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Preface

Writing a book is always a challenge. Writing over transportation systems can be
even more challenging because they represent a key sector for the development of
our future society. It needs to be tackled with precision and consistency.

In recent years, the usage of public transport systems (railways, airways,
motorways) all across Europe has rapidly increased. In the Netherlands between
2015 and 2016 there was a 4% (1.2 million) increase in the number of train pas-
sengers and this growth seems set to continue. Transportation companies are
investing heavily in both safety and maintenance strategies in order to cope with
this growth and ensure the quality of proper services. Systems such as the ERTMS
(European Rail Traffic Management System) are currently being implemented in
order to provide better safety, to harmonise regulations and to increase the capacity
of the European railway network. Whilst acknowledging the importance of the
passenger transportation sector to the continued growth and prosperity of European
nations, it is important to recognise that the working conditions, human perfor-
mance and maintenance requirements in this sector differ considerably from those
of other industries. In particular, human operators play a critical role in the safety of
this sector and decrements in human performance are noted as a major contributor
to accidents and incidents within the complex railway and highway system.
Between 1970 and 1998, 62% of the major railway accidents in Norway were the
result of human errors and during the same period, on just four British railway lines,
141 accidents were caused by human errors.

In a nutshell, assets need to be carefully design and maintained during complete
life-cycle. Therefore, in order to improve the overall performance of the passenger
transportation systems, it is essential to reduce human errors associated with their
operation and maintenance, with their attendant disruptions, as effectively as
possible.

The pulling factor for us, as authors, to write about maintenance of Transportation
Systems has been to ground the foundations of this discipline, combining theory to
real cases. The experience and knowledge at Luleå University of Technology,
University of Twente and at Imperial College of London, on the topics of this book
like maintenance, Big Data and human factors, in combination with the support of
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industries and companies, gives us the opportunity to provide a valuable tool for
both training students and helping professionals.

Consequently, the objective of the book is to present and discuss advances in
maintenance of transportation systems. Firstly, the book offers an introduction to
the context highlighting issues, challenges, and possible system integrations.
Secondly, an overview on process-oriented innovations is given. After that, a strong
focus on smart maintenance management is offered. Lastly, cultural changes and
knowledge management in transportation systems are tackled. With this vision in
mind, the book aims to be a reference source for providing technological
advancements.

Luleå, Sweden/Jammu, India Sarbjeet Singh
Enschede, The Netherlands Alberto Martinetti
London, UK Arnab Majumdar
Utrecht, The Netherlands Leo A. M. van Dongen
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Chapter 1
Issues and Challenges in Transportation

Leo A. M. van Dongen, Lex Frunt and Mohammad Rajabalinejad

Abstract Dynamics of society directly influence the demands for transportation.
This paper elaborates this subject for the rail industry in the Netherlands. The paper
explains how themarket needs to continuously change the rail industry in the Nether-
lands and describes the current challenges for delivering world-class services for the
rail operation.

Keywords Railways · Systems integration · Operations

1.1 Introduction

Society is evolving more rapidly all the time. In the Netherlands, the densely popu-
lated Randstad is increasingly encroaching into large surrounding cities. In addition,
the economy is growing. Demands for mobility are therefore growing as well. Large
cities are expanding, face a significant housing challenge and require good public
transport connections.

Sustainability, including that of international transportation, is becoming more
and more of an issue in terms of energy consumption, CO2 emissions, re-use of
materials and noise. Autonomous self-driving (electric) cars are on the way that will
undoubtedly have an impact on rail transport. On the other hand, trains still have the
advantage of transporting many people to and from city centres simultaneously via
high capacity corridors. Many modes of mobility will eventually become intercon-
nected as we move to “mobility as a service”.

Technological developments in the field of digitisation, automation and roboti-
sation are more and more far-reaching and reinforce one another. For example, the

L. A. M. van Dongen (B) · M. Rajabalinejad
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4 L. A. M. van Dongen et al.

exponential increase in mobile networks, cheap internet, big data, smart devices and
artificial intelligence. Passengers expect more and more in respect of travel infor-
mation, service, ease of paying and “experience”. To an increasing extent, these
new systems produce data that can be converted into useful information for anal-
yses, process improvements and product and service development. These technical
developments make it easy for a growing number of parties to enter the mobility
market.

Whereas the rail network was split up in the nineties, there is now a specific
need for horizontal chain cooperation between user, operator, suppliers and sub-
contractors. With the ever-increasing demand for transport, vertical, technical and
operational system integration of infrastructure, rolling stock, people and processes
is important for the introduction of new systems such as European Rail Traffic Man-
agement System and Automatic Train Operations, for example.

1.2 The Organisational Development of NS (Netherlands
Railways) and the Rail Sector

Following European Directive 91/440/EEC to separate the organisation of railway
infrastructure management and maintenance from the commercial exploitation of
transport, the public limited company Nederlandse Spoorwegen (Netherlands Rail-
ways) in the nineties split into a commercial NS Group and three executive bodies,
namely Railinfrabeheer, Railned and Verkeersleiding, which later merged into Pro-
Rail. ProRail is commissioned by the government to bear responsibility for construc-
tion works, management and maintenance of the rail network. The supervisory role
for the Dutch railway industry was removed and housed independently within the
Human Environment and Transport Inspectorate.

NS Group was allocated the broad portfolio of commercial activities and divested
itself of non-core business activities (railway infrastructure, goods transport and
telecoms). The core tasks of passenger transportation (including maintenance of
rolling stock), station operations, interchange and real estate development at railway
junctions complement one another to support the mobility agenda. Transport on
regional networks is publicly tendered by local authorities and awarded to private
parties such as Keolis, Qbuzz and Arriva.

Because of this reorganisation within the rail sector, the future of the company
was uncertain due to political debate about award of the concession, which revolved
primarily around the optimal balance between public and private interests. The NS
operating companies devoted too much attention to pursuing their own objectives
and there was insufficient focus on integral cooperation in the chain. By focusing on
Return on Investment, management lacked sufficient focus on operational processes,
quality of service delivery declined and punctuality fell to below the 80 percent
standard. The president, the director of Internal and External Affairs and the entire
supervisory board resigned at the start of the century.

j.moerman@utwente.nl



1 Issues and Challenges in Transportation 5

Subsequently, a new NS management focused on five key objectives in order
to improve basic quality: punctuality, service delivery and information provision,
working on social safety, provision of adequate transport capacity, and ensuring
clean trains and stations.

In addition, there was insufficient focus on cooperation in the chain and sys-
tem integration by the so-called institutional trilateral consisting of the Ministry
of Infrastructure and Water Management (framework and supervision), the railway
infrastructure manager (ProRail) and transport providers (NS and others) (van Don-
gen 2015a, b).

The government conceded that maintenance of the rail network was overdue and
now invests robustly in maintenance and renewal of the railway infrastructure by
ProRail (Concession and Transport Plan for the Main Rail Network 2015–2025). NS
was awarded the concession for the primary rail network and over three billion euros
are being invested in new stock. The introduction of new stock did not go smoothly
because of insufficient focus on system integration and cooperation with suppliers
in chain. For a long time, there were teething problems with the introduction of
the Sprinter Light Train and the Fyra project with SNCB (Belgian railways) on the
high-speed line failed. It is impossible to specify everything in detail in advance
in the development and design of a complex installation and it is inadvisable to
place full responsibility with the supplier. The supplier must be held accountable for
the technical quality of the design, but the extent to which the installation fits into
processes is the shared responsibility of the client and contractor. For that reason,
now there is close collaboration on current orders of rolling stock with suppliers such
as Flirt (Stadler), Sprinter Nieuwe Generatie (CAF) and Inter City Nieuwe Generatie
(Alstom) to ensure quality and reliable deployment of stock in transport operations.

Partly influenced by the results of the Parliamentary Committee that investigated
the failure of the Fyra project, the Inspectorate changed its task from purely assessing
compliance with legislation and regulations to risk and information-driven method-
ology with consideration for social interests. The focus is shifting to monitoring the
social impact of technological and other developments in the context of the legal
basis. This is leading to a change in the relationship with the supervised rail infras-
tructure manager and transport provider(s), aimed at improved cooperation in the
chain and system integration while retaining the purity of the role of the supervisory
body. Nowadays this development within the institutional trilateral is in full swing.

There is more and more focus on system integration and parties work together
more intensively than during the period of autonomisation and splitting up of the
NS corporation. Implementation of operational improvements in recent years means
that frequency of trains along the large corridors has doubled and punctuality has
increased to over 93% percent. Putting customers first, door-to-door travel and sus-
tainability are important themes within the national scope of NS activities.

With the increased density of trains on the rail network (an intercity train every
10 min), management of transport and maintenance operations have been “merged”:
transport and maintenance logistics are so closely interwoven that a single model of
operational management, planning and (re)scheduling is appropriate. The statutory

j.moerman@utwente.nl



6 L. A. M. van Dongen et al.

Table 1.1 Data for Netherlands Railways main rail network

Key figures HRN Unit Intercity Sprinter 2017

Costs HRN Million 2.400

Costs per train kilometre Euro 18

Passenger kilometres Billion 14 4 17.9

Train kilometres Billion 78 50 128

Passengers per train 180 80 40

Speed Km/h 83 58 71

Full-time employees 17.071

board responsible for day-to-day operational management of NS now consists of a
Commercial and Development Directorate and an Operations Directorate.

NS develops an annual transport plan within the concession with the following
current policy objectives:

• Continuous commitment to reliable operational management;
• Further disclosure of data and transparency about performance;
• Strengthening of regional cooperation (Table 1.1).

1.3 NS and ProRail’s Investment Programmes

There are currently 2.2 million passenger trains in the Netherlands per annum.
Together, they cover 165 million train-kilometres per annum. Fifteen years ago,
that was just 129 million train-kilometres per annum (NS Annual Report 2017).

NS is investing in new Sprinters. 58 Flirt type trains from Stadler were taken into
service in the 2017 timetable. 206 Sprinters have been ordered from CAF and will
be deployed from 2019 to 2022. These trains comply with the latest strict technical
criteria, are energy efficient, have low floors for level platform-train access, and are
equipped with wide doors and sliding steps for easy accessibility. This expansion of
the fleet means 45,000 additional seats for NS.

NS ordered 79 new single-decker Intercity trains from Alstom, which will be
taken into service in the 2021 schedule. These trains have a total capacity of 25,000
seats and will be deployed on both the regular rail network and the high-speed line
(200 km/h). The trains are equipped with electrical sockets, Wi-Fi, air-conditioning
and wheelchair-accessible toilets. In terms of safety, the trains are equipped with
ERTMS and ATBvv. A cross-border variant to Belgium is being investigated (Pro
Rail Annual Report 2017).

NS is modernising 80 double-decker trains with 415 coaches under own manage-
ment. The design of the trains is being adapted to the changing needs of passengers,
for example, “comfortable” seats and a sofa, and led lighting that adapts to daylight.

j.moerman@utwente.nl



1 Issues and Challenges in Transportation 7

An energy-efficient air-conditioning system and closed toilet systems with bioreac-
tor have also been installed. Preparation is underway for modernisation of the next
sub-series (another 45 units with 244 carriages).

NS has committed at least three billion euros to the abovementioned investments
in rolling stock. The new generation of NS trains has low floors for level access to the
platforms and therefore have many installations on the roof. That means platforms
have to be used in the workshops so that engineers can work at the correct height
ergonomically and safely. Hydraulic platforms will be required and train washing
systems will have to be adapted at the service locations. Specific tools will have to
be purchased where necessary. This is how maintenance hardware for new trains is
being organised. NS invests 275 million euros in maintenance equipment.

The innovation and expansion of stations and the railway infrastructure is a
response to the growing and changing demand for mobility: greater transfer capacity
at stations and capacity on the lines. The state budget for management, maintenance
and renewal of the railway infrastructure amounts to 1.3 billion euros annually, and
700 million euros for expansion and newbuild.

By order of the Ministry of Infrastructure and Water Management, ProRail has
invested robustly in “world class stations”: Rotterdam, Delft, Den Haag Centraal
Station,AmsterdamCentraal,Utrecht,Arnhem,Breda andEindhoven,with excellent
provisions and connections to other modes of transport.

With the 2018 timetable going into effect, there are Intercity trains running
between Amsterdam and Eindhoven every 10 min. The same frequency of trains
is also planned for the Schiphol–Nijmegen and Breda–Eindhoven lines in future.
Expansion of infrastructure capacity is being achieved not onlywith quadruple-tracks
and flyovers, the “flow capacity” of large stations is also being increased with fewer
cross-linked approach and departure routes. Utrecht, the ultimate railway junction
of the Netherlands, connects millions of train passengers on their journey through
the country. Thanks to new straight railway tracks around the station, there is space
for more trains and reliable rail transport. There are now fewer railway switches
around Utrecht Centraal: only 60 of 186 remain. Trains thus have a fixed arrival and
departure track and can arrive and depart more quickly. An additional benefit is that
problems on one track do not affect other lines. This benefits the robustness of the
time table. Similar improvements are underway in Amsterdam.

With the larger fleet of rolling stock in the Netherlands, there is a shortage of sta-
bling capacity in several places and expansion is being achieved by building physical
rail capacity on one hand, and making more efficient and effective use of available
capacity on the other.

NS and ProRail plan to invest in new technology, such as ERTMS and 3 kV,
together.

j.moerman@utwente.nl



8 L. A. M. van Dongen et al.

1.4 Future Concession and Product Development

The government awardedNS the concession for themain rail network for 2015–2025.
The primary rail network roughly comprises the railways to and from large Dutch
cities that are connected by intercity services and local train services.

Product agreements have been made in this concession in terms of door-to-door
transport, passenger comfort and travel information, safety, punctuality, sustainabil-
ity, capacity and growth. NS is required to report on this integral performance trans-
parently. Cooperation with infrastructure manager ProRail has also been agreed, not
just in terms of the abovementioned objectives, but also in respect of investments,
developments and innovation, such as the introduction of ERTMS and upgrading of
energy provision to 3 kV, for example. Consumer advocacy organisations also play an
important role in this concession: active and constructive input, involvement in prod-
uct development and transparent insight into the development of Key Performance
Indicators. Effective cooperation with decentralised authorities is important. That
concerns the transport product and related activities related to door-to-door travel,
including for example, night-time demand for services, new stations, enhancement
of the station environment, bicycle facilities and parking spaces. Not only does it
concern local needs in large cities, but effective cooperation with the regions and
coordination of the wider transport offeringwith regional transport providers, with or
without converging lines: development of (integral) timetables, pricing agreements,
public transport payment system and validity of tickets.

Concession agreements about product developments have also been made in
respect of longer term developments: bicycle facilities at stations and on trains,
accessibility for passengers with disabilities, toilet facilities on trains and at sta-
tions, development of the fleet, such as newbuild and modernisation. Long-term
agreements also include capacity on the railways, such as increasing the frequency
of trains along the most important corridors (Eindhoven–Amsterdam, Schiphol–Ni-
jmegen and Breda–Eindhoven), integration of train services on the high-speed line
and primary rail network, installation and servicing of new stations, night-time ser-
vices, short cross-border journeys and long distance international connections.

Every year, NS prepares a transport plan with up to date objectives and KPIs (see
Table 1.2).

NS is led by three core passenger needs in terms of day-to-day operations and
product development:

• Control: “I have power/control over my own time and journey”. Punctuality in
terms of a reliable schedule and good train, bus, tram and metro connections. An
acceptable and predictable chance of finding a seat during peak and off-peak times.
Reliable door-to-door travel information and passenger information with a view
to informing action in the event of disruptions.

• Value: “I feel valued by NS”. Hospitality provided by approachable, friendly,
professional employees on trains and at stations. A clean and pleasant travel envi-
ronment. Positive interaction with readily available personal service provision:
service, shops, and customer services, in person or online.

j.moerman@utwente.nl



1 Issues and Challenges in Transportation 9

Table 1.2 NS concession KPIs for 2019

Performance indicators Base value (%) Achieved 2018 (%) 2019 goal (%)

General customer rating for the main
rail network

74 85.6 80

General customer rating for the
high-speed line

68 83.4 73

Punctuality of the main rail network
within a 5-minute margin

88.9 92.6 91.1

Passenger punctuality on the
high-speed line within a 5-minute
margin

82.1 82.5 84.1

Information about disruptions on
trains and at stations

75 85.2 80

Travel information about the rail
network

81.4 85.0 83.1

Availability of a seat on the primary
rail network in rush hour

94.3 95.1 95.5

Seat on the high-speed line in rush
hour

91.2 94.0 94.9

Quality of NS connections to other
providers

94.0 95.8 95.6

Customer rating for social safety on
trains and at stations

81 89.9 83

• Freedom: “I can go anywhere andmake good use ofmy time”.World-class stations
with good transfer, chain, accommodation and commercial facilities. Seamless
travel with quick door-to-door transport and easy access to all public transport and
chain services. Appealing use of time with facilities that enable productive use of
time (Wi-Fi and “quiet” seat arrangement in coaches), or a pleasant stay, such as
time for reading, inspirational outings and experiences.

In the context of management of the concession, protocols have been established
in relation to accountability information and frequency of consultation.

NS has a company-wide safety system with the relevant certification. NS has
certified quality systems in place in the maintenance and asset management domain
(ISO 9001 and ISO 55000). NS has developed a dedicated strategy for safeguarding
the production quality of new stock. This strategy is based on the principles of
risk-oriented prioritisation, early engagement, early recovery and active relationship
management in addition to pure contractmanagement. This strategy has been adopted
by the Human Environment and Transport Inspectorate and is part of a proposal to
improve roadworthiness.

In addition, NS participates in the International Round Rail Table, a partnership
initiative between a number of rail companies and rolling stock suppliers with the
objective of reducing the Total Cost of Ownership of rolling stock with shorter lead

j.moerman@utwente.nl



10 L. A. M. van Dongen et al.

times, standardised stock configurations, simple customisation and process improve-
ments aimed at extending the service life of new rolling stock.

In the transport domain, NS is developing the certified safety management system
into an integral quality management system aimed at quality of the transport process.
To remain on track, NS also regularly evaluates various elements of operational
management against benchmarks from other businesses.

The 2019 midterm review of NS performance for the current concession and in
preparation for a future concession takes place from the start of 2020: the current
2019 KPIs, completion of agreed programmes, bedding down of HSL traffic and the
consequences of decentralisation of local train services. A decision about the award
of the concession for the main rail network in 2025 and beyond will take place based
on this evaluation.

1.5 Attractive Physical Offering and Customer Journey

For NS, “the passenger comes 1st, 2nd and 3rd”. They have a primary rail network
schedule that meets their need for a seamless, robust door-to-door journey. Physical
accessibility, real-time availability of relevant information, ease of payment, service
and social safety are priorities for the customer’s journey (Fig. 1.1).

Passengers need to be able to rely on arriving at their destination on time. Current
passenger punctuality within a 5-minute margin stands at over 93% thanks to a
robust timetable and fine-tuned operational processes. It is a challenge to maintain
that with the high-density train programme (an intercity train every ten minutes).
The first step of implementation on the Eindhoven–Amsterdam line was successful.
This high level of punctuality and high density of trains on the network (5500 trains
daily) puts the NS amongst the Top 3 in the world. See the benchmark in Fig. 1.2.
Quality of connections to other transport providers stands at 95%, thus delivering
and an important contribution to a predictable journey.

1.3 million customers travel on the main rail network every day. The probability
of finding a seat with the current capacity of 250,000 seats is 95% thanks to higher

Fig. 1.1 Customer journey (NS Annual Report)
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Fig. 1.2 Punctuality (NS Annual Report)

frequency of trains and longer trains, facilitated by expansion of the fleet. Passengers
are continually updated on congestion and provided with travel advice via the NS
App.

Thanks to these performance levels, 86% of passengers give a customer satisfac-
tion score of 7 or higher, up from 75% in 2010 and 67% in 2005. Contributing to
this result are the hospitality of staff on trains and at stations, clean trains, waiting
area facilities and retail outlets at stations, good customer service, webcare and ease
of payment. The reputation of NS is evaluated constantly according to the RepTrack
method based on how the public views the best-known companies. It can be used
as an indication of the overall performance of rail transport across the Netherlands.
The RepTrack Pulse score has risen from 50 to 62 in the last 5 years.

1.6 Sustainability and Safety

With over 1.5 million journeys and visits to stations daily, NS has a great impact on
society in terms of mobility, safety, emissions and spend: sustainability is therefore
important! The environmental footprint is largely determined by energy consumption
and waste generated at stations, from trains and from workshops.

NS is one of the biggest consumers of energy in the Netherlands: 90% for running
the trains and 10% for buildings and facilities infrastructure. Since 2017, electric
trains in the Netherlands produce no CO2 emissions on balance, because the energy
is generated by wind farms in the Netherlands, Belgium and Scandinavia (in a multi-
annual contract with Eneco). The whole rail sector in the Netherlands participates
in this scheme, because NS procures green energy on behalf of VIVENS, which
comprises: ProRail, Arriva, Connexion, Kombi Rail Europe, DB Schenker, ERS
Railways, HSL Logistik, Rotterdam Rail Feeding and Ruhrtalbahn Benelux.
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NShas amulti-annual agreementwith the government to save 2%energy annually.
The objective is to be 35%more energy efficient in 2020 than in 2005.Meanwhile, the
meter stands at over 30%. The best way to reduce energy consumption is to increase
the rate of occupancy on trains: transport more people at times when there is space
on the trains, for example, by encouraging off-peak travel with cost-effective sub-
scriptions. Other measures have been implemented, such as energy efficient stabling
(lights and heating off) and transport operation (switching off of the traction in time
for coasting before braking). Development of the fleet with the decommissioning of
old stock and introduction of new, more energy efficient stock is contributing to this
objective.

New technical centres and workshops that are being built are BREEAM certified.
NS generates 18 million kilograms of waste from workshops, stations, trains and

offices annually. The Green Deal Afval agreement was signed with ProRail and the
Ministry of Infrastructure and Water Management. Over 80% of waste is separated
at workshops. The volume of waste at stations and on trains is being reduced by
distributing fewer newspapers and 25% of waste is separated for re-use.

86% of “old” train materials are re-used in the modernisation of trains: the frame,
insulation, doors, screens, dashboard panels, destination guides, steps and wind-
screens. Parts that cannot be used in modernisation, such as interior components and
upholstery, are stored in the warehouse as spare parts for the old fleet. Components
that need to be disposed of are separated for recycling. Between re-use and recycling,
95% of materials are given a second lease of life. Review periods are monitored crit-
ically in cyclical maintenance: for example, if a supplier prescribes an axle overhaul
after eight hundred thousand kilometres and that can be extended to over a million
kilometres based on maintenance research, it saves on components and materials.

NS has a single harmonised safety management system in place for the whole
organisation geared towards railway safety. It describes all safety-relevant processes
in a clear and consistent way, which promotes railway safety. The Human Environ-
ment and Transport Inspectorate conducted an evaluation and NS obtained certifica-
tion on that basis. NS is thus prepared for the changes that will be implemented with
the so-called Vierde Spoorwegpakket (fourth railway package) in the coming years
via European legislation.

With the increasing density of trains on the network, NS is obliged to invest in
further expansion of the ATB train safety system. Over and above that, work is under-
way to generate greater awareness amongst employees, innovations in the driver’s
compartment and communication with employees about work load, concentration
and distractions during work. Braking criteria (use of the emergency brake when
approaching a red signal) on Intercity trains are also being tightened up. ORBIT has
also been introduced: a system that warns drivers if they are approaching a red signal
at an excessive speed. These measures are necessary for preparation for the introduc-
tion of ERTMS (European Rail Traffic Management System) and ATO (Automatic
Train Operations). New technology is making it possible for different systems to
communicate with one another: the next step in safety and reliability of the train
service.
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1.7 Future Developments

The mobility landscape will evolve rapidly in the coming years. New forms of trans-
port (self-driving, automatic, demand-driven and electric) transport on the roads, in
bus lanes and on the railways will be a seamless part of a single, integrated mobility
system. ICT, digitisation, big data and interconnectivity are facilitating these devel-
opments. In addition, younger generations will experience a shift from ownership of
capital assets to collective use thereof: mobility as a service! The provision of good
connections according to the needs of passengers, companies and institutions is a
challenge on an (inter)national scale.

NS is working with transport partners ProRail and the Ministry of Infrastructure
and Water Management on implementation of the Lange Termijn Spoor Agenda
(Long-term Rail Agenda): the Programma Hoogfrequent Spoor (High Frequency
Rail Transport Programme) with an increase in frequency to 6 trains per hour on the
most important intercity lines. Under the auspices of the Mobility Alliance, organ-
isations from the bicycle, car, bus, taxi, tram, metro and train domains are working
together, not just in the Randstad Area (Amsterdam, Rotterdam, The Hague and
Utrecht), but also in the adjacent large cities and regionally. Apart from an improved
physical connection between different modes of transport, integrated travel planning
and information provision are facilitating quick and easy door-to-door travel.

TheEuropeanCommission approved the fourth railway package in 2016. This aim
of this package is to revitalise the rail sector through the creation of a singlemarket for
rail transport services on one hand and to remove the technical and administrative
limitations of cross-border traffic on the other. The rail sector is thus being made
more competitive. The fourth railway package consists, amongst others, of a review
of the Directive on the interoperability of the rail system (EU 2016/797) and the
Directive on railway safety (EU 2016/798) and provides for the establishment of a
European supervisory body, the European Railway Agency (EU 2016/796). This has
brought about a newway of operator licensing (one stop shop) and issuing of a single
safety certificate. There is particular emphasis on promoting a culture of safety and
harmonised, integrated Europe-wide ERTMS certification.

1.8 The Framework for Success

Given investment levels, deadlines for completion, lifespan and sustainability, it is
inevitable that the relevant parties, such as government, political, consumer advo-
cacy organisations, supervisory bodies, transportation companies and suppliers treat
one another’s strategic interests with respect: ultimately, product development comes
about in those circles. We divided them into four categories of user, operation, tech-
nology, and supplier in our previous study as shown in Fig. 1.3. The study concluded
that a close cooperation between these parties is a key to success (Rajabalinejad and
Van Dongen 2018). A successful cooperation requires a clear set of goals for all
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Fig. 1.3 Key factors for a successful transport system (reproduced by permission, Rajabalinejad
and Van Dongen 2018)

the parties and close cooperation to achieve them. In other words, cooperation in
the operational domain is the key demanding for openness, communication between
one another, and promotion of long-term relationships in order to encourage collec-
tive innovation of product, process and technology. A focus on shared interests and
opportunities as opposed to individual gain and risks will make the difference and
assure success.

Although close cooperation is the key for delivering proper services, it should
move towards co-creation in order to achieve a set of goals which are ultimately
(almost) equally important for the public. In other words, co-creation presents a
higher level of maturity in collaboration. Furthermore, these objectives are not static
and require dynamic strategies and a resilient approach. Digital services are example
services which are becoming continuously more important.

1.9 System Integration Is Inevitable

The previous paragraphs outlined essential cooperation across the axis of product,
process and technology delivered by installation suppliers: “horizontal” cooperation
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in the chain, with the increasingly compelling external influence as a result of market
demands in respect of product quality and thus also on processes and technology
(Fig. 1.4).

