and external organisational levels (Korotka et al., 2005;
Willett, 2008), as for example, Trafikverket’s overall objectives.

Figure 3: Overview of information assurance framework (Willett, 2008)
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IA ensures the provided information has an acceptable level of confidentiality, integrity,
availability, possession, utility, authenticity, non-repudiation, authorised use, and privacy in
all forms and during all exchanges. Appendix A shows each of these principles (Qian, Tipper,
Krishnamurthy, & Joshi, 2010; Willett, 2008). Although all are important, we consider
availability, integrity, and authenticity. Availability means ensuring the information and
resources are available to the users within the required time (Qian et al., 2010; Willett, 2008).
Integrity ensures the quality of information is logically correct and reliable. Integrity means
trustworthy, accurate, relevant and complete data (Maconachy, Schou, Ragsdale, & Welch,
2001). Authenticity ensures the information conforms to reality; information is not
misrepresented, false or an imitation of what ought to be provided (Willett, 2008).
Subsets of these apply throughout the whole Enterprise Life Cycle Management (ELCM).
The ELCM phases include the conception, architecture, engineering, development or
acquisition, implementation, testing, deployment, and retirement of a system (Willett, 2008).
According to Willet (2008), IA consists of four steps: anticipate, defend, monitor, and
respond.

Implementation of IA framework within CBM
In what follows, we describe an IA framework used to evaluate CBM data and data
processing so that good information can result. The framework employs the concept of OSACBM functional blocks. It is developed to deal with particular cases, such as railway tracks,
to fulfil core organisational objectives. For example, the Swedish railway authority
Trafikverket aims to provide safe and good service to citizens, avoiding risks by assuring
good data and information processing lead to optimal maintenance decisions. In addition, the
IA framework provides guidelines to help define a maintenance solution by providing better
information for track quality assessing models and improved understanding of track
irregularities.
This research implements the framework within CBM on three levels: organisation,
infrastructure, and data/information. Each is relevant to railway track maintenance. As shown
in Figure 4, the organisational level refers to the railway authority, the infrastructure in
question is the track, and the information level is the track geometry database.
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Figure 4: Three levels of IA framework
The bottom level of the IA framework represents the needs and requirements of the
organisation, in this case, Trafikverket. As the figure indicates, at the infrastructure level, CM
data on the track are gathered. When processes, they are examined for possible problems in
alignment between the current situation and the technical requirements. The data must show
availability, integrity and authenticity, or the analyses will be flawed; therefore, the top level
identifies and addresses problems with the data. These are the fundamental objectives if data
are to be good enough to achieve the level of information assurance required by the railway
authority to make good decisions.
An alignment between the IA levels and principles must be satisfied throughout the system’s
ELCM phases, as shown on the right hand side of Figure 4. Working with the original
concept, the architect designs and builds the idea into the existing system and organisation.
Engineering is concerned with the technical perspective, i.e., how data and information are
gathered and flow within the functional blocks of OSA-CBM. The idea is developed using
specific condition monitoring data, in this case, track data from the Swedish railway
authority. Data are tested for deviations from the IA core principles. Their alignment with the
organisation’s requirements leads to cost savings. With proper data on track state, it now has
proper information to make proper decisions.
To verify the alignment between the needs and the reality, however, we need to understand
the railway track monitoring techniques used by the Swedish railway authority, Trafikverket.
In addition, we must understand the track geometry parameters and their limitations. Finally,
we have to study how track geometry parameters and track quality models affect maintenance
decisions.
The process of IA is a set of actions to acquire proper data in order to develop the right
information for good maintenance decisions. There are eight steps, as seen in Figure 5:
defining the purpose or intent of the research; defining the technical environment; defining
the scope by characterising the environment; identifying the data input to the IA, such as
9

documents; identifying the available resources; analysing resources to determine their
applicability to and fit with the IA and addressing any problems; identifying outputs, such as
documents, actions, standards or policies; finally, identifying product outputs, such as tools to
capture the IA input details.

