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Abstract: The sustainability of services in undertakings which operate in railway passenger transport
is closely connected with efforts to provide high-quality and time-acceptable services to the customer,
to achieve lean processes, to standardise work processes, to eliminate wastage and to avoid those
activities which do not add any value. Considering its ecological nature and big volume of passenger
transport, railway passenger transport represents an irreplaceable sustainable system for the future.
These facts and the entry of new railway carriers into this system highlight the importance of managing
risks in a progressive way. This article focuses on the options of risk management when versatile and
flexible tools, such as Lean tools, are set correctly. The aim of this article is to introduce a proposal for
the application and a specific application of Lean philosophy in risk management which impacts
train delays in railway passenger transport. From the point of view of quantitative data analysis,
multiple mathematical-statistical tests have been used to assess data (e.g., Anderson–Darling test,
Kolmogorov–Smirnov test, Jarque–Bera test, two-tailed test, Grubbs’s test and Thompson Tau test).
Also, descriptive statistics and ANOVA test (Analysis of Variance) have been applied in the process
of evaluating the monitored attributes. In order to assess the data dependency, Chi-Square Test and
a correlation analysis have been applied. The research outcomes focus on highlighting the need
for a systematic approach for train delays and to avoid delays through risk management. The case
study applies selected Lean methods to monitor train delays in selected stations within the main
railway corridor of the Slovak Republic for the period from 2015 to 2018. In 2019, the results were
processed and created a basis for proposing a unique software tool like an aid for risk management in
the case of train delays using Lean philosophy. The flexible software includes the participation of
employees, and at the same time, it respects the needs of customers. The research results provide
grounds for further study of risks in a challenging environment of railway undertakings, with different
types of trains, railway stations as well as entire railway networks. The processed results of the
article represent valuable material for railway undertakings not only in Slovakia but also for railway
organisations in V4 countries.
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1. Introduction

The current era can be characterised by turbulent development on the transport market [1].
Challenges of sustainability also impact business activities of railway undertakings [2]. Achieving and
maintaining a competitive position of a railway undertaking on a global transport market comes across
many risks, and thus, it puts pressure on innovative thinking [3]. This is very challenging under
the conditions of such a broad issue like railway transport; however, at the same time, it provides a
large space for research in this area [4,5]. From an external aspect, railway undertaking is exposed
to competition of road transport [6]. Moreover, thanks to the liberalisation of the railway market,
new railway undertakings have entered the market [7]. Their increasing number leads to the necessity
for complete understanding of their own processes, of their functioning as well as of risks with
which the operation is linked [8–11]. The importance of this research is underlined with the fact
that sustainability of the entire transport system comes hand in hand with quality services of public
passenger transport which are convenient to customers’ needs [7]. Customers cannot be provided
with services which, in their eyes, add no value [12]. Such a state is linked with the existence of many
risks. A real operation indicates that the existence of risk is a principal problem of providing quality
services [7]. Accurate identification, analysis, evaluation, communication and constant monitoring of
risks, their reasons and consequences represent a single way to set priorities and to eliminate impacts
of risks on the customer [7]. Knowledge published so far proves that a constant improvement is related
to risks to such an extent which is a priority for the customer in making decisions on utilising the
services of a railway undertaking in the future [13–15].

Continuous improvement is a basic principle of achieving quality in railway passenger transport.
Therefore, it is necessary to understand the individual processes in connection with risks in each
transport undertaking. Several quality-improvement tools are available worldwide to understand
and analyse processes and services in detail [16]. Currently, there exists a space in research and thus
also in literature which focuses on Lean in the sector of services [17]. Therefore, it was a big challenge
for authors to concentrate on the options to apply Lean philosophy in the environment of railway
transport services. This philosophy has been the object of an extensive research in which the authors of
the paper have paid attention to the optimisation of processes of undertakings providing services in
railway passenger transport. Considering this fact, it was mainly the effort of railway undertakings
to achieve improvements permanently [18]. This study fills a gap in railway transport services with
a new perspective through Lean philosophy with priority oriented to satisfying customers’ needs
in the absolute and best possible way. This research focuses on railway undertakings in efforts to
maintain the culture of constant improvement, with the support of employees, and on increasing the
value for the customer. The uniqueness and originality of this study lie in the identification of risks in
railway transport on a strategically important international corridor for passenger railway transport.
An innovative aspect of this study lies in the approach of defining how it is possible to implement risk
management in railway transport services by gradual appropriate steps using new software support
because this approach does not yet exist in this area in the studied countries [19–21].

The aim of this article is to introduce a proposal for the application of Lean philosophy in risk
management which impacts train delays in railway passenger transport. The incentive for the research
was the fact that train delays affect the quality of railway passenger transport services with a 49% share,
as documented in a previous study of the authors [7], which corresponds to the previously published
findings of academics and researchers studies [22,23]. With their synergic effect, train delays affect many
other factors and have a negative impact on the quality of railway transport services [24,25]. The article
presents partial outcomes of the research aimed at the categorisation of risks in the railway operation
and their impact on train delays in the entire network of the infrastructure manager of Zeleznice
Slovenskej republiky (ZSR) in the Slovak Republic for the period from 2015 to 2018. The case study
analyses R606 express train delays in selected stations within the main railway corridor of the Slovak
Republic in more details. Žilina, Púchov, Trenčín, Leopoldov and Trnava stations and Bratislava—the
main station—are included. The train is operated by the state carrier Železničná spoločnost’ Slovensko.
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The research studied errors and individual reasons for delays, and it applied Lean tools, the application
of which is universal for individual line sections and types of trains. This research was launched under
the impulse of the national carrier of the railway passenger transport as well as the manager of the
railway infrastructure of ŽSR; they needed to find out what options the philosophy offered for this
sector which produced services.

Lean tools are supplemented by the authors’ proposed method of calculating the quality of service
in the transport phase. In the next step, this calculation is implemented in new software improving the
approach to risks with the involvement of employees and customers. The infrastructure manager did
not use these tools and preventively monitored the risks that need increased attention, as it is the most
important international corridor of passenger transport. The proposed software solution, which can be
used in the V4 countries, also contributes to the originality of the processed benefits. The passenger
transport carrier records delays in Microsoft Excel; furthermore, neither the prevention nor the efforts
to eliminate risks in the future are addressed in many cases [18].

Thus, this research into train delays is innovative in terms of Lean philosophy, where stakeholders
have the opportunity to supplement the system with information in the new software support.
It emphasises that the quality of processes and services in railway transport can only be achieved
with a systematic risks’ monitoring and their appropriate recording. The recordings must be not only
informative but also comprehensible and flexible for users. The effort is to involve all employees of the
railway undertaking into the application of the risk management process so they can learn and try
to avoid any risks in the future. The research results not only brought risks’ monitoring using Lean
philosophy but also introduced a proposal for a new software tool with respect to the sustainability of
quality as well as in relation to customers.

2. Background

2.1. A Railway Undertaking on a Transport Market and the Sustainability of Services

The transport market and its new challenges for railway undertakings are related to the global
environment and liberalisation of services [1]. Under the regulation SR1025, railway undertakings are
businesses in which the line of business lies in the provision of transport services to provide railway
transport [26]. The transport market is a place where carriers and agents of transport services and
carriers meet; it is a place where transport services are sold and purchased using the system of prices
for transport, transport conditions and conventions [24].

This article deals with railway passenger transport. A service is a product of railway passenger
transport [27]. Transport must meet the basic criteria of quality required by the customer and set in
international standards at the same time [25,26]. A customer of a transport undertaking is a passenger
but also of the state since in many cases the services are provided in public interest [2].

With the current increase in individual transport, it is necessary to find some new options of
improvement in the area of mass transport not excluding the railway transport [28–32].