An integrated approach in the technical domain also plays an important role in
cooperation: “vertical” system integration! Increasingly, rolling stock is becoming
less of a “standalone” asset: consider the different elements of interrelated arenas:
infrastructure, processes, people, IT and cyber security (Rajabalinejad 2018). With
the forthcoming digitisation and technical complexity of installations, the indepen-
dence of suppliers is increasing. Faster and faster developments in these interrelated
arenas, coupled with forthcoming digitisation, are placing increasing demands on the
flexibility of legislation and regulations. By definition, this trend follows reality and
leads to more complex processes that have a strong influence on shaping cooperation
in the chain and system integration.

The following have been integrated in the NS domain in past years: rolling stock,
people, resources, methodologies and materials. More and more integration is taking
place across the piece with a view to the future: an integrated railway transporta-
tion system. This integrated railway transportation system also consists of a logistics
planning process with three assets (stock, infrastructure and personnel) connected by
processes and procedures. Integration issues arise at different levels within the trans-
port system (technical systems in rolling stock, technical interaction between trains
and infrastructure, the interaction required between technology, people and proce-
dures to run the trains and the interaction of moving trains with their environment).
The growing complexity of these interactions due to technological developments,
amongst others, is increasingly difficult to manage within the confines of a single
organisation. Organisational boundaries are more likely to present obstacles than to
facilitate solutions. Cooperation, therefore, needs to be shaped differently than in
client-supplier relationships, for example, by working in networks.

Fig. 1.4 Integrated transport system
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By way of illustration, consider the collective interests of ProRail and NS, the
Ministry of Infrastructure and Water Management and other transport providers in
ERTMS, the 3,000 V study and Wheel-rail Conditioning, which is being trialed on
Flirt as a potential replacement for Sandyte. These are examples of system advances
that will have a big effect on the transport domain. System advances that are essential
because the current infra system is pushing its technological boundaries. Classic
technology is also undergoing a shift in interests with the increasing axle loads of
Double Decker New Generation and axle counters in train detection, for example.
There are solutions in the offing with Hallbusch bearings in bogies: to be provided in
new, modernised units. In the maintenance domain, NS is progressing to condition-
based maintenance with Real-Time Monitoring of the fleet. NS is working with
ProRail on the Camino Rail project to monitor and evaluate the condition of the
infrastructure with standard trains. This could produce an important spin-off for
RTM across the entire railway system.

In the longer term, work is underway on the Prognostics and Health Management
of the fleet of rolling stock: for example, assessment of axle-bearing condition in the
field.

The University of Twente received a subsidy from TKI High Tech Materials and
Systems for the “Systems for Railways Advancement” project. It concerns broad
system integration, not just technology in infrastructure and stock, but in processes
too: human factors, decision-making and knowledge acquisition and sharing.

In addition to cohesion in terms of infrastructure, train IT is increasingly being
integrated with ground-based systems. The cyber security strategy requires the right
division of tasks and responsibilities, translated further into information technology,
operational technology (of the train) and themobility chain. Besides, this digitisation
and complexity of systems requires reflection on the manner in which knowledge
and continuity of operational management are safeguarded in collaboration with
suppliers.

1.10 Conclusions

The chapter presents an overview of the challenges for a frontier railway operator, the
Netherlands Railways. It concludes that successful operation roots in proper organi-
sational structure, political supports, and trans-organisational collaboration. It seems
that future demands for mature collaboration, and all the stakeholders will need to
work together to achieve their shared objectives. Furthermore, systems integration
becomes continuously more important, and it enables delivering state-of-the-art ser-
vices.
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Chapter 2
Human Factors in Maintenance
of Complex Transportation Systems

Miltos Kyriakidis and Sarbjeet Singh

Abstract Maintenance is a major component of complex transportation systems
safe and undisturbed operation. Despite technological advancements, maintenance
tasks andprocedures rely heavily on the performance ofmaintenance personnel.Alas,
due to the complexity and often limited time to perform and complete maintenance
tasks, as well as the usually difficult working conditions, maintenance personnel is
prone to error. Attention to human factors can, therefore, strengthen the performance
of the personnel and minimise the likelihood of maintenance related incidents and
accidents. This chapter contributes to the discourse of maintenance considerations in
transportation systems by concisely discussing the human factors involvement in the
maintenance procedures, offering a systematic approach to address human factors
in maintenance operations, and presenting the factors that affect the performance of
maintenance personnel. We expect our view to be instrumental for all stakeholders
involved with maintenance of transportation systems.

Keywords Human factors · Transport systems ·Maintenance · Contributing
factors · Systematic approach

2.1 Introduction

Humans and their performance have an essential role in the design, production, oper-
ation andmaintenance phases of equipment or/and system (Dhillon 2014). Figure 2.1
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Fig. 2.1 System life cycle versus four types of human error that causes system failure (Dhillon
2014)

illustrates this role and its contribution to the life cycle of a system against four types
of possible human oversights, which could potentially result in the system’s failure.

As shown in Fig. 2.1, the proportion of maintenance errors in the sys-
tem’s life cycle cannot be neglected. Further, European data (OSHA 2010) sug-
gest that 10–15% of all fatal accidents across Europe are related to mainte-
nance procedures. Therefore, a thorough understanding of the duties, actions
and time spent by the maintenance personnel in executing their various tasks,
could be very useful to investigate, identify and in turn analyse the occurrence of
possible maintenance errors.

With respect to complex transportation systems, aviation literature on commercial
jet flights (Hobbs 2008; Learmount 2004) indicates that maintenance failures have
emerged as the main cause of airline accidents and fatalities, surpassing the previous
predominant causes, i.e. the controlled flight into terrain. Additionally, inadequate
or improper maintenance represented the largest category causal for general aviation
accidents for the period 2009–2013 (Boyd and Stolzer 2015). Regarding ground
transportation, in particular, railway transportation, the literature (Federal Transit
Administration 2016) suggests that about 25% of all incidents were due to operating
rules violation, human factors and poor maintenance.
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2.2 Human Factors and Human Performance
in Maintenance

The UKHealth and Safety Executive (1999, p. 5) defines human factors as “the envi-
ronmental, organisational and job factors, and human and individual characteristics
which influence behaviour at work in a way which can affect health and safety”.
Human performance is broadly defined as “the human capabilities and limitations
that have an impact on the safety and efficiency of operations“(Maurino 1998, p. 29).

In this context, the Health and Safety Executive (1999) suggest that there are three
main categories of factors that affect human performance in any working environ-
ment, including maintenance, that is organisational, job and individuals factors. The
former embrace all the characteristics and attitudes of an organisation, and certain
organisational behaviours that influence the performance of employees (Kyriakidis
2013). Typical examples are the safety culture and safety management systems. The
job factors characterise the features of an executed task (Kyriakidis et al. 2012), while
the individual factors include the attributes and capabilities of a person, as well as
their skills and competence (Health and Safety Executive 1999).

Maintenance, especially where a system is required to be out of service, is often
subject to pressures and in turn, increased likelihood of errors and violations. Addi-
tionally, maintenance errors may result in severe economic impacts, such as delays in
operations (Pennie et al. 2007). Thus, the appropriate management of all the factors
that affect human performance, and their individual elements, is necessary to achieve
high standards of performance of the maintenance personnel.

2.3 Errors in Maintenance Procedures

Maintenance procedures are strongly dependent on the performance of the mainte-
nance staff and maintenance errors are generally described as latent failures (Pen-
nie et al. 2007). That is the personnel’s failure/oversight may not be observed until
sometime after the maintenance procedure has been completed. Therefore, the main-
tenance personnel not only may often not be aware of the consequences of their error
but they might also not be informed about their error.

The literature (FAA, n.a.; Farrington-Darby et al. 2005; Hobbs 2008; Mills et al.
2008; Pennie et al. 2007) argues that the errors caused by maintenance personnel
while executing their maintenance tasks or inspections can be classified into four
categories, that is (i) errors of omission, that is a failure to perform a necessary action
(ii) errors due to incorrect actions, (iii) errors that did not appropriately restore the
system to its operational state, and finally (iv) procedural errors.

Moreover, several studies (Dhillon 2014; Farrington-Darby et al. 2005; Gibson
et al. 2005; Singh et al. 2017; Smith et al. 2013) show that there are several contribut-
ing factors to maintenance errors. Some of the most important contributing factors
are listed in Table 2.1.
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Table 2.1 Contributing
factors to maintenance
personnel errors based on the
HSE (1999) classification

Contributing factors

Organisational factors Outdated maintenance manuals

Poor equipment design

Not appropriate maintenance tools

Poor working environment

Poorly written maintenance
procedures

Inadequate training

Job factors Complex maintenance task = s

Time pressure

Individual factors Fatigued maintenance personnel

Lack of experience

To achieve high standards of maintenance and avoid errors it is therefore of
paramount importance to manage efficiently the three categories of factors that affect
human performance, as well as any of the identified contributing factors. This implies
that an organisation must have a constructive and efficient safety management sys-
tem, as shown in Fig. 2.2.

Policy and organising refer to the organisational structure and allocation of
resources to ensure control of activities, co-operation and communication within
the organisation, and finally appropriate personnel competence. Planning and imple-
menting describe the necessary maintenance work to be done, with the relevant risks
assessed and diminished. Finally, the measuring of performance and review are asso-
ciated with the need of a solid self-regulation process within the organisation, which
is supported by inspections, audits and reviews (internals, as well as externals). On
the one hand, inspections ensure the regular monitoring of procedures and working
conditions. On the other hand, audits and reviews are employed for the recurring
assessment of the organisation’s performance.

Policy and 
organising 

Planning 
and 

implementing 

Measuring 
performance 
and review 

Fig. 2.2 The elements of a constructive and efficient SMS (Health and Safety Executive 2000)
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2.4 Addressing Maintenance Errors in Transportation

There are different approaches used to identify human factors issues and incorporate
user capabilities and limitations into systems, which all aiming at executing one or
more of the following tasks (FAA, n.a.):

• identify the characteristics of the personnel
• identify the task requirements
• evaluate jobs, tasks, or equipment

Figure 2.3 illustrates a systematic approach to address the human factors consid-
erations in maintenance operations. It includes six steps and aims to support anyone
who is responsible for managing maintenance operations and/or improving mainte-
nance performance. It is designed to help address the human factors considerations
that could significantly contribute to increased occurrence of human errors and/or
poor maintenance performance.

Step 1 involves the identification of tasks to be performed at a gross level (i.e., each
task is represented by one complete operation), and those associated subtasks essen-
tial for the task completion. Step 2 is concerned with the identification of potential
errors and those contributing factors that affect human performance and potentially
lead to such errors.

Step 3 involves the gathering of necessary data from several sources, including in-
house operations/observations, relevant literature, and interviews with subject matter
experts. Based on the collected information, Step 4 aids the organisations to investi-
gate possible issues in a more thorough manner by suggesting a battery of questions
for the maintenance personnel. Finally, Step 5 provides information on how to assess
any supportive interventions to mitigate maintenance errors. Such interventions are
usually derived from the interviews with the personnel in Step 5, or/and pertinent
workshops. Step 5 also provides suggestions on how to employ the collecting data,
identify good practices, and in turn select the most suitable and effective human
factors solutions.

Fig. 2.3 Systematic process
for addressing human factors
considerations in
maintenance operations
(adopted from (Dhillon
2014; Mills et al. 2008) and
modified by the authors)

Iden�fy tasks and subtasks
for each of the tasks

Iden�fy poten�al errors and
contribu�ng factors

Acquire empirical
performance data

Decision making aid

Selec�ng solu�ons and
interven�ons
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2.5 Conclusion

Maintenance errors have been identified as causal factors in a number of transporta-
tion accidents, particularly in aviation and railway sectors. While maintenance errors
in the past were usually viewed as failures of individuals to perform their assigned
tasks, it is well acknowledged nowadays that such errors are due to the interaction
of individual, job, and organisational factors. Thus, organisations need constructive
and efficient safety management systems to achieve high standards of maintenance
and avoid potential errors and failures.

Such safety management systems need to have a dual aim. First, to eliminate the
probability of maintenance errors by identifying, defining and finally preventing any
possible error-producing conditions within the organisation. This typically involves
all the organisational contributing factors such as outdated maintenance manuals,
poor equipment design, inappropriatemaintenance tools, poor working environment,
poorly written maintenance procedures, and inadequate training.

Second, to help and support organisations to acknowledge and accept that errors,
including errors happening in maintenance, may be reduced to a great extent, but not
entirely eliminated. The organisations shall, therefore, learn to manage the inevitable
threat of maintenance errors in the same way they deal with any other unavoidable
threat, e.g. natural hazards. For that reason, organisations have to move from the
error towards the resilience paradigm. Organisational resilience will then ensure that
efficient control mechanisms are in place to identify, prevent or, if failing to prevent,
minimise the consequences of the errors that may occur in spite of the efforts of the
organisation.
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Chapter 3
Systems Integration for Railways
Advancement

Mohammad Rajabalinejad, Lex Frunt, Jeroen Klinkers
and Leo A. M. van Dongen

Abstract Systems integration is a widely recognised challenge. Different industries
need to upgrade their systems and integrate new technologies. For example, the Euro-
pean rail sector faces a huge challenge to upgrade its fragmented rail network and
make it interoperable. The railways in the Netherlands, managed by different stake-
holders, have also experienced integration challenges. The Dutch High-Speed Line
(HSL), FYRA, ERTMS, and the introduction of new commuter trains are examples
of these challenges. The article describes this principal challenge for the rail sector to
properly upgrade its interoperable services and smoothly integrate new technologies
into currently operating infrastructures by including the technical and non-technical
factors.

Keywords System integration · Safe integration · SIRA · Railways

3.1 Introduction

Smart mobility is strategically important for modern urbanisation where public
transportation is of essential value. According to the HTSM (high-tech systems and
materials) roadmap for automotive industry (see https://www.hollandhightech.nl),
“The priority allocated to public transport must increase with the size and density
of cities, especially through dedicated infrastructure for public transport in major
cities, such as Bus Rapid Transport, Light Rail, automated metro, regional and sub-
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urban services and their combination.” Evidences that support this statement are for
example increasing congestions or scarcity of public spaces which make automated
metros and trams attractive for urbanisation. Modern urbanisation demands for fully
automated trains travelling across cities or countries facilitating green and quality
mobility of passengers or goods across the whole Europe. Smooth integration of new
services into the operating system and transformation of those operating systems into
an efficient and interoperable operating system are significant challenges identified
across different industries.

3.1.1 User Needs

Public demands for safety, quality and greenmobility, higher travelling speed, higher
capacity and punctuality while the cost remains a choice factor. As customer needs
push for efficient, low-cost, and predictable processes and performances specially
for safety-critical systems such as rail transport, flawless integration of technology
within operating system and its environment becomes the competitor advantage. In
other words, as complexity of systems and rapid change of customer needs push for
higher performances, proper integration in the absence of a single system integrator
is becoming the fundamental issue. Embedded systems are promising to optimally
resolve this integration problem. But they also need new designmethodologies which
support integration of hardware, software, infrastructure, sensorial data and infor-
mation, experience and knowledge, ICT and communication infrastructure, human
factors and culture, and decision support systems in order to properly address stake-
holders’ needs across the full project lifecycle. As a result, future-success demands
not only lean production but also lean integration. Figure 3.1 presents an overview
of these competing or conflicting factors which need to be integrated by the support
of science and technology for users.

3.1.2 National Needs

The Netherlands is introducing new and complex technology to its rail systems. The
new systems are entering the operating railways and theymust be properly integrated.
WhileATB (Automatic TrainControl) is being replacedwithERTMS (EuropeanRail
Traffic Management System) level 2 and its integration with the operating system
is an important concern, ERTMS level 3 and ATO (Automatic Train Operation) are
just waiting to be integrated with the functional railways. Upgrading of the traction
power supply system from 1.5 to 3.0 kV is being studied. At the same time, the
system performances are increasing, and public becomes less tolerant to surprises.
Next to public, there aremultiple stakeholders for the rail system in the Netherlands.
The stakeholders have different objectives and interests, various responsibilities,
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Fig. 3.1 Safe integration is a world recognised challenge which needs to bring science, technology,
and human next to each other

distinctive skills, and particular views. They often require optimal performances and
lower integrity margins.

Next to these, the complication of complying with recent regulations leads to
responsibilities to be clarified among the stakeholders requesting extra resources
with regard to time, energy or cost. Such complications have direct influence on
the decision-making process and may delay design or operational decisions. These
enforce the use of new technologies and systems such as real-timemonitoring (RTM)
or big data prognostics and health management e.g. for the wheel-rail interface (to
reduce noise, wear and slipping wheels/sliding trains). At the same time, public
environmental demands (e.g. EMC, reuse of materials, etc.) have to be fulfilled.
These challenges are beyond technical processes and influence systems integration
in complex and multi-stakeholder environment where striving for perfection remains
the big challenge.
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3.1.3 European Goals

Europe has ambitious goals for mobility and rail transport. For example, one of the
targets is that “thirty percent of road freight over 300 km should shift to other modes
such as rail or waterborne transport by 2030, and more than 50% by 2050, facilitated
by efficient and green freight corridors.” Another goal is that “By 2050, all core
network airports should be connected to the rail network, preferably high-speed”, or
“All core seaports are sufficiently connected to the rail freight and, where possible,
inland waterway system.” This leads to an integrated European rail area operating
safely across the whole Europe.

Europe needs interoperable railways, but there is a high degree of fragmentation
for its rail system not only because of the interconnectivity matters but also because
of the multi-stakeholder nature of making decisions, particular views or interest,
variety of operating systems, or various rules and regulations. ERTMS facilitates
interoperability among countries aiming to improve safety, reliability and capacity
of the railway system. Furthermore, it influences the supply market and increases
competition within the industry. However, extra rules and measure can lead to extra
complexities whichmay increase the chance of surprises. The risk of surprises makes
rail transport less attractive for passengers than other alternatives such as automatic
guided electric vehicles threatening the whole rail sector. Proper integration of new
systems can quickly decrease the scope of these problems.

3.1.4 Safe Integration

Safety surprises happen if a new system is not properly integrated. The surprises
include intentional or non-intentional incidents, failure of transportation systems,
poor-design or maintenance, incompetent use or misuse of the facilities. Such fail-
ures can have a domino effect on thewhole system and influence the key performance
indicators and discard the system qualities. Because of the increasing systems inter-
connectivity, the side-effects of these surprises become large scale, complex and
beyond the foreseeable outlook.

Unsafe, flawed, or improper integration can result in damage to properties, envi-
ronment or human life. In theNetherlands, the design, implementation (2009) and use
of the Dutch High-Speed Line (HSL) and FYRA are known examples of improper
integration. FYRAwas an international high-speed rail servicewhich did not success-
fully integrate with the high-speed line. Infrastructure and the operating platforms in
the Netherlands and Belgium. After a month of operation, about 4.5% of all trains
were cancelled and less than 71% of them ran on schedule (less than 6 min delay).
Another example is the introduction of new rolling stock which running conditions
are much better than rolling stock of previous decades. Learning from the past, the
Netherlands has a successful experience for the integration of Flirt and Sprinter New
Generation (SNG). The train service with Flirt trains started in December 2016 and
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reached its target punctuality. The train service with SNG trains started in December
2018 and reached its target punctuality as well. In other words, the smooth intro-
duction of new rolling stock requires additional measures. Due to different product
life cycles for both rolling stock and track components integration issues can always
occur and affect the development of the railway system as a whole.

3.1.5 Lagging Tools

Toovercome the above-mentioned challenges for theEuropean rail sector,weobserve
that there are no design tools or processes to be optimally utilised to overcome them.
It, therefore, demands for the use of state-of-the-art technologies to monitor, control,
and manage the traffic system across Europe where embedded systems are the inte-
gral elements. These challenges request methods that support change or upgrade of
rail infrastructures and prepare us for new technologies such as fully automated trains
or metros. We need to develop appropriate methods in co-operation with stakehold-
ers and test them on cases including the European Rail Traffic Management Systems
(ERTMS) where all the above-mentioned aspects must be optimally integrated in
order to reach the desired performances. This starts with development of technolog-
ical platforms that support integration in system of systems. That requires proper
knowledge about variations in user needs, use environment, capabilities, and inter-
faces for systems over time. For this purpose, Model-Based Systems Engineering
is a fundamental technology enabler for building the framework. Furthermore, to
make interoperable systems, not only hardware and software but also human factors
and culture play dominant roles. We believe that the fundamental technologies for
effective communication and collaboration inmultidisciplinary design teams support
developing the required tools.We need to keep system qualities in balance from early
design since a proper balance between functional and non-functional performances
ensures sustainable development. We need verified methods facilitating smooth inte-
gration of high-tech systems such as ERTMS Level 3 with operating infrastructures
by including the (non-)technical factors.

3.2 Scientific Challenge

Systems integration is a scientific challenge where academia and industry need to
collaborate to properly address the relevant issues. We observe that the currently-
practiced tools are not sufficient to catch up with the technological developments
and scientific basis to overcome these challenges. From the academic perspective,
integration is still an unresolved issue. The complete system definition often does
not exist as a result of unclear boundaries for the system or environmental dynamics.
Furthermore, the system or subsystems are under the influence of (non) technical fac-
tors. Furthermore, many non-technical considerations are falling behind the formal
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definition of systems integration. For example, Systems Engineering offers proven
techniques for integrating systems, yet its handbook lists integration among the tech-
nical processes (Walden et al. 2015). In the industrial perspective, a reliable platform
for systems integration needs to be developed, tested, and validated. An example
for this is the European Norm for the rail sector EN 50126-1. This standard defines
integration as the process of assembling the system elements according to the design
specifications. It pays specific attention to the integration process and positions it
after manufacturing according to the standard “V model” in Systems Engineering as
presented in Fig. 3.2. However, this process is not linear in practice and due to differ-
ent product life cycles for different system components, integration issues regularly
occur affecting the development of the railway system as a whole.

Our earlier research reveals that the overlap between systems engineering and
program/project management covers most of integration challenges and concerns
(Rebentisch 2017, Rajabalinejad and van Dongen 2018). In other words, proper sys-
tem integration requires the knowledge of systems engineers, project managers, and
system operators. Not only technical requirements and interfaces but also experience
and knowledge reduce the risks for integration problems. Safe integration, which is
a desirable state for policymakers at the national and European level, is under the
influence of organisations, management, and technology. As results, we identified
four areas that profoundly contribute to systems integration. These areas are system
definition and overview, coherent frameworks for communication and framework
for making decision, and body of knowledge for dissemination as shown in Fig. 3.3.
This figure presents all four core-areas and the need for their interactions. Next, we
explain our methodology to tackle with these four areas.

Fig. 3.2 Co-creation and co-integration through the V model for rail industry. Adapted from
EN 50156 (2015), See Rajabalinejad 2018a
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Fig. 3.3 This figure presents the focus areas for four pillars for systems integration

3.3 Methodology: Industry as Laboratory

We need to integrate practitioners’ knowledge with research by using the princi-
ples for the “industry as laboratory” concept. This implies that the researchers have
to spend enough time together with industrial partners. In addition, they define the
problem and research methods under the influence of both academia and industry
benefiting from the expert knowledge and published literatures. This collaboration
can result in a proper mix of empirical and theoretical research and a good bal-
ance between qualitative and quantitative data analysis. Furthermore, this approach
ensures that the research trajectory is properly customised to the industrial needs.
Moreover, the researchers must actively take part in different running projects, try
to implement their findings, and collect and analyse expert feedback. From the per-
spective of the rail sector, the results should contribute to an approach with which the
rail sector achieves validated measures at the interface of infrastructure, rolling stock
and people including both passengers and working staff. The results also contribute
to faster decision-making and implementation of measures at these interfaces, which
have already proven themselves in demonstrators and pilots.

To outline the scopes, we investigate the rail transport as a critical element of
the transportation system seeing safety as one of the performance indicators along
with the other key indicators for decision makers. Here, the strategy is combin-
ing technology with experience. For example, this article is an example for such
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combination where interviews, workshops, meetings, and collaborations have
resulted in describing the gap in systems integration and making a bridge over it.
Such a strategy requires amix of deductive and inductive approaches realised primar-
ily through the case studies. In other words, the approach includes literature review,
archival research (documents and records), interviews, observation, and grounded
theory. Next, we present an overview of our approach and the expected outcomes in
further details.

3.3.1 System Definition

Our study shows that there are three building blocks for the safe systems integra-
tion. These are people, system or asset, and the environment as shown in Fig. 3.4.
While the definition of a system and its properties is rather established by practices
such as systems engineering, and the interaction with the dynamic environment is
well-thought, people, their expectations from the system, and their interaction with
the system remain as a subject for further research. Not only the relation between
human and system, but also the relation between human and human, and the rela-
tion between human and the environment can influence a system. This is the first
step for system definition, and the information about these building blocks and their
relations is available in different forms, and it can be obtained from people or sen-
sorial data. We observe the need for moving beyond technical system definition in
order to learn from management and operational practices and learn from studies

Fig. 3.4 People, system and
environment are the building
blocks for system design and
safety
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on human behaviour as individuals, teams or organisations. We need to learn from
the pragmatic approach used in industries to deal with this information, channel
human information streams, identify the needs for sensory data, and design cus-
tomised interfaces for optimal integration of these interfaces. There are two critical
success factors in this context: first, a clear set of objectives across the stakehold-
ers and second, co-operation for creation of values (Rajabalinejad and van Dongen
2018). A proper system definition, a clear set of shared-objectives, transparent tasks
or responsibilities, and well-designed interfaces are key for effective communica-
tion, collaboration, co-creation, co-integration and co-operation. Therefore, system
definition and overview are among principal needs for co-operation.

3.3.2 Integration Framework

An integration framework needs to be capable of storing the information for system
definition and incorporate them to the design or the operation of a system (Rajaba-
linejad 2018b). This composes of physical components of a system, their interactions
or interfaces, and the resultant functions or behaviour which need to comply with
the requirements. While technical interfaces are subject to technical models, inter-
faces between human, assets and environment require research. This part requires
a formal approach to architect the framework, design required supporting systems,
deal with uncertainties by fusion of precise and imprecise data and consolidate the
customised interfaces. In other words, the model needs to capture the pragmatic
information needed for a successful definition of the system in order to support
well-informed decisions. Here Model-Based Systems Engineering is a fundamental
technology enabler, and a model for architecture overview is the supporting technol-
ogy for this. This technology provides us the possibility of creating full-scale models
for the system elements and interfaces. It enables to track, assess and manage the
impact of physical or logical changes across the complete system. This is essential
for management of capital assets or big data.

3.3.3 Body of Knowledge

A framework facilitates knowledge management, yet it presents shortcomings when
the knowledge becomes tacit. Misuse scenarios are examples for tacit knowledge
related to the system. Another example is human error analysis and error reduction
measures. Tacit knowledge requires transformation to explicit knowledge in order
to be captured, shared, and maintained. This requires an understanding of knowl-
edge dissemination processes. A closer look into the knowledge sharing process
highlights the need of different management approaches for tacit and explicit dimen-
sion of knowledge. Body of knowledge investigates the relevant knowledge for sys-
tems integration and consequently, facilitates communication among stakeholders
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by state-of-the-art technologies e.g. augmented reality or remote table. Furthermore,
it customises interfaces for the use of best practices among the stakeholders, learn-
ing from experience and sharing recommendations. A solid foundation for capturing
and disseminating knowledge is a need for suitable growth. Knowledge about past
lessons, best projects and successful experiences, or design and construction con-
cerns can help integrating new system components or technology components into
the operating systems smoothly and seamlessly.

