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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, degrada-

tion affects comfort, safety, and track quality, as well as,

reliability, availability, speed, and overall railway perfor-

mance. 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 per-

formance by ensuring increased availability, reliability, and

safety, along with a decreased maintenance cost. Inter-

views 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 implement-

ing 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 con-

clusions show that proactive solutions are needed to reach

the desired goals of improved safety, improved availability,

and improved reliability. This also includes the

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, dan-

gerous 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 passen-

gers, 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 mainte-

nance tasks. The goal is to increase availability and relia-

bility, 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 condition-

based 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 under-

standing of the long-term behaviour of railway track sys-

tem. Vale and Ribeiro [16] proposed a condition-based

maintenance model formulated as a nonlinear program that

characterised the deterioration rate of the standard devia-

tion. They simulated the deterioration rate using Monte

Carlo techniques on the real data, with the goal of opti-

mising 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 exchan-

ges within maintenance should be enhanced using today’s

digital technologies. Maintenance draws on new tech-

nologies that take advantage of the enormous data available

for the railway track. It facilitates the collection, forward-

ing, and processing of the information for the relevant

maintenance activities and stakeholders [19, 20]. Many

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 strat-

egy; 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 mainte-

nance 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 proac-

tive 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 load-

ings [24]. There are two types of railway tracks: conven-

tional ballasted tracks and slab tracks [5]. Current studies

indicate slab tracks may be more cost effective than con-

ventional ballasted tracks, considering life cycle, mainte-

nance 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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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 main-

tenance refers to actions after failure has occurred, while

proactive maintenance takes place at regular intervals or

following certain criteria to restore the desired function-

ality. 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, person-

nel, 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 sig-

nificant 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

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, mainte-

nance 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 deterio-

ration 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 recommenda-

tions 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

Fastening

Sleeper

Subgrade

Rail

Sub-ballast

Ballast bed

Fig. 1 Example of ballasted rail track [26]
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conditions [3]. Generally speaking, railway maintenance

strategy can be one of the two types, corrective mainte-

nance or preventive maintenance (see Fig. 2 [9]). Correc-

tive 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. Preven-

tive 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 fail-

ure. 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 mon-

itoring (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

control track irregularities and note any displacement from

the design are conducted by inspection trains. The STRIX/

IMV100 monitors the track using a contactless measure-

ment system, based on an inertial measurement system and

an optical system. The measurement is based on the stan-

dard 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 mea-

surements and ways of measuring are available to assess

the railway track components in direct physical contact

with each other. For instance, the longitudinal level mea-

surement 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 dete-

rioration. The available information from the monitoring

and control systems includes performance data from sen-

sors [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]. eMainte-

nance provides diverse benefits, for example, increased

value to customers, increased availability, and reduced life

cycle cost of railway track. However, developing eMain-

tenance 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, eMainte-

nance provides dynamic information to the customers and

Maintenance

Corrective maintenance Preventive maintenance

Deferred Immediate Condition-based
maintenance

Predetermined
maintenance

Scheduled
continuous request

Scheduled

Fig. 2 Description of the maintenance strategy [10]
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to the entire railway track system. Developing and imple-

menting this type of system allows information to be pro-

cessed 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 inter-

ested 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 stake-

holder 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 stake-

holders. 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 cate-

gorised in the following groups based on the Swedish

railway system:

• Measurement stakeholders They are responsible for

measuring the railway infrastructure using the mea-

surement 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 analys-

ing 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 responsi-

bility for designing and developing the railway infras-

tructure maintenance strategy. They also define the cost

of and the budget for maintenance. For instance, they

plan tamping and determine the cost.

• Maintenance stakeholders They are responsible for

performing the required maintenance on the infrastruc-

ture. 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 con-

dition 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.

Thismethod 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

26 Y. K. Al-Douri et al.
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they faced. The interviewer wanted to get to the point

without missing important issues. The interviewees were

experienced and understood the environment. All inter-

views 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 ana-

lytic 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 con-

tractor, 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 pen-

etrating 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

(short, middle, and long wavelength), track gauge, cant,

twist (3 m and 6 m), and the standard deviation for lon-

gitudinal 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; longitu-

dinal level, alignment, track gauge, cant, twist, STD for

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 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
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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 sec-

tion. 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 com-

panies 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 inter-

views provided main four points: data, parameters,

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 measure-

ments 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 mea-

sured on 12 September 2014. IMV200/STRIX was mea-

sured on 3 October 2014.