Figure 5: Information assurance framework processing

Case study
A case study was conducted using existing Trafikverket data. This included an assessment to
see if the organisation and its data met the requirements for implementing the IA framework.
The study also tested to see if condition-based maintenance (CBM) could be developed from
the railway’s present condition monitoring (CM) data using IA. More specifically, it analysed
track data from line sections BDL118 and BDL111 from 2007 to 2012, looking at the
problem of data quality.
In Sweden, Trafikverket conducts CM of its railway track through periodic geometry
measurements using inspection cars with an inertia measurement system and an optical
system. The cars measure the various track components through indirect / direct physical
contact (Granstr\om, 2005; Iman, 2013). They calculate the track deviation for consecutive
25-cm intervals; up to 35 track geometry parameters are measured and stored for each
interval. The measurement calculation is based on the standard EN 13848-2. The standard
deviation (STD) is calculated for each parameter over 200-m segments in each track section
(Bergquist & Söderholm, 2014) to determine the track state. There are several condition
indicators; the most important is the Q-value. It indicates the track quality through a standard
deviation calculation shown in equation (1) (BVF 857.02, 1997).
ܳ = 150 െ 100 ቂఙ

ఙಹ

ಹ 

+ 2ఙ

ఙೄ

ೄ 

ቃ /3

(1)
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The standard deviations are (ɐୗ and ɐୌ ), where ɐୗ is the sum of the standard deviation of the
cant error and ɐୌ is the standard deviation of the average longitudinal level for the left and
right rails (see Appendix B for definitions of track geometry parameters) (BVF 857.02,
1997). The contractor is informed which area needs maintenance (corrective or preventive)
and the required maintenance action is taken.
Track section 118 stretches 168 km, from Boden to Gällivare. It is the longest section and
represents about 39% of the track length on the heavy haul line, Malmbannan, which belongs
to line class speed 2. It is important to know the track requirements, such as speed limits, to
recognise performance over time. The line section is divided into 39 traffic zones
representing the technical divisions referred to as traffic zones by the railway authority. The
zones are partitions used by the administration to manage traffic operation. These zones
contain a number of operational areas, with lines running between them. The areas, in turn,
have station areas to control the movement and path of trains. There might also be train stop
points where passengers board and alight.
Track section 111 is 130 km of single track from Kiruna to Riskgränsen. Basically, it is a
haulage line because the majority of the traffic represents iron ore transport. Other material is
also carried on the line, and some passenger trains use it as well. Thus, this line has high
maintenance requirements with high economics. The train speed class over this line is
between 80 and 120 km/h. The maximum axle load is 32 t and the annual accumulated
tonnage is over 22 million gross tonnes (MGT). The track structure on this line section was
renewed with ballast between 2006 and 2009. The line operates in extreme climate
conditions, which can influence track performance, especially availability and safety aspects
of the track. The climate includes snowfall and extreme temperatures varying between -34 C
and +27 C.
For this study, the core principles availability, integrity, and authenticity are used to evaluate
the railway authority’s CBM data and appropriate the information required for decision
making. First, data must be available for analysis when predicting the railway track status.
Second, for data to have integrity, they must be trustworthy, accurate, relevant, and complete.
Data with zeros or null values negatively affect the maintenance decision precision.
Authenticity considers whether data are correct. In this case, the study examines the
wavelengths of two track geometry parameters for correctness.
The parameters longitudinal level and alignment FRYHU WKUHH ZDYHOHQJWK Ȝ  UDQJHV: short
(3m < ȜP PLGGOH PȜP DQGORQJ PȜP The study looks at
each of these parameters in turn. Table 1 shows the incorrect values for each wavelength
within each speed class. For instance, Table 1-A’s longitudinal level short wavelength has
incorrect values if value ݈ for class 5 is higher than 16 or less than -16. The thresholds are
based on the standard SS-EN 13848-5; anything above and below these thresholds is a false
reading. However, the values for some longitudinal level and alignment parameters in some
speed classes are unknown, as seen in Tables 1-B, 1-C, 1-F, and 1-E.
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Table 2 shows several other measured parameters: track gauge, cant, twist (3m or 6m), and
standard deviation (STD) for longitudinal level and STD cooperation, with incorrect values
for each speed class. For instance, STD longitudinal level has incorrect values over 1.15 and
under -1.15 for class 5, as determined by standard SS-EN 13848-5. These parameters have
only one wavelength.
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Table 1: Range of inaccurate values for longitudinal level and alignment with different
wavelengths
Speed class

Range of inaccurate values

(A) Longitudinal level short PȜP

Speed class

Range of inaccurate values

% /RQJLWXGLQDOOHYHOPLGGOH PȜP

H5 ޒ9250)