3.3.4 Decision Support

Well-informeddecisions require a holistic viewand a proper understanding of people,
asset, and environment, their relations, past experience and future demands.We need
to utilise technology for architecting a platform which enables looking at the rail
transport, enabling zoom-in and zoom-out to make the right information available
for the right person at the right moment. We need to clarify and consolidate system
interfaces to support the decision makers.

For successful operation, there is a need for the right information and at the right
moment enabling right decisions. This information includes knowledge of gover-
nance and policy, capabilities, norms and culture, and the alternatives. An example
for this is trade-off among safety, cost, capacity and speed requires experience, man-
agerial or leadership skills, supporting information and technological enablers. In
this context, not only the shared-objective but also trust and experience play major
roles in the multi-stakeholder decision-making processes through cross-functional
or cross-organisational matters.

3.4 Example Applications

Automatic Train Operation
Automatic Train Operation (ATO) delivers new opportunities for the rail sector. It
enhances capacity, improves reliability and availability, facilitates Trans-European
interoperability, and optimises traction energy while it prevents uncontrolled com-
plexities in the system. Proper integration of ATO into the currently operating system
requires to be smooth and without interrupting the service delivered by the rail sec-
tor. This requires a proper understanding of the system hazards and associated risks.
Fortunately, there are many lessons learned by the automotive and aviation industry
about the automatic operation of vehicles. Countries such as the United Kingdom,
Germany, France, Denmark, and Australia have already partially implemented the
ATO technology for trains (developmental stages or track is limited). Automation for
trains is defined in terms of Grades of Automation (GOA), these grades of automa-
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tion were obtained by IEC 62267:2009, Table 3.1 depicts the Grades of Automation
for passenger trains.

These five levels of automation have been further explained through the text below.

0. At the zero grade of automation, the basic functions of train operation are under
the responsibility of operations staff.

1. At the first grade of automation or NTO, system and the operation staff are
responsible for ensuring safe movement of trains. The system and equipment
ensure safe route avoiding collisions, red signal overrunning and exceeding speed
limits by applying brakes automatically. The other basic functions remain under
the responsibility of operations staff.

2. At the second grade of automation, the system ensures partial or automatic train
piloting and driverless functionalities. The STO systemperforms all the functions
performed by the driver apart from the closing doors. The closing of the doors
must be done by the driver. An attendant is required in case of an emergency.

Table 3.1 Grades of automation for passenger trains. X: responsibility of operations staff. S:
realised by technical systems

Grade of
automation
(GOA)

Type of
train
operation

Ensuring
safe
movement
of trains

Driving Supervising
passenger
transfer

Operating
a train

Ensuring
detection
and man-
agement of
emergency
operation

GOA0 On-sight
train
operation
TOS

X X X X X

GOA1 Non-
automated
train
operation
NTO

X, S X X X X

GOA2 Semi-
automated
train
operation
STO

S S X X X

GOA3 Driverless
train
operation
DTO

S S X, S X X

GOA4 Unattended
train
operation
UTO

S S S S S and/or X
(in control
centre)

j.moerman@utwente.nl



38 M. Rajabalinejad et al.

3. Driverless train operation or DTO is the third grade of automation. At this stage,
the system performs automatically normal operations such as route setting and
train regulation. DTO system can supervise passenger transfer, yet the train oper-
ates under the responsibility of operations staff.

4. At GOA4 the automated train control system will work alongside with the sin-
gling systemwhich includes the interlocking, track vacancy detection, automatic
train supervision, and communication system. Only ensuring detection and man-
agement of emergency situation remains under the joint responsibility of the
system and operations staff.

At the moment, most of the autonomous trains can be found in the form of the
urban metro transport system. Efforts are being carried out to increase the distance
and effectiveness of the system. Currently Singapore metro holds the record for the
largest operator of GoA4 grade of the metro which is fully automated and spans a
length of 93 km. In theNetherlands,AmsterdamMetro isworking on the construction
of five lines of the fully automated system and which would be operational shortly. In
Australia mining company Rio Tinto has successfully operated the world’s first fully
autonomous, long-distance, heavy-haul freight train with three locomotives carrying
about 28,000 tons of iron mine from the Tom Price mine to the port of Cape Lambert
which covers more than 280 km [2]. In the Netherlands, ProRail (in collaboration
with Alstom and Rotterdam Rail Feeding) is currently testing an automated freight
train which can travel about 100 km without any driver intervention. The testing
is being carried along the Betuweroute, a 150 km double track freight railway line
connecting Rotterdam to Germany. For now, the autonomy in trains is just restricted
to urban metros and freight trains operating in the isolated region.

In order to achieve safety objectives set by the European Council, European Rail
Agency (ERA) analyses different sets of data received from various supporting bod-
ies andmember states to propose the set of regulations needed to achieve safety. ERA
aims for the effective functioning of a Single European Railway Area without fron-
tiers (www.era.eurpa.eu). It, therefore, demands proper risk evaluation and assess-
ment for addressing the European Railway Safety Directive (Directive 2016/798).
Based on the Safety Cube (see Rajabalinejad 2018b), Table 3.2 provides a summary
of key factors for safe integration of automatic train operation from the structural,
operation, or functional perspectives.

3.5 Conclusion

The outcomes of proper systems integration support the rail sector to properly
upgrade its services and smoothly integrate new technologies, products and ser-
vices into currently operating infrastructures. The knowledge of systems integration
provides benefits for different industries. Workshops and trainings are needed to
enhance the integration knowledge for different project partners within the rail sec-
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Table 3.2 Functional, structural, and operational aspects for safe integration of automatic train
operation

Functional aspect Structural aspects Operational aspects

Environment or super
system

Trans-European
interoperable
services,
lifecycle-cost
reduction, high safety
level, international
integration plans and
standard practices
supported by ERA

Compliance with
operating
infrastructure
including tracks,
stations, level
crossings, or
platforms, data
storage in
infrastructure, tracks,
stations

Business benefits,
world-class services,
migration strategies,
universal concept of
operation,
well-trained
personnel

System of interest Enhance capacity,
optimise traction
energy, controlled
complexity, 24/7
services,
self-integrity check,
minimal human
oversight,
well-informed
operation, system
override and
emergency
responses, sensing
natural disasters, EM
waves

Integration with
ECTS, real-time data
collection, real-time
self-integrity check
for train, rail,
signalling systems,
and other
infrastructures,
integrity of control
system software

Resilient services,
optimal
performances,
time-table
construction,
high-capacity,
high-density
services,
cyberattacks,
intentional
derailment, and
collision, terrorism
and criminal acts

Subsystems or
components

GSM-R or other
communication
networks, automatic
door system,
automatic track
changes, intrusion
detection system,
data fusion

Real-time condition
monitoring for the
operating systems
and infrastructures,
door mechanisms,
braking system and
distance, traction
power supply,
obstacle detection on
the track

Station stopping
position, variable
train length, door
operation and closing
time, train dispatch
process, maximum
allowable door
opening time,
driver-assistant
technologies, cab
signalling, air
contamination

tor. Systems integration demands for a platform that not only can properly integrate
the interfaces among systems, environment, and people but also facilitates faster
decision-making in the complex and multi-stakeholder railway sector.
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Chapter 4
Design for Maintenance
of Infrastructures: The Lesson
of the Morandi Bridge

Alberto Martinetti and Sarbjeet Singh

Abstract Design for Maintenance (DfM) is an important aspect to consider during
planning phases of an infrastructure. Despite its importance in ensuring, for instance,
reliability and safety during all the life of an asset, last decades show how it has been
often neglected in order to save time, money, materials, resources, etc. The chapter
aims to navigate through the most important aspects to consider for a proper DfM.
Firstly, an introduction on DfM and transportation infrastructures will be offered.
Secondly, a reflection on a major accident occurred to a motorway infrastructure in
Italy (Morandi bridge) caused by an apparent lack of maintenance and DfM will
be proposed. Lastly, the chapter will discuss the findings and will look into future
actions and researches to take in order to prevent disruptions with the adoption of
valuable maintenance operations.

Keywords Design for Maintenance · Infrastructures · Morandi bridge

4.1 Introduction

The world is rapidly changing. The population is growing. Resources are running
out. In the coming years, the society will face an increasing request for needs to
supply in the most efficient way.

Infrastructures represent the “blood” vessels of the society, in which passengers
and our goods travel. Water, sewage, electricity, heat, vehicles, trains. They influ-
ence lives and they affect the reliability, the liveability, the maintainability and the
sustainability of cities. As defined in the Cambridge Dictionary, an infrastructure is
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“the basic structure of an organization or system which is necessary for its operation
…” (Cambridge Dictionary 2019).

As pinpointed by Parlikad and Jafari (2016), the management of infrastructures is
deeply influenced by different types of factors: financial climate, regulations, ageing,
network effect, multi-stakeholder perspective, silo mentality, personnel skills, etc.

When those elements do not cooperate together, multiple issues can arise. From
2013, 11 bridges collapsed in Italy due to different causes linked to those factors.

This fragile situation creates a series of important challenges to face such as asset
performance monitoring and prediction, data management, maintenance manage-
ment, cost/benefit optimisation and organisational cultural changes.

Maintenance engineering plays a vital role in ensuring the general durability of
an asset. Maintenance work programs are required to ensure performance and level
of service to the society (Mirzaei and Adet 2016).

Lack of maintenance leads to accidents, to environmental disasters or to unex-
pected downtimes costing money and time. However, despite its importance, for
years maintenance has been treated as a dirty, boring and “ad hoc job” (Lee and
Wang 2008) as secondary research field with few scientific challenge opportuni-
ties. However, in literature according to Fraser (2014) 37 maintenance management
models are available. Only few of them as Total Productive Maintenance (TPM)
and Reliability Centered Maintenance (RCM) are the most discussed and tested in
academic journals (Fraser et al. 2011).

4.2 Design for Maintenance (DfM)

DfM is the set of design processes carried out during the design phase of a product
or asset focused on planning all the actions necessary for ensuring their sustainabil-
ity during the life cycle. As also explained in Martinetti et al. (2017), DfM con-
cept embraces more than reliability, availability, maintainability and safety (RAMS)
aspects. It includes concepts such as supportability, health, environment, economics
(also known as life cycle cost (LCC)) and politics. If one of those parameters is
neglected during the design phase, the whole system will show failures and/or inef-
ficiencies.

4.2.1 Potential Errors/Negligence in DfM Versus Costs

Even though working to somany directions during the design phase requires relevant
resources, as suggested by Smith (2014), DfM needs to be considered as part of
the investment process. Despite the difficulty in precisely quantifying the impact
of wrong or absent DfM decisions, several studies (Arnold 1964; Riddell 1981)
confirm that investing in maintenance in the engineering phases results in relevant
maintenance cost reduction during the operating life. The latter is also confirmed by
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the impact thatmaintenance has on the overall cost: between 25 and 200% (depending
by analysed product or asset) of the initial investment is usually spent in maintenance
operations (van Dongen 2011).

Moreover, as highlighted by Okoh andHaugen (2013) maintenance anomalies are
a strong contributing factor in several major accidents occurred in the last decades.
Proposing an analogy with Safety problems, it is possible to state that (Fig. 4.1) a
large percentage of potential errors/negligence in maintenance is made during the
design phases (consequently related to DfM), when the impact of the decisions is
tremendous. It is also interesting to notice how the financial resources that need to
be invested in the design phase for ensuring proper reflections and best solutions in
terms of reliability of the product, are a “little-o” (Landau 1909) of the resources
needed during the construction/commission.

Especially in the design and construction of infrastructures, where the expected
operational life is tens of years (i.e. for bridges and viaducts is between 80 and
100 years for main structural elements), the proposed relation between potential
errors/negligence and costs is valid. It is notable to highlight clear that almost half
of the potential errors (≈50%) can be made during the preliminary project, when the
specification of the asset needs to be achieved still at a systemic level.

It becomes more clear for the reader if he/she will compare the process to cook
a delicious pizza to the process to design and build a road (Fig. 4.2). If errors are
made during the system level specification in terms of traffic volume or number of
pizza eaters, possible trajectory or general ingredients, the whole dimensioning and
solutions will be inaccurate causing an over or under sizing of the product or asset.

Fig. 4.1 Potential errors/negligence in DfM versus costs during design and construction phases
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Fig. 4.2 Potential errors and costs comparison between road design and construction and pizza
making

This situation will generate inefficiency, problems or waste of resources during the
all operational life.

A similar argument is valid for the next design phases and for the construc-
tion/commissioning phase.

The main message to remember is how the design phase normally affects not
only the project, as said, but the entire life of the product. The concept behind,
well known as “Prevention through Design” (NIOSH 2016), is a basic approach in
design engineering for paying the right attention to vital aspects such as safety and
maintenance that need to be considered as important investment for future reliability
of product/asset in the working life.

4.2.2 DfM Driving Factors for a Long Term Strategy

As briefly mentioned, during the design phase there are several factors to consider
regarding maintenance at different levels and for different life cycle phases of the
product/asset. Van Dongen (2015) underlines how DfM is characterised by long-
term decisions and investments, where the main objective is to have the optimum
resources in place: namely, correct information, suitable and reliable equipment, a
solid maintenance concept and well-trained operators and technicians.

DfM differs from Maintenance Engineering and Maintenance Management for
scope.WhileMaintenance Engineering focuses onmedium-term targets (performing
propermaintenance operations andmonitoring failure trends) andMaintenanceMan-
agement on short term targets (scheduling of activities and personnel timetabling),
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Fig. 4.3 Driving factors of DfM for a long term strategy. NoteModified from van Dongen (2015)
and Martinetti et al. (2017)

DfM works for providing all the resources available to maintain the product/asset
for decades.

Those driving factors (Fig. 4.3), also known with the acronyms RAMSSHEEP
(Reliability, Availability, Maintainability, Supportability, Safety, Health, Environ-
ment, Economics and Politics) represent the core of the DfM approach. They encom-
pass not only the technical aspects needed during maintenance operations, but they
also deal with important topics such as safety and health of the operators, environ-
mental sustainability of the operations and with economical, societal and political
constrains. The full application of the “RAMSSHEEP’ factors will generate signifi-
cant cost savings and extra income spread on a long term horizon.

Borrowing again an analogy fromSafety Science, the cost of so-called “un-safety”
usually varies from 2 to 10 times the cost of similar procedures carried out with a
safety by design approach. It can be assumed that a comparable (or even worse)
relation can occur in regards of non-DfM product/asset.

4.3 Morandi Bridge: A DfM Infrastructure?

Note for the Reader: The following paragraph it is not intended as expert witness
documentation to pinpoint responsibilities regarding the events occurred to the anal-
ysed bridge. Rather than that, the paragraph wants to help academics and engineers
to understand if different and better-designed choices on DfM could have avoided
the current happenings.
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Consequently, the authors decline any misuses or misinterpretations of the
research for press and/or prosecution-related purposes.

Finally, the authors express their sincere condolences to the families of the 43
people that lost their lives during the collapse.

The Morandi Bridge, also known as Polcevera Viaduct (from the river that runs
under it crossing the namesake valley) was a road viaduct on theA10motorway in the
municipality of Genoa (Italy) design by engineer Riccardo Morandi. It represented
one of themajor road connections from Italy to France and it was part of the European
route E80. Built between 1963 and 1967 and opened on 4 September 1967, for a long
time it was considered a futuristic bridge due to its innovative light stayed structural
solutions to combine steel cables and concrete, able to reduce the traffic jamproblems
in the city (Fig. 4.4).

The bridge partially collapsed on 14 August 2018. During the event, 43 people
have been killed.

(a)

(b)

(c)

Fig. 4.4 Morandi Bridge. a Historical representation published on 1 March 1964 (Corriere della
Sera 1964). bAmoment during the construction (Informes de la Construcción 1968). c Inauguration
ceremony in 1967 chaired by the President of Italian Republic Saragat (La Stampa)
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4.3.1 The Structure in a Nutshell

The Polcevera Viaduct was one of 5 cabled-stayed bridges,1 designed and realised
by Morandi with a specific engineering concept. The bridge had a total length of
around 1122 m and a road section width of 18 m. The main body of the bridge was
composed by 3 A-shape reinforced concrete pylons (called 9, 10 and 11) with a
maximum height of around 90 m (Fig. 4.5).

The pylons (green) supported 3 road decks (blue) of around 170 m (except for
pylon 11 that had a road deck of around 145 m). The road decks were connected
between each other by 36 m isostatic concrete road beams (yellow) and each of them
was supported by 4 couples (red) of stays made of steels strands and prestressed
concrete.

As analysed by Malerba (2010), the combination of steel strands and prestressed
concrete has been the main innovative but problematic element of the bridge design.
For having a stay with homogenous behaviours, the tendons needed to work in
tension stress and the prestressed concrete case, being obviously unable to work
under tension effects, had to work in decompression due to the loads generated by
the traffic. On one hand, this systemwas giving the opportunity to reduce the number
of steel strands (using the prestressed concrete as additional support) and the sway of
the bridge, generating a light and airy silhouette. On the other hand, it was supposed

Fig. 4.5 a Morandi bridge A-shape reinforced concrete pylons. b Main elements of the pylon.
Adapted from free sources

1In addition to the Polcevera Viaduct analysed, the General Rafael Urdaneta bridge at Maracaibo
Bay in Venezuela, the Wadi al-Kuf bridge in Libia, the Pumarejo Bridge in Colombia and the Ansa
del Tevere viaduct in Rome (Italy) present the same engineering design.
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to offer protection from corrosion produced by meteorological action. It is important
to note that most modern cable systems for suspension and cable-stayed bridges are
designed for an intended working life of at least 100 years (Caetano 2016).

4.3.2 The First Structural Reinforcement and the Collapse

The innovative design of the stays has been the major weakness of the Polcevera
Viaduct (Morandi 1979). After only 25 years2 the ties of the pylon 11 was affected
by relevant unexpected wears in the stays and the pylon 10 had important damages
to the anchor plate in the top of the structure forcing the managing company (at
that state-owned) to start immediately maintenance restoring works. As described
by Camomilla et al. (1995), a series of physical-technical characterizations of the
prestressed concrete and of the steel strands motivated the necessity of localised
particular interventions and the necessity of a structural reinforcement performed
between 1992 and 1994 (Fig. 4.6).

The reinforcement took the shape of surrounding the 4 stays of pylon 11 with 12
external steel tendons with purpose of maintaining the original shape of the bridges
and the characteristic stiffness of the original stays (Malerba 2010), but completely
replacing their structural supporting function. The other maintenance actions took
place on the pylon 10 for reinforcing top connections and on the pylon 9 (where the
damages on the strands were less critical) regarding surface protection.

Despite the mentioned maintenance works and a constant set of regular main-
tenance actions performed from the 90 s till today, the Morandi bridge partially
collapsed on 14 August 2018. The collapse affected the westernmost pylon (9) and
2 isostatic concrete road beams connecting the road deck to the pylon 10 on one side
and to the rest of the bridge on the other side (Fig. 4.7).

Around 35 vehicles and 3 trucks have been involved in the collapse. 43 people
lost their lives and 16 people suffered from injuries.

Fig. 4.6 a Design of structural reinforcements on pylon 11 (Camomilla et al. 1995). b Main
elements of the pylon after the restoration (free source)

2Please note that the expected working life of a bridge is normally 80 years.
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Fig. 4.7 Morandi bridge after the partial collapse (free source)

At the time of the writing, the investigators are still verifying the causes of the
collapse. Nevertheless, a study performed by the New York Times (2018) has recre-
ated what possibly happened by using evidences taken from images captured by a
security camera.

Apparently, the southern stays of the pylon 9 suddenly broke, forcing part of the
road deck to tilt southward unbalancing the overall structure designed to work with
the support of all the 4 couple of stays. The energy released by the brake, forced the
A-shape pylon then to collapse. As stated in multiple documents in the last years,
this element of the bridge was under special monitoring actions due to similar wears
occurred to the reinforced pylon at the beginning of the 90s.

4.3.3 Discussion: Lack of DfM During the Design
and Maintenance Actions During the Operations

As previously mentioned, it is not the aim of the authors to pinpoint personal or
company responsibilities.

However, based on the available information retrieved by previous technical stud-
ies carried out by Morandi himself, by the experts involved in the first structural
reinforcement and by bridge experts (included in the reference list at the end of the
chapter) is possible to connect the main aspects of DfM and maintenance manage-
ment to some evident problems occurred during the life of the bridge.

From a design perspective, despite the novelty of the project (even more rele-
vant if taken into account the times in which has been made and available tech-
nical resources), 2 main aspects of the RAMSSHEEP approach have been heavily
neglected:
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• Reliability: the action of support of the road decks was appointed to few elements
(4 couples for each A-shape pylon). Consequently, due to degradation the over-
all robustness of the structure was missing, making the replacement of damaged
strands impossible.

• Maintainability: the difficulty to monitor the condition of the steel strands inside
the prestressed concrete case played a significant role in not acting timely for
preventing faults of the stays. This specific design required constant, specific and
not always reliable measurements to evaluate the remaining strength of the steel
strands. The difficulties in replacing the damaged strands, as said, affected tremen-
dously the reliability and the availability of the bridge.

• Economics: the necessity of exceptional (and extremely expensive) overhaul work
after only 25 years of service life shows a negative balance from a life cycle cost
perspective, fostering to consider a premature decommission of the full bridge.
This situation has been exacerbated by the economic crisis happened in 2008.

From a maintenance engineering perspective (medium-term level, as defined in
Sect. 4.2.2), it is possible to state that, nomajor structural works have been performed
after 1999. In fact, after 26 years from the first structural reinforcement run on the
pylon 11, even if the whole structure has been constantly monitored and special
measurements pinpointed the oxidised state of the strands, no similar actions were
undertaken in time on the other 2 pylons (9 and 10).

The partial collapse underlines how the maintenance plans adopted in the last
20 years were not enough for ensuring the full integrity of the structure. Moreover,
as to be highlighted that the constant increase of traffic volumes (in terms of numbers
and vehicle characteristics) probably accelerated the deterioration process of the
bridge.

4.4 Conclusion

The research presented a reflection on the importance of DfM in the design and
construction of critical infrastructures. An approach that does not encompass all the
driven factors of the RAMSSHEEP method, will suffer from problems characterised
by different severities on a long term perspective.

As proved by multiple case studies, and specifically by the partial collapsed of
the Morandi bridge in Genoa here briefly analysed, parameters as maintainability
and reliability have critical mass for influencing the overall sustainability of the
opera.Moreover, not accurate and constantmaintenancemanagement of the structure
will worsen the situation leading to accelerated deterioration of the infrastructure
compromising its safety.

The future researches need to look at the integration of Industry 4.0 models and
solutions within the DfM approach to have the opportunity of dynamic maintenance
actions based on reliable real-time monitoring systems for critical infrastructures.
The availability of precise data regarding the structural integrity of a structure could
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help the managers in foreseeing unexpected behaviours caused by design defects or
by changed working conditions.
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Chapter 5
Risk- and Condition-Based Maintenance

Christer Stenström and Sarbjeet Singh

Abstract Condition-based maintenance (CBM) strategies have increased in recog-
nition over the last decades, and continues to do so with an internationalized market
and cheaper sensor technology. CBM is in many cases the most effective approach
to maintenance, considering risk, resource use, sustainability, safety and cost. Thus,
CBM is often feasible both from a life-cycle cost (LCC) perspective and a life cycle
analysis (LCA) perspective. In this chapter, we will study risk-based and condition-
based maintenance from a maintenance and reliability perspective. After a brief
background, we will discuss the necessary conditions for CBM to be a feasible strat-
egy for optimized usage of equipment. On the operational level, CBM can be on
schedule, on request or on a continuous monitoring basis. Thus, the technologies
used for CBM can broadly be divided into continuous monitoring, which often is
simply called condition monitoring, and into non-destructive testing (NDT), for peri-
odic inspections. Therefore, two sections are dedicated to condition monitoring and
NDT. Additional techniques for CBM and risk assessment will be discussed in the
section thereafter. Lastly, we will look briefly into the continuously growing topic of
prognostics.

Keywords Condition-based maintenance · Non-destructive testing · Failure
mechanisms · Risk assessment · Reliability modelling · Prognostics

5.1 Background

Risk is the effect of uncertainty on objectives (ISO 2009), where effect refers to
positive or negative deviation from the expected course. Such a deviation can often
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be connected to corresponding events and subsequent consequences. This description
enables equipment risk management, with CBM as an integral part.

Risk within the scope of systems engineering1 came into attention with the indus-
trialization, world wars and internationalization. A single major harmful event, or
systematic reoccurringunfavorable events, can jeopardize anyundertakingdue to loss
of competitiveness or failure in meeting legislation. Well-known historical advances
in risk analysis, in the viewof system reliability, includes the ballisticV-1flying bomb
(Rausand and Høyland 2004) and the Liberty ships (Roe and Bramfitt 1990). The
V-1 missile experienced poor reliability due to mechanical subsystems connected in
series, which has a major effect on the overall system reliability, especially if the
individual subsystems already have somewhat limited reliability. The Liberty ships
experienced brittle fracture as the ductile-to-brittle transition point of the steel hull
was above the temperature of the sea. Those two examples demonstrate how main-
tenance engineering involves both mechanics and electromagnetics (electronics), as
well as asset management and human factor.

Considering transportation, well know accidents with connection to maintenance
and CBM includes the Waterfall rail accident (McInerney 2005), the Hatfield rail
crash (ORR 2006) and the crash of Japan Airlines Flight 123 (AAIC 1987). The
Waterfall rail accident was an accident in New South Wales, Australia, in 2003,
where the train entered a 60 km/h curve in 117 km/h and derailed. The main cause of
the accident was found to be driver heart attack and the deadman’s pedal not designed
for drivers over a certain weight, and thus, a failure in the condition monitoring of
the driver. Regarding the Hatfield rail crash, a train derailed due to rolling contact
fatigue (RCF), in Hertfordshire, UK, in 2000; a failure in the scheduled maintenance.
Lastly, the cause of Japan Airlines Flight 123 crash was a faulty repair of the rear
pressure bulkhead using splice plate, which leads to a fatigue failure.

Remaining useful life (RUL) predictions enable CBM, and thus overhauls or
replacements can be deferred by revising the lifetime of assets. Some examples
are bridges (Frangopol 2011), drilling machines (Al-Chalabi et al. 2015) and railway
(Mishra et al. 2017). CBM is, therefore, an essential element inmanaging sustainable
development, both in terms of resources and monetary costs. Seen in numbers, the
Organisation for Economic Co-operation and Development (OECD 2006) estimated
annual investment for road, rail, telecoms, electricity (transmission and distribution)
andwater is estimated to account, on average, for about 2.5%ofworld gross domestic
product (GDP); this sums up to USD 37 trillion from 2010 to 30 (including mainte-
nance and net additions). Similar investment needs for transportation in the United
States has been reported by the American Society of Civil Engineers (ASCE 2011).

For CBM of an equipment to be lean, we need to have some knowledge regarding
the degradation behavior of the equipment, which we will discuss next.

1A methodical, disciplined approach for the design, realization, technical management, operations
and retirement of a system (NASA 2007).
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5.2 Deciding on a CBM Plan

There are a number of factors to consider before deciding on a CBM plan of an
equipment, including risk, degradation behavior and cost. Risk is the main driving
factor, but if the equipment under question has a near constant failure rate and rapid
failure growth, the only feasible solution might be limited to redesign, for example,
by adding redundancy, changing geometry or material. Therefore, before we can
assess risk and cost, the degradation behavior needs to be known.