The necessity to adopt these changes is closely related to the worldwide trend to orientate towards
a customer which is nowadays more and more related to the term of quality of provided services
or sustainability of services [29–33]. The European Union White Book aims to create a competitive
transport system with an emphasis put on ensuring the sustainability of railway services quality,
i.e., accessibility and reliability of transport services as well as rights of railway passenger transport’s
users with regard to compensation for delays [34]. Furthermore, a published study of rail passenger
transport in Asia also highlights the complexity of planning and investment to be efficient and to
serve the needs of society. [35]. In the field of providing services in railway passenger transport,
it is inevitable to take the following into account: requirements of the legislation as well as claims of
customers change over time [36]. At any instant of a transport service, it is necessary to know what
expectations the customer has and to what extent it is them who evaluates the quality of provided
services and to decide on repeated use or not of this type of transport [37–39].
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Published studies by foreign authors from Australia, Italy, Spain, the USA and New Zealand
suggest various dimensions of sustainability in the transport sector [40–42]. The authors consider
sustainable transport indicators as decision-making components which should reflect economic,
social and environmental impacts [41–48]. According to the Council of the European Union,
a sustainable transport system should be analysed from three different dimensions: An economic
dimension, where an undertaking operates fairly and efficiently, offers choice of transport mode and
supports a competitive economy; a social dimension, which allows basic access and development
needs of individuals, companies and societies to be met safely and in a manner consistent with human
and ecosystem health; and an environmental dimension, which limits emissions and waste within the
planet’s ability to absorb them and uses nonrenewable resources at or below the rates of development
of renewable substitutes while minimizing the impact on land and the generation of noise [49].

2.2. Lean Philosophy and its Relation to Services of Railway Passenger Transport

In the world, the necessity to introduce innovative solutions into processes and services in
many areas is connected with Lean Six Sigma philosophy [50,51]. The idea of the author Patyal is
that this philosophy should be integrated to produce a synergistic effect on quality performance,
which, in turn, may increase business performance in an undertaking [52]. According to Yerubandi,
the main objective of Six Sigma is 3.4 defects per million opportunities, which leads to fulfilling
the customer requirements [53]. It gets a lot of attention at both the theoretical and research levels.
According to Belhadi, the integration of Lean Six Sigma attracts the attention of both researchers and
experts from the practice [54]. Lean is a really extensive philosophy of management applicable to many
spheres. For example, Dursun deals with the application which is illustrated via a case study conducted
in a bank that performs in the Turkish banking sector [55]. In his research, Ahmed underlines the issue
of implementing Six Sigma methodology, its benefits as well as demandingness under the conditions
of different organisations [56]. World authors highlight the need for studying the approaches to
constant improvement [48]. Gutierrez shows a significant relationship between Six Sigma practices,
team management and statistical metrics [57]. Zhang defines an important part, DMAIC (Define,
Measure, Analyse, Improve and Control), as a means for a constant improvement of processes within
an undertaking [58]. Respecting the research conducted by Lirazzeli, Lean philosophy requires a
complexity of tools as well as a continuous training of employees [59]. The successful adoption of Six
Sigma in an organization is dependent, at least in part, on the adoption of Six Sigma at the individual
level [60]. Parekh says that the Six Sigma technique can evaluate the quality of current activities and
can quantify the improvement goals so as to control success in critical activities for the project [61].
Six Sigma that was initially developed as a methodology to eliminate defects has been transformed
into an operational improvement strategy in addition to extending the areas for its deployment [62,63].
As stated by Gupta, the author of the research, the interconnection of working teams and the complexity
of methods, tools and techniques are important [64].

The well-known Six Sigma philosophy which overcomes constraints and shortcomings of some
other concepts and connects the interests of both, customers and employees is not often applied
under the conditions of railway transport. To find out the actual state of this philosophy’s adoption,
the authors of this article conducted a questionnaire survey among infrastructure managers and
carriers across Europe with more than 300 companies asked to complete it in 2019; 215 companies
answered the questionnaire. Six Sigma as an integral system is used by Deutsche Bahn in Germany [18].
Other companies apply tools selected individually. Lean philosophy is adopted by WKO’s Wien [7].
Other companies have stated that they would be interested in exploring the options of the application.
Currently, enterprises do not apply the concept to a full extent and the results imply that they apply
some of the tools included in the Six Sigma methodology only partially. In 80% of cases, they apply
a Pareto chart; in 12%, they apply a bubble chart; in 4%, they apply a bar chart; and the remaining
4% apply histograms, DOEs and control charts [60]. Pursuant to the survey, the quality management
system in railway undertakings is oriented to ISO standards or the European Quality Foundation
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Model. The Lean Sigma concept strives to reduce the time between the supplier and the customer
through eliminating the wastage in the chain between them. Under the conditions of railway transport,
it means shorter time of transport, better awareness, saving of resources in processes, less extra
investments and fewer errors. In a railway undertaking, it means the achievement of better outcomes
in the form of services of higher quality with significantly reduced inputs. This idea comes out from
the fact that high productivity does not mean working harder but better organisation of work in the
railway operation and a correct conduct of activities for the first time.

2.3. Train Delays in the Railway Operation and Risk Management

The overall quality of railway passenger transport is impacted with many criteria which represent
the customer’s view on the service provided [7]. For an empirical test in this research, a criterion of
train delays has been chosen which has been based on real statistical data [18]. Regulation 1371/2007/EC
of the European Parliament and of the Council on Railway Passengers’ Rights and Obligations says
that a railway carrier shall be liable for the carriage and shall respect all passengers’ rights which result
from it [19]. Train delays are inconvenient for both the passenger and the carrier when wastage occurs
in a real operation [7]. The timetable of a train is like a document which establishes a time position of
the train in a specific line section and defines travelling time for each train [14]. Based on Stoilov’s
thoughts, planning must consider various criteria of the transport process [65]. If the travelling time is
exceeded, then the passenger can be compensated for a train delay. The passenger is entitled to making
a claim for indemnity upon the travel end on the basis of their original ticket [66].

The issue of delays is also dealt with in the decision of the Passenger Rail Committee of
International Union of Railways (UIC), which has approved the quality policy related to, among others,
delays, reliability and accuracy with competitive transport times, based on market-oriented times of
departures and arrivals of trains [67].

Timeliness is likewise defined in EN 13816 standard, which considers it one of essential criteria
for the quality of services in passenger transport [68]. If timeliness is not observed and trains begin
to be late, there arises wastage and redundant processes or activities which are then necessary for
the wastage elimination. Delays cause wastage, which affects the carrier, infrastructure manager and
customer but also the elementary element of the process to ensure provision of services, i.e., motion
of a transport means from its starting point to its destination [7]. Previous studies point to train
delays and risk analysis from various perspectives, as shown by a team of scientists from Northern
Ireland [69] as well as an extensive study from Switzerland [70]. According to a study by Chinese
scientists, it is important to address different types of delays from the point of view of the infrastructure,
stations, capacity of a railway line, bottlenecks and resulting congestions [71]. Research by Dutch
authors also points to another phenomenon that the current system of the existing manual incident
registration of train dispatchers is insufficient with respect to comprehensiveness, reliability and
objectivity [72]. Another team of scientists from the Netherlands addresses the impact of delays on
passengers [73]. A team of scientists from Canada and China discusses the problems of visual analysis
of relevant delay indicators after the occurrences of disturbances [74]. Other Chinese authors talk about
the need to monitor train delays based on real-world train operation records that is an essential issue
to delay management [75]. Risks of train delays related to security are particularly serious; as authors
from South Korea claim, risks should be further analyzed to create plans considering structural and
environmental characteristics [76]. Authors from Italy and France talk about the problem of minimizing
delays with respect to energy consumption, which is becoming a central issue both from environmental
and economic perspectives, but it is usually neglected in the timetable recalculation [77]. A collaboration
China and America also studied train delays by combining train timetabling, platforming and routing
as a means of optimization [78]. Briggs and Beck conducted a statistical analysis of train delay fault
records based on the operational data of the British Railways [79]. Train delays are also an economic
category, as the Swedish authors declare [80]. Since it is a large system, the authors of this research want
to contribute further insights into this issue, in line with the Lean philosophy [18,81]. According to
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Galli, to ensure success, risks must be identified and mitigated [82]. The ISO 31000 standard defines
risk management as a coordinated activity of an organisation management and control with respect
to risk [83]. Under the conditions of railway passenger transport, the aim of risk management is to
monitor risks constantly and to suggest measures of a precautionary character correctly as it is proved
with published studies which deal with a relation among risks and their assessment with respect to
accident events [84–86]. All events which can occur in the railway operation are demand for wastage
of resources, financial losses, material losses or health threat and threat to human life [7]. Whether an
incident; threat to safety; a small, middle or big accident; or any emergency situation happens [87],
the task is to eliminate wastage and to make an effort to prioritise precautionary measures.