݈ > 16 OR ݈ < -16

H5 ޒ9250)

݈ > 28 OR ݈ < -28

H4 ޒ9200)

݈ > 20 OR ݈ < -20

H4 ޒ9200)

݈ > 33 OR ݈ < -33

H3 ޒ9160)

݈ > 23 OR ݈ < -23

H3 ޒ9160)

-

H2 ޒ9120)

݈ > 25 OR ݈ < -26

H2 ޒ9120)

-

H1 ޒ980)

݈ > 28 OR ݈ < -28

H1 ޒ980)

-

H0 (V40)

݈ > 28 OR ݈ < -28

H0 (V40)

-

& /RQJLWXGLQDOOHYHOORQJ PȜP

' $OLJQPHQWVKRUW PȜP

H5 ޒ9250)

݈ > 36 OR ݈ < -36

H5 ޒ9250)

a > 10 OR a < -10

H4 ޒ9200)

݈ > 42 OR ݈ < -42

H4 ޒ9200)

a > 12 OR a < -12

H3 ޒ9160)

-

H3 ޒ9160)

a > 14 OR a < -14

H2 ޒ9120)

-

H2 ޒ9120)

a > 17 OR a < -17

H1 ޒ980)

-

H1 ޒ980)

a > 22 OR a < -22

H0 (V40)

-

H0 (V40)

a > 22 OR a < -22

( $OLJQPHQWPLGGOH PȜP

) $OLJQPHQWORQJ PȜP

H5 ޒ9250)

ܽ > 20 OR ܽ < -20

H5 ޒ9250)

ܽ > 33 OR ܽ < -33

H4 ޒ9200)

ܽ > 24 OR ܽ < -24

H4 ޒ9200)

ܽ > 38 OR ܽ < -38

H3 ޒ9160)

-

H3 ޒ9160)

-

H2 ޒ9120)

-

H2 ޒ9120)

-

H1 ޒ980)

-

H1 ޒ980)

-

H0 (V40)

-

H0 (V40)

-
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Table 2: Range of inaccurate values for track gauge, cant, twist (3-m and 6-m), STD
longitudinal level, and STD cooperation
Speed class

Range of inaccurate values

(A) Track gauge

Speed class

Range of inaccurate values

(B) Cant

H5 ޒ9250)

 > ݃ݐ28 OR  < ݃ݐ-5

H5 ޒ9250)

ܿ > 20 OR ܿ < -20

H4 ޒ9200)

 > ݃ݐ28 OR  < ݃ݐ-7

H4 ޒ9200)

ܿ > 20 OR ܿ < -20

H3 ޒ9160)

 > ݃ݐ33 OR  < ݃ݐ-8

H3 ޒ9160)

ܿ > 20 OR ܿ < -20

H2 ޒ9120)

 > ݃ݐ33 OR  < ݃ݐ-9

H2 ޒ9120)

ܿ > 20 OR ܿ < -20

H1 ޒ980)

 > ݃ݐ35 OR  < ݃ݐ-10

H1 ޒ980)

ܿ > 20 OR ܿ < -20

H0 (V40)

 > ݃ݐ35 OR  < ݃ݐ-10

H0 (V40)

ܿ > 20 OR ܿ < -20

(C) Twist 3m

(D) Twist 6m

H5 ޒ9250)

 > ݐ12 OR  < ݐ-12

H5 ޒ9250)

 > ݐ20 OR  < ݐ-20

H4 ޒ9200)

 > ݐ15 OR  < ݐ-15

H4 ޒ9200)

 > ݐ25 OR  < ݐ-25

H3 ޒ9160)

 > ݐ15 OR  < ݐ-15

H3 ޒ9160)

 > ݐ25 OR  < ݐ-25

H2 ޒ9120)

 > ݐ18 OR  < ݐ-18

H2 ޒ9120)

 > ݐ29 OR  < ݐ-29

H1 ޒ980)

 > ݐ18 OR  < ݐ-18

H1 ޒ980)

 > ݐ29 OR  < ݐ-29

H0 (V40)

 > ݐ18 OR  < ݐ-18

H0 (V40)

 > ݐ29 OR  < ݐ-29

(E) STD Longitudinal level

(F) STD Cooperation

H5 ޒ9250)

ܵܶ > ܦ1.15 OR ܵܶ < ܦ-1.15

H5 ޒ9250)