A common breakdown of maintenance is as per Fig. 5.1 adapted from EN
13306:2010 (CEN 2010), which is largely in line with the international electrotech-
nical vocabulary (IEC 2015). The PF-interval is the time between potential failure2

(P) and functional failure (F). The underlined term failure distribution within Fig. 5.1
refers to the probability density function (PDF) of failure times. Electronic systems
often have a wide PDF, such as laptops and lamp bulbs; the start of degradation is
uncertain and the degradation speed might be high. In case of laptops, the widely
used mitigation measure is to apply data backup. An approach to redundancy in elec-
tronics is at the circuit boards, i.e. adding components in parallel. Wide and narrow
failure distributions are illustrated in Fig. 5.2. As examples, the dashed curve could
be lamp bulbs and the solid line could be rubber tires. As the spread increases, the
average becomes less useful.

Tires are an example of a failure type with a narrow failure distribution, which
often are subject to scheduled CBM. The abrasive wear of tires is linear and usually
slows enough for inspection on a monthly or yearly basis, with sufficient time for

After fault 
detection

Before fault 
detection

Preventive
maintenance

Corrective
maintenance

Maintenance

Condition based
maintenance

Predetermined 
maintenance

Scheduled, on 
request or 
continuous

Scheduled Deferred Immediate

For expected life 
length or measure-

able degradation

For PF-intervals longer 
than the reaction time

For PF-intervals longer than the 
inspection interval + reaction time

For failure types 
with a narrow 
distribution

For wide failure 
distribution and rapid 
failure growth or 
when cost effective 
and low risk

Fig. 5.1 CBMwithin preventive and corrective maintenance. Adapted from EN 13306:2010 (CEN
2010) with explanatory text for maintenance plan decision-making

2The point in time when the deterioration is detectable.
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Fig. 5.2 Probability density functions of two Weibull distributions with similar averages (MTBF)
but dissimilar spread

planning replacement. In other words, the PF-interval is longer than the inspection
interval and reaction time together; see Fig. 5.3a. Note that the figure shows our
general understanding of degradation, which needs to be seen as a stochastic process.
A failed cellphone, on the other hand, may be due to fatigue of a cold solder joint or
leakage of a capacitor, and exhibit a behavior as shown in Fig. 5.3b.
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In case of machine elements, there are often times of several different failure
modes present; sometimes called competing degradation processes. For example, a
rolling bearing has four distinct failure modes; inner race, outer race, rolling element
and cage failure (Randall andAntoni 2011). The initiation of degradation acceleration
is therefore rather wide. However, the degradation rate can be significantly faster,
such as in case of stress concentration around a crack tip compared to abrasive wear
or corrosion. The time between a certain vibration level to fracture can be hours,
days or weeks. In this case, if the PF-interval is longer than the reaction time, it can
be feasible to use condition monitoring, such as vibration, temperature, humidity or
level sensing. The reaction time refers to maintenance supportability (CEN 2010).

Probability distributions are further discussed in the last section of this chapter
on prognostics.

As a maintenance engineer, one needs to be familiar with the failure mechanisms
behind degradation processes. Therefore, before going into conditionmonitoring and
NDT, we will briefly recall the physics behind failures in a maintenance perspective.

5.2.1 Failure Mechanisms

Degradation is the detrimental change in physical condition, and includes ageing,
wear-out and external cause (CEN 2010). Ageing is the passage of calendar time
and wear is due to usage. Common failure mechanism behind degradation is wear,
fatigue, corrosion and mechanical overload. Figure 5.4 illustrates how the strength
of a population of products can vary due to initial quality, aging and use. Strength is
the distribution of the stress the objects in a group can withstand before failure, and
stress is the actual loading due to operation. An example is ageing of railway bridges
and trains becoming heavier with time.

Examples of wear, corrosion and fatigue are given in Fig. 5.5. Friction, which is
the cause of various wear types, is shown in (a). In (b), we see two broken solder
joints and one delaminated joint. Both failures can be due to fatigue (vibrations). The

StrengthStress

Mechanical overload
Lower Higher

For example
bridges

For example
train axle load

Fig. 5.4 The stress-strength relationship
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(a) (b)

(c) (d)

Fig. 5.5 Examples of failure mechanics; a wear, b fatigue/mixed, c corrosion and d fatigue (b, d:
CC BY-SA 3.0, c: CC BY-SA)

broken solders can also be due to cold solder joints. Two types of corrosion can be
seen in (c); rust and sulphuric acid reaction.

There are dozens of other degradation mechanism; a few are UV degradation,
residual stresses in plastics, creep, electromigration, etc. Under each category, we
have different types, as demonstrated in Fig. 5.5. While this is not the scope of this
chapter, instead will look into how one can monitor these degradation processes for
CBM.

5.3 Condition Monitoring for CBM

Condition monitoring can be scheduled, on request or continuous (CEN 2010). This
section focuses on continuous monitoring, which often is simply called condition
monitoring.

The list of condition monitoring methods and their applications is long. We will
start by distinguishing between low frequency and high-frequency data. The for-
mer may be called data logging and the latter data acquisition (Fig. 5.6). It is the
application on hand that decides the requirements for data capture, but on the mea-
surement side, it is commonly the sensors and analog to digital converters (ADC)
that defines the performance. ADCs can be categorized as high-speed ADCs, i.e.
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Data logging Data acquisition

Condition monitoring

Low sampling rate:
Temperature, humidity, 
level sensing, hall effect

High sampling rate:
Vibration monitoring,
thickness sensing, 
acoustic emission

Precision ADCs High speed ADCs

ADCs

0 < SPS < 10 M
14 ≤ bit ≤ 32

10 M ≤ SPS ≤ 10 G
8 ≤ bit ≤ 14

(a) (b)

Fig. 5.6 Categorization of a continuous monitoring and b ADCs. SPS stands for samples per
second. A high sampling rate requires a high-speed ADC

high-frequency/sampling rate, or precision ADCs, for precise measurements. There
is always a balance between sampling rate, precision andmonetary cost. Having both
precise and frequent measures is costly and does not meet the precision or speeds of
an ADC dedicated to one of the two functions.

Examples of quantities that can bemeasured are given in Fig. 5.6. Thickness sens-
ing refers to ultrasonic gauging of material thickness, e.g. of production equipment
that experiences high wear. Hall effect sensor refers to position sensing of rotat-
ing components. Vibration monitoring refers to acceleration, but can also measure
speed and displacement (position) by integration. Acoustic emission is the listening
of ultrasounds in materials during stress.

The sampling speed that is commonly used in condition monitoring varies from
kHz for vibration monitoring to MHz for acoustic emission, ultrasonics and elec-
tronics signals. The required sampling speed is given by Nyquist sampling theorem,
stating that the sampling frequency must be at least twice the maximum frequency
component in the signal, i.e. ≥ 2 fmax. Sampling at Nyquist rate equals one data
points for eachmaximum andminimum of a sine wave. So, if wewant tomonitor fre-
quencies of a bearing below one kilohertz, it would be enough with a sampling speed
of 2 kSPS, but some applications require significantly higher sampling frequencies,
which brings data storage issues.

Another requirement to keep inmind regarding specification is howoften a sample
is taken. For critical functions, such as energy production and transportation, we
might want to monitor continuously during operation and always keep the last, for
example, 60 s, in RAM-memory. In other cases, it might be appropriate to take a 10 s
sample once a day.

The other important parameter of ADCs, besides the sampling rate, is the bit
resolution, which decides how precise the actual value is measured. In simple terms,
sampling rate is the number of measurements along the x-axis and bit is the division
of the y-axis. For example, 10 bits equals 210 = 1024 intervals along the y-axis. See
Fig. 5.7. Within this particular figure, the sampling rate equals the grid spacing along
the x-axis and the precision equals the grid spacing along the y-axis.
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Fig. 5.7 Analog continuous
signal (black arrow)
discretized (black open
arrow)

Wewill take a closer look at vibration monitoring, as it has a long history in CBM.
Vibration monitoring is used extensively for monitoring of machine elements, espe-
cially bearings, and for machining vibrations, like milling spindles. The motivation
is to detect early degradation and loss of tolerances.

Figure 5.8 demonstrates data and features obtained from vibration monitoring on
a gearbox. It is seen that the vibrations increase with time. By using fast Fourier
transform (FFT), we can relate specific frequencies to the geometry and operation
of the gearbox. In this case, we have a piezo-electric sensor mounted on the end of a
shaft, next to a ball bearing with a fabricated outer race flaw. The axis speed is 2.9 Hz
and the ball passing frequency outer race (BPFO) is about 8 Hz; the frequency that
the balls pass the flaw. The BPFO is calculated as n fr/2[1 − (d/D) cosφ], where
n is the number of balls, fr is the rotational frequency, d is the ball diameter, D is
the pitch diameter, and φ is the contact angle. This is given here as an example. For
details and formulas of inner race and outer race failures, handbooks or standards in
vibration monitoring should be consulted.

As the flaw in the outer race of the bearing (Fig. 5.8) grows, the amplitude at 8 Hz
will grow. Harmonics in the frequency spectrum are marked in Fig. 5.8d, at 2 × 8
and 3 × 8 Hz.

Bearing failure data sets can be found available on the Internet. Figure 5.9 shows
an accelerated lifetime test of seven ball bearings. This dataset is an open dataset
shared in the IEEE PHM 2012 conference for prognostic challenge (Nectoux et al.
2012; Lei et al. 2018). We can see that it is a highly accelerated test as no bearing
lasts longer than eight hours. The large variation in life length is due to different
failure modes. As previously mentioned, a rolling bearing has four distinct failure
modes; inner race, outer race, cage and rolling element failure.

Traditionally, piezo-electric sensors are used for vibration monitoring. However,
microelectromechanical systems (MEMS) based accelerometers have increased in
usage over the last decade as their quality and price have improved. Important specifi-
cations to look for include frequency range, g-range, noise, linearity, shock resistance
and calibration. Recall that the amplitude of the acceleration of simple harmonic
motion is proportional to the frequency squared, given as a = −ω2x = −(2π f )2x ,
where a is the amplitude, ω is the angular frequency and x is the displacement from
the equilibrium position. By knowing what frequencies we want to measure, we
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Fig. 5.9 Root mean square (RMS) values of seven bearings of the same model under accelerated
test. Data from Nectoux et al. (2012) and Lei et al. (2018)
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will know what frequency- and g-range specification to look for, and thus, what bit
resolution the ADC should have.

5.4 Non-destructive Testing

Non-destructive testing (NDT) refers to non-invasive techniques used for characteri-
zation and inspection of objects. NDT is used for research,manufacturingmonitoring
and in-service inspections, to extract information of a material’s integrity.

Periodic inspections, also called inspection rounds, are commonly done using
vision and hearing, which sometimes are assisted with endoscope or some mobile
vibration/sound tool.Besides visual inspection andhearing, further commonmethods
are ultrasonic testing (UT), radiographic testing, thermographic testing, eddy current
testing, penetrant testing and magnetic particle testing (Figs. 5.10 and 5.11). There
are also many other testing methods, but we will limit the discussion to some of the
more common methods. In addition, oil analysis is often a part of inspection rounds,
but is not normally seen as a NDT method and is therefore left out in this section.

Figure 5.10a showsultrasonic testing of rubber at a single point, calledA-scan.The
display in Fig. 5.10a shows returning voltage as a function of time or distance. Other
ultrasonic set-ups include B-scan, C-scan and tomography. A B-scan is along a line

Specimen
with defect

Radiographic
film or detector

Isotope chamber
or x-ray tube

Front wall echo

Back wall echo

Transducer

Primary
mag. field

Secondary
mag. field

Eddy
currents

Coil

Heat
conduction

Excitation source IR-camera

IR-radiation

(a) (b)

(c) (d)

Fig. 5.10 NDT methods; a ultrasonics, b radiography, c eddy current and d active thermography
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Fig. 5.11 NDTmethods; a–bmagnetic particle testing and c–d dye penetrant testing (b: CCBY-SA
3.0)

and gives a cross-sectional view (B-scan), which is common in medical ultrasound.
A C-scan is lines over an area and gives an three-dimensional image of the integrity
seen from the above. C-scan data can also be used to produce tomograms (Stenström
et al. 2015).

Ultrasonic testing has high resolution, good penetration depth, one and two-sided
setup possibilities and it is nonhazardous. Ultrasonics has a range from zero mil-
limeter to meters. Drawbacks include: line-by-line scan makes it relatively slow, a
coupling medium is usually required, it is challenging to use for detecting cracks
in course-grained materials due to diffuse scattering, and an experienced operator is
usually required.

Radiography (Fig. 5.10b) is the use of an X-ray beam crossing through an object
and taken up by a film or detector. The attenuation of the X-ray beam depends on the
spatial density variation within the object, which is the basis of the received image.
Radiography is more sensitive than ultrasonics for finding transverse cracks, but on
the other hand, planar defects perpendicular to the X-ray source can go undetected.
Radiography requires two-sided access, has limited thickness capabilities and it is
hazardous.

Eddy-current testing (Fig. 5.10c) works by electromagnetic induction. Any dis-
continuities in the specimen under test, such as cracks, will distort the induced eddy
currents and the secondarymagnetic field, which in turnwill give impedance changes
in the listening coil. The method is rapid and applicable on conductive materials for
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detection of surface breaking and sub-surface cracks. Its axial and lateral resolution
depends on the set-up, but compared to ultrasonics and radiography, it is an indirect
measurement method.

Thermography (Fig. 5.10d) is anothermethod that is used inmany industries. Both
active and passive thermography techniques are used. In an active arrangement, a
heat pulse is applied to the surface of an object to raise the temperature by a few
degrees. The heat dispersion and radiation at the surface is affected by anomalies
near the surface. An image is constructed by the use of a thermography camera. The
method is less capable method of detecting small and subsurface discontinuities but
it is rapid and easy to interpret.

Magnetic particle testing and dye penetrant testing (Fig. 5.11) give somewhat
similar visual results of cracks. Both methods can detect surface breaking cracks.
However,magnetic particle testing has the advantage that it can also detect subsurface
defects. Penetrant testing is not limited to ferromagnetic materials magnetic particle
testing. Penetrant testing utilizes the capillary effect in cracks. Magnetic particle
takes advantage by the fact that it is energetically favorable for ferrous particles to
accumulate at cracks tominimize the free energy of the system.Visualizing the results
of magnetic particle testing and penetrant testing can be enhanced with fluorescence.
Figure 5.11d shows penetrant testing of rolling contact fatigue cracks in a railhead.

5.5 Risk Assessment

Risk assessment is central within risk management (ISO/IEC 2009). Simple meth-
ods with little need for resources included in standard are check-lists, brainstorming
and preliminary hazard analysis. Some of the more capable methods are risk matrix,
FMECA, fault tree analysis, reliability centered maintenance (RCM), Markova anal-
ysis, Bayesian analysis and Monte Carlo analysis. We will briefly go through some
of these methods and also add 6-3-5 Brainwriting, Pareto diagram, descriptive statis-
tics, reliability analysis and Total productive maintenance (TPM). RCM and TPM
aremore often known as maintenance concepts, or philosophies, as opposed to meth-
ods. Descriptive statistics and reliability analysis include many different methods for
analysis. However, good risk management includes a combination of simple tools
and comprehensive concepts, regardless if they are more directly focused on risk or
more indirectly (ISO/IEC 2009).

Check-lists are listings of identified risks for a given system or activity. Those
lists are developed and updated as a group activity. Their advantages are that they are
simple include various expertise and can be used to follow up improvement projects.

Preliminary hazard analysis can be applied during the start phase of projects,
including transportation systems, e.g. electric busses and charging stations. The
available information regarding the system is collected and assessed for operation,
personnel, etc. The output lists can be used for specification and further actions.

Brainstorming is a structured process for collecting ideas from members in a
group meeting. After introducing the problem, members write down their ideas or
discuss. 6-3-5 brainwriting is a variant of brainstorming where six members write
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down three ideas for fiveminutes, follow by cycling the papers between the members
and repeating five more times.

FMECA stands for failure mode, effects and criticality analysis. It is the anal-
ysis that aims to identify system functions, failure mode and effect. With the use
of quantitative and qualitative data, risk priority numbers can be calculated as the
multiplication of probability × severity × detectability. RCM uses FMECA, and
as a complete maintenance concept, includes cost-benefit analysis and maintenance
planning (Nowlan and Heap 1978).

A risk matrix is a tool used in FMEA. Figure 5.12 show risk matrix for main-
tenance of railways. Trend tracking is accomplished using smaller data points for
historical performance. The matrix is shown in Fig. 5.13 is used for identifying risk
in maintenance records for improvement work. Another (and perhaps more common
application) of risk matrices is for accidents and disasters.

A risk matrix includes the data used for Pareto diagrams. Pareto diagrams are
based on the 80-20-rule of thumb, which states that 80% of all failures can be traced
to only 20% of the failure causes. An example is shown in Fig. 5.13 for railway
failure causes.
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Another method useful when dealing with safety-critical systems is the fault tree
analysis (FTA); a technique that starts with an undesired top event and determines
all the ways in which it could occur. An example of such is given in Fig. 5.14.

It may take a time horizon of 3–5 years before seeing results that show the invest-
ment was worthy. An alternative maintenance concept to RCM is TPM, which is not
as rigorous and might be an alternative for less safety-critical systems. TPM involves
the efficient use of equipment, preventive maintenance and employee involvement.
Employee involvement spans all organizational units, such as maintenance, produc-
tion, spares handling, procurement and top management. Small improvement groups
consisting of production personnel, maintenance personnel and engineers, as well as
other personnel, to produce procedures for improved maintenance and risk control.

Descriptive statistics, or summary statistics, are methods to summarize datasets
into simple measures and diagrams. Examples of such diagrams are boxplots
(Fig. 5.2) and histograms (Fig. 5.4). Simplemeasures such as spread and averages are
used to encapsulate data patterns. As an example, delays in transportation normally
consist of many short delays and a few very long delays. The median gives a mea-
sure of more common/daily delays and leaves the extraordinary delays for separate
analysis. In contrast, the mean value is more affected by outliers but gives a measure
of the complete dataset.

With a descriptive data set, one can perform basic reliability analysis, like fitting
exponential and Weibull distributions to failure data and repair data, for planning,
specification and procurement. For further detail, see for example Ben-Daya et al.
(2016).
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Fig. 5.14 Fault tree diagram. Adapted from ISO 31010 (ISO/IEC 2009)
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5.6 Reliability Modelling

Reliability modelling by fitting distributions is often a part in risk management.
The most commonly used distributions in reliability engineering are the exponential
and Weibull distributions as they are useful and simple to apply. The exponential
is known to work well with electronic systems and the Weibull with mechanics
(fatigue, corrosion and wear). When we apply these distributions, we assume that
the failure records are statistically independent and identically distributed (IID). This
works well for failure modes of similar non-repairable components under similar
operational conditions, such as train axle bearings. However, we often wish to apply
these distributions on a system level. Let say that we procure ten new vehicles and
run them all to their first failure. The ten failures at the system level would be due to
failure of different lower level assemblies, where each assembly or component has
their own distribution. Therefore, the vehicle failures are not identically distributed.
At the first failure, the ten systems will now have different age (km or hours). If we
continue to operate the vehicles after the first repair until the second failure, some
failureswill be due to components that have not failed before, but have been degrading
since the vehicles were first taken into operation. Moreover, as components degrade,
tolerances are lost, and thus, vibration andwear of components can affect neighboring
components. Therefore, we cannot assume statistical independence. Thus, for such
complex repairable system, we cannot assume repairs to bring the system back to as
good as new. Changing brake pads on a vehicle does not make the vehicle new. As
a remedy, we can apply a non-homogeneous Poisson process (NHPP) or reliability
block diagrams (RBDs). In practice, one does not always have the resources or the
needed data or data quality.

For example, one may not know: the age of sub-components, the opera-
tion/stresses, preventive maintenance, possible induced failures, failure distributions
and possible redundancy. A common practice is then to assume that one operates
within the flat part of the bathtub curve, and therefore can assume a constant failure
rate. The best guess is the mean time between failures (MTBF). One might be able
to proceed with the exponential distribution for planning, but should be aware of the
assumptions and significant limitations (Drenick 1960).

Drenick’s theorem states four conditions for this situation (Kececioglu 1991):

1. The subcomponents are in series (functionally)
2. The subcomponents fail independently
3. A failed subcomponent is replaced immediately
4. Identical replacement subcomponents are used.

If those conditions aremet, a complex system tends to be exponentially distributed
as the number of components increases and the time of operation goes to infinity. This
will be true regardless of the distribution of the underlying components. Drenick’s
theorem is mathematically provable. It might seem hard to meet any of the four
conditions, but in reality those assumptionsmay be softened. See discussion in Sect. 6
of Drenick (1960), Chap. 13 of Kececioglu (1991) and study byMurphy et al. (2002).
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Murphy et al. tests Drenick’s theorem by Monte Carlo simulation on tires (rubber).
Tires are not exponentially distributed, rather they experience linear wear and have
a relatively known lifetime. While meeting all four assumptions, 10 tires in series
running for 200,000 miles (320,000 km) resulted in a β of 0.91 and 500,000 miles
(800,000 km) resulted in a β of 0.98. So in practice, a truckwith 10 tires (functionally
in series) may have exponentially distributed tire failures. This assumed new tires at
the start of the simulation. β of 0.91 becomes 0.97 with random life exhausted tires.

Drenick’s theorem is not applicable on redundancy (k-out-of-n) and on repair
times (Murphy et al. 2002).Applicable systems include, for example, public transport
systems and industrial machines.

5.7 Prognostics

While diagnostics provides state assessment and root causes of failure, prognosis
provides the ability to perform prediction of future failure. Necessary maintenance
actions can then be planned.

Prognostics ideally require some information about future operating and/or envi-
ronmental conditions, which are used to determine the evolution of the damage
propagation profile. Predictions can be made once a degradation mode has been
entered either through presence of a fault or another damage mode. Predictions can
then be repeated as often as desired to get an update of the end-of-life. Figure 5.15
shows this conceptually, where predictions are being carried out at times P1, P2, and
P3. As can be seen, the uncertainty associated with the prediction (and represented
here with a probability density function) becomes more narrow as the end-of-life
approaches. At the same time, corrections to the mean of the distribution are made as
well, because more refined information on the current state of health, as well as the
future load conditions, becomes available. Information about end of life is critical
for CBM, because it allows scheduling of corrective maintenance at a time when
risk of failure is within user-specified bounds and disruption of operations (such as

Fig. 5.15 Uncertainty bands
associated with prognostic
RUL estimations. Adapted
from Uckun et al. (2008)
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Fig. 5.16 Prognostics of
battery. Adapted from
Goebel et al. (2008)
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down-time) is minimized. It is also possible to extend the end-of-life (for example
by running the system at derated, lower load levels) to a desired maintenance time
while still supporting critical system functions.

Figure 5.16 shows a concrete example of predicting battery capacity over many
weeks. All of the red x-marks show predictions. The green and blue vertical bands
represent predictions at 32 and 48 weeks, respectively. One can see the associated
uncertainty distributions centered close to the actual end-of-life.
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Chapter 6
Big Data Analytics for Maintaining
Transportation Systems

Ravdeep Kour, Adithya Thaduri, Sarbjeet Singh and Alberto Martinetti

Abstract Big Data Analytics (BDA) is becoming a research focus in transportation
systems, which can be seen frommany projects within theworld. By using sensor and
Internet of Things (IoT) technology in transportation system, huge amount of data
is been generated from different sources. This data can be integrated, analyzed and
visualized for efficient and effective decision-making for maintaining transportation
systems. The key challenges that exist in managing Big Data are the designing of
the systems, which would be able to handle huge amount of data efficiently and
effectively and to filter the most significant information from all the collected data.
This chapter will draw attention towards the present scenario and future projections
of big data in transportation systems. It also presents big data tools and techniques and
then presents one brief case study of BDA in each type of transportation system. In
this chapter, a broad overview of Big Data definitions, its history, present, and future
prospects are briefed. Several tools and technologies especially for transportation
are pointed out for maintaining transportation systems. At the end of the chapter, a
definitive case studies on each transportation area is demonstrated.
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6.1 Big Data

Various definitions of big data have been suggested to understand its extent. Some
of them are given below.

6.1.1 Definitions

Gartner research defined big data in terms of three Vs i.e., Volume (growing rate of
data), Velocity (speediness of data) and Variety (collection of diverse data types and
their sources). Now, the other two more Vs have been attached to it, i.e., Veracity
and Value. Veracity is the trustworthiness of the data. Value is the most important
V of the big data means to extract value out of it. Figure 6.1 illustrates 5 Vs, which
remained a challenge for big data handling.

According to NIST (2015), Big Data consists of “extensive datasets primarily
in the characteristics of volume, variety, velocity, and/or variability that require a
scalable architecture for efficient storage, manipulation, and analysis”.

Katal et al. (2013) defined Big Data as huge amount of data, which needs new
technologies and architectures so that it becomes possible to extract value from it by
analytical process.

Big Data refers to “a dataset whose size is beyond the ability of typical database
software tools to capture, store, manage, and analyze” (Manyika et al. 2011).

Big datameans “the broad range of new andmassive data types that have appeared
over the last decade or so” (Davenport 2014).

Fig. 6.1 Vs of big data as
main challenges of treating
big data
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6.1.2 History

The history of Big Data started in 1663 when John Graunt conducted statistical-
analysis experiment to curb the spread of the bubonic plague in Europe. In 1865,
Richard Millar Devens, used the term “Business Intelligence” in the Encyclopaedia.
Then, in the year 1926, Nikola Tesla predicted that humans would be able to access
and analyze huge amount of data using a small pocket device. Afterwards, in 1928,
Fritz Pfleumer created a method for storing data magnetically. In addition to this,
there is a very interesting estimation made by Fremont Rider in 1944 that the Yale
Library in 2040 would have 200 million volumes, which will occupy over 6000
miles of shelves. In 1961, Derek Price published the growth of scientific knowledge
by looking at the growth in the number of scientific journals and papers. Afterwards,
in the year 1965, US government setup the world’s first data center to store 742
million tax returns and 175 million sets of fingerprints on magnetic tape. Then in
1970, EF Codd developed Relational Database Model for storing data. In the year
1991, there is birth of internet and Google launched its Search Engine in 1997. In
1999, there is first use of term Big Data in an Academic paper along with first use
of term IoT. Afterwards, in 2005, Hadoop came into existence.

The first use of “cloud computing” in its modern context occurred in 2006. Then,
the first study to estimate and forecast the amount of digital data created and replicated
each year was conducted in 2007. In the year 2010, Eric Schmidt, executive chairman
ofGoogle, told in a conference that asmuch data is now being created every two days,
as was created from the beginning of human civilization to the year 2003. Then, in
2011, the McKinsey report stated that in 2018 the USA alone will face a shortage of
140,000–190,000 data scientist as well as 1.5 million data managers and, then IBM
introduced a Twitter hashtag, #IBMbigdata, in the same year. In 2012, the Obama
Administration announced a USD 200 million investment to launch the “Big Data
Research and Development Plan”. Then in 2013, there was World IPv6 launch day
and Android Apps has provided more than 650,000 applications, covering nearly all
categories. Then in 2014, there was an introduction of SAP HANA and adoption of
Cloud ERP. Then, the year 2015 was the Year of IoT and Smart cities. Year 2016
was the year of biggest ever data (90% of the world’s data created in the past 2 years
alone). In the last, the future of big data according to experts will be an estimated
4300% increase in annual data generation by 2020. The timeline shown in Fig. 6.2
depicts the summarized history and the evolution of Big Data.