In the first phase of risk management, it is necessary to determine connections and to define
part of the railway passenger transport system which will be subject to study [88]. In the case of this
research, we will study facts which may represent potential risks. Upon determining the system which
will be subject to study, there follows the next step of identifying the biggest number of risks possible
in individual categories within railway passenger transport [89]. It is required to set categories of risks,
resources of risks, and for which participant on the transport market the risks occur [7]. The participant
may be a manager of infrastructure, carriers, customers or third parties. The follow-up analysis of
risks should bring information on what extent the specific risks are to be dealt with and what method
is to be used for the analysis [90]. Also, under the conditions of railway passenger transport, the aim
of risk assessment is to decide on the importance of the risk or the tolerability rate of the risk [91].
Therefore, in railway passenger transport, communication and consultations are of extreme importance
during the entire transport chain in all processes in the delivery of services [92]. Monitoring of risks
brings new information needed for constant improvement in the work with a risk in railway passenger
transport [93]. Communication, consulting, monitoring and testing represent feedback; its main role is
to constantly improve processes with the elimination of the wastage in railway transport [27].

In railway passenger transport, a huge number of potential risks may be distinguished.
Perspectives of a passenger, a carrier operating the transport or an infrastructure manager do
differ. The passenger perceives the risk subjectively [94]. The basic division of risks lies in individual
phases of transport, i.e., before, during and after transport [88]. Another division looks at the difference
between the risk on a train and in a railway station [32]. Risks are connected with the nature of the
infrastructure but also with the nature of rail vehicles [90]. Vehicles can be locomotives and wagons.
The categorisation of risks has been dealt with by the authors in more detail with respect to conditions
of a carrier and a manager of the railway infrastructure. It is described in the following section of this
article in detail, and it has become the basis of the research.

3. Materials and Methods

The main aim of this research was to judge the application of Lean philosophy tools in train delays
in connection with risk management. Its purpose was both to help explain the origin of risks from
the theoretical point of view and to support preventive effects on risks and their elimination in the
real operation. The article presents the results of outcomes of the risk research which impact train
delays in railway passenger transport and influence the quality of provided services. The research
was monitoring train delays caused by operational, technical, personal and other risks. The sources
were formed with data tracked by the research authors in cooperation with the manager of the railway
infrastructure and the national carrier providing railway passenger transport within the main railway
corridor of the international importance. The quantitative research was conducted continuously for
four years since 2015 to 2018. The collected data was processed in 2019 and assessed in the first half
of 2020. The sources were formed with data tracked by the research authors in cooperation with the
manager of the railway infrastructure and the national carrier providing railway passenger transport
within the main railway corridor of the international importance. The quantitative research was
conducted continuously for four years since 2015 to 2018. The collected data was processed in 2019
and assessed in the first half of 2020 [18].
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The design of the software support was based on the method of calculating the quality of service
in the transport phase, which was proposed by the authors as an innovative element within the
Lean philosophy. This relationship is the basis for the created software application (described in the
Discussion section) and is based on subjective evaluations of passenger quality criteria and on the
determination of weights of importance and degree of performance. The basic form of service quality
calculation is as follows [18]:

Kps = 1 − (Vk. Hk.|1 − pvr|) (1)

where Kps is the quality of service in the phase of transport, the value of which ranges between <0.1>

while the closer the value is to 1, the higher the quality is (Kpsmax = 1, Kpsmin = 0) and values more
than 0.4 are considered a limit of the quality; Vk is train category (EuroCity, EuroNight, SuperCity,
interCity, Regional Express, EuroRegio, Express train, passenger train and a train without passengers);
Hk is quality value (the total quality value can be calculated by using a multicriteria evaluation
model by the multiplication of importance level and satisfaction level); and PPvr is the probability of
occurrence of risk (determined by monitoring the occurrence of deviations from quality).

This method clearly alerts you in a software environment where corrective and preventive action
is required.

3.1. Data Analysis and Processing

In order to fulfil the main aim of this article and to confirm the individual set hypothesis, there were
applied multiple logic and scientific as well as mathematical-statistical methods working with both
quantitative (discrete and continuous) and qualitative (nominal and ordinal) statistical measures.
The initial analysis was used in the process of recognition and solution of various problems of the
studied issue, e.g., the analysis of knowledge from the expert home and foreign literature and scientific
articles to process the current state of the issue solved. The comparison method was used to compare
selected statistical measures among each other and to compare and evaluate its own processed results.
During the processing of the obtained data from the point of view of quantitative data, analysis tests
for data analysis were used. The assessment of the probability distribution of a set was calculated on
the basis of Anderson–Darling test as well as measures of the descriptive statistics, i.e., kurtosis and
skewness. A significant factor is when p > 0.05, and the bigger the value is, the higher the probability
of normal distribution of tested data is [95]. To assess data and to verify the calculation, the following
tests were also conducted: Anderson–Darling test, Thompson Tau test, Kolmogorov–Smirnov test,
Jarque–Bera test and two-tailed test. Moreover, descriptive statistics and ANOVA statistics were
applied in the process of assessing individual data [6].

Then, the Grubbs’s test was applied to remove individual extremes which might misrepresent the
results. The statistical analysis and output data were calculated in the MS Excel environment with
elements used for the calculation of given tests and with the help of Minitab.

In order to analyse qualitative data, the Chi-Square Test of dependency was applied [95].
Chi-Square Test is defined as a test meant for the calculation of dependency between two qualitative
indicators when it is necessary to set individual hypotheses which must be verified in a follow-up. It is
a must to define the reliability level too.

Based on the processed initial analysis, i.e., the analysis of knowledge from the expert home and
foreign literature and scientific articles, the analysis of the current state and the analysis of results
within the project resolution, the aim of the paper was established; the research questions which are
the grounds for hypotheses formulation represent its consequences.

3.2. Development of the Research Questions and Hypotheses

The work with data required a sequence of individual steps which resided in the formulation of
specific research questions and hypotheses. The hypotheses were established based on the research
goal. Their formulation is based on the requirements of the railway infrastructure manager and the
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national carrier. The data was observed as part of the research in cooperation with the transport
division of the railway infrastructure manager Železnice Slovenskej republiky and in cooperation with
the internal audit division of the ZSSK carrier. For the sake of the best possible data assessment as well
as the work with it, it is necessary to determine if the obtained data featured a normal distribution. Due
to this requirement, there exists a necessity to apply multiple statistical tests. Based on the information
above, it was inevitable to formulate the following research hypothesis:

Hypothesis 1. The obtained data comes from a normal (Gauss) probability distribution.

Based on various studies which deal with train delays; with the monitoring of conditions in
railway stations, within the corridor and during the train drive [28,33]; and with the study of both
individual line sections and an entire railway network, it was possible to formulate the next research
question. The question was articulated, coming out from the assumption that, if a train was or is late in
the current station, it would also be late in the immediately following one. In order to confirm this
assumption, it is required for the times of delays between individual stations which follow each other
to be dependent. The following research hypothesis may be accepted:

Hypothesis 2. The times of delays in individual stations are mutually dependent.