Figure 4 shows the difference between two measure-

ments 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 col-

laborations 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

Section 119

Section 111

Fig. 3 Sweden map track sections 111 and 119
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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, longitu-

dinal 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, lon-

gitudinal 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

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 cover-

ing 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.

Fig. 4 Measurement of track line BDL111 at kilometre marker 1446 a from vehicle IMV100/EM80 and b from vehicle IMV200/STRIX
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• Twist is the gradient between the two points of

measurement.

4.3 Problems

Trafikverket stakeholders recognised problems after per-

forming 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 prob-

lems 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 dif-

ficulties 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

measuring for a 200-m distance. Figure 6 shows the posi-

tioning 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 diffi-

culties 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 mainte-

nance 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 dis-

tance, 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

Fig. 5 Track geometry parameters for track line BDL111 km 1464 and the measurements within red column show spot failure
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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

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

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
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infrastructure state. Trafikverket’s software tools for anal-

ysis do not provide all the required functionalities; there-

fore, 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 con-

tractors 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 sug-

gests 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

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 sup-

posed to measure the whole track, but was suddenly stop-

ped 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 mea-

sured. 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 mea-

suring 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.

Fig. 8 Values from same track section showing variations in STD of longitudinal level from 2007 to 2012
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4.4 Needs

Trafikverket stakeholders that are responsible of analysis

and maintenance decision making want to improve main-

tenance 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

will decrease. To meet these aims, the following must

happen.

4.4.1 Analysis enhancement

Enhance analysis by integrating data resources. Trafikver-

ket has several data resources such as assets BIS, failure

system 0felia, inspection system Bessy, track recording

measuring data, and wayside monitoring systems for wheel

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

Fig. 9 The high longitudinal level variation above shows that tamping actions must be taken
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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 esti-

mate 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 main-

tenance, but Trafikverket uses them for reactive mainte-

nance 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

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 main-

tenance. 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. How-

ever, 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 com-

plete the maintenance and the required cost. Determining

the extra time required will help to set up a better main-

tenance 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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stakeholders to connect the results of the analysis with the

track infrastructure. However, visualising the track can

help analysis and decision-making stakeholders to deter-

mine the more seriously affected areas by offering a clear

picture and facilitating comparisons with other track sec-

tions 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 indi-

vidual 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, interven-

tion, and renewal strategies for track sections based upon

the costs and risks over a period of time. Track deteriora-

tion modelling techniques are used to evaluate the deteri-

oration processes for sleepers, transport loadings, track

alignments, lengths of radius, the operational speed, sub-

layer 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 inter-

ventions 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

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 dis-

ruption or derailment, or to the reliability and maintain-

ability 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 mainte-

nance 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 perfor-

mance, 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

Fig. 11 Condition-based maintenance stakeholders’ agreement on needs

Improvement of railway performance: a study of Swedish railway infrastructure 35

123J. Mod. Transport. (2016) 24(1):22–37



with specific needs for more consistent data and information

that can assist them inmaintenance 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.

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 improvemaintenance 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 degrada-

tion where maintenance interventions can be compared

with different interventions and maintenance strategies.

These findings are applicable for the Swedish railway net-

work in that the areas with specific problem and the areas

chosen for improvement are critical formaintenance decisions.

For good decision support, it is necessary to use accurate

conditionmonitoring data, from all sources, to gain a complete

understanding of the railway network. And then a more long-

term 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 conditionmonitoring data

collection and in the development of analysis models, is nee-

ded. 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.

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 under-

standing of the whole rail network could be possible;

however, this study does show where improvement work

should begin.
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Appendix

The questions focus on two main areas:

(a) Identify the problem.

(b) Define the stakeholders needs.

Data

(1) What do you think of the data accuracy? Why?

(2) Is the contractor responsible for assuring the accuracy

or only for data gathering? How?

(3) 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) What are the problems recognised after analysis?

(6) What are the problems that exist in different areas

such as functionality and data? (As an end-user)

Needs

(7) What analysis is needed within and does it not exist

now? Why? and How?

8) What is needed to improve the prediction? Why? and

How?
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tekniska universitet

12. Asplund M (2014) Wayside Condition Monitoring Technologies

for Railway Systems, Luleå tekniska universitet
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