6.1.3 Present Scenario

The key challenges that exist for the IT Professionals in managing Big Data are
the designing of the systems, which would be able to handle huge amount of data
efficiently and effectively and to filter the most significant information from all the
collected data. In other words, we can say adding value to the business. Opportunities
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Fig. 6.2 Big data evolution timeline

are always followed by challenges. On the one hand, Big Data brings many attractive
opportunities but on the other side, we are also facing many challenges. Big Data
challenges include storing and analyzing huge, fast-growing, diverse data stores, then
deciding specifically how to handle that data in the best way. Transportation systems
like, railways and aviation are very complex systems, so they are organizationally
divided into a number of units, such as directorates, sectors, services, etc. To meet
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their specific needs, each organizational unit uses their own designed applications
and databases.

For example, in case of railway transportation (Fig. 6.3), there are variety of
diverse databases\systems of rolling stock, track, environmental data and human
intervention in Swedish railway infrastructure for different types of data and infor-
mation (Thaduri et al. 2015). All these data sources are mixture of structure and
unstructured data. The most challenging job is to integrate and fuse these diverse
data sources to get value out of these. Thus, companies like transportation industry
use dedicated tools called BDA to deal with Big Data coming from roads and vehi-
cles sensors, GPS devices, customer’s applications and websites. Therefore, large
amount of information from different types of sources can be handled by using Big
Data techniques e.g. unstructured text, signaling and train data. In addition to this,
Parkinson and Bamford (2016) introduced an enhanced ELBowTie methodology to
make improvements to railway safety using Big Data analytics.

On the other hand, there are also diverse data sources in aviation transportation.
These data sets do not have the standardization or uniformity. Figure 6.4 shows the
primary aviation data sets.

A study by Federal Aviation Administration (2013), states that a jet engine gen-
erates data equivalent to 20 TB annually. Since most of this data is unstructured, so
are not used for any analytics purpose.

In the given present scenarios, it is a very challenging task to utilize different data
sources from different stakeholders to form a fused data set and to do analytics on
unstructured data. By using existing traditional techniques, it becomes very difficult
to perform effective decision-making for maintenance of these assets due to such
large size of diverse data. Thus, BDA can solve these problems. Therefore, we can
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Fig. 6.3 Swedish railway infrastructure data sources (reproduced from Thaduri et al. 2015)
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use BDA to fuse heterogeneous datasets and to predict the fault in the component by
analyzing data obtained from the aircraft sensors.

Talking about maritime transportation, marine data is also growing exponentially
from last decade, which forms marine big data (Fig. 6.5).

On the one hand, there are very useful values hidden inside this marine big data
like a tsunami and red-tide warning, prevention, and forecasting, disaster inversion,
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Fig. 6.5 Maritime big data sets
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Fig. 6.6 Road big data sets
People
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Road
Data
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and visualization modeling after disasters (Huang et al. 2015). On the other hand,
marine big data also brings number of challenges likeDataManagement, Data Trans-
fer, Data Integration, Data Quality, Data Ownership, Data Protection, Adoption and
Standard Management, Cybersecurity, Business Model and Human Factor (Zaman
et al. 2017). To tackle these issues, researchers are presenting solutions like data
management architecture (Huang et al. 2015), the hybrid cloud storage for marine
big data (Dongmei and Du Yanling 2014), online ship vetting information system
(SVIS), SmartPort Logistics, and ClassNK-NAPA GREEN Solution.

The road transportation data have been exploding over the last few years, and
we have truly entered into the era of big data for road transportation. Intelligent
Transportation System (ITS) big data in case of road transportation consists of data
from three sources—people, vehicle and road (Xiong et al. 2014). Figure 6.6 shows
three types of data sets for road transportation.

People data generally define driving, paying and travel behavior. Vehicle data
generally define vehicle information, real-time location, operation, and crowdsourc-
ing road conditions. Road data generally define the high-resolution satellite images,
aerial photography data, and geometry of road networks and characteristics of road
infrastructures. Researchers are using these big data for the traffic flow prediction
(Lv et al. 2015) and for designing novel intelligent transportation cloud platform
(Xiong et al. 2014).

Henceforth, all the transportation systems are generating huge amount of data
from various different data sources and we need to analyze these data to get value
out of these data. These data can be used for the prediction of maintenance activities
to avoid unnecessary work orders.

6.1.4 Future Projections

The volume of big data is growing day by day and will reach an estimated 4300%
increase in annual data generation by 2020 (Fig. 6.7). Technologies like artificial
intelligence, prescriptive analytics, and real-time streaming will play a bigger role
in Big Data solutions in the future.
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Fig. 6.7 Volume of big data in the future (reproduced from Takikawa 2016)

These BDA techniques can be exploited on the Big Data related to transportation
maintenance to achieve earlymaintenance activities. Figure 6.8 depicts the use of Big
data in transportation systems for data visualizations for effective decision-making.
Maintenance data related to transportation systems is acquired using IoT technology
(RFID, smart sensors, etc.) and send to the cloud via the internet for BDA to trigger
early maintenance activities.

With the exploitation of BDA, proper information logistics can be achieved. In
addition to this, Big Data Management includes putting the right people, policies,
and technologies in place to ensure the integrity, security, quality, and availability of
large stores of data.

Fig. 6.8 Big data analytics in transportation systems
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For the transportation systems, we can use BDA to perform predictive analytics,
forecasting and prognosis and the estimation of the remaining useful life of an asset
and make decisions based on the analysis of huge amounts of data.

6.2 Big Data Analytics Tools and Techniques
for Transportation

Transportation Systems are complex systems and depend on huge and expensive net-
works of infrastructure and equipment.Maintaining these assets to achievemaximum
availability is crucial for increasing revenue and other costs. Unplanned service inter-
ruptions can result in lost safety, reliability, maintainability, operational efficiency,
capacity as well as improved passenger experience.

We can use Big Data Analytics to predict the fault in the component by analyzing
data obtained from the sensors in real-time and reduce unplanned service delays to
improve service levels. Some of the big data tools and technologies used to store,
clean, integrate, manage, analyze and visualize big data are shown in Fig. 6.9. There
were several applications of Big Data in different forms for maintenance in trans-
portation systems. Broadly, they can be categorized into different types; operation
or maintenance, types of analytics, application of Big Data analytics, etc. (Ghofrani
et al. 2018). First of all, the big data sources of any transportation systems can be of
different categorized as in Table 6.1.

The Big Data models and techniques for some applications are summarized in
Table 6.2.

6.3 Big Data Analytics for Transportation Systems: Case
Studies

6.3.1 Railway

Track Geometry being is one of the most important parameters/indicators to define
the track system performance of railway infrastructure. Each country has been col-
lecting huge amounts of data from the measurements cars to acquire all parameters
at each specific location that defines the big data. To make the best use of this data,
Sharma et al. (2018) developed a data-driven methodology for carrying out effective
inspection andmaintenance of track geometry for NorthAmerica railroad transporta-
tion. They calculated track quality index (TQI) for each section and isolated defects
using random forests to predict probability of occurrence. They also have developed
Markov decision process for track geometry maintenance planning.

Different countries use different definitions for measuring TQI of the track. It is
a combined indicator of track geometry parameters; longitudinal level, alignment
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Fig. 6.9 Big data tools and technologies

Table 6.1 Types of big data
source for transportation
systems

Big data sources Content types

Vehicle data Type of vehicle manufacturer,
specifications, loading data, etc.

Traffic control data Time spent in stations, delay in stations,
time on path, etc.

Location data Vehicle positions and stations positions

Timetable data Start and stop times, train routes

Financial data Ticket sales, passenger check-in and
check-out

Weather data Temperature, rainfall, floods, etc.
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Table 6.2 Application of big data techniques for transportation systems

Technique Reference Application

Association Mirabadi and Sharifian
(2010)

Accident analysis in Iranian
Railways

Sammouri et al. (2013) Floating data sequences for
predictive maintenance

Ghomi et al. (2016) Severe injury factors at
railway crossing accidents

Clustering Hughes et al. (2015) Text-based closed call data

Shao et al. (2016) Railway accident analysis

Su et al. (2016) Railway condition based
maintenance

Image processing Giben et al. (2015) Railway track images
recognition and segmentation

Jamshidi et al. (2017) Railway failure risk
assessment

Classification Yin and Zhao (2016) Fault diagnosis for railways

Artificial neural network
(ANN)

Yu et al. (2007) Fuel cell power conditions of
railway vehicles

Yilboga et al. (2010) Failure prediction of railway
turnouts

Support vector machine Hu and Liu (2016) Track geometry degradation
modeling

Bayesian network (BN) Bearfield et al. (2013) Change of track and safety of
railways

Time series models Stratman et al. (2007) Structural health monitoring
of railroad vehicles

level, cant, twist, and gauge. In the model developed by Sharma et al. (2018), at
first they calculated TQI using aggregated parameters and then incorporated isolated
defects at the later stage. The flow chart of the study is illustrated in Fig. 6.10.

From the measurement cars, the inspection data is gathered. In the developed
methodology, a Markov process models the rail system’s deterioration, and the
spot geo-defects are predicted by a random forest. The track geometry maintenance
mainly follows condition-based maintenance for degradation process by doing nec-
essary preventive and corrective actions appropriately based on the track geometry
parameters and indicators. Each activity bares systemReliability, Availability, Main-
tainability and Safety (RAMS) parameters, and respective maintenance and inspec-
tion direct and indirect costs. Though the optimization of these parameters provides
specific recommendations for maintenance planning, these alternatives have to be
separately assessed by risk parameters. Being the track geometry follows the degra-
dation process and needed optimized for maintenance planning, a Markov decision
process is developed. Support vector regression has been used to develop prediction
model for localized defects. Three alternatives are considered for their study and they
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Fig. 6.10 The flow chart for track geometry maintenance planning (Sharma et al. 2018)

have calculated TQI parameters and localized defects and optimized with required
performance and maintenance budget. These are shown in Fig. 6.11.

A = 0, TQI is the same or increases over the inspection interval, then no action
A = 1, TQI slight improvement after successive inspections, minor maintenance
needed
A = 2, TQI major drop in the inspections, major maintenance needed.

By their simulations, it was concluded that low levels of TQI lead to high risk of
track failure due to geo-defects.Depends on the alternativemaintenance policies, they
obtained optimized inspection plans with reducing cost savings using the application
of Big Data.
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Fig. 6.11 Proposed Markov decision process for 3 actions (Sharma et al. 2018)

6.3.2 Aviation

Daily, there are innumerable aircrafts are departing and landing at several airports
across the world. They are generating huge amounts of data from different origins
of operation and maintenance data that will be useful to optimize their process,
increase the efficiency, decreasing the risk, increasing the safety of the passengers
and providing the best possible services to the customers. To accommodate a big data
analytics of civil aircraft, Li et al. (2017) developed big data platform for civilian
aircrafts provides decision-making support for civil aircrafts including maintenance
plan, real-time alarm, health management, fuel saving, and airline schedule.

The three main sources of data are aircrafts, airports and maintenance depots. At
first, there is a need to develop a cloud-based platform that gathers different kinds
of data specific to time and location. The next step is to create an online communi-
cation link among these data sources using existing software, base stations, control
centers, operational control, and air traffic control services. The third step is to collect
relevant parameters from different data base sources such as ACARS (Aircraft Com-
munications Addressing and Reporting System), QAR (Quick Access Recorder),
DFDR (Digital Flight Data Recorder), Air Traffic Control (ATC), Airline Opera-
tions Control (AOC), Airline Approach Control (AAC) and Maintenance, Renewal
and Operations (MRO). These parameters are; flight type, body specifications, flight
altitude, Mach speed, elevation, engine monitoring parameters, fuel level, flight con-
trolling parameters, maintenance actions, inspections, spare parts and in addition to
passenger tickets and finance.

Li et al. (2017) developed architecture considering IaaS, PaaS and SaaS layers as
shown inFig. 6.12. IaaS consists of several types of devices that provide infrastructure
to the platform namely, computing, storage, networking, and other devices. PaaS
consists of different modules of data collection, data management, storage, analysis,
computing and system services that provide the main core of the architecture. These
modules further consist of several advanced submodules that are presently using in the
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Fig. 6.12 Big data platform architecture for civil aircrafts (Li et al. 2017)

Big Data space. These submodules are relating to one another to achieve the purpose
of the operator. Finally, SaaS provides major services for operation and maintenance
of aircrafts such as airline schedules, real-time alerts, health management, optimized
maintenance plan and visualization of several parameters as stated above. This above-
developed platform will be helpful for setting optimized flight arrangement plan,
aircraft fault diagnosis and health management, fuel savings and maintenance plan
with developed Big data models and technologies with big data analytics. In the
next version, they are looking to incorporate more features such as diagnostics,
prognostics, deep learning and increase in security and safety.

6.3.3 Maritime

One of the Big Data Analytics solutions using predictive analytics to improve mar-
itime safety and efficiency is RIGHTSHIP Qi (RightShip 2018). It is 24/7 available,
robust platform to reduce maritime risk and improve efficiency. Figure 6.13 shows
that Qi helps to determine the likelihood that a vessel will have an incident in the
next 12 months. This platform also helps in showing GreenHouse Gas Emissions
(GHG) rating for the world’s fleet.

j.moerman@utwente.nl



6 Big Data Analytics for Maintaining Transportation Systems 87

0%

5%

10%

15%

20%

1 Star 2 Star 3 Star 4 Star 5 Star

RightShip Risk Rating at 01 January 2017

Incidents on Vetted vessels in 2017

Fig. 6.13 RightShip predictive risk rating as at 1 January 2017 (reproduced from Rightship 2018)

The standard, European energy efficiency scale is used for vessel’s GHG Rating.
The relative performance of a vessel is rated from A through to G, the most efficient
being A, the least efficient being G. There is also more statistics available on the
website of RightShip. This platform uses BDA for predictive analytics and real-
time assessment to improve maritime safety and efficiency. Qi also has the ability
to analyses, integrate and compare big data to identify anomalies and trends in the
data. In addition to this, RightShip helps in conducting the following inspections.

• Dry Bulk Inspection
This inspection provides a validation of a vessel’s condition and the application
of its management system. The feedback after the inspection helps in improving
its safety. This feedback includes deficiencies and recommendations along with a
list of examples that present an overall impression about the management of the
vessel.

• Tanker Inspections
RightShip conducts Ship Inspection Report Programme inspections (OCMIF
2018) on oil, chemical and gas tankers throughout the world more quickly, effi-
ciently and with minimal cost. All these inspections are conducted according to
the latest OCIMF guidelines and after proper review process are uploaded to SIRE
under the BHP Billiton Petroleum Ltd token.

• Health And Wellness Assessment
RightShip has also developed a voluntary Health and Wellness Assessment. This
assessment recognizes the impact that living and working standards have on sea-
farer wellbeing, work performance, safety, and employee retention.

6.3.4 Road

The road transportation data is also exploding over the last few years, and various
BDA based methods have been proposed to predict the traffic flow for congestion
control and maintenance of the road infrastructure.
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A case study related to road management using big data has been done in Korea,
which provides a direction for road safety analysis, and traffic information services.
Korean Road Management Systems provide maintenance of bridges and road facili-
ties along with the prevention of road slope collapses and traffic congestions (Chong
and Sung 2015). Figure 6.14 shows the configuration of Korean Road Management
Systems. ROAS (RoadOccupationAccess System), BMS (BridgeManagement Sys-
tem), PMS (Pavement Management System), CSMS (Cut Slope Management Sys-
tem), and TMS (Traffic Management System).

HMS is theHighwayManagement System that has been established and operated.
The types and usability of road data collected through the road management system
are given in Table 6.3.

These roadmanagement systems provide data sets likemaintenance records, crack
rates, and grades of pavement status. By utilizing these data sets, it is possible to
analyze the grade of pavement cracks to predict risks of road slope collapse and
operate a disaster prevention system. In addition to this, it is also possible to analyze
traffic congestion by utilizing various road data sets like traffic volume data.

These roads related big data are exploding over the time and, therefore, authors
of this study had suggested road management systems and traffic/road information
service based on road information (Fig. 6.15).

The expected results of this case study are

• more reliable prediction of road/traffic conditions,
• safe driving,
• enhanced quality of driving conditions,
• save time and
• reduce environmental pollution.

HMS

BMS

CSMS

RSMS

PMS

ROAS

TMS

Road Management Road Structure Management 

Fig. 6.14 Korean road management systems
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Table 6.3 Usability of road data collected through a road management system (reproduced from
Chong and Sung 2015)

Road management systems Road information Information usability

ROAS Occupation spot, area, goal,
and period

Analysis of risks depending on
the occurrence of events

BMS Bridge type, load, design
loading, year of completion,
length, width, and structural
info.

Analysis of risks depending on
the occurrence of events

PMS Bridge type, load, design
loading, year of completion,
length, width, and structural
info.

Traffic volume control based
on the analysis of bridge risks

CSMS Detailed investigation info.,
constant measurement info.,
maintenance status

Annual average volume of
traffic, traffic volume of each
vehicle type, traffic volume in
each road section

TMS Prediction of risks of road
slope collapse

Analysis of traffic congestion
in combination of various road
data sets

Fig. 6.15 Road safety prediction platform utilizing big data (reproduced from Chong and Sung
2015)
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6.4 Conclusion

There are tremendous amount of opportunities that Big Data in transportation can
solve some of the issues by effectively implementing in a structure manner. This
application should be synchronized in an orderly manner in terms of big data struc-
turing from data acquisition, big data architecture, data analysis, big data algorithms,
and big data visualization. The above implementation can be beneficial not only to
the maintenance of transportation infrastructure but also for other decisions in other
infrastructures too. Based on the literature review and case studies, it is concluded
that the application of Big Data architecture and analytics facilitates the usage of
advanced data-driven methodologies for classification, prediction, and optimization
of transportation systems w.r.t. increase in operational availability w.r.t. effective
maintenance policies and strategies. One of the most challenges, still facing the
transportation industry is to collect, combine, store, and process the big data so as
to serve the industry needs. There are other hindrances such as data security, the
involvement of different stakeholders of data owners and investment costs of big
data platforms. If these challenges are handled in an effective way in the future, there
will be more applications in the transportation industry to increase their performance
to serve the societal needs.
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Chapter 7
Introduction and Need for Maintenance
in Transportation: A Way Towards
Smart Maintenance

Miguel Castaño Arranz

Abstract A smart technology can sense its environment and perform tasks through
complex non-conventional reasoning. This leads to subjective and fashionable classi-
fications of technologies as “smart” or “not smart”. Undoubtedly, technologies such
as vehicle cruise controllers could have been considered as smart in the past but are
now too conventional to be considered as such (Santacana and Rackliffe in Power
and Energy, 41–48, 2010). A smart parking technology using RFID technology to
check in and check out vehicles (Pala and Inanç in Smart parking applications using
RFID technology. 2007 1st Annual RFID Eurasia, 2007) is now very conventional.
Complex reasoning is subjective to evaluate, and a general requirement is that smart
technology should be able to perform its task which is thought to require human
intelligence.

Keywords Maintenance · Artificial intelligence · Transport systems · Smart
technologies · Mobility

7.1 Smart Technologies

A smart technology must be at least composed by (i) sensors which monitor the
environment, (ii) data acquisition, storage and processing units, (iii) an Artificial
Intelligence which resides in a processing unit and is capable of analyzing the data
and drawing conclusions, (iv) an output unit to communicate the conclusions and
dictate actions. The output unit could be, e.g., an interface to communicate with
humans using Augmented Reality or interfaces to communicate with other software
or actuators. Often, the smart technology (Fig. 7.1) will also actuate on the environ-
ment, which would lead to the addition of actuator units to the components of the
smart technology.
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Fig. 7.1 Components of a smart maintenance

7.1.1 Artificial Intelligence (AI)

It is a software agent with the ability to perform tasks thought to require human
intelligence (Fig. 7.2). Examples of such tasks are reasoning, discovering meaning,
generalizing, or learning from past experience. Although some authors require that

Fig. 7.2 Usual steps in an AI design and deployment
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an AI is capable of all of these tasks, the general view is more global and requires
only reasoning thought to require human intelligence. An AI which is composed
by simply a set of logic rules which are applied on the sensor data is known as an
expert system (Waters 1992), and there is a large variety of AI technologies used for
prognostics and health management (Schwabacher and Goebel 2007). AI became
a need in the evolution of Intelligent Transport Systems due to the increase in the
population and the complexity of their mobility needs (Machin et al. 2018). We
will see later an example of an expert system which can detect superficial cracks
in railway tracks through computer vision using a boundary tracing algorithm but
without any ability to learn from data. Giving an AI with the ability to learn from
past experience can be done with the use of Machine Learning techniques.

7.1.2 Machine Learning (ML)

It refers to a set of techniques, which allow computers to learn from data. Many of
these techniques such as linear regression are much older than the coining of the
term ML, and many others have been developed within other disciplines such as
the Kalman Filter (Kalman 1960) which is broadly used in control engineering. The
edge, which is given by ML, is that focus is placed on making computers learn more
independently and minimizing human participation in the learning process. Many
ML techniques are packed in AIs, which required very low level of understanding
from the user. Reducing human participation in the learning process leads to easier
use of ML by engineers, but also to increasing challenges for researchers.

ML techniques are classified into two classes: supervised learning and unsuper-
vised learning. Supervised learning is based on learning from labeled data in order
to predict the labels of new data. The term supervised is based on the fact that labels
have to be placed to teach themethod adequate responses to presented data.Unsuper-
vised learning techniques do not use data labels and are applied to extract patterns
from data in order to classify the data in sets. These data sets can be interpreted
by an engineer and can be used to place data labels for posteriorly feeding the data
to supervised learning algorithms. Common unsupervised learning techniques are
clustering and Self Organizing Maps (SOM) (Kohonen 1982).

In general, the larger availability of quality data, themore that the learning process
can be automated and generalized. Lower amount of quality data require larger
engineering of ML tools by incorporating larger amounts of domain knowledge in
the form of equations, statistical information and/or simulation data.

Maintenance problems often suffer from scarcity of quality datasets, since it can
take years for a component to fail. For this reason, themaintenance community is still
dominated by incorporating domain knowledge in the ML algorithms, such as the
estimation of the remaining useful life of batteries using Support Vector Machines to
estimate parameters of an equivalent circuit model of the battery (Saha et al. 2009).
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Fig. 7.3 Wearables for
maintenance (Henderson and
Feiner 2011). A technician
with a see-through display
and a control panel at the
wrist

7.1.3 Augmented Reality (AR)

These systems combine real and virtual objects in a real environment (Fig. 7.3),
aligning real and virtual objects with each other and running interactively and in
real-time (Azuma et al. 2001). Spatial AR refers to the projection of virtual elements
on the physical object (Olwal et al. 2008). A major challenge in AR systems is
tracking the position and orientation of the user in reference to their surroundings
(Zhou et al. 2008). According to Fiorentino et al. (2014), most of AR solutions in
literature use head-mounted displays (HMDs), which have several drawbacks due to,
e.g., limited field of view which may create safety risks in an industrial environment.
For this reason, less immersive augmentationwith the use of, e.g., screen-based video
see-through displays (SBVD) is often preferred for maintenance applications. Other
applications of see-through displays in maintenance include the systems for car door
assembly introduced by (Reiners et al. 1998).

7.2 Smart Maintenance

This section includes (i) an expert system for computer vision particularized for
the detection of railway cracks from images, (ii) a discussion on the state-of-the-
art computer vision algorithms with potential applications to maintenance, (iii) a
discussion on vehicle navigation systems, (iv) a discussion on case-based reasoning.
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7.2.1 Expert Systems for Automatic Defect Recognition

Imaging is a common technique used in maintenance, where the images are not nec-
essarily generated by cameras but also by other sources such as ultrasound imaging
(Arranz and Carlson 2012) and radiography (Wang et al. 2008). Some applications
of computer vision AIs in maintenance of transport systems include the detection of
bolts from pictures (Marino et al. 2007), the imaging of railway track profiles with
lasers (Alippi et al. 2000), obstruction detection at railway crossings using ultrasonic
sensors (Shift, and Crossing-Accidents 1998), or ultrasonic imaging for diffusion
bonded materials which are usual in aerospace materials (Jiang et al. 2015).

A basic AI (expert system) for automatic defect recognition is here discussed,
based on popular and well-accepted solutions. An advantage for such a system is
that it doesn’t need to be trained with data. Readjustments of such expert system
are required to match the application. In this example, the application which will be
considered is the detection of vertical surface cracks which divide the railway track,
such as the one depicted in Fig. 7.4.

A flow chart describing the AI expert system is depicted in Fig. 7.5. The input to
the AI is a picture of a railway crack such as the one depicted in Fig. 7.4i. Each of
the steps are subsequently discussed.

7.2.1.1 Conversion to Grayscale

The first step in object detection algorithms is often to convert a color image to
grayscale. This simplifies processing largely, since each pixel in a color signal has
associated 3 color values (RGB), whilst pixels in a grayscale image have only one
associated value (intensity). The conversion from RGB to grayscale is performed by
removing the hue and saturation information from the image and retaining only the
luminosity. This simplification is adequate for most particular examples and using
the full-color image is only needed in applications with large variations in color and
texture (Papageorgiou et al., n.d.).

After the grayscale conversion, the image is represented by a matrix of intensities
I(P(x, y)), where P(x, y) represents a pixel at coordinates (x, y). The gray scale
conversion can be performed in MATLAB with the use of the function rgb2gray.

7.2.1.2 Find Threshold to Separate Objects from Background

Otsu’smethod for threshold selection (Otsu1979) iswidely used to reduce a grayscale
image to a binary image where the image objects are separated from the background
noise.

Otsu’smethod assumes that the image is composed of two classes of pixels (object
pixels and background pixels). Otsu’s method targets the separation of these two
classes of pixels as follows:
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(i)

(ii)

(iii)

Fig. 7.4 Original image of railway crack (i), image after applying threshold (ii), image and detection
of vertical crack after processing by the expert system (iii)

• C1: class of pixels belonging to objects in the image.
• C2: class of pixels belonging to the background.

Otsu’s method finds a threshold τ to separate these classes as

C1 = {P(x, y) : I (P(x, y)) ≥ τ }

C2 = {P(x, y) : I (P(x, y)) < τ }

This separation is performed byfinding τ whichminimizes the intra-class variance
σ 2

w(τ)

σ 2
w(τ) = ω1σ

2
1 (τ ) + ω2σ

2
2 (τ )
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Fig. 7.5 Experts systems for
automatic defect recognition

where ω1 and ω2 are the histograms of the classes, and where σ 2
1 (τ ) and σ 2

2 (τ ) are
the variance of the elements of each class.

The histograms ω1 and ω2 are the number of pixels belonging to each class for a
selected threshold τ .