Thanks to the authors’ experience from home and foreign researches [7,18,92] as well as monitoring
of train delays in real operations in the field, it is possible to track a high number of errors in the
operation which impact train delays. One of the examples is exceeding the travel time. The travelling
times in individual line sections are determined by the infrastructure manager, and they come out from
dynamic properties of the locomotives used, which allow for train operation with a set weight under
given slope and direction line conditions. The source data regarding dynamic properties of the railway
vehicles used is provided by a relevant carrier. If the travelling time is exceeded and it is caused by
a train delay but the locomotive is not concerned, the reason for the risk must be assessed and its
source must be found, i.e., whether it is on the site of the carrier (railway undertaking (RU)) or the
infrastructure manager (IM). The travelling times of the train are calculated by the kind and parameters
of the train, by the track speed or by the calculation method used to include the surcharges for the
start and stop. The travelling times include the impact of temporary constraints of the track speed
(e.g., closures and interventions after accidents); the option of a present or progressive acceleration in
the sections is considered. Another significant operational risk is the sequence of trains which was
there in researches [34,37] assessed as being a very frequent risk. A sequence of trains happens when
there is a train delay due to the delay of another train. The train which is on its route on time is late
since it must give preference to another already late train. In that case, the tracks in the station are
occupied, and thus, another train route must be selected; there is no free track or platform. The research
hypothesis is as follows:

Hypothesis 3. The operational risks form the biggest share of delays of R606 train on the Žilina–Bratislava line
in the monitored period.

Due to time irregularity, the research [3,9,11,33] introduce a phenomenon of different results
of delays by weekdays. Usually, the most frequent delay of trains can be observed on Fridays and
Sundays. On these days, extra trains are operated, i.e., there is a higher number of trains which may be
routed with regard to the throughput of line sections, however, at the same time in accordance with
higher requirements of customers. Also, the number of wagons arranged in trains is bigger, which may
cause higher demands on the train operation and more challenging situations on platforms when the
passengers get on and off. Based on the experience of railway undertakings, a higher frequency of
passengers can be monitored on these days. In particular, it is caused by the return of people who work
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or study away from their place of residence and commute to work. On the basis of the information
above, the following research hypothesis was formulated:

Hypothesis 4. The biggest frequency of train delay is on Fridays and Sundays, and the delays on individual
days are mutually dependent.

Based on studies [7,18], a higher frequency of passengers is one of the core problems of railway
passenger transport. The issue lies in a higher number of passengers, a greater scope of the transport
performance in the monitored period in the given station, line section or train in the case of a time
and direction irregularity in transport while servicing the customers with regard to occupancy of
doors in wagons as well as servicing handicapped customers (as stated in the work by Petrovsky [96]).
These facts are the grounds for the research hypothesis:

Hypothesis 5. The most frequent error which causes train delays is a higher frequency in a line section.

The process of transport by railway passenger transport itself, which was the object of the research,
is unstable based on the authors’ experience and preliminary data analysis. The carrier provides
services in an environment where many stochastic impacts exist. Operative interventions are needed
on a daily basis. Dispatcher machines of carriers and railway infrastructure managers must intervene
in many emergency situations. These events impact the entire transport chain with a synergic effect.
On the basis of the information above, it was possible to formulate the following research hypothesis:

Hypothesis 6. The studied process is unstable.

The authors’ experience as well as the monitoring of the line section in a long time horizon suggest
that the DPU (Defects per Unit) indicator will achieve the highest value in Trnava railway station.
This phenomenon may be caused by many passengers travelling to/from Bratislava and many trains
within both long-distance and regional transport which do not continue to Žilina. In a long-term run in
Trnava, a much larger frequency of passengers on platforms can be seen than in other tracked railway
stations. These facts are the foundations for the research hypothesis:

Hypothesis 7. The biggest value of DPU indicator is in Trnava railway station.

4. Results and Discussion

The product of passenger transport is the effect of relocation which is of an intangible nature.
This means it is consumed during the transport process. During this relocation, passengers evaluate
the services provided by carriers, which leads to their decision of whether they will utilise railway
passenger transport again. In order to maintain loyal customers, it is inevitable for the carrier to
address the customers’ requirements and to make the biggest possible efforts to reflect them directly in
the operation. As it has already been mentioned above, passengers consider train delays to have a
significant impact on the service quality. In the sector of railway passenger transport, it is very difficult
to apply steps which would lead to an effective and systematic improvement of quality; the reasons lie
in the extent of the operation (many employees and assets) and in the many passengers, where each
of them perceives the quality individually and has their own requirements on satisfactory travelling.
It is because of these complex input parameters that the need to find a systematic way to reduce the
wastage connected with the risk development exists. In the next steps of the research, the hypotheses
set have been studied and verified.
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4.1. Research of Hypothesis H1

In order to assess the hypothesis, first of all, the statistical set must be analysed as a whole.
This will provide a basis for the identification of its basic characteristics. Figure 1 presents a summary
statistic of the statistical set.

Figure 1. Summary statistics of the statistical set.

Figure 1 implies that the analysed data does not fulfil the assumption to confirm the hypothesis
on normality of the statistical set (p-value < 0.05). Thus, it may be stated that the data distribution is
not normal (we accept an alternative hypothesis). This can also be seen in the measures of kurtosis
and skewness (Table 1). A significant mismatch in the area of the normal data distribution can also be
seen in the comparison of mean and median measures, which differ considerably. Currently, the set
comprises many extremes as well as individual groups which, however, do not contain many measures,
and pursuant to the conducted Thompson Tau test, in the case of extremes, there is no assumption they
would misrepresent the achieved results markedly; on this basis, it is possible to leave them in the
statistical set. Since the skewness of the distribution is too big, the standard deviation will not provide
sufficient information on the scatter of individual data in the statistical set.

Table 1. Data analysis through the selected DSI.

Variable µ σ Q1 Q2 Q3 R S K N

Žilina 13.92 12.229 6 11 19 93 2.33 9.16 338
Púchov 15.59 14.911 5 11 21 99 1.99 5.01 305
Trenčín 11.69 11.607 3 9 16 102 2.4 9.87 619
Leopol 14.93 12.924 4 12 22 78 1.4 2.51 374
Trnava 14.07 12.643 5 10 20 101 1.9 5.36 792
Ba Hln 18.11 14.832 6 16 25 108 1.64 4.8 511

mean, µ; standard deviation, σ; first quartile, Q1; median, Q2; third quartile, Q3; range, R; skewness, S; kurtosis, K;
and number of observed values, N.

From the point of view of the analysis of the mean and median of individual selected stations
data, we can observe the same behaviour of data, just with smaller differences in individual selected
characteristics of the descriptive statistics. Based on that hypothesis H1 formulated before can be rejected,
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the obtained data comes from a normal (Gauss) probability distribution, and it is required to accept the
alternative hypothesis: the obtained data does not come from a normal (Gauss) probability distribution.

4.2. Research of Hypothesis H2

Based on the results of the descriptive statistics (as documented in Table 2), we can think of a
mutual dependency of times in individual stations in a line section. It can be concluded that, if a train
is late to the previous station, it will also be late to the next station. This occurs in a single corridor
which undergoes closure activities due to its modernisation in the monitored period (it is also the result
of previous author’s study [7]). Therefore, it is required to address the correlation. An alternative and
a main hypothesis has been set:

• H0: The times of delays in individual stations are mutually independent.
• H1: The times of delays in individual stations are mutually dependent.

Table 2. The results of correlation analysis: dependency of times in individual stations in a line section.

Žilina Púchov Trenčín Leopoldov Trnava Bratislava

Žilina 1
Púchov 0.122639 1
Trenčín 0.144155 0.151842 1

Leopoldov 0.018356 0.211284 0.023151 1
Trnava 0.005566 0.002551 0.077198 0.119126 1

Bratislava 0.012897 0.060732 0.150343 0.175441 0.178172 1

The results of the correlation analysis (Table 2) document that hypothesis H2 can be accepted.
The times of delays in individual stations are mutually dependent; however, the highest dependency
(Table 3), which is proved, is only weak and occurs between Púchov and Leopoldov (0.21). Based on
the result, we may state that the dependency from the first monitored station (Žilina) to the destination
station (Bratislava) decreases progressively. This phenomenon is caused by multiple factors occurring
in the line. We speak about the already mentioned closure activity and securing the connectability of
trains. However, it is possible to observe almost the same dependency always between the current and
the previous stations except for Trenčín and Leopoldov. It is necessary to emphasise that the dependency
in all other cases is low, even very low, i.e., there are multiple variables affecting the dependency.