ܵܶ > ܦ1.6 OR ܵܶ < ܦ-1.6

H4 ޒ9200)

ܵܶ > ܦ1.6 OR ܵܶ < ܦ-1.6

H4 ޒ9200)

ܵܶ > ܦ1.7 OR ܵܶ < ܦ-1.7

H3 ޒ9160)

ܵܶ > ܦ1.85 OR ܵܶ < ܦ-1.85

H3 ޒ9160)

ܵܶ > ܦ1.9 OR ܵܶ < ܦ-1.9

H2 ޒ9120)

ܵܶ > ܦ2.50 OR ܵܶ < ܦ-2.50

H2 ޒ9120)

ܵܶ > ܦ2.4 OR ܵܶ < ܦ-2.4

H1 ޒ980)

ܵܶ > ܦ3.75 OR ܵܶ < ܦ-3.75

H1 ޒ980)

ܵܶ > ܦ3.1 OR ܵܶ < ܦ-3.1

H0 (V40)

ܵܶ > ܦ3.75 OR ܵܶ < ܦ-3.75

H0 (V40)

ܵܶ > ܦ3.6 OR ܵܶ < ܦ-3.6

Data Collection and Treatment
The case study had three main steps (Figure 6): data collection, data processing, and data
analysis. First, inspection and maintenance data were collected for several parameters over a
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certain time period. Second, data were checked and incomplete or incorrect data were
accounted for. Finally, data were analysed with respect to their availability, integrity and
authenticity over the entire period.

Figure 6: Study approach
The case study used data from the railway authority database on track geometry. The track
geometry inspection data are useful for planning a maintenance strategy. With these data
Trafikverket can determine an optimum level of maintenance for the track, avoiding both too
little and too frequent maintenance. The studied data came from line sections BDL118 and
BDL111 between 2007 and 2012. The database contains measures of the following track
geometry parameters: longitudinal level (short, middle and long wavelength), alignment
(short, middle and long wavelength), track gauge, cant, twist (3m and 6m) and the standard
deviation (STD) for longitudinal level and cooperation. Appendix B describes these
parameters more fully. Each is calculated based on the standard EN 13848. Note that the
track is classified into several classes based on train speed class; standard EN 13848 has a
limited range of values for each track class.
Data were analysed quantitatively. The objective of the case study was to see if the integrity
and authenticity of track data can be assured. If the database contains incomplete, inaccurate
or irrelevant data or incorrect, misrepresented or false values, a number of problems will
negatively affect maintenance decision making and overall track performance. The values
were collected using standard EN 13848-5 for each speed class. For each track section where
five percent of data or more were incomplete, we considered there was a significant level of
incomplete data. Data evaluation consisted of two steps, first, understanding the data
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behaviour for each track over time from 2007 to 2012 and, second, comparing the condition
of BDL111 and BDL118 between 2007 and 2012.