ω1(τ ) =
∑

(x,y),P(x,y)∈C1

1

ω2(τ ) =
∑

(x,y),P(x,y)∈C2

1

Calculating σ 2
1 (τ ) and σ 2

2 (τ ) require the previous calculation of themeans of each
class. However, Otsu showed that minimizing the intra-class variance in is equivalent
to maximizing the inter-class variance σ 2

b (τ ), which only depends on the means:

σ 2
b (τ ) = ω1(τ ) · ω2(τ ) · (μ1(τ ) − μ2(τ ))2

Therefore, formulating the goal of the method as finding the value of τ which
maximizes the inter-class variance reduces the number of calculations, being the
means calculated as
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μ1(τ ) = 1

ω1
·

∑

(x,y),P(x,y)∈C1

I (P(x, y))

μ2(τ ) = 1

ω2
·

∑

(x,y),P(x,y)∈C2

I (P(x, y))

The search of the value of τ which maximizes the inter-class variance can be
performed by calculating the inter-class variance for all the values of the intensity
I(P(x, y)) and choosing the one which maximizes the inter-class variance.

Otsu’s threshold is a simple and effective tool for image segmentation to extract
regions of interest from images and is already implemented as standard functions
in many tools for signal processing (e.g., the function graythresh in MATLAB).
However, when an image is distorted by heterogeneous brightness and other factors
such as noise, the result of the segmentation is not ideal. In this application exam-
ple, Otsu’s threshold had to be readjusted until the crack is clearly separable from
the background (Wang et al. 2017). For the purpose of improving segmentation, a
wide number of variations of Otsu’s threshold has been introduced in the literature,
including the use of a locally adaptive threshold (Bradley andRoth 2007). To increase
the effectiveness of Otsu’s threshold, conventional pre-processing steps such as fil-
tering, contrast enhancing (Sundaram et al. 2011), masking (Lin and Su 2016) and
restricting the considered area are also simplistic alternatives.

7.2.1.3 Convert Image to Binary by Using the Threshold

The threshold τ synthesised using Otsu’s method is then used to create a binary
image Ib(P(x, z)). In this binary image, the pixels which correspond to elements
in the object class C1 get assigned the value 1 and the pixels which belong to the
background class C2 get assigned the value 0. In MATLAB, this can be done using
the function imbinarise.

7.2.1.4 Finding Objects Using Moore Neighborhood Algorithm

The goal of using the Moore Neighborhood algorithm is to find all the sets of inter-
connected pixels using a search based on theMoore-neighborhood concept. Each set
of interconnected pixels is considered to be an object.

From the thresholded binary image Ib(P(x, y)), we now describe how to trace the
object boundaries.

In order to describe the tracing algorithm, the Moore-Neighborhood concept
(Moore 1962) has to be defined first. LetP(xi, yj)$ be the pixel related to the i-th posi-
tion in the x-axis and the j-th position in the y-axis. Then the Moore-neighborhood
M(P(xi, yj)) is the set of all pixels which share a vertex or an edge with P(xi, yj).
That is
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M
(
P(xi , y j )

) = {
P(x, y) : x = xi + k, y = y j + l, k = {−1, 0, 1},

l = {−1, 0, 1}, (k, l) �= (0, 0)}

The Moore-Neighborhood tracing algorithm starts scanning from any of corners
of the binary image until a pixel is found with a value of 1 and which therefore
belongs to the class C1. This pixel will belong to the boundary of the object. The
boundary will be traced using the following algorithm.

The following variables are considered in the Moore-Neighborhood tracing algo-
rithm:

– Om: is the set of pixels belonging to the m-th object.
– p: current boundary pixel.
– c: current boundary pixel belonging to the Moore-Neighborhood of p, M(p).
– s: starting boundary pixel.
– b: backtrack pixel. It is the pixel from which we entered the current pixel p during
scanning.

The Moore-Neighborhood algorithm formulated as follows runs iteratively until
every point in C1 is assigned to an object set Om.

• Start algorithm
• Find s. By scanning the binary image, find a boundary point s which is still

not belonging to any of the objects sets Om.
• Set the b as the pixel from which we entered s during scanning. (Notice that b

ε M(s)).
• Om= {s} (Initialize the set Om corresponding to the new object as being formed
by the first found pixel s belonging to a boundary).

• p = s (Set the current boundary point p to s)
• Let b equal the pixel from which s was entered during the image scan.
• Set c to be the next clockwise pixel (from b) in M(p).
• while c �= s (that is, we run till we return to the starting pixel)

– if Ib(c) == 1 (that is if c is a point belonging to C1)
Om= Om ∪ c (insert c in Om)
b = p (update backtrack pixel)
p = c (backtrack:move the current pixel c to the pixel fromwhich pwas entered).
c = next clockwise pixel in M(p) when moving away from b.

– else
b = c (update backtrack pixel)
c = next clockwise pixel in M(p) when moving away from b.

– end

• end
• End of algorithm
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A relevant alternative considered by many authors to define neighborhood is Von
Neumann’s neighborhood (Kretz and Schreckenberg 2007). There are also alterna-
tives for the tracing algorithms and their stopping criteria, such as Jacob’s stopping
criteria (Rajashekar Reddy et al. 2006).

Calculating object properties

For each object detected by the Moore-Neighborhood algorithm, we can calculate
properties of the object such as its area, width, and height, perimeter. Each set Om

includes the boundary pixels of an object. We denote the ordered set of N points in
Om as Om = {Pm,1, Pm,2, …, Pm,N}, where each point Pm,i has as coordinates (xm,I ,
yk,i).

The area of the object can then be calculated using triangulation as

area(Om) = PS2

2
·

N−1∑

i=1

(
xm,i · ym,i+1 − xm,i+1 · ym,i

)

where PS is the size of the side of the pixel in, e.g., mm to obtain the area in mm2.
By setting PS to 1, the area can be counted in number of pixels. This calculation can
be performed by MATLAB with the use of the function polyarea.

The width and the height of the object can be calculated as:

width(Om) =
[
max
i=1:N

(
xm,i

) − min
i=1:N

(
xm,i

)] · PS

height(Om) =
[
max
i=1:N

(
ym,i

) − min
i=1:N

(
ym,i

)] · PS

Evaluating quality of object tracing

The result of thresholding and tracing might result in inaccurate detections. For this
purpose, it is recommended to adjust the threshold iteratively, for example, to increase
the number of objects found (Devi et al. 2015).

In our case, we will consider that there are two possible outcomes if the quality of
the thresholding and object tracing is satisfactory: (i) there is one ormore thin vertical
object (crack) crossing most of the image, (ii) there is no vertical object crossing the
image. Case (i) leads to a crack diagnosed and case (ii) leads to the diagnose of the
component as healthy. If the result doesn’t match any of these two cases (i.e., there
large vertical objects crossing most of the image), then the threshold is readjusted.

To qualify objects as “thin vertical object across most of the image”, the following
conditions are used:

– The width of the object must be less than 10% of the width of the image.
– The height of the object must be more than 95% of the width of the image.
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Readjust threshold

Although there are different methods in the literature for readjusting the threshold
during iterations (Cheriet et al. 1998), simple solutions are often satisfactory. In this
example, we simply decrease the threshold by a small increment until a solution is
found.

Diagnose

This expert system has been applied to the image in Fig. 7.4i. The first iteration is
shown in Fig. 7.4ii, where it can be observed that the vertical crack has not been
completely separated from the background nose. Iteratively adapting the threshold
until the quality conditions are met results in the detection of the crack as shown
in Fig. 7.4iii, where the contour of the crack has been marked in red by the expert
system.

7.2.2 Computer Vision Trends

Until recently, computer vision technologies where dominated by expert systems
such as the discussed above. But the recent advances in deep learning are showing
a large potential in training ML techniques for computer vision tasks. These recent
advances are as follows:

i. Crowdsourcing information from platforms such as the Amazon Mechanical
Turk (Buhrmester et al. 2011) has led to large-scale image databases such as
ImageNet (Deng et al. 2009).

ii. ImageNet Large-ScaleVisual RecognitionChallenge (IMLSVRC) (since 2010).
Many recent innovations in deep learning have been achieved by contributions
participating in the challenge (Russakovsky et al. 2015).

iii. Large-scale networks such as AlexNet (Krizhevsky et al. 2012) which triggered
the recent developments in deep learning (Alom et al. 2018).

iv. Larger explainability of convolutional Networks (Zeiler and Fergus 2014).
v. Deeper Networks thanks to more efficient training methods, such as Inception

Networks (Szegedy et al. 2015) and Residual Networks (He et al. 2016).

These advances in deep learning open new possibilities for application to mainte-
nance in relation to scarcity of measurements such as (i) the ability to transfer learn-
ing between AIs and across disciplines, like the retraining of AlexNet for inspecting
bridges (Zhao et al. 2018), (ii) using similarity metrics to train certain AIs with just
one or few samples of each class (Fei-Fei et al. 2006).
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7.2.3 Navigation Systems

Navigation systems are complex smart technologies which play an important role in
Remote Diagnosis and Maintenance (RD&M) systems (You et al. 2005). Important
performance measures for navigation services are accuracy, integrity, availability,
and continuity of service (Hein 2000). The challenge nowadays is not in acquiring
good performance in thesemetrics, since it is possible for example to create automatic
navigation and landing systems for aircrafts (Meyer-Hilberg and Jacob 1994). The
challenge is designing navigation systems with the desired performance at low cost
(Brown and Lu 2004), which is achieved through information fusion (Yang and Far-
rell 2003). Different information sources include Global Positioning System (GPS),
Internal Motion Units (IMUs), maps, or vehicle models (Skog and Handel 2009).
Bringing these information sources together to create a reliable navigation system
relies upon the use of machine learning and optimization techniques (El Faouzi et al.
2011) resulting in map matching, position correction, and dead reckoning methods.

Mapmatching requires digital information of road or railwaymaps and determines
the most likely position of a vehicle within the map using GPS and IMU readings
(Quddus et al. 2006). For this purpose, ML and optimization technologies are used,
such as hidden Markov models (Goh et al. 2012), genetic algorithms (Quddus and
Washington 2015), fuzzy logic (Syed and Cannon 2004), belief theory (El Najjar and
Bonnifait 2003), Bayesian inference (Pyo et al. 2001) or Kalman filter (Kim et al.
2000).

Even with map matching, GPS sensor data is not enough for a reliable navigation
system due to vulnerabilities such as signal blockage and low update rate. These
vulnerabilities can be compensated with the use of IMUs which have a much higher
update rate and can capture the high-frequency dynamics of vehicles leading. IMUs
can provide with independent reliable navigation for up to several minutes in case
of GPS signal blockage (Dissanayake et al. 2001).

Navigation Systems are also enabling technology for autonomous driving cars
(Levinson et al. 2011). Autonomous driving requires the aggregation of many smart
technologies such as the visual detection with cameras of humans (Dalal and Triggs
2004).

7.2.4 Case-Based Reasoning (CBR)

CBR is the process of solving new problems based on solutions of similar past prob-
lems. This makes it an attractive ML algorithm in maintenance solutions (Bartsch-
Spörl et al. 1999). CBR has previously been used to prescribe solutions frommainte-
nance logs (Devaney et al. 2005), which often use inconsistent descriptions, jargon,
abbreviations, fragmented sentences and so on.

The typical CBR process is summarized in the schematic in Fig. 7.6 obtained
from Yu et al. (2015).
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Fig. 7.6 CBR schematic (Yu
et al. 2015)

CBR is a ML method classified as analogy learning, where a solution to a target
problem is proposed based on the similarity with previously solved problems (Mille
2006).

Amajor issue in CBR is the mining of a quality case base from a raw case set (Pan
et al. 2007). Such quality case base must have cases to which most future problems
can be matched and the solutions can be adapted (Smyth and Keane 1995).

7.3 Conclusions

An AI integrated into a smart technology cannot be generally expected to perform
tasks which humans can’t do, e.g., simply by perception or provided that they have
the right tools and sufficient time.

However, well-trained AIs can clearly overperform humans in terms of time effi-
ciency, helping in automating decision-making and providing real-time solutions in
cases where humans can’t.

Whilst AIs based on ML can be biased towards their training set and fail to
perform in cases for which they where not sufficiently trained. An AI doesn’t suffer
from tiredness which becomes a risk for errors in human decision-making.

Scarcity of data for training AIs is a problem in many maintenance applications,
since it might take years for a component to fail. For this reason, AI maintenance
solutions are traditionally based on either: (i) expert systems and models which
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require no data to be trained with, (ii) data-driven technologies which make use of
complex models in order to compensate for the lack of information in the data.

We have however discussed recent advances in AIs in fields such as deep learning
for computer vision which are promising for interdisciplinary applications. Mainte-
nance applications are already exploiting some of these advances in order to transfer
learning from pretrained AIs and increase the efficiency of the learning process when
data is scarce.
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Chapter 8
Smart Asset Management or Smart
Operation Management? The
Netherlands Railways Case

Leo A. M. van Dongen, Lex Frunt and Alberto Martinetti

Abstract Asset Management represents a key factor in the transportation sector,
especially in the railway domain. The proper interaction between asset owner, user,
asset manager and operator determines the success of the daily operations and of the
long-term strategy as well. Through the years, this balance has been often neglected
causing situations where the service was not reliable enough or not safe enough. In
this context, maintenance operations play a significant role. The chapter introduces
how smart asset management and smart operations management have been imple-
mented in the last two decades withinNetherlands Railways. First, an introduction on
the company and on the methodology based on ISO 55000: 2014 Standard is offered.
Second, an overview of the fleet management and development is discussed. Thirdly,
a full reflection on the different levels of performance management is highlighted
for underlining all the principles used for reaching short, medium and long-term
strategy results. Lastly, the chapter will pinpoint the benefit of introducing dynamic
maintenance planning and prognostics and health monitoring as future step to take
in order to facilitate a continuous improvement.
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8.1 Introduction

As is commonplace in various industrial sectors, a multitude of the investment costs
or replacement cost is spent on cyclic maintenance, overhaul, modernisation and
lifespan extension during the service life of rolling stock.

For the Netherlands Railways (NS) it is important to find the correct balance
between the investment costs and other operating costs based on the required and
agreed fleet performance as well as complying with legislation and regulations. The
initial investment of a passenger rolling stock is roughly 2 million euros per coach.
Having roughly 3000 coaches on the rails, NS has an overall replacement cost of the
fleet of 6 billion euros (van Dongen 2015a). The total value chain of the domestic
passenger transport amounts to 2.4 billion euros annually. Broadly speaking, 100
coaches per year (200 million euros) have been supplied over the past period. For
the sake of simplicity, this recurring pattern of expenditure can also be classed as
depreciation costs. In view of the large share in the total costs, keeping these invest-
ment costs low may initially seem attractive. However, the reality is more unruly:
over the whole life cycle of the rolling stock fleet the maintenance costs rise to more
than double the investment cost.

On an annual basis and on top of the initial purchase costs (van Dongen 2015a):

350 million euros for cyclic maintenance and parts overhaul;
100 million euros for overhauls and upgrades of the coaches.

As such, the share of the costs of rolling stock in the operating bill is roughly
30%.

The size of the fleet, the significance impact on various KPIs in the transport chain
(punctuality, probability of finding a seat and cleanliness), as well as the effect on
the reputation of the NS (brand image and incidents), such as indicated in Fig. 8.1,
justify possession of the fleet and “in-house” asset management.

Asset management is not just aimed at technology, but also at flexibility in the
fleet’s deployment in the transport process across the entire life cycle.

The allocation of the fleet for the short cyclic maintenance across the available
workshops is rearranged if required, along with new insights into the scale of future
transportation and associated stock deployment. The workshops and maintenance
equipment are adapted to the fleet’s development where necessary.

This chapter outlines the broad approach to asset management, technical manage-
ment and maintenance work on rolling stock at the cutting edge of product, process
and technology, aligned with the transportation system.

8.2 Structure of Netherlands Railways

In response to the European legislation 91/440/EEC aimed at organisational separa-
tion of railway construction andmaintenance from the transport operations, the public
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Fig. 8.1 NS rolling stock in actual numbers

limited company NS was divided in the 90s into a commercial NS Group and three
implementing bodies: Railinfrabeheer, Railned and Verkeersleiding, later merged
into ProRail. ProRail is responsible for construction, management and maintenance
of the rail network, as a government-commissioned partner. Concession frameworks
were stipulated by government, monitoring was organised in an independent gov-
ernmental supervisory body: Human Environment and Transport Inspectorate.

NS Group was given the broad portfolio of commercial activities and divested
itself of non-core business activities (rail construction, goods transport and telecom).
The core tasks passenger transportation (including rolling stock maintenance), sta-
tion operation, interchange and real estate development at railway junctions create
mutual reinforcement. Through this reorganisation within the rail sector, driven by
a strong focus on Return on Investment (ROI) and against the backdrop of the com-
pany’s precarious future position, management did not have sufficient attention for
the operational processes in their interdependence, which meant a reduction in ser-
vice provision quality and a punctuality decrease to below the 80% standard.

From 2013, a new NS management team uses five principle objectives to aim for
improvement of the basic quality: timekeeping, providing service and information,
working on social safety, providing sufficient transport capacity and ensuring clean
trains and stations.

The government is making robust investments in maintenance, new construction
and improvements to the rail network to an amount of 2 billion euros annually. The
NS is awarded the concession on the main rail network and, as said, investments to
the tune of 3 billion euros are made available for new rolling stock. Transportation
on the regional networks is publicly tendered by the local authorities and is awarded
to private parties such as Keolis, Qbuzz and Arriva.
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Over the last few years, operational improvements have been such that train fre-
quency along the large corridors has been doubled and punctuality has risen to 93%.
Customer first, travelling from door to door and sustainability are important topics
in the NS national scope.

The management of the compartmentalised transportation organisation and the
maintenance organisation were “merged” with a view to the necessary enhancement
of the train service quality as well as the train density on the rail network (an intercity
train every 10 min): the transportation and maintenance logistics are interwoven so
intensely that single operational planning and (re)scheduling is appropriate. The
cooperation with the rail infrastructure manager (ProRail) was intensified for the
same reason. The statutory board for NS’s day-to-day management now consists of
management teams for both Commerce and Development and Operations.

8.3 Asset Management Methodology According to ISO
55000

To refine its structure, NS opted for the AssetManagement approach common in cap-
ital goods sectors such as aviation and the chemical industry: the globally accepted
ISO55000 standard (InternationalOrganization for Standardization 2014). This stan-
dard specifies which elements should be present in an asset management system and
how these elements are connected to manage the assets in a purposeful, sustainable
and cost-effective manner, aligned with the strategic objectives of the organisation
and the needs of the stakeholders. Allocation of the division of responsibilities for
the production resources (rolling stock series and maintenance equipment) is based
on the above.

Each asset has an owner, user, manager and—in the operational domain—a ser-
vice provider (maintainer) and operator (transporter). Separate from the hierarchical
relationships, the pyramid in Fig. 8.2 shows these roles in the Asset Management
approach.

The Chief Financial Officer (CFO), as asset owner, makes collegial decisions
as part of the Executive Board on investments in fleet and maintenance operating
assets. Taking into account the up-to-date investment amount (3.0 billion euros in
rolling stock and 275 million euros in maintenance equipment), he is also the board
representative in large investment projects.

The asset user in the Commerce and Development management team develops
longer term plans based on passenger transport needs: network design, future timeta-
bles, and asset demands and deployment. This concerns the so-called “steering” of
the business, where infrastructure, rolling stock and personnel are combined into a
fitting and feasible plan. The Network Design department determines the longer-
term demand for “resources”: rail infrastructure including stabling capacity in line
with ProRail, the personnel plan, the fleet plan, the stock deployment plan, and the
strategic plan for maintenance locations and operating assets. All these proposals
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Fig. 8.2 NS asset manager structure based on ISO 55000: 2014

and decisions cannot be refined without input from the asset-responsible special-
ists, whereby input from the operational business is required for items such as the
fleet plan and the stock deployment plan with life cycle plans, production plans and
similar.

The asset manager (Chief Technology Officer, CTO) translates the asset user’s
requirements into appropriate actions that can be executed by the Service Provider
and Operator to such an extent that the fleet and associated operating assets can (con-
tinue to) perform at the most optimised level. Correct specifications and support for
new construction projects, development of maintenance concepts, transport prepa-
ration and continuation of new and adapted stock: all part of the activities within
the scope of “structuring”. The asset manager sets the standards for deployment,
utilisation and maintenance of the company’s capital goods within the framework of
(inter)national legislation and regulations.

The Operator and the Service Provider are the daily user and maintainer of the
operating assets: the so-called “performing”. Together they ensure that the operating
assets are deployed and maintained in accordance with the regulations, whereby the
Traffic Control department—responsible for planning and (re)scheduling of the train
service—plays a key role.

It is self-explanatory that these responsibilities cannot be borne in isolation. Good
cooperation surpassing the boundaries of the domains described above is necessary
to make a success of the organisation’s development into the future. Contrary to the
past, the effectiveness of the chain transport process is dominant and the departmental
results are secondary. The feasibility of future plans must be tested in dialogue with
experts from the operational domain and what’s more, the organisation must also
muster flexibility to realise future changes.
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The asset management approach is recorded in the Strategic Asset Manage-
ment Plan for Rolling Stock. This plan describes asset management policy, roles
and responsibilities, context, Key Performance Indicators, stakeholders, current and
future objectives and controls. Important in the SAMP are the four drivers established
within the context of the business (social responsibility, the company’s strategy and
stakeholders’ interests) and the related main objectives with which the fleet creates
value for the company.

• Safety and compliance: the asset “rolling stock” is deployable with guaranteed
safety, meet the NS requirements related to safety and sustainability and exceeds
compliance with legislation and regulations so that the “Licence to Operate” is
safeguarded in both short and long terms.

• Fleet performance: the asset “rolling stock” performs in accordance with the
requirements for reliability, availability and comfort to such an extent that the
train service can be executed according to the plan, and that the fleet contributes
to the NS objectives in accordance to agreements.

• Fleet costs: the asset “rolling stock” is maintained to such a level that all safety
and performance requirements are met at minimal cost across the entire service
life.

• Investments: Investments in the asset “rolling stock” lead to sufficient and good-
quality trains that contribute to the probability of finding a seat, customer satisfac-
tion and minimisation of service life costs. The introduction of new and adapted
trains runs smoothly and has no negative effects on performance.

Thesemain objectives together (Fig. 8.3) form a strong synergy inwhich improve-
ment circles are continuously balanced towards an equilibrium through the NS strat-
egy spearheads. It concerns a system of performance management within a frame-

Fig. 8.3 NS rolling stock
objectives
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work used to determine sub-objectives and develop, control and improve processes to
achieve these objectives. Flexibility and manoeuvrability of this performance man-
agement system are essential to respond to the fast-changing passenger and trans-
portation needs.

8.4 Fleet Development

In the management of the fleet per rolling stock series, NS differentiates between the
various life phases of the train series:

• Investment in new construction and modernisation projects: drafting func-
tional/technical specifications, assessing offers, selecting, contract management
and project management, participating in design reviews and freezes, quality con-
trol of supplies.

• Phasing in of new or modernised stock: training employees, ordering initial spare
parts volumes, securing required maintenance documentation, testing, familiaris-
ing and introducing new stock and resolving teething problems.

• Guarantee for the fleet performance (with the fewest possible constructive
changes): drawing up maintenance frameworks, monitoring costs (also: minimis-
ing costs while guaranteeing performance), monitoring and improving perfor-
mance and incidents, drafting life cycle plans and determining annual plans for
maintenance and overhaul volumes.

• Enhance service life: if desired via fleet development, specifying a package of
maintenance and technical measures for longer operationally safe deployment of
a rolling stock series.

• Phasing out: determining and managing the outflow schedule of specific units
from the relevant rolling stock series with optimised throughput and utilisation
of residual capacity in capital-intensive spare parts, controlled disposal within
environmental requirement compliance and maximum reuse of materials.

In order to create maximum value across the various life phases of the stock
series against controlled risks and costs, and to be able to make the right operational
decisions, the NS creates an annually updated life cycle plan for each rolling stock
series. This covers the entire service life, including the period after overhauls and
planned phasing out. The plan features not only the most common technical and
economical obsolescence but also focuses on compliance and commercial obsoles-
cence. The latest specific performance, bottlenecks and needs of the stock series are
charted every year and updated in these life cycle plans. Based on this, objectives
and special actions are determined for the near future for each rolling stock series,
which could include seasonal measures, interim system or component overhauls or
even preparations for modernisation .
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As discussed by van Dongen (2015a), the information from life cycle plans for the
existing fleet also concerns relevant input for the long-term fleet development plan, in
which the desired new construction projects and any modernisations are determined
using the expected transport developments and the desired future functionality of the
fleet.

8.5 Different Levels of Performance Management
of the Fleet

During the rolling stock life, there is a clear distinction between three levels (Fig. 8.4)
of performance management (van Dongen 2011):

• design for maintenance and operations (availability of the correct, safely deploy-
able rolling stock, maintenance equipment and well-trained staff);

• first time right operations and maintenance execution and;
• final evaluation and permanent improvement of the rolling stock performance as
part of the transport performance.

Fig. 8.4 Three levels of performance management in NS for rolling stock (modified from van
Dongen 2011)
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8.5.1 Design and Introduction of New Trains (First Level
of Performance Management)

In the past, the national railway companies laid down detailed technical specifications
to stipulate the design of their rolling stock from a position of technical dominance.
As the industry was fragmented at the time, the design and build were tendered to
various (sub)suppliers: coach construction, traction installation, brake systems, door
systems, wheelsets, bogies, gearbox units, signalling systems, etc. Attention for Reli-
ability, Availability, Maintainability and Safety (RAMS) approach and Life Cycle
Cost (LCC) approach were implicit yet significant in the specifications stipulated on
the basis of experience. There was cooperation according to the Rhine Capitalism
model (which means steering to stakeholder value instead of shareholder value) with
strong dominance from technical aspects and sometimes even with technical inno-
vation as the objective as such. Although the installation was elaborately specified
beforehand, the client would often add his nationally stipulated user experiences
from the transport and maintenance process when assessing the drawings during the
design phase, and the construction was finally agreed using “design freezes”. Sub-
stantive technical knowledge of the installation was transferred from sub-suppliers
via main contractors to the owner/user. This meant the clients could avail themselves
of extensive knowledge to create the operation and maintenance regulations from
the documentation provided. Teething problems could be resolved together with the
supplier during the initial commissioning. The other side of this coin was that the
client was also expected to assume certain guarantee obligations from the aspect of
substantive involvement and responsibility in the project.

Privatisation and increase of autonomy of public services meant that companies
are increasingly focusing on their core activities. The customer is key and rightly so,
and the attention is geared towards the development of the transportation product.
Development and management of rolling stock are given a place in the chain. Train
are designed, built and supplied by large companies and consortiums that develop and
offer new systems and installations based on (in-house) market insights and technical
experience. This offers perspectives related to standard platforms and technologies
moving towards harmonisation on a European scale, although this remains a long-
term objective.

In the event the order and construction of new trains are implemented, the final
design could be ill-suited to the production organisation (transport and maintenance
execution). The quality of the design and its continuation must be in balance. After
all, cutbacks to the design quality cannot be compensated later through extra mainte-
nance, or theymight lead to complex, undesirable deployment limitations. It is impor-
tant to underline how expensive design is still attractive due to less life-managing
costs and less or no deployment limitations, which leads to optimised Life Cycle
Costs (LCC).