Table 3. The error rate in the monitored period of 2015–2018.

Error Absolute Count Relative Count

Count Cumulative Count Count Cumulative Count

Sequence of trains 314 314 0.105263 0.105263

Connection train 178 492 0.059671 0.164935

Unknown impact 19 511 0.006369 0.171304

Waiting for a tractive vehicle 8 519 0.002682 0.173986

Other reasons, transport 9 528 0.003017 0.177003

Other reasons, tractive vehicles 19 547 0.006369 0.183372

Other reasons, building 10 557 0.003352 0.186725

Other reasons, special 403 960 0.135099 0.321824

Loading and unloading - others 6 966 0.002011 0.323835

Accident events 7 973 0.002347 0.326182

Turnover 9 982 0.003017 0.329199
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Table 3. Cont.

Error Absolute Count Relative Count

Count Cumulative Count Count Cumulative Count

Failures of tractive vehicles 53 1035 0.017767 0.346966

Failures of passenger wagons 46 1081 0.015421 0.362387

Exceeding of travelling times 435 1516 0.145826 0.508213

Preparation 5 1521 0.001676 0.509889

Government authorities 4 1525 0.001341 0.51123

Train crews (conductor, train attendant) 33 1558 0.011063 0.522293

Driver 7 1565 0.002347 0.52464

Impact of weather 10 1575 0.003352 0.527992

Interlocking plants 24 1599 0.008046 0.536038

Equipment of electric traction 17 1616 0.005699 0.541737

Increased frequency 1344 2960 0.450553 0.99229

Superstructure 12 2972 0.004023 0.996312

Other reasons, carriage 4 2976 0.001341 0.997653

Other reasons, commercial 1 2977 0.000335 0.997989

Grade crossing interlocking plants 6 2983 0.002011 1

4.3. Research of Hypothesis H3

The categorization of risks has been created by a method of observation by experts in cooperation
with the transport division of a manager of railway infrastructure, and the marketing section and the
internal audit division of the ZSSK carrier [18]. Risks have been categorised to operational, technical,
manager, personal risks, natural disasters and other risks. This categorization was based on detailed
daily data collection of railway operation recorded in the Microsoft Excel for the observed period from
2015 to 2018.

From the point of view of individual analysed risks, the operational risk can be considered the
biggest risk, as documented in Figure 2. This category of risk has occurred in 68% of monitored
cases. In a comparison of years 2015 and 2016, the risk features a decreasing tendency (in 2%); in 2017,
it features an increase (in 11%), and then in 2018, it is a decrease (in 3%). In 94.33%, the carrier was
the source of the risk; on the other hand, the infrastructure manager was the least occurring source in
5.67% of cases. The operational risk is associated with the sequence of trains, transport reasons and
carriage reasons, exceeding the travelling times and accident events, too.

The second most serious category of risk is a technical risk which caused delays of the selected
train in 2015–2018 in 16.19% of cases. In comparison of the risk in individual years, it may be stated
that, in 2016, when compared to 2015, the occurrence of the risk featured a year-on-year decrease (in
39.79%); in 2017, it was a year-on-year decrease (in 55.65%); and then in 2018, it achieved a year-on-year
increase (in 76.56%). This increase was related to slippages of the quality of individual infrastructure
elements, mainly interlocking plants. The most frequent source of risks is the infrastructure manager
(in 67.91% of cases), the carrier (in 26.92% of cases) and a third party (in 5.17% of cases). In the context
of technical risks, the term “third party” may be understood as exceptionalities in building operations,
late termination of closures, unplanned and unforeseen closures which were not caused either by the
manager or the carrier, and mechanism failures.
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Figure 2. The categories of risks which caused the delays of a selected train in 2015–2018.

The third group of plentifully represented risks are other risks in 15% of cases. In the comparison
of years 2016 and 2015, the other risks featured a year-on-year increase in 7.27%; then in 2017, it was an
increase in 8.74%; and in 2018, it was a decrease in 42.97%. The most frequent source of other risks
was a third party in 59.70% of cases. The category of a so-called third party includes delays due to
reasons created by other carriers and railway administrations, collisions with users of grade crossings,
collisions with persons in open lines, impact of unknown people, substitution of transport with bus
transport, vandalism, alarm messages, police investigation and firefighter intervention. A carrier
caused such a type of risks in 40.30% of cases.

A personal risk was constituted with 37 cases, i.e., 1% only, in the monitored period. This category
of risk includes a wrong organisation of work, slippages of the quality in train crossing and foregoing,
inappropriate organisation of shunting, late delivery of wagons and accompanying documents,
errors in the technology of work caused by the undertaking’s employees, lack of concentration on the
performance of work, fatigue, not coming to work or late arrival, errors in staff scheduling, late train
dispatch and late notice of the dispatcher apparatus in the case of exceptional events.

The achieved results point out the option to accept the set hypothesis. Operational risks form the
biggest share of delays of the R606 train on the Žilina–Bratislava line in the monitored period. In a real
operation, the operational risks represent up to 68% of all risks.

4.4. Research of Hypothesis H4

From the point of view of analysis of individual weekdays and a selected train in a selected
line section, it is possible to come to a conclusion that, due to errors, the train was late most often
on Fridays (16.30 %), as documented in Figure 3. The delay on this day is a long-term problem due
to a higher frequency of passengers from Bratislava who return to the eastern part of the country.
The spaces in railway station platforms are overcrowded; there occur problems with the release of
doors when passengers get on and off. At the same time, on this weekday, there are 3 extra trains
operated within the monitored line section which are not operated for the rest of the weekdays.
Therefore, more often there happens a sequence of trains when a late train influences the delays of
other trains. When monitoring individual years, the tendency of delay development was different by
weekday. In 2015, Fridays formed the share of train delays in 16.6% of train delays; in 2016, it was
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only 14.5%; then in 2017, it was up to 17.64%, when this tendency got stabilised partially; and in 2018,
it formed 16.6% of train delays.

Figure 3. Delays of a selected train by weekday in 2015–2018.

The second weekday when train delays happened most frequently in the selected line in the
monitored period 2015–2018 was Sunday, with 15.88%. In 2015, it was on Sundays when the train was
late most often, in 18.92% of cases; then in 2016, this tendency decreased when the share dropped down
to 13.52%. In 2017, there was an increase again up to 17.24%, and then again, there was a decrease
down to 14.74% in 2018.

Based on these facts, it is possible to formulate the following additional hypotheses for the sake of
a complete understanding of the statistical question:

• H420: On the basis of the association, the delays noticed on weekdays are mutually independent
in individual stations (correlation coefficient = 0).

• H421: On the basis of the association, the delays noticed on weekdays are mutually dependent in
individual stations (correlation coefficient is not 0).

The correlation of individual statistical measures has been tested at the significance level of 0.05.
Chi-Test, which was realised, has brought the result to Chi = 18.46. The critical value for the selected
significance level and degrees of freedom (0.05; 30) is 43.77. On the basis of the facts mentioned above,
it is necessary to accept hypothesis H420, i.e., on the basis of the association, the delays noticed on
weekdays are mutually independent in individual stations. Based on the result of the hypothesis,
it cannot be anticipated that the individual results are mutually impacted by stations that the train
passes through. In the monitoring of individual times of delays of the selected train between individual
stations in the selected period, it is not possible to observe a progressive increase in the delay between
individual stations.