Results and discussion
The literature study suggested information assurance could be used for CBM in the railway
network. The information assurance framework fits maintenance decisions, as its purpose is
to avoid risks and increase productivity. Some frameworks have been developed to deal with
particular systems, such as wireless technology. As noted previously, NIST uses the NIST
SP800-53 standard for the development of security management program tools for
information assurance from a business perspective. The suggested IA framework in this study
is applicable to both business and technical perspectives, as it integrates three levels:
organisation, infrastructure (track) and information/data. These levels provide an opportunity
to understand how CBM strategy conducted and in what way(s) processed properly. It also
aligns between the solution and technical perspective.
The IA framework has a test phase that can be used to evaluate the CM track geometry data
from the point of view of both the railway authority and the track system. Accurate and
complete data will lead to good information for maintenance decisions; this will increase
track availability, reliability, safety and performance. More specifically, the collected CM
data were tested from the technical perspectives of availability, integrity, authenticity. The
data analysis showed track geometry data have both strengths and weaknesses. Although the
relationship between models and methods is supposed to shed light on the track quality, one
problem is that track irregularities are measured using several different technologies. This
means an IA framework is useful for handling these data; simply stated, it will enhance the
quality of the information derived from the data, enabling better maintenance decisions.
In general, the data have availability from 2007 until 2012. They are ready to use, and
different types of stakeholders can access them when needed. Although they are available,
there are some issues with the data. Table 3 shows the data integrity from 2007 to 2012 for
track section 111 and track section 118. The integrity for longitudinal level short wavelength
is between 96% and 98% for both track sections. The amount of incomplete data varies quite
widely, from 1.61% to 8.45% for both lines for the right and left rail measurement. Data
integrity increases over time, suggesting the continuous improvement of monitoring
technologies.
Table 3 shows the longitudinal level middle wavelength. The integrity of the data for track
section 118 increases over time for both the left and right rails, but is quite uneven for track
section 111, fluctuating between 92% and 98%. The amount of incomplete data decreases
over the five years for track section 118 and is uneven in track section 111. The highest
measurement of incomplete data, 7.46%, occurs in 2011. Table 3 also shows the longitudinal
level long wavelength. The data integrity is uneven, but it increases in 2012 for both sides of
the track. However, there is a difference in the incomplete measurements, with an uneven
range for the two sides.
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Alignment has the same wavelengths as the longitudinal level: short, middle and long. The
short wavelength parameter is shown in Table 3. It has the same frequency as the longitudinal
level. It has uneven values, between 94% and 98%, for both sides of the track for the different
wavelengths. The integrity clearly increases over time; the amount of incomplete data
decreases, but remains slightly uneven. In 2011, track section 111 shows the lowest integrity,
88%, and highest amount of incomplete data, 12%, for all three wavelengths.
Table 3: Integrity of longitudinal level short, middle and long wavelengths, and alignment of
short wavelength
Year

Longitudinal level
short (%)

BDL 111

Longitudinal level
short (%)

BDL 118

Longitudinal level
middle (%)

BDL 111

Longitudinal level
middle (%)

BDL 118

Longitudinal level
long (%)

BDL 111

Longitudinal level
long (%)

BDL 118

Alignment short
(%)

BDL 111

Alignment short
(%)

BDL 118

2007

2008

2009

2010

2011

2012

Left

95.62

93.94*

93.79*

93.80*

91.58*

97.53

Right

95.54

93.98*

93.72*

93.69*

91.55*

97.44

Left

96.49

96.39

96.24

96.20

97.56

98.39

Right

96.44

96.27

96.15

96.06

97.51

98.30

Left

98.15

95.02

97.14

95.81

92.54*

96.83

Right

98.03

95.08

97.11

95.81

92.54*

96.83

Left

97.41

97.73

96.81

97.26

97.53

98.31

Right

97.40

97.73

96.84

97.28

97.53

98.31

Left

98.42

95.32

97.64

95.62

90.55*

96.80

Right

98.03

95.08

97.11

95.81

92.54*

96.83

Left

97.68

97.78

97.08

96.92

96.78

98.25

Right

97.40

97.73

96.84

97.28

97.56

98.31

Left

94.09*

91.49*

91.51*

90.92*

89.03*

96.44

Right

94.11*

91.69*

91.29*

91.03*

88.81*

96.53

Left

94.26*

94.15*

94.11*

94.06*

96.02

97.24

Right

94.37*

94.19*

94.17*

94.09*

96.12

97.25

Table 4 shows the integrity of data for the parameters track gauge, cant, twist, STD
longitudinal level, and STD cooperation. The track gauge parameter shows high integrity for
track section 111, except in 2011, when integrity is 96%. Track section 118 has less integrity
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in 2007 than in other years. Overall, data are highly accurate with only a slight incomplete
data variance, between 0.06% and 3.31% for both track sections.
Table 4: Integrity for track gauge, cant and twist (3-m and 6-m). Integrity and incomplete for
STD longitudinal level and STD cooperation
Year
2007

2008

2009

2010

2011

2012

BDL 111

99.58

99.76

99.94

99.96

96.69

99.99

BDL 118

99.55

99.77

99.74

99.78

99.80

99.94

BDL 111

99.57

99.65

99.25

99.69

96.35

99.83

BDL 118

99.52

99.56

99.08

99.48

99.53

99.82

BDL 111

98.06

97.92

97.6

97.65

95.12

98.87

BDL 118

98.21

98.04

97.86

98

98.71

99.09

BDL 111

98.77

98.56

98.36

98.42

95.72

99.28

BDL 118

98.86

98.75

98.61

98.71

99.19

99.42

Track gauge (%)

Cant (%)

Twist 3-m (%)

Twist 6-m (%)