When ordering a technically complex installation such as a train, it is impossible
to specify everything in detail up front. This could lead to several interpretations
and might be a source of misunderstandings. For this reason, the (future) users must
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participate in the various phases of the project (specification phase, assessment of the
tenders, preliminary design, engineering, construction, build, testing and introduc-
tion). As discussed in Mulder et al. (2013), this could include joint design reviews
and freezes, safeguarding of the production quality, training and introduction, famil-
iarisation and resolution of teething problems. Sound and early cooperation with the
supplier at the cutting edge of technology, maintenance and transportation processes
are of importance: design for maintenance and operations (Fig. 8.5).

Various original equipment manufacturers of systems are suppliers of the integra-
tors (rolling stock suppliers): this could include traction installations, brake systems,
door systems, air conditioning, toilet systems and similar. In view of the long-term
maintainability and service, it is also important to invest in a good relationship with
them, starting from when the specifications and design of the train are initiated.

Parada Puig et al. (2013) clearly highlight how it is not only the quality of the
design that is significant in the introduction of new trains; the impact on the transport
and maintenance organisations should also be prepared properly. New developments
and changes to the environment have a constant effect, with distinction between:

• Maintenance equipment. The new generation of NS trains has low floors for level
boarding from the platform and thereforemany installations are placed on the roof.
This means that platforms have to be installed at height in the workshops so that
fitters can work ergonomically and safely.
Aerial work platformswill be required at service locations andwashing equipment
has to be adapted.

• Spare parts. To maintain trains, sufficient spare parts should be available from
stock. This concerns large, replacement parts to be purchased as a one-off with
the order, such as traction motors, bogies, wheelsets, HVAC units etc.

Fig. 8.5 Rolling stock “fit” for processes
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• Maintenance programme. As discussed in van Dongen (2015a) for modern instal-
lations together with the technical design an initial maintenance concept is created,
on the basis of Reliability Centred Maintenance (RCM) and Failure Mode Effect
and Criticality Analysis (FMECA) including both daily and short-term mainte-
nance and long-cycle maintenance schedules listing light and heavy overhaul ser-
vices.

• Working methods. In order to structure the processes in a predictable manner,
working methods must be described in procedures and documents. This concerns,
among other things, deployment conditions limited or not limited by certification,
configuration documentation, maintenance intervals, service descriptions, work
instructions, fault diagrams, response plans, seasonal measures, processing sce-
narios and similar.

• Training employees. Train drivers, conductors, technicians, work planners and
planners must be trained in a timely manner in order to be able to work with
the trains adequately. Training involves training documentation, simulators and
instruction aboard the train. Training should take place in alignment with the
gradual inflow of the new rolling stock series. In view of proper “familiarisation”,
it is important to gain steady and intensive initial experience with the train. If
training is offered too early and only a few hours of experience are gained, there
is an increased chance of operating errors and faults.

Gradual introduction and handover from the industry to the NS take place using
joint cooperation in successively: system testing, type testing for homologation,
obtaining the Commissioning License, technical pilot operation and commercial
pilot operation with the first trains towards phased inflow and deployment of the
entire series of trains. This is the last step in the long-term introduction of the new
generation of trains.

8.5.2 First-Time-Right Operations and Maintenance
Execution (Second Level of Performance Management)

Safety, availability and reliability of the trains in daily use are not only guaranteed
through technically perfect designs and maintenance concepts. The attitudes of the
managers, operators and technicians in the use phase determine the results to a large
extent as well. This involves alertness in procedures, work instructions, working
conditions, good housekeeping, job descriptions, tasks and responsibilities. Open
communication encourages great strides forwards: work only takes place if the con-
ditions are clear and safe. In a nutshell, this approach is based on the Kaizen, Lean
Working and First Time Right principles (Berger 1997; Hasle et al. 2012; Russo and
Schoemaker 2002).

The poor operational performance at the start of this century has prompted the
NS to initiate a programme of improvements comprising several spearheads in the
primary maintenance processes:
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• Delivery quality after maintenance is key and a report on the associated Product
Quality Index is created daily for each workshop.

• Safety is a precondition. NS has invested much in the objective: “every employee
goes home healthy, every day.” This programme involved risk identification and
assessment, safety training and regular safety walks conducted by members of
the board. A process has been implemented for identification and follow-up of
stock-related safety faults directly managed by the CTO.

• Training backlog was eliminated so that employees are actually able to carry out
their work adequately. This also includes the development of training documen-
tation, error diagrams and processing strategies for faults. Also encouraged is
social innovation (ideas from the work floor) by having employees present their
improvement plans that are directly assessed by managers from the company and,
if applicable, to award an implementation budget for these plans.

• The “pit-stop programme” (carefully described in Chap. 12) has honed the priori-
tisation of planned and unplanned maintenance during the repair of defects. By
structuring pit-stop tracks for fast, unplanned repairs, important contributions to
the availability of the fleet were achieved.

These efforts have brought about important improvements to results. Withdrawal
for short cyclic maintenance decreased from 400 to 200 coaches. The share in the
delay of the train service as a result of non-functioning stock and the number of
safety faults per million km have decreased. The budget for cyclic maintenance costs
over the last decade stands at roughly e 325 million while the fleet performance
rose from 625 to 675 million coach kilometres per year. The number of Lost Time
Incidents (LTI) decreased from 15 to 0.5 lost time incidents per million working
hours, specifically from 60 to 2 lost time incidents per year. These achievements, the
attention for the employees and also their input in process improvements saw the
employee satisfaction rise from 6.3 to 7.4 out of 10.

8.5.3 Permanent Improvement of Stock Performance (Third
Level of Performance Management)

Once decisions on investments have been made and a train has been designed, the
intrinsic quality of the design is determined on the basis of FMECA. This “new-build
quality” can be retainedwithin acceptablemargins. For continuation, the behaviour is
measured, registered and analysed to guarantee the RAMS with “customised oper-
ations and maintenance”. Methods such as RCM and Risk-Based Inspection are
applied here.

In the case of management of an installation according to short-term andmedium-
term approach, it is important that transport operations, maintenance execution and
the asset manager work together closely.

The NS has created rolling stock teams in the workshops for each rolling stock
series: as the “owner”, a rolling stockmanager is responsible for the safe deployability
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of the rolling stock, together with the production manager of the workshop and is
supported by a reliability engineer, a configuration engineer, a business analyst and
a maintenance engineer from the desired objectivity (standard setter) as a permanent
guest at the table (van Dongen 2015a).

The installation’s behaviour ismeasured: performance, usage data, fault behaviour
and similar are registered in digital information systems. Figure 8.6 provides an
insight into the fault behaviour of the NS fleet divided into various primary causes.
Similarly, cross sections can be created to various systems on the trains. Analysis of
the data candetermine the links betweenmaintenancework anduse of the installation.
Themaintenance plan can be continuously optimised on the basis of these progressive
insights.

A maintenance concept may seem static; however, it can be adapted according to
experience gained.

The feedback received from engineers and technicians involved can be used to
propose design adaptations. These experiences are also included in the improvement
of specifications for new trains. This involvement can lead to new maintenance con-
cepts and improvement of quality, rising the attention of the manager responsible, of
the maintenance engineer and the production manager of the maintenance company.

Digitisation means that designing, testing and controlled implementing of soft-
ware changes is becoming increasingly important. The asset manager and mainte-
nance organisation adapt their organisation to this. In order to achieve a fine-tuned
contribution of the rolling stock teams to the reliability of the ultimate train product,
a key performance indicator for reliability was sought that would closely align with
direct customer inconvenience, cancelled trains due to technical issues: a train that

Fig. 8.6 Root causes of cancelled trains
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Fig. 8.7 Cancelled trains up to December 2018

cannot leave within 10 min after the failure notification. Attention for the prevention
of recurring events and First Time Right repairs on the basis of proper fault diagram
analyses has allowed the NS to reduce the number of stranded trains from 80 to 40
per month (Fig. 8.7).

Contrary to this positive development on the conventional network, there is a rel-
ative increase caused by trains recently introduced on the High-Speed Line (current
level 3%). There is a mix of underlying causes. The rolling stock used on the HSL
line has not been specifically designed for use on the HSL. This leads to deviating
loads on the material (including running gear and pantograph) and strongly deviating
instructions for operation and usage. TheHSL infrastructure is characterised by com-
plex safety systems and procedures and is a combination of regular and HSL tracks
with various complex switchovers in voltage systems and security systems. The nec-
essary constant optimisation of the infra-stock system leads to frequent changes to
the control software. An increase in transport also plays a role. In order to contin-
uously guarantee rolling stock performance, adaptations to the actual high-speed
fleet are required in advance of the inflow the InterCity New Generation anticipated
in 2020–2021. Furthermore, the network designer (asset user) as well as the asset
manager are not only calling for adaptations to the stock but also the infrastructure,
whereby (improvement to the) cohesion of the system is crucial.

The life cycle plan for each rolling stock series is updated every year, in a perfor-
mance report. The long-term maintenance requirements of the various installations
are determined. There is consolidation of this maintenance requirement across the
entire fleet, “balanced” along with viable withdrawal, capacity inventory and budget-
ing through rearranging maintenance intervals and turnaround times where possible.
The life cycle plan also indicates the residual service life of a stock series andwhether
service life prolongation is possible. As such, this serves as input for the previously
described fleet planning.
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8.6 The Way to Dynamic Maintenance Planning
with Real-Time Monitoring

Modern trains with ever increasing mechatronics and digital control systems have
so much “internal” data that it allows for extraction of information on the technical
status of the installation. In addition, sensors can also be used if required for targeted
monitoring: think of vibration recorders on critical bearings. Monitoring is more
than determining or diagnosing faults. With registration and analysis of the progress
of relevant parameters, monitoring can also provide an insight into the degradation
behaviour before an actual fault occurs. This can be done through “on the spot” mon-
itoring, but also via wireless data communication, remotely. These techniques can
establish up-to-date maintenance requirements and plan the work: for the short-term
targeted service work and for the long-term, clustered services at a moment suitable
for maintenance execution. Reliability engineers (responsible for the reliability of
installation) can provide advice on repairs or maintenance from the control room
before a fault occurs.

As discussed by Mooren Ceng and van Dongen (2013), using monitoring and
automated data processing allows for more accurate information to be obtained than
in the past and clearer steering along with the value drivers “rolling stock perfor-
mance” and “maintenance costs”.

New trains are manufactured in order to provide data and information through
thousands of sensors controlled by a TrainManagement System (TMS) (van Dongen
2015b).

In the pilot project presented byMooren Ceng and van Dongen (2013), 54 double
deck trains have been equipped with a special system for downloading on-board
failure reports, operational events (doors opening/closing, coupling), and counters
(compressor operating hours etc.) connected to an operational dashboard for the NS
control room.

Initial results showed that withdrawal in case of extra arrivals can be reduced by
an average of 12% as a result of the fact that the repair can be planned in advance.
For example, the turnaround times of repairs to door systems and air conditioning
can be reduced by 35%.

On the basis of this pilot, it has been decided that all 415 intercity trains and
commuter trains introduced after 1990 will be fitted with real-time monitoring. Of
course, 285new trains due for deliverywill be added. The status of themain systems is
measured: high voltage, low voltage, traction installation, brake system, doors, safety
systems, air conditioning, lighting, sanitary facilities and air supply. The helpdesk
employees can see at a glance which installations are faulty or failing, can zoom in on
the cause of the fault and can then choose a number of default processing scenarios.
Furthermore, the employees in the control room can see the same screens as the
driver on the train, enabling effective communication and action in case of telephone
contact.

There is intensive cooperation with ProRail for measuring the train’s status on
the track, with a view to system integration. The Gotcha system, originally built
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to measure the axle loads of freight trains, also measures the wheel quality of NS
trains. Flat spots on the wheels as a result of slip or blocking can be detected by
this system and, depending on the severity of the damage, the defective wheels can
be directed to the underfloor wheel lathe within 5000 or 20,000 km. This way, real-
time monitoring facilitates planning of the maintenance activities. NS and ProRail
continue this development further into aCaminoRail FieldLabwith the aim to roll out
more extensive monitoring within the integrated rail transport system. The reverse
principle of utilising monitoring of the infrastructure from rolling stock certainly
deserves closer consideration (think of track alignment, quality of the overhead lines
and EMC).

It remarks how the times are a-changing, shifting from an old-fashion and “greasy
hands” maintenance to a flexible, digital and proactive approach. Whether an organi-
sation is ready for a dynamically flexible maintenance programme, or whether it just
benefits from a rigid schedule for the entire installation, or a mix of both with fixed
schedules for large components in combination with status-dependent maintenance,
depends on what an organisation wants and is capable of.

8.7 Prognostics and Health Monitoring: Next Step!

In the past, the operational organisation for fault registrationwas dependent on reports
from travelling personnel or service engineers. Thismeant in effect that the disruption
of a fault was already causing an inconvenience. The introduction of Real-Time
Monitoring and other Industry 4.0 solutions (Reyes Garcia et al. 2019) means the
trains automatically report the faults and the helpdesk receives the notification. This
way, faults can be resolved before any inconvenience is experienced in operational
processes. It goes without saying that this requires astute maintenance execution to
be able to respond quickly and adequately.

Based on the permanently available status information for the various stock sys-
tems, contextual anomaly detection methods can be developed that allow imminent
faults to be detected and resolved before actually occurring. Possible deviations are
detected in the early stage of degradation and its severity can be identified using deci-
sion diagrams. One bottleneck in the methodology is preventing “false alarms”: the
detection methodology should feature the correct analysis and evaluation algorithms
in combination with different classifications for alarm levels.

In this respect, the NS has conducted initial feasibility studies from the rail track
infrastructure on air leakage in brake systems and axle bearing temperature with
“hotbox detection” and is preparing for introduction after the rollout of real-time
monitoring (Peters 2017; Lee 2017).
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8.8 Smart Asset Management and Smart Operations
Management

Good business management and information system are vital for efficient, effec-
tive and predictable business operations. Moreover, it is the prerequisite for good
management of capital goods performance.

In addition, stricter legislation demands greater demonstrability and predictability
of the operational transportation and maintenance processes. In order to achieve this,
it is not just the basic processes that should be in order but certain administrative
matters should also be well-structured, this could include: certified products (stock
and parts), certified maintenance concept, standardisation of maintenance processes,
planning and work planning, training and certification of employees, quality checks
on maintenance execution, controlled release of rolling stock marked as complete,
development of processing strategies for stock fault notifications and registration of
the activities carried out.

Figure 8.8 shows how asset management and operations management overlap.
The vertical axis shows the life cycle of the operating assets required for passenger

transportation: from concept and business case, via acquisition, design, construction
and delivery to actual operational management (driving and maintaining) and subse-
quently decommissioning. The horizontal axis represents the “Customer Journey”:
departure from location, transport to station, traffic management, driving and stop-
ping the train and subsequent transport to destination. The customer experience
mostly concerns information, travel and visiting.

On the intersection between Asset Management and Operation Management, the
available digital information facilitates the operational management at strategic, tac-

Fig. 8.8 Smart operations and smart asset management
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tical and operational levels. Data on the product, the operational production processes
and the condition of the assets are the main drivers. Efficiency and effectiveness can
be enhanced by also linking smart asset management and smart operations manage-
ment properly from a digital point of view. Performance management takes place
at this intersection. What’s more, this structure brings the longer-term strategy and
the short cyclical operational processes closer together. Examples are energy saving
in stabling of the trains overnight and drivers advices for improved punctuality and
coasting saving traction energy.

8.9 Life-Cycle Logistics R&D-Programme

Progress goes beyond the incremental and obvious process improvements.
The NS wants to keep improving the product in the longer term and has therefore

been involved for some time in carrying out a research programme together with
the three Dutch technical universities (TU/Delft, TU/Eindhoven, and UTwente). An
interdisciplinary team of doctoral candidates, students and employees are working
in the following fields:

• Strategic decisions: rolling stock selection and design choices related to main-
tainability, think of accessibility of technical systems, diagnostic systems, repair
strategy, etc.

• Tactical organisation of the maintenance execution: structure of the maintenance
concept, dimensioning of production capacity and stocks, allocation of work pack-
ages to locations, cooperation with suppliers.

• Operations research: dynamic allocation of task plans using up-to-date stockmain-
tenance requirements on one hand and operational feasibility on the other.

8.10 Conclusions

Passengers want to be able to move effortlessly through the public transport system:
fast, safe, with ease and at any desired moment. To achieve this, the NS has a sizeable
fleet. These operating assets have a significant impact on the objectives set by the
NS: customer satisfaction, punctuality and passenger convenience. So, professional
asset management is important: sufficient, safe and comfortable rolling stock at an
acceptable cost level, now and in future.

The NS has an asset management system for managing safety and compliance,
stock performance, stock costs and investments: at strategic level in view of the long-
term availability of the correct operating assets, at tactical level by way of correct
analysis andmanagement of performance, and at operational level via first-time-right
execution in the primary processes.
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The availability and interconnectivity of modern digital technologies and control
systems, both in the fleet and the operational management, allows business perfor-
mance to be steered more efficiently and effectively in both long and short terms.
This firmly connects Asset Management and Operations Management more signifi-
cantly than in the past. Assets and operations are increasingly managed in cohesion.
Improvements to the connection and cohesion with the asset management of the
infrastructure manager with the same resources are the next step here in transport
process optimisation.

Asset Management and Technology facilitate the long-term strategy of the com-
pany, support the day-to-day operational management and should matter-of-factly
keep an eye on customer value and costs.
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Chapter 9
Innovation Management in Outsourced
Railway Maintenance: The Case
of a Dutch Railway Service Provider

S. K. Wu, A. J. J. Braaksma and Leo A. M. van Dongen

Abstract Despite a complex, fragmented and fromorigin conservative environment,
railway service provider organizations in the Dutch railways are innovating at a high
pace. Therefore, the Dutch railway sector is a rich environment for studying innova-
tions. To understand how this is achieved, an innovation management framework is
developed and used to analyze innovation factors in this context. Based on a literature
review on conceptual frameworks for innovation management of the last five years,
a holistic innovation management framework is constructed, using an inductive cod-
ing methodology. The holistic innovation management framework is used to analyze
the case study organization, based on interviews and desk research. The analysis
indicates that various market, organization, process, and product/service factors and
their interaction contribute to a high pace of innovations. The coding methodology
used in this study can be influenced by researcher’s bias. In addition, the selected
documentation received from the case study may not be representative for the case
study organization. The presented research shows that the Dutch railway sector is
a sector which deserves further research to learn from their innovative maintenance
practices on a more detailed process level. In addition, the presented framework
is a step towards a holistic innovation management framework which can be used
to analyze innovations on a sectoral level. The research results give practitioners
insights on how to develop innovation management practices in the railway sector.
This research presents an in-depth analysis on the innovation management practices
that have been applied in the successful Dutch railway sector from the perspective
of a railway service provider.
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9.1 Introduction

Internal and external forces push railway organizations to accelerate their rate of
innovation. However, issues such as conflicting goals, directed at either short or
long-term; challenging coordination, in relation to data and resources; and the abil-
ity to measure results, with regards to innovations, all contribute in the complexity of
effective innovation management. Despite these challenges, Dutch railway organi-
zations are innovating at a high pace. To understand how these organizations achieve
this performance, this research sets out to identify the factors that enable the high
pace of innovation.

“While innovation is on the agenda of almost all organizations, successful inno-
vation management remains quite elusive for many managers” (Erzurumlu 2017,
p. 42). This chapter provides an overview of the latest state of innovation studies,
which have been combined into a holistic innovation management framework. Using
the holistic innovationmanagement framework, a case study is performed on an inno-
vative Dutch railway service provider, to identify the factors that contribute to the
high pace of innovations.

This chapter is structured in the following way. The following section introduces
the research methodology. The third section of this chapter discusses the different
levels of innovation and decision-making that is found in literature. The fourth section
presents the case study of an innovative organization in the Dutch railways, being a
privately owned railway service provider. Section five discusses the findings of this
chapter. Finally, section six concludes this chapter with a summary, limitations of
the study, and implications for practitioners and researchers.

9.2 Research Methodology

To identify the factors that enable the high pace of innovation, a holistic innovation
management framework is developed (see Fig. 9.1: Conceptual innovation frame-
work). Consequently, the innovation management framework is applied to the case
study organization to identify the specific factors that enable the high pace of inno-
vation. Data is collected via semi-structured interviews and are validated through
documentation, the internal organizational website, and external websites.

The developed innovation framework is based on a literature review. A search
is performed on Web of Science and Scopus with the keywords “innovation” AND
“conceptual framework” between 2013 and 2018. A total of 48 articles are found
on Web of Science and 62 on Scopus. Only peer-reviewed articles are selected for
the literature review, resulting in 26 articles on Web of Science and 43 articles on
Scopus. 21 articles appeared in both search platforms, resulting in 48 articles that
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Fig. 9.1 Conceptual
innovation framework

fulfilled the search criteria. One article is only available in Spanish, leaving the total
selection of reviewed articles to 47 (see Table 9.1: Overview of reviewed articles)

An inductive coding method is applied to the selected literature (Evens 2013).
Since studies in innovation management are approached from different perspectives
and lack a holistic overview, this method is appropriate (e.g., Bélanger et al. 2016;
Berkowitz 2018; Periac et al. 2018). Four stages of coding are performed. The first
stage involves reading the abstracts of the selected articles and making analytical
memos, which are organized in an excel file, to keep an overview of the data (Saldaña
2015). One article, whichwas published in amedical journal, did not have an abstract,
therefore, its content was read. In the second stage, the actual coding takes place.
Different categories, with regards to innovation, are identified in the second stage
per article, based on the content of the articles. A word and/or noun is connected
to each article, after each article is carefully read, to summarize the basic topic
of an article, also known as descriptive coding (Saldaña 2015). In the third stage
of coding, focused coding is applied (Saldaña 2015). Focused coding searches for
the most significant codes, by categorizing similar themes together (Saldaña 2015).
Finally, codeweaving is applied in the fourth stage. Codeweaving is the integration
of codes into a narrative form. In particular, the interrelations between the categories
are used, which results in the holistic conceptual innovation framework (Saldaña
2015, see Fig. 9.1 and Table 9.1). In addition, all articles are categorized according
to the conceptual framework in stage four, based on their content, since most articles
contain several categories rather than a single one. In the following section, the
theoretical background of the conceptual innovation framework is presented.
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Table 9.1 Overview of reviewed articles

# Year Authors Coding stage
1

Coding stage
2

Coding stage
3

Coding stage
4

1 2018 Periac, F.
et al.

Micro-quality
of life
improvement
and
macro-quality
of life
sustainment

Society Society Market

2 2017 Berkowitz, H. Organizing
capabilities at
the firm level

Capabilities Resources Organization

3 2018 Rodriguez, L.
and Da
Cunha, C.

Knowledge
exchange in
the supply
chain

Supply chain Partners Market

4 2017 Grubb, M.
et al.

Policy mixes
in different
domains

Socio-
economic

Society Market

5 2017 Liu, S. et al. Upstream and
downstream
innovations

Supply chain Partners Market

6 2017 Troilo, G.
et al.

Integrates
service
innovation
with
information
systems
literature

Service Development Product/service;
operational
interface;
market

7 2017 Binz, C. and
Truffer, B.

Multi-scalar
innovation
systems

Innovation
dynamics

Customer Operational
interface;
market

8 2017 Dubina, I.N.
et al.

Entrepreneurial
ecosystem

Network Partners Market

9 2017 Mansour, D.
and
Barandas, H.

Capturing
customer
value

Customer
value

Customer Market

10 2017 Botschen, G.
and Wegerer,
P.K.

Brand
identity
development

Branding Marketing Strategic
interface

11 2017 Caiazza, R. Classifies
knowledge
transfers

Knowledge
types

Resources Organization

(continued)
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Table 9.1 (continued)

# Year Authors Coding stage
1

Coding stage
2

Coding stage
3

Coding stage
4

12 2016 De Waal,
G.A.

Extends the
Ansoff
product-
market
expansion
grid, based on
developed
world and
emerging
markets

Market
strategy

Strategy Strategic
interface

13 2016 Caputo, A.
et al.

Product
innovation
types

Innovation
types

Products Product/service

14 2015 Gaziulusoy,
A.I. and
Brezet, H.

Integrates
sustainability
science,
system
innovations,
and transition
theories

System
innovations

System Product/service;
strategic
interface

15 2015 Malik, K. and
Bergfeld,
M.M.

Intra-
company
technology
transfer

Technology
transfer

Resources Operational
interface;
organization

16 2015 EL-Griffin, E.
W.

Integrates
social capital
with network
theory

Network Partners Market

17 2015 Morrar, R. Public-
Private
innovation
networks
interaction

Collaborative
development

Partners Operational
interface;
market

18 2015 Tang, M.
et al.

Innovation
system

Network Partners Market

19 2015 Lee, I. IoT and
supply chain

Supply chain Partners Market

20 2015 Nguyen, H. Imitation
literature

Innovation
imitation

Strategy Product/service;
operational
interface;
organization;
market

(continued)
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Table 9.1 (continued)

# Year Authors Coding stage
1

Coding stage
2

Coding stage
3

Coding stage
4

21 2015 Christofi, M.
et al.

Application
of innovation
theory on
cause-related
marketing

Marketing Marketing Strategic
interface

22 2015 Zhang, T.
et al.

Online
co-innovation
communities
applied in the
hospitality
industry

Co-
innovation

Partners Operational
interface;
process;
market

23 2014 Cajaiba-
Santana,
G.

Combines
institutional
and
structuration
theories.

Societal Customer Market

24 2014 Kumar, V. Integrates
cultural with
innovation
literature

Cultural Customer Market

25 2014 Shao, L. et al. Applies
Business
model
innovation on
Electric
vehicles in
Shenzhen
city, China

Business
model

Functions Organization

26 2014 Coutelle-
Brillet, P.
et al.

Combines
perceived
value with
service
innovation
adoption

Service value Customer Product/service;
market

27 2018 Rinkinen, S.
and
Harmaakorpi,
V.

Ecosystem
approach to
service
valuation

Customer
valuation

Customer Operational
interface;
market

28 2017 Tariq, A.
et al.

Drivers,
moderators,
and
consequences
of green
products and
processes

Market
factors

Market Market

(continued)
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Table 9.1 (continued)

# Year Authors Coding stage
1

Coding stage
2

Coding stage
3

Coding stage
4

29 2017 Barth, H.
et al.

Business
model
innovation

Business
model

Functions Organization

30 2017 Erzurumlu,
S.S.

Innovation
management
evaluation

Innovation
evaluation

Development Operational
interface

31 2017 Hashmi, A.
et al.

Input-
process-
output model
and transfor-
mational
leadership
theory

Team work Organizing Tactical
interface

32 2017 Lager, T. process-
industrial
production
and
innovation
characteris-
tics

Industry
sector

Customer Market

33 2017 Bedoya Villa
M.A. and
Arango
Alzate B.

N/A N/A N/A N/A

34 2016 Takey, S.M.
and Carvalho,
M.M.

Fuzzy front
end and
systemic
innovation

Idea
generation

Process Operational
interface;
process

35 2016 Buliga, O.
et al.

Business
model
innovation,
organiza-
tional
resilience,
regulatory
focus theory

Organizational
change

Organizing Operational
interface;
process;
organization

36 2016 Widya
Hastuti, A.
et al.

Process
innovation,
intrapreneur-
ship, and
sustainable
innovation

Process
innovation

Organizing Product/service;
tactical
interface

(continued)
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Table 9.1 (continued)

# Year Authors Coding stage
1

Coding stage
2

Coding stage
3

Coding stage
4

37 2016 Mulyaningsih,
H.D. et al.