4.5. Research of Hypothesis H5

From the perspective of individual errors that the selected train achieved in the selected section
line in 2015–2018 (Table 3), the frequency of passengers is higher in 45% of cases. This phenomenon is
related to the routing of the train within the main corridor and to the number of passengers who get
transported in this transport arm. In 2015, the increased frequency formed up to 42.13% of all train
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delays; then, a smaller increase of the delay followed up to the level of 43.71% in 2016; in 2017, the cases
slightly increased up to 44.07%; and the biggest increase can be seen in 2018, when the increased
frequency formed up to 52.37% of delays of the monitored train.

There follows exceeding travelling times in 14.58% of cases. This includes exceeding travelling
time in the cases of an exceptional train stopping per the requirement of ŽSR (surcharge to start
and stop), permanent line speed limitation, deployment of an unscheduled locomotive, breach of
travelling times due to locomotive reasons and exceeding the scheduled standard of weight or length.
The standard length means the total length of the train set including the length of all locomotives
arranged into a train. The standard of weight, regular weight and the type of the train resistance
and their usage are determined by the carrier. Most of errors were recorded in 2015, when exceeding
travelling times formed up to 17.72%; the tendency in 2016 featured a slight decrease down to 16.46%;
and then in 2017, there happened the most noticeable decrease of the share down to 13.78%. In 2018,
error occurred only in 10.33% of cases.

The third most significant error is represented with other reasons, the special ones, in 13.5% of
cases. These errors lie in an incorrect rounding of half-minute time data in the information system and
in reasons caused by unknown people, i.e., not the employees of the carrier or infrastructure manager.
In 2015, the share comprised 12.89% of cases; in 2016, the share featured an increasing tendency up
to 15.35%; then in 2017, there was an increase up to 16.64%; and in 2018, there was a considerable
decrease down to 9.47%. Based on the processed results, we may accept the formulated hypothesis:
the most frequent error which causes train delays is a higher frequency in a line section.

4.6. Research of Hypothesis H6

Since the value that the control chart is plotted for is measurable, we may use a control chart of
means and ranges, a control chart of means and standard deviations, and a control chart of individual
values. Since the values LSL (0 is the most favourable situation for the carrier when the train is not late)
and USL (5 min.—a limit acceptable to the infrastructure manager) are provided, there was research
conducted to find out how the measured values differed from the monitored ones (based on ISO 8258
standard—Shewhart control charts).

Individual charts created will count with the selection size of 6. There occur 6 railway stations in
the set being monitored. Although the size of 6–12 is not recommended (it is favourable to divide large
sets into smaller parts which leads to a greater predicative ability), in this case, the value of 6 which
belongs to this interval may be used. Figure 4 represents a control chart of means and ranges.

Figure 4. Control chart of means and ranges.
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Pursuant to results provided in the control chart of means and ranges, we may state that the studied
process is unstable; there are 35 points in total exceeding the UCL (Upper Control Limit), which also
represents the 3-sigma level. Thus, the following hypothesis H6 may be accepted: the studied process
is unstable. The instability of the process can be seen in numerous deviations of the system from
desired values.

4.7. Research of Hypothesis H7

On the basis of data from the control chart of means and ranges also, individual levels of Six
Sigma may be specified, i.e., (1 Sigma = UCL-X/3) or (x-LCL/3). Sigma levels are plotted in Figure 5 for
the chart of means. The chart of ranges does not seem to be appropriate for the given process since it is
too variable, and thus, it is not possible to use either the control chart of means and standard deviations
or a control chart of individual values.

Figure 5. Six Sigma levels in the monitored period of years 2015–2018.

Upon the determination of the Sigma level, it was possible to quantify other indicators of Six Sigma,
too, namely DPU (Defects per Unit) and DPMO (Defects per Million Opportunities). The value of DPU
indicator was 1.43. It can be quantified as 1.43 error per one dispatched train on one day. However, it is
also necessary to note and consider the number of monitored stations, i.e., 6; thus, on average, we can
think of 0.24 errors per one dispatched train per 1 monitored station on one day. In more detail,
for 1 monitored train per 1 day, we may think of 0.18 error in Žilina station, 0.16 error in Púchov station,
0.27 error in Trenčín station, 0.18 error in Leopoldov station, 0.38 error in Trnava station, and 0.27 error
in Bratislava main station. The data suggests that it is required to pay more attention to Trnava station
since there is the highest frequency of error.

The DPMO indicator manifested high values in the studied section: 1695 errors per 1,000,000
train drives. Considering the fact that the train passes through the route only once, this indicator is not
important. Based on the achieved results, we may accept the formulated hypothesis: the biggest value
of the DPU indicator is in Trnava.

4.8. Software Tool

Modern society puts emphasis on the utilisation of information technologies which bring plenty
of benefits when the parameters are set correctly. The Lean concept speaks about a systematic
identification and elimination of all forms of wastage. Thus, risks must be studied systematically.
Currently, the monitored railway undertakings assess train delays in large tables; therefore, the team
of authors has suggested an innovative software solution. The software is universal and applicable to
different categories of risks, and its tabular form provides a simple operation for a user. Lean emphasises
the maximum leanness of processes which shall comprise only those elements adding value for the
customer. Thus, software support represents a great way to identify processes where the wastage
occurs, to link them with the customers’ needs and to engage all employees.
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The software tool was created with the help of software engineers, and the content of this support
was consulted with the internal audit division of ZSSK, the state carrier. At the same time, there was
conducted a research in interests in Lean tools and software support, where managers of different
divisions of railway undertakings of four V4 countries were addressed. In those countries, 86% of
respondents expressed their opinion that it was univocally required to make the risks more transparent,
to monitor them constantly and to take measures based on real outcomes. The efforts were to create
a simple software application which could have been conveniently used by users, employees of the
internal audit division. The software support is based on a graphical user interface which enables
to control an electronic device with a set of interactive picture elements. The linkage of individual
components in the application was tested so they are connected and added with necessary data. As a
programming language, C++ with Qt extension was used, one of the most widely used languages for
a multi-cross platform creation. In the future, the software functionality may be extended to Linux
or Android platforms, too. The following Figure 6 represents a partial outcome. It depicts how an
employee can enter reasons for the slippage of the quality and what consequences the slippages have
brought, whereby the level of significance and grade of customers’ satisfaction are also differentiated.
Therefore, it is an innovative idea to link records of employees and to monitor the customers’ satisfaction
in selected trains, stations or transport sessions. The statistics data is collected and assessed with Lean
tools. At the same time, a detailed description of the train is provided, including all its requisites,
arrangement and the overall outcome which prioritises risks by their significance. The figure shows
the current state and the arrangement of the R606 train which was monitored in the case study in
this article. Currently, the arrangement comprises 5 wagons only due to the crisis with Covid-19.
(A normal arrangement of this train comprises 10 wagons, which means the data concerning the train
for the monitored years 2015–2018 was associated to a 10-wagon train.)

Figure 6. A sample of the environment of the software tool.

The software is in testing operation currently. It is used by employees of the internal audit division.
The authors of the research have established a methodology which determines an algorithm for using
the software so its results are relevant. It is intended for the management of a railway undertaking;
however, it is also available to all employees participating in the operational processes. Thanks to the
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software tool, an internal auditor has the submitted outcomes of slippages of the quality from the
first contact employees available, which are assessed once per month. They also factor in the regular
monitoring of the customers’ satisfaction. The submitted outcomes are generated into a final table for
selected slippages of the quality where an ideal value of quality and an actual value of troubleshooting
quality are set. The internal auditor determines priorities to be solved in the nearest future, based on
the outcomes of the actual value of troubleshooting quality. These priorities are part of the objectives
of quality which are evaluated regularly in a report on quality once per year.