Integrity and incomplete for STD longitudinal level and STD cooperation
STD long. Level integrity (%)

99.74

99.47

99.38

99.50

70.68*

36.16*

0.26

0.53

0.62

0.50

29.32*

63.84*

99.68

99.81

99.77

94.26*

60.73*

37.36*

0.32

0.19

0.23

5.74*

39.27*

62.64*

99.92

99.11

99.92

99.89

71.19*

36.25*

0.08

0.89

0.08

0.11

28.81*

63.75*

100.00

100.00

99.92

94.56*

60.92*

37.62*

0.00

0.00

0.079

5.43*

39.08*

62.38*

BDL 111
Incomplete (%)
STD long. Level integrity (%)
BDL 118
Incomplete (%)
STD cooperation integrity (%)
BDL 111
Incomplete (%)
STD cooperation integrity (%)
BDL 118
Incomplete (%)

Like track gauge, the cant parameter (Table 4) shows good integrity and little incomplete
data. As the table shows, in 2011, the integrity in track section 118 is higher than in track
section 111. This might be related to the track infrastructure which has an effect on the
measurement car. It appears to be the same with track gauge. In the data from 2007 to 2012,
cant has not been filtered into different wavelengths; it needs to be filtered using a
mathematical equation to extract the short wavelength. Otherwise, cant can be estimated by
subtracting longitudinal right short wavelength from longitudinal left short wavelength.
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Twist (3-m and 6-m) has good integrity, between 95% and 99% for both track sections. The
parameter has little incomplete data. The highest incomplete percentage of incomplete data is
4.28% in track section 111 in 2011; track section 118 has 0.81% that same year. The standard
deviation for longitudinal level shows different results (Table 4). The integrity is very high in
both tracks between 2007 and 2010. It starts to decrease in 2011 when it drops to 36%; in
2012 it goes back up slightly to 37%. In addition, the percentage of incomplete data increases
during these two years: track section 111 goes to 63%, and track section 118 is almost the
same, at 62%. The incomplete data on STD longitudinal level negatively affect the ability to
make maintenance decisions.
Standard cooperation is a very important parameter used to calculate Q-values to study track
irregularities. Between 2007 and 2010, Table 4 shows the integrity of this parameter is very
high, standing at 100% with very limited incomplete values. However, in 2011 and 2012 the
amount of incomplete data is very high, reaching 63% in track section 111 and 62% in track
section 118. This will certainly not facilitate the prediction of track quality. Nor will it help
the railway authority to make proper maintenance decisions.
The determination of inaccuracy or lack of authenticity is based on the ranges in (Table 1 and
Table 2) for each measured and calculated parameter. Longitudinal level short wavelength
has very high authenticity in both track sections 111 and 118. The lowest inaccuracy is 0.05%
for track section 111; this is a very low reading and it occurs in 2009. Inaccuracy is also very
low in longitudinal middle wavelength, except in 2012 when data for track section 111 are
highly inaccurate, with a reading of 0.29%. This value does not affect decisions since there is
a huge amount of data. Longitudinal level long wavelength inaccuracy is almost zero or very
low, dropping to 0.001% inaccuracy in 2012 on track section 118.
The inaccuracy for alignment short wavelength is also low, but in track section 118 in 2011,
these data are only 0.018% inaccurate, and there is high authenticity in other wavelengths as
well. In the same year, alignment short wavelength for track section 111 has no inaccurate
values. Alignment middle wavelength in both track sections also has very low inaccuracy. In
2012, track section 111, 0.3% and track section 118, 2.6% inaccurate values respectively; in
other words, there is a jump in inaccuracy for section 118. However, the inaccuracy for
alignment long wavelength on track section 111 drops from 2.23% to 1.08%. Track section
118 has 0.01% inaccuracy, which is very low.
Track gauge has no inaccuracy problem in track section 111, but track section 118 has
0.0017% and 0.015% in 2012 and 2011, respectively. Cant authenticity testing shows high
percentages, 97%, with low values for inaccuracy. Twist 3-m and 6-m authenticity for track
sections is very high with very low inaccurate values over the years. For STD longitudinal
level, the inaccuracy is quite uneven in track section 118, varying between 14.39% and
5.57% inaccuracy. The inaccuracy of data for track section 111 decreases over time, dropping
from 5.82% to 1.44%. In other words, data are becoming more accurate. As for STD
cooperation, in track section 111, the inaccuracy drops from 6.40% to 0.80%; in other words,
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data are less inaccurate. The inaccuracy of data for track section 118 drops from 3.21% to
1.75%.
Table 5 shows the long wavelength parameter for alignment for both track sections from
2007 until 2012, for speed class 4 (Table 1). Here we see somewhat high values of inaccuracy
over time in both track sections. This measurement might affected by the train speed. The
value for inaccuracy is 40% on both sides of the track, with uneven ranges in track section
111. The higher inaccurate values are on track section 118, with 70% for both sides. Both
track sections show degradation in authenticity over time until 2012. In 2012, there are fewer
inaccurate values than in other years, mostly because of the technologies used for measuring.
Table 5: Inaccuracy for speed class 4 of alignment long wavelength
Year