4.9. Discussion

The research has assessed the risks within the main international railway corridor in more details
than it has been realised under the conditions of railway undertakings in the monitored area so far.
Differences among risks, their occurrence and significance have been studied. The initiative for the
study came from the railway infrastructure manager and railway undertakings. A literature review is
a full-fledged basis for this study. It provides a detailed overview of the issues addressed by scientific
studies from around the world; it solves the problems that are the basis for the identified questions
and hypotheses of this study. These analysed theoretical backgrounds from world scientific sources
highlight the need to more precisely design concepts for the application of risk management using
Lean philosophy in railway transport. As a study by Dutch authors shows, there are shortcomings in
the current manual registration of risks in many countries without software support that has lacked in
clarity and reliability [72]. This fact was also the impetus for new software design. Research studies from
the Netherlands, Canada and China have supported this study in the idea of addressing the appropriate
recording and visualization of train delays with an impact on customer satisfaction [73,74,78].

The article deals with rail passenger transport. However, there are also rail freight operators
on the railway infrastructure, for which the activities affect the entire transport system. A study
of the literature has prompted further research to provide opportunities for promoting intermodal
freight transport and consideration of an environmental perspective, as documented by an interesting
publication by Hanaoka and Regmi, Asia freight study [97], or a publication by Stehmann and Zellhofer,
EU freight study [98]. As the sustainability of rail transport services concerns not only the economic
point of view but also the environment and society as a whole, there is scope to examine the risks
associated with improving the possibilities of railway links and the efficiency of double-stack trains
which would improve the overall efficiency of the intermodal transport and contribute to overall
environmental benefits [97]. Following these ideas, there is a study by Guo and Peeta about truck
carrier perspectives. By utilizing the various insights from this study, relevant decision makers in the
rail freight carrier sector can effectively allocate their resources to design and adopt mechanisms that
can lead to the fruition of rail-truck multimodal freight collaboration [99]. When a railway undertaking
deals with risks, it assesses their size, number, impact and significance. It strives to create conditions for
a possible elimination of wastage, which was the object of the authors’ research. Sustainable innovation
connected with a new Lean quality management approach can help to improve the quality of rail
services. However, as Mr. Masaki Ogata, the new president of the UITP, said, we had to know the
genuine needs of our customers, which would create the seeds for innovation and reduction of risks.
Train delays represent an adverse effect on customers’ needs and the whole company and society that
is affected by the transport system.

Based on the analysis of the statistical set as a whole, it was possible to find out some basic
characteristics. Pursuant to these research results, it may be stated that the data distribution is not
normal, which leads to hypothesis H1 being rejected. This is, however, in accordance with the
research conducted in 2017–2019 [18] in V4 countries where other transport arms of V4 countries’ trains
were evaluated, so not only in Slovakia but also in the Czech Republic, Poland and Hungary [18].
With respect to fundamental principles of Shewhart, the essence of such a study is a constant control of
the processes’ quality and, thus, the provision of services on the grounds of a mathematical-statistical
evaluation of quality [19]. As this research has proved under the conditions of railway transport,
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such an evaluation is of a great importance because it enables to study the eligibility of the process
over time and to take action operatively in case of a higher variability of outcomes in order to prevent
unacceptable quality. The reduction of the processes’ variability then leads to a smaller probability of
an accident when slippages of the quality in the form of errors are not large. It is connected with an
adequate decrease of costs and improvement of the customers’ satisfaction. The orientation towards
customers in this sense is underlined with foreign research [95]. The variability of the process may be
evoked with random (natural) or special (unusual) causes. The efforts are to achieve stable processes in
railway undertaking in a statistically managed state when the parameters of the probability distribution
of the studied quality measure do not change over time [37].

Next, verification referred to hypothesis H20 regarding times of delays in individual stations where
a slight dependency was confirmed. There was an interesting result that the dependency decreases
progressively from the starting station of the monitored section to its destination station. Like a real
operation shows, the dependency is influenced by scheduled closures, related to the modernisation
of the corridor [66]. It also impacts the necessity to observe the connecting trains, mainly in Púchov
station, where international trains to the Czech Republic are operated from.

Then, there followed an extensive study of risk categories where the object of the assessment was
hypothesis H3, which was confirmed. The operational risks form the greatest share of delays up to
68%. This result is in accordance with a study [7], according to which the operational risks may be
represented with those which have the biggest frequency share on resource wastage, which extend the
travel times of trains, which impact train delays mutually and which result from accident events. At the
same time, they are related to transport reasons in a line as well as in railway stations and carriage
reasons with regard to accompanying documents of trains. It is a set of the most frequently recurring
risks which ultimately impact the customer significantly. Here, long-term research and, thus, efforts to
eliminate any risks remain because it is challenging to notice the wastage in all ways in such a big
space that the railway passenger transport services are provided in. The technical risks represented
16.19%. An important factor that was proved in the research is that, in the area of technical risks,
the infrastructure manager (who manages the infrastructure) is their considerable source. The risks refer
to all elements of the railway infrastructure to which railway lines, tunnels, bridges, interlocking plants,
railway stations, electrification objects and engine sheds belong per the research. All these elements
of the railway infrastructure introduce a potential risk. Railway lines serve a safe and uninterrupted
operation, and as a whole, they form a railway network. A significant risk is connected with the
modernisation of the given corridor of the international importance, with the closure activity when an
exclusion diagram is established with different types of restrictions. A nonconforming technical state of
railway lines and resulting category of technical risks is, however, not related to the scheduled closures
only [66]. It is also related to the wearing of material, outdatedness and the need for large investments
that the infrastructure manager has to spend in order to eliminate the risks and to prevent source
wastage. As the research confirms, it is very important to avoid the highest possible number of serious
constraints of the operation which cause train delays and which impact the effectiveness of the railway
operation synergically. The railway infrastructure manager impacts the height of a risk resulting from
the technical state character of the railway line. With regard to this fact, the communication between
the carrier and the infrastructure manager is important. In this sense, too, it is very challenging to
look for the way to apply the Lean philosophy because, in their efforts to minimise the risk origin,
the carrier may agree to buy new vehicles or to modernise railway vehicles. It can, however, lead to
wastage when these steps are not taken in cooperation with the infrastructure, when the maximum
design speed is not utilised or when the noise in driven vehicles, i.e., wagons, is not reduced. It is a
linked, mutually dependent system which cannot be separated. If the infrastructure manager does not
approach a suitable modernisation of lines at a desired technical level, the carrier’s efforts would be
ineffective. This is true the other way around, too. The group of other risks represented 15% of cases.
These ones are influenceable in a challenging way because, as proved with studies oriented to this
area [63,67], they are caused by unknown people or other railway foreign undertakings.
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A separate personal risk was constituted with 37 cases in the monitored period. Railway undertakings
put the psychological factors or failures of employees exclusively into this category as already
mentioned above. It is statistical data, however, that a human factor impacts all previous categories
of risks, too, and a space for their closer research in the future remains. As proved with published
knowledge [10,17,100–104], employees of railway undertakings may contribute to the risk reduction
on one hand and they may represent a risk factor themselves on the other hand. Respecting the ideas
of García-Alcaraz, the appropriate implementation of Lean principles requires an education process
and human knowledge [105]. The underestimation of risk factors and subsequently risks which result
from an inappropriate approach of employees may negatively impact the quality of business culture.
The neglect of trainings, improper choice of the railway undertaking’s employees as well as their own
risky actions, as proved in this research, lead to a direct impact on train delays [106–108]. This state
not only reduces the quality of the business culture in the eyes of the public but also, in the future,
increases the unwillingness of passengers to use the carrier’s services repeatedly. With regard to
effectiveness, safety and functioning of railway passenger transport, these risks may not be caused by an
internal employee only. From the point of view of risks caused by a human factor, the risks are external
to a large extent [109]. They may be represented by employees of other carriers, the infrastructure
manager or the public. Studies which were conducted at carriers in 12 European countries prove that
the travelling public relates train delays to a human factor failure of the first contact employees in
30% of cases [36,46]. However, this research shows that the results in a real operation are different.
The percentage coming from the research of European carriers shows a subjective perception of the
public, which is an interesting piece of information since the public perceives the services in its own
way. All risks caused by a human factor, whether external or internal ones, cannot be eliminated
completely [110]. Through Lean philosophy, even in the area of personal risks, it is possible to reduce
wastage in many ways with some suitable preventive measures which may as a result influence the
operational and technical risks. Responsible action of everybody is the most effective measure when
reducing risk. An incentive for further discussion is also the fact that risks that emerge from the nature
of transport means locomotives and wagons are to be approached to in a manner which is different
from the approach to risks of a human factor. From this perspective, the need for a long-term study of
potential risks and work with the most frequent risks, mainly the operational ones, is confirmed as is
the minimisation of their negative effect.

The analysis of individual days in a week has led to the confirmation of hypothesis H420. In a
long-term run, the issue lies in the last workday in a real operation. Most of all, it is caused by a
higher frequency of passengers, as confirmed by previous studies [55,61]. At the same time, it is
caused by a higher number of trains operated on that day so the customers’ requirements are met.
This is related to the issue of delays of trains in a so-called sequence when they influence each other.
Due to the same reasons, Sundays are impacted with other, significant train delays. At the same time,
mutual independence has been confirmed in individual stations.

A higher frequency of passengers was the object of study and confirmation of hypothesis H5.
A high share of the passengers’ frequency was related to the introduction of free transport for students
and pensioners in the railway network in the monitored period. This phenomenon was a reason for
many operational issues and difficulty of the operational situation. In a long-term run and per the daily
study in cooperation with the national carrier, it manifested the biggest impact on train delays and
problems in communication with employees of railway undertakings who encountered an increase in
the customers’ requirements. According to research [7,24], exceeding travelling times in 14.58% of
cases is usually an effect of the infrastructure manager’s requirements; limits of line speed; or problems
with train sets, locomotives as well as wagons. In the future, it is possible to deal with the effect of
exceeding the trains’ length and weight standards and to discuss this issue which is connected to a big
wastage in many cases.

Hypotheses H6 and H7 have been accepted. The research has proved that the studied process is
unstable and that there are points which exceed the upper control limit. The level of Sigma has been
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determined, and other indicators of Six Sigma, DPU and DPMO have been quantified. The value of
the DPU indicator was 1.43. This can be quantified as 1.43 error per one dispatched train on one day.
The number of monitored stations has been taken into account. The object of a further research may
stand for a more detailed focus on individual railway stations and their corresponding risk categories,
reasons and consequences.

The results of the research are important for railway operation from the theoretical point of view
which provides a guidance for railway undertakings on how to study the issue of delays. This guidance
is applicable from a wider perspective not only to one railway network but also in case of studying
the international connections. From the practical point of view and based on the given research
results, the direction of a further study in the future lies in extending the software tool to all categories
of risks. The software tool is a significant outcome of this study because, as the author Doherty
states, large organisations like railways have struggled to keep up with and to utilise the new digital
technology effectively [111]. Currently, this new software support is designed for operational and
technical risks which are linked to personal risks. The incentives for further research reside in more
detailed monitoring of personal risks using this software, which includes the utilisation of Lean tools
to eliminate wastage. Similar to previous study claims [112,113], the results of the case study indicate
that the application of systematic and data-driven quality improvement approaches, such as Lean
philosophy with some simple changes and adjustments to the conditions of railway undertakings,
can contribute to the service quality. The author of a foreign research, Vaidya, who deals with the Six
Sigma concept under the conditions of Indian railways, likewise points out the benefits of extending this
approach to various areas of railway transport [114]. Based on the results of this study, we may identify
ourselves with the worldwide research, which points out that Lean Six Sigma’s goal is to produce
quality products that meet customers’ requirements as efficiently and effectively as possible [115].
This is also true within the area of railway passenger transport services.

5. Conclusions

The aim of this article was to evaluate the application and a specific application of Lean
philosophy tools under the conditions of railway passenger transport in risk management with
regard to the sustainability of services with an orientation towards the customers’ needs satisfaction
when there are train delays. The tendency to constantly monitor and improve the quality with Lean
is well-recognised worldwide. The benefits and achievements of a systematic approach of Lean
philosophy are provable mainly in production. In the area of the service provision, it is a challenging
process; however, concerning the constantly increasing pressure under the conditions of a liberalised
transport market, it is a great way to maintain the customers’ loyalty, competitiveness and permanent
position of an undertaking on the market. According to the conducted research, risks in railway
undertakings are systematically approached usually in the area of strategic risks. Thus, the authors of
the research have focused on a new area of risks in detail. These are risks which exist in the railway
operation in the railway infrastructure, in stations and on trains.

A theoretical benefit of the research lies in the identification of risks and their categories in railway
passenger transport. Simultaneously, based on Lean tools, hypotheses concerning train delays have
been studied. Their confirmation or rejection means a significant step in the knowledge of the issue
which has not been studied this way before. Thanks to these research results, railway undertakings may
get to know better the environment in which they realise their own services, to identify shortcomings
and to implement preventive measures.

As the authors emphasise, the process of analysing individual risks related to the operation of
passenger transport trains must proceed in individual steps as mentioned in the results of the research,
i.e., in detail, step by step, with a focus on areas which cause wastage, train delays, breach of travelling
times, failures of facilities and resulting dissatisfaction of customers. For railway undertakings,
it requires expertise in the issue. The team of authors cooperates on organising trainings for employees
as well as on developing the software tool. The designed software represents a practical benefit of the
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research. It provides options for a chronological and detailed study of risks. It contains a sequence of
steps which are used to complete the database of risks, their causes and consequences while using
Lean tools. It engages employees in the process and it pays attention to the needs of customers. As the
results of the presented research show, the railway undertaking may eliminate the wastage and may
realise value-adding processes this way.

This article presents the results of the research aimed at the application of Lean philosophy with
regard to the sustainability of railway undertaking services. They point out the need to monitor
individual specifics in the railway operation where each risk features another impact on the railway
undertaking, infrastructure manager and mainly the customer.

The study of the world literature has underlined the importance of dealing with this issue.
From this perspective, the research has brought visible outcomes for railway undertakings where
this question of Lean philosophy was only little known before. Results of this research are useful for
all railway undertakings, infrastructure managers and state authorities that decide on procedures
in railway passenger transport. The statistical regulation shows how to prevent defects occurrence,
i.e., unsatisfactory products or services with poor quality. Thanks to a subsequent introduction into
the railway undertaking, we assume that the variability of the monitored measure of quality will be
reduced and that the concordance with customers’ requirements will be ensured. Lean philosophy
is a standardised procedure. At the same time, it is a system which allows for a fast and effective
response to changes on the market. Therefore, as the research has proved, it brings big advantages
also in the environment of the railway undertaking where changes happen all the time. Lean is also a
training “fitness” for employees of the undertaking; they can systematically prepare themselves for
tests evoked with a situation in the internal environment and resulting from the customers’ needs and
conditions on the transport market. Based on these considerations, the idea to create a simple software
tool which allows for monitoring the risks over time has arisen. The tool is clear and comprehensible
for its user. It informs the place of risk origin, which train and which railway station or another element
of the railway infrastructure it is related to. It informs on what slippages of quality happen and what
consequences the risk brings. The software must clearly display the state that the monitored risk is in.
The ideal situation is when it monitors risks through the engagement of employees and customers.

The benefits of the research cannot be understood on the national level only. The research must
be seen in a wider context because its algorithm is applicable in a flexible way under conditions of
both any transport undertaking and infrastructure manager in a selected line and category of a train,
too. The research opens a space for further study and mutual comparison of different types of trains
and different stations. Its procedures are universal to the degree that it can also be applied abroad
as a recommendation for those railway undertakings which have been heard to be thinking of Lean
philosophy application in their own environment. According to the research results, Lean is a synonym
for timeliness, accuracy, speed, comprehensibility, transparency and simplicity under the conditions of
railway transport. At the same time, this article highlights the potential of extending this philosophy
to such a challenging area as railway transport services are from the global perspective.
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