Alignment long (%)

Alignment long (%)

2007

2008

2009

2010

2011

2012

Left

39.76

37.03

31.20

37.02

27.09

20.08

Right

40.46

35.41

32.18

36.11

30.03

19.84

Left

0.00

70.87

71.17

46.09

41.53

9.11

Right

0.00

70.65

71.10

34.32

41.62

8.77

BDL 111

BDL 118

In summation, for most parameters, integrity is high, over 94%, and the amount of
incomplete data is relatively low. However, a couple of important parameters – STD
longitudinal level and STD cooperation – show less integrity, more incomplete data and less
authenticity for 2011 and 2012 (Table 4). These parameters are important for maintenance
decisions, as they are used to calculate the Q-value. In addition, the authenticity for particular
parameters needs to be improved, for example, alignment long wavelength for train speed
class 4 (Table 5). This will improve maintenance decision making and increase railway track
availability, reliability, and safety.

Conclusion
This study has investigated the possibility of implementing an information assurance (IA)
framework for the railway track CBM data belonging to the Swedish railway authority. The
results suggest this would work well for the organisation.
Good information for maintenance decisions can only be derived from good data, and an
information assurance framework can help an organisation determine the quality of its data
and the provided information. Using an IA framework, the case study evaluated Trafikverket
data from two railway line sections for their authenticity, integrity and availability. It found
the data have problems. For example, incomplete track measurements are as high as 63%,
incorrectly measured values reach 71%, and the Q-value is limited because it depends on
other measured parameters.
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Overall, it is not enough to simply find the track irregularities. Rather, the railway authority
needs to integrate other data sources into its analyses to increase reliability and system
performance.
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Appendix A:
IA principles

Description

Confidentiality

Information is disclosed and observable only by authorized personnel
or information resources.

Integrity

Information remains unchanged from source to destination and has not
been accidently or maliciously modified

Availability

Information nor information resources is ready for immediate use

Possession

Information or information resource remains in the custody of
authorized personnel.

Utility

Information is fit for a purpose and in a suitable state.

Authenticity

Information or information source conforms to reality

Authorized use

Cost-incurring services are available only to authorized personnel (e.g.,
toll-fraud prevention)

Privacy

Personal privacy is protected and relevant privacy compliances are
adhered to (e.g., privacy ACT 1974); to be free from observation or
intrusion.

Nonrepudiation

The inability for a message sender to later deny having sent the
message
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Appendix B
Parameter

Description

Longitudinal level

Deviation ܼᇲ in z-direction of consecutive running table levels
on any rail, expressed as an excursion from the mean vertical
position (reference line), covering the wavelength ranges
stipulated below and is calculated from successive
measurements.

Track gauge

Track gauge, G, is the smallest distance between lines
perpendicular to the running surface intersecting each rail head
profile at point P in a range from 0 to ܼ below the running
surface. ܼ is always 14 mm.

Cant

The difference in height of the adjacent running tables computed
from the angle between the running surface and a horizontal
reference plane. It is expressed as the height of the vertical leg of
the right-angled triangle having a hypotenuse that relates to the
nominal track gauge plus the width of the rail head rounded to
the nearest 10 mm

Alignment

Deviation ܻ in y-direction of consecutive positions of point P on
any rail, expressed as an excursion from the mean horizontal
position (reference line) covering the wavelength ranges
stipulated below and calculated from successive measurements

Twist

The algebraic difference between two cross levels taken at a
defined distance apart, usually expressed as a gradient between
the two points of measurement.
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