Entrepreneurship,
social
innovation
and
knowledge
management

Innovation
types

Product/Service Product/service;
operational
interface;
process

38 2016 Bélanger, S.
et al.

Creativity
and
innovation

Creativity Development Operational
interface;
process;
tactical
interface

39 2016 Maier, M.A.
et al.

Innovation
stakeholders

Stakeholders Partners Market

40 2015 Sindakis, S. Corporate
entrepreneur-
ship and new
service
development

Development
processes

Organizing Tactical
interface

41 2015 Arshad, A.M.
and Su, Q.

Service
delivery and
service
quality

Customer
service

Customer Tactical
interface;
market

42 2015 Chernoivanova,
A.S.

Functions of
business
management
and
innovation

Innovation
functions

Development Operational
interface;
process

43 2015 Overall, J. Social
capital, the
resource-
based view of
the firm, and
relationship
quality

Innovation
performance

Evaluation Operational
interface;
tactical
interface

44 2014 Weisberg,
R.W. et al.

Employee
involvement
in the
healthcare
sector

Service
development

Development Operational
interface;
tactical
interface

45 2014 Somers, S.
and
Stapleton, L.

E-agricultural
adoption and
innovation

Community Customer Market

46 2014 Maritz, A.
et al.

Innovation
education

Education Institution Market

(continued)
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Table 9.1 (continued)

# Year Authors Coding stage
1

Coding stage
2

Coding stage
3

Coding stage
4

47 2014 Christofi, M.
et al.

Cause-related
marketing
and corporate
social
responsibility

Marketing Marketing Strategic
interface

48 2014 Kuzmin, O.I.
and Grom,
O.B.

Knowledge
economy and
networking
dissemination

Knowledge Development Operational
interface

9.3 Theoretical Background

The conceptual framework distinguishes between the objects of innovation studies
anddecision-making interfaces. In order to achieve effective innovationmanagement,
alignment between the three layers of decision-making is required. The objects of
innovation management consist of the market, the organization, the process, and
the product/service. The interfaces between the different objects consist of strategic,
tactical, and operational decision-making interfaces. Each object has characteristics,
which can influence the decision-making in relation to a higher level object or a
lower level object. To present the framework in a comprehensive manner, the lowest
level will be explained first, namely the product/service.

9.3.1 Product/Service

A product or service has the purpose of providing value to its user (Coutelle-Brillet
et al. 2014; Mansour and Barandas 2017; Rinkinen and Harmaakorpi 2018). The
development of new products and services can have different levels of impact on
existing products and services. To identify an innovation, a description of the product
or service that provides value is required. In this paragraph, the different types of
product innovations and the difference between a product and service are discussed.

9.3.1.1 Product Types

During its lifecycle, product transitions through different levels of innovativeness
(Fig. 9.2: The dual axis model of Henderson and Clark). The dual axis model aims to
model the level of innovativeness via two dimensions, namely the level of impact on
a component and the level of impact on the architecture of the new product (Caputo
et al. 2016). Resulting in four types of innovations: (1) radical innovations have a
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Fig. 9.2 The dual axis
model of Henderson and
Clark (1990). Adapted from
Caputo et al. 2016

high impact on a component, as well as the architecture; (2) modular innovations will
have a low impact on the architecture, but will have a high impact on a component;
(3) architectural innovations will have a high impact on the architecture, but a low
impact on a component; finally, (4) Incremental innovations have a low impact on
the architecture, as well as a low impact on the component (Caputo et al. 2016;
Coutelle-Brillet et al. 2014; Gaziulusoy and Brezet 2015; Phuc 2015).

Radical innovations are new to the world and cause a paradigm shift in the way
value is perceived in a market (Caputo et al. 2016; Coutelle-Brillet et al. 2014; Gazi-
ulusoy and Brezet 2015; Mulyaningsih et al. 2016; Phuc 2015). Modular innovations
are already on the market, but new to the company and can be viewed as additions or
replacements of specific products (Caputo et al. 2016; Coutelle-Brillet et al. 2014;
Gaziulusoy and Brezet 2015). Architectural innovations are innovations that already
exist but are adapted for a new market to fit the processes of that market (Caputo
et al. 2016; Coutelle-Brillet et al. 2014; Gaziulusoy and Brezet 2015). Incremental
innovations are adaptations or modifications to existing products to better fit the con-
text of the organization (Caputo et al. 2016; Coutelle-Brillet et al. 2014; Gaziulusoy
and Brezet 2015; Hastuti et al. 2016; Phuc 2015).

9.3.1.2 Service

A product or service is developed and implemented with the purpose of creating
value for its user. Contrary to a product, a service is intangible, is often co-produced
with the user, is simultaneously produced and consumed, is heterogeneous, and
perishes the moment the exchange ends (Troilo et al. 2017). An organization can be
perceived as a system, where different roles and assets perform activities (modules)
and are connected via a process (architecture) to produce a service or a collection
of services. Applying the four types of innovations on the organization, results in:
(1) radical innovations having a high impact on the activities and processes of the
organization, (2) modular innovations having a high impact on certain activities in
the organization and a low impact on the processes, (3) architectural innovations
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having a low impact on the activities and a high impact on the processes, and (4)
incremental innovations having a low impact on the activities and processes.

To develop and produce products and services, an operational interface is required.
This is generally organized via different categories of activities in an organization.
In the following paragraph, the operational interface is discussed.

9.3.2 Operational Interface: Developing Products/Services

The operational interface develops and produces products and services. Depending
on the type of innovation, the effort required to develop and produce an innovation
will be different. To illustrate, buying a module off-the-shelf will require less effort
than developing a fundamentally new product or service. In general, organizational
activities are separated in different organizational components, which are responsible
for performing activities to develop and produce products and services. In theory,
these organizational components interact via project teams. However, for illustration
purposes, the activities are categorized. In this paragraph, the following four cate-
gories of activities should be present in the development and documentation of a
product/service: market research, development, sponsor, and documentation.

9.3.2.1 Market Research

The purpose of an innovation is to solve a problem, therefore a clear description of
the problem and the owner of the problem or targeted user is required (Bélanger et al.
2016; Mulyaningsih et al. 2016). To indicate the market potential, an estimation of
the size of the problem and a description of the process for making the estimation
should be documented (Takey and Carvalho 2016). The market potential provides
an input for the size of the investment, that is realistic for solving the problem
(Takey and Carvalho 2016). A market research should be performed to investigate
existing solutions (Bélanger et al. 2016). If existing solutions do not fit the problem
which the organization faces, new ideas can be generated in creative sessions (Zhang
et al. 2015). Prior to development, a business feasibility study should be performed,
containing a description of the new/improved product/service, its intended user, and
required organizational resources (Takey and Carvalho 2016).

9.3.2.2 Development

To indicate a direction for the development of the solutions, principles, and criteria for
the solution must be stated (Kuzmin and Grom 2014). It is advisable to include users
and employees in this process to gain support for innovation (Weisberg et al. 2014).
If the selection of a realistic solution is not straightforward, voting by the participants
and/or a jury consisting of managerial members can lead to a final selection (Zhang
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et al. 2015). During the development of the selected solutions, experiments and tests
may be required. To further gain support from employees, these experiments and tests
should also include a user or customer of the product/process (Bélanger et al. 2016;
Buliga et al. 2016; Zhang et al. 2015). Prior to implementation, several iterations
may be required to ensure fulfilment of the criteria of the solution, as stated prior to
selection (Bélanger et al. 2016; Kuzmin and Grom 2014).

9.3.2.3 Innovation Sponsoring

The sponsor is responsible for the investment of organizational resources and the
return on investment. In case collaborators invest organizational resources in the
innovation effort, these should be communicated to the sponsor (Erzurumlu 2017;
Rinkinen and Harmaakorpi 2018; Troilo et al. 2017). An estimation of investments
in capabilities and assets of the partners or institutions in the innovation effort, as
well as the division of potential profit and intellectual property, should be indicated
if applicable (Morrar 2015; Mulyaningsih et al. 2016; Takey and Carvalho 2016).
During the development process, the sponsor approves or terminates the innovation
effort (Malik and Bergfeld 2015). Prior to commercialization, the sponsor should
review the development to decide whether a product/service is still beneficial for the
organization in its current state. Approval of the sponsor is required, otherwise, a
product/service should be terminated (Buliga et al. 2016).

9.3.2.4 Knowledge Management

Knowledge management plays an important role in product/service development
(Bélanger et al. 2016; Overall 2015). The different activities in product/service devel-
opment should result in documentation to enable knowledge transfer. General infor-
mation enables efficient retrieval of documentation and should indicate the date of
writing, authors of the document and contact information, indication of confidential-
ity, version number, and sponsor of the innovation effort (Malik and Bergfeld 2015).
To communicate the problem context, an introduction should include a description of
the context, such as the market, industry, organizational resources, and the resources
of partners relevant for the innovation effort (Erzurumlu 2017; Rinkinen and Har-
maakorpi 2018; Troilo et al. 2017). A description of the alternative solution, selection
method, and outcomes of the innovation effort should be documented and updated
(Chernoivanova 2015; Takey and Carvalho 2016). Unforeseen challenges and prob-
lems should be documented to enable learning for future innovation processes (Binz
and Truffer 2017; Malik and Bergfeld 2015; Phuc 2015).

The operational interface can be managed via an integrated innovation process,
to coordinate resources and information, which will be presented next. The process
for innovations is defined as a collection of activities over time to explore and exploit
new products and services.
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9.3.3 Process

The process for innovations is defined as a collection of activities over time to explore
and exploit new products and services. The exploration stage of the innovation pro-
cess is focused on the development of new or improved products and services (Buliga
et al. 2016). The exploitation stage of the innovation process is focused on imple-
menting or selling the products and services to the users or customer, respectively
(Bélanger et al. 2016; Buliga et al. 2016).

9.3.3.1 Exploration Stage

The main purpose of the exploration stage is the selection and development of ideas
according to the strategy of an organization (Chernoivanova 2015). The exploration
stage can be divided into different process steps and includes managerial decision-
making prior to transitioning to the next step (Bélanger et al. 2016; Mulyaningsih
et al. 2016; Takey and Carvalho 2016). Each of the four types of innovation (radical,
modular, architectural, and incremental) are suitable for the exploration stage of the
innovation process. Presence of the following steps allows a structured process with
regards to innovations:

• Opportunity identification involves the discovery of a problem in the market or
organization (Bélanger et al. 2016;Mulyaningsih et al. 2016).Opportunity analysis
provides an indication of the scale of the problem (Takey and Carvalho 2016).

• Idea generation and enrichment aim at generating and further developing ideas
which may solve the problem (Bélanger et al. 2016; Mulyaningsih et al. 2016;
Takey and Carvalho 2016; Zhang et al. 2015).

• Idea selection involves selecting the most promising ideas that align with the
strategy of the organization (Chernoivanova 2015; Takey and Carvalho 2016).

• The concept definition process step presents a product/service and its costs and
benefits for a specific user (Takey and Carvalho 2016).

• Business feasibility identifies the gap between required capabilities and assets and
current capabilities and assets and determines whether the product/service concept
is feasible (Mulyaningsih et al. 2016; Takey and Carvalho 2016).

• Organizing capabilities and assets for product/service development involve exper-
iments to gain new knowledge and testing variations of applications of the concept
in real life situations (Bélanger et al. 2016; Buliga et al. 2016) (Fig. 9.3).

9.3.3.2 Exploitation Stage

The main purpose of the exploitation stage is to increase adoption of the innova-
tion. During the exploration stage investments in capabilities and assets lead to a
product/service. In the exploitation stage, these investments can be earned back with
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Fig. 9.3 Innovation process

the potential of creating a profit for the organization. To do so, the number of users
and/or customers of the developed innovation should fulfill their market potential.
The last two steps of the innovation process are:

• Implementation is the process step where the product/service becomes useful for
a user (Bélanger et al. 2016).

• Evaluation of the benefits and costs as indicated in the concept definition is
reviewed leading to termination, iteration or the exploitation of the product/service
(Buliga et al. 2016).

In theory, the last two process steps of the innovation process should apply for
every new user or customer of the innovation. Therefore, attention should be paid
to new users and customers for implementing and evaluating the innovation in their
specific context. The earlier the user or customer is involved in the innovation process,
the more likely the adoption of the innovation will be (Bélanger et al. 2016; Buliga
et al. 2016; Zhang et al. 2015).

To standardize and adapt the process according to organizational needs, the tac-
tical interface is required. The tactical interface involves general management and
innovation management capabilities, which will be discussed in the next paragraph.
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9.3.4 Tactical Interface: Organizing the Innovation Process

The tactical interface concerns acquiring and developing skills that are needed to
standardize and adapt business processes to fit organizational andmarket needs. Stan-
dardizing business processes involves general management, while adapting business
processes involves innovation management (Arshad and Su 2015; Bélanger et al.
2016). In general, innovation management precedes general management since a
product/service must first be developed in order for it to be managed in a stan-
dardized way. However, adapting processes to fit organizational needs better after
standardization is not uncommon in practice. In this paragraph, the management
types are described as two extremes, while in practice more nuance is present.

9.3.4.1 General Management

General management enables the standardization of processes. Activities of gen-
eral managers include planning, organization, motivation, control, and regulation
(Arshad and Su 2015; Bélanger et al. 2016). Planning is a mechanism that enables
control by creating transparency in the process, through the use of target milestones
and measurable goals over time (Bélanger et al. 2016). Organization is the ability
to organize the required knowledge to fulfil activities to achieve target milestones
and measurable goals (Bélanger et al. 2016). Motivation can be achieved by means
of transformational or transactional leadership styles (Hashmi et al. 2017; Overall
2015). Control involves the monitoring of the progress in relation to the strategic
objectives, as well as the performance of activities (Overall 2015). A too aggressive
approach to control can have a negative effect on creativity (Bélanger et al. 2016).
Finally, regulation involves the ability to influence the progress and performance
by means of additional capabilities and assets and is strongly connected to control
(Overall 2015).

9.3.4.2 Innovation Management

Innovation management facilitates processes to fit organizational needs. Innovation
management requires two main skills in order to be successful, namely employee
involvement and supporting intrapreneurship. The first skill requires employee
involvement in the formation of new business opportunities by means of, for exam-
ple, idea platforms or innovation tournaments (Arshad and Su 2015). By involving
employees in the innovation process, the support for adopting a new service/product
becomes higher and a culture of innovation can be stimulated (Arshad and Su 2015;
Weisberg et al. 2014).

The second skill involves supporting intrapreneurship (Hastuti et al. 2016; Sin-
dakis 2015). An intrapreneur is an entrepreneurial individual inside an organization,
who is pro-active, takes risks, and is autonomous (Hastuti et al. 2016). The benefit of
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an intrapreneur is the speed at which innovations can be developed and implemented
relative to formal business processes. The intrapreneur shares commonalitieswith the
project manager, however, the intrapreneur is more autonomous in selecting ideas to
develop and/or implement (Arshad and Su 2015). To manage the intrapreneur three
considerations should be kept in mind (Sindakis 2015):

(1) The outcomes of innovations should bemeasured and evaluated separately from
the outcomes of the organization;

(2) Competent employee recruitment and proper management to negate negative
impacts;

(3) Presence of a formal business structure within the organization (manager or
department).

Depending on the organizational needs, a certain balance between general man-
agement and innovationmanagement needs to be present. In the following paragraph,
the characteristics of the organization are discussed that influence the organizational
needs.

9.3.5 Organization

An organization is a collection of resources that aim to achieve a certain purpose in a
market. Organizational resources can be defined as capabilities and assets (Berkowitz
2018).Thedegree towhich the capabilities and assets of anorganization can exchange
capabilities and assets is known as absorptive capacity (Buliga et al. 2016; Caiazza
2017; Malik and Bergfeld 2015). The absorptive capacity is highly dependent on the
organizational structure and the organizational functions.

9.3.5.1 Absorptive Capacity

Absorptive capacity (AC) is the ability of an individual to evaluate, learn, apply
and enhance new knowledge, artefacts, and skills (Malik and Bergfeld 2015; Phuc
2015). AC is in essence, the ability to communicate knowledge and therefore involves
a sender and a receiver. The absorptive capacity of individuals is determined by their
background, technological expertise, and level of communication with other internal
and external individuals (Malik and Bergfeld 2015). The higher the difference in AC
characteristics between two individuals, the more difficult it will be to communicate
knowledge between sender and receiver. Several factors influence AC, which is, the
number of iterations in communication, the background of the sender and receiver,
the method of communication, the quality of the communication, and the techno-
logical level of expertise (Malik and Bergfeld 2015). The ability of individuals to
communicate knowledge is therefore dependent on the organizational structure and
organizational functions.
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9.3.5.2 Organizational Structure

Theorganizational structure consists of different organizational components and their
relationship with each other. Each organizational component consists of capabilities
and assets structured in a way that should fit her spatial, industrial, and technological
context (Caiazza 2017). The spatial context of an organization can be described as the
geographical distance between different organizational components (Caiazza 2017).
The spatial distance influences the ability of an organization to transfer knowledge
between organizational components (Caiazza 2017). The industrial context indicates
the distance in industries between organizational components (Caiazza 2017). New
ideas can be introduced to different industries, creating a new application in the new
industry (Caiazza 2017). Finally, the technological context indicates the scope of
technological domains, in which the organization is present (Caiazza 2017). A larger
variety in technological domains can have a positive effect on the competitiveness
of the organization (Caiazza 2017).

9.3.5.3 Organizational Functions

The function of the different organizational components consists of exploration
and/or exploitation activities (Buliga et al. 2016). Ambidexterity is the ability of
an organization to exploit existing business activities and explore new opportunities
simultaneously (Buliga et al. 2016). Both existing business activities and new oppor-
tunities can be mapped via a business model (Barth et al. 2017; Shao et al. 2014). To
achieve ambidexterity, two approaches are feasible, namely structural or contextual
approach (Buliga et al. 2016). Structural approaches separate the exploration from the
exploitation part of the organization either via a separate organizational component
or by setting fixed times for individuals to explore innovations (Buliga et al. 2016).
Contextual approaches aim to create an adequate environment where ambidextrous
behavior is encouraged via trade-offs or via a balance (Buliga et al. 2016). When
products/services are developed that have little in common with existing exploitation
activities, a spatial approach to ambidexterity is advisable (Buliga et al. 2016).

Depending on the market needs and organizational desires, different degrees of
AC can result. In the following paragraph, the strategic interface is discussed, which
consists of protective and advancing strategies, to acquire the desiredmarket position
of the organization.

9.3.6 Strategic Interface: Desired Market Position

Strategy is defined as the direction of an organization to achieve its desired position in
amarket. Strategic decision-making involves a dynamic process between the internal
and external forces of an organization (Gaziulusoy and Brezet 2015). A distinction in
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strategies can bemade between protecting the existingmarket position and advancing
the market position of an organization (Mulyaningsih et al. 2016).

9.3.6.1 Protective Strategies

Strategies to protect the market position involve among others, increasing the
entrance level of potential competitors, fast imitation of market leaders mitigating
the investment costs in innovations, or bymonopolizing the supply chain minimizing
market access for competitors (Phuc 2015). Increasing the entrance level for com-
petitors involves an efficiency advantage relative to competitors. This can be achieved
via advantages of scale or advantages in product/service delivery technology. Fast
imitation requires a high level of absorptive capacity of an organization. Monopo-
lizing the supply chain involves committing supply chain partners to exclusively use
the products/services from the organization.

9.3.6.2 Advancing Strategies

The Ansoff matrix provides a categorization of advancement strategies (De Waal
2016, see Fig. 9.4: The Ansoff matrix). The Ansoff matrix consists of two
dimensions, namely markets and products/services. Each dimension distinguishes
between present and new, resulting in four strategies: (1) market penetration
involves selling present products/services to present markets. Developing a brand
identity to profile the organization can be a viable approach to market pene-
tration (Botschen and Wegerer 2017; Christofi et al. 2015). (2) Market devel-
opment involves introducing present products/services to new markets. Market
development involves convincing a new market of the value of existing prod-
ucts and services. (3) Product development involves new products/services for
present markets. (4) Product/market diversification involves offering new prod-
ucts/services to new markets (De Waal 2016). Depending on the market, certain
strategies may prove more viable than others. Therefore, market characteristics

Fig. 9.4 The Ansoff matrix.
Adapted from De Waal 2016
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should be taken into account to select appropriate strategies. In the following para-
graph, different market characteristics are discussed.

9.3.7 Market

An organization aims to provide value to its customers in a sustainable way (Periac
et al. 2018). This paragraph will discuss different characteristics of the market that
influence the expectations of value. The relevant topics are the market scope, the
influence of institutions, the market competition, and finally, different types of col-
laboration partners.

9.3.7.1 Market Scope

The geographical location and market sector influences the definition of value and
the involvement of market stakeholders (Maier et al. 2016; Tariq et al. 2017). The
geographical scope influences the physical environment and cultural norms of the
market (Dubina et al. 2017; Kumar 2014; Tang et al. 2015). Developed, developing,
and emerging countries possess different expectations towards performance (Tang
et al. 2015). The sector can be separated into public-private, business-to-business and
a business-to-consumer context. The sector influences the focus of value that is cre-
ated, focusing on either the general public, a business, or the consumer, respectively
(Arshad and Su 2015; Coutelle-Brillet et al. 2014).

9.3.7.2 Institutions

Institutions can influence the market by enabling or constraining innovations
(Cajaiba-Santana 2014). Examples of institutions are universities, public research
centers, and public administration offices (Morrar 2015). Enabling factors can be in
the form of knowledge factors, such as intellectual property, technical competencies,
and education, or financial factors, such as funding, providing incentives, and pro-
viding procedures to mitigate financial risks (Dubina et al. 2017; Maritz et al. 2014;
Morrar 2015; Somers and Stapleton 2014; Tariq et al. 2017). Enabling factors aim
at stimulating the innovations in a market. Constraining factors involve procedures
to minimize the negative impact of innovation and to keep market competition fair
(Cajaiba-Santana 2014). Constraining factors can be in the form of laws and regu-
lations, which can be set on regional, national, transnational and global scales (Binz
and Truffer 2017).
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Fig. 9.5 An inverted
U-shape. Adapted from Phuc
2015

9.3.7.3 Competition

The speed at which new innovations enter the market has been found to be dependent
on the level of competition on the market (Phuc 2015). This can be explained by the
need of an organization to stay ahead of its competitors. In a monopoly, the need for
innovation is non-existent, since the organization provides the only offering on the
market. In an oligopoly, the need to innovate is high, since a relatively small amount
of organizations compete for their market share. In an open market, the need for
innovation is low, since imitation of a market leader can occur rapidly. Investments
in innovations, in this case, do not enable long-term competitive advantage. An
inverted U-shape has been found to represent the speed of innovation, influenced
by the level of competition on the market (see Fig. 9.5: an inverted U-shape, Phuc
2015). In other words, no competition leads to no incentives for innovation, toomuch
competition discourages innovation, since competitors have the ability to imitate the
innovation from the innovator. Not too much and not too little competition leads to
the most innovations in a market, also known as the “Goldilocks zone” (Phuc 2015).

9.3.7.4 Collaboration Partners

In order to collaborate, people, knowledge, and capital are shared between partners
(Binz and Truffer 2017; Troilo et al. 2017). In order to be effective, the number of
collaborations should not be too many nor too little (Grubb et al. 2017). Interactions
between the market and the organization can take place in a formal, informal, and
social setting (El-Griffin 2015). There are different types of formal collaborations
that can occur on a market, based on the partner (Lager 2017). Collaborations can
occur with customers, business ecosystems, innovation networks, and supply chains.

Collaborations with large groups of customers are known as crowdsourcing and
can be used for developing specific solutions, customization of product and services,
and developing innovations (Zhang et al. 2015). Crowdsourcing can take on differ-
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ent forms, such as competitions, platforms, and communities (Zhang et al. 2015).
Business ecosystems consist of organizations with complementary capabilities and
focus on diversity to progress each other’s position in the market and the market as
a whole (Rinkinen and Harmaakorpi 2018). Business ecosystems as a whole aim to
create a shared value to the market. This mainly consists of peer-to-peer activities
(Zhang et al. 2015). Innovation networks consist of partners that aim to develop
innovations with a high potential (Rinkinen and Harmaakorpi 2018). The outcome
of innovation networks can result in the development of new businesses (Zhang et al.
2015). Finally, the supply chain can be identified. The supply chain involves roles
such as suppliers, logistics, distribution, and customers (Lee 2015; Liu et al. 2017;
Mansour and Barandas 2017; Rodriguez and Da Cunha 2018). The supply chain
aims to improve the flow of goods, services, and information from supplier to the
customer and from the customer back to the supplier, if necessary.

Now that an inventory ismade of the different factors that can contribute to innova-
tions, a case study is performed on an innovative Dutch railway service organization,
to identify the factors that contribute to the high pace of innovations.

9.4 Case Study

In this section the innovation framework will be applied to an innovative Dutch
railway Service Provider (SP), which is active in a large part of The Netherlands,
to identify the factors that have led to the high pace of innovation. Since the SP is
developing many innovations, the conceptual innovation framework will be applied
top-down, starting with the market of the SP. Each level of the innovation framework
will conclude with a short analysis.

9.4.1 Market

In this paragraph, the market of the SP will be discussed. The market scope, relevant
institutions, level of competition, and collaboration partners of the SRDP will be
described and analyzed.

9.4.1.1 Market Scope

The SP is situated in several countries throughout the world, with her headquarters
situated in The Netherlands. The Netherlands has the busiest railways in Europe,
transporting 1.1 million daily commuters over a distance of 152 million train kilo-
meters annually and freight trains cover distance of 6million kilometers on an annual
basis (ProRail 2018). The main Dutch railway network costs 1310 million Euros per
year to maintain (ProRail 2018). Maintenance on the main Dutch railway infras-
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tructure is divided into 21 contract areas. The SP in this case study is one of the
largest privately owned railway maintenance service provider in the Netherlands.
The Netherlands is part of the developed world and as such, sets high standards
on the performance of the railways (Dubina et al. 2017; Kumar 2014; Tang et al.
2015). The sector of the SP in The Netherlands can be identified as Public–Private,
since the customer of the SP on the Dutch market is ProRail. Therefore, the focus
of value is aimed at the interpretation of the general public (Arshad and Su 2015;
Coutelle-Brillet et al. 2014). ProRail is a state-owned institution, which carries the
responsibility of operating and maintaining the Dutch railways.

9.4.1.2 Institutions

The railways in the Netherlands are managed by separate entities and fall under the
responsibility of ProRail, for the railway infrastructure, and NS (de Nederlandse
Spoorwegen, The Netherlands Railways), for the passenger rolling stock. Both orga-
nizations are 100% state-owned. Governance of the railway in The Netherlands is
executed by the Dutch ministry of Infrastructure and Waterways (I&W). Oversight
and control of laws that involve the quality of the Dutch railways is enforced by
the ILT (Inspectie Leefomgeving en Transport, Inspection for living environment
and transport) organization (Binz and Truffer 2017; Cajaiba-Santana 2014). The
ILT reports directly to the ministry of I&W, which is a public administration office
(Morrar 2015).

In 2009 ProRail introduced performance-based contracts, leading to the DR and
her competitors obtaining the responsibility to improve railway infrastructure per-
formance. The introduction of the new contract form enables the SP to innovate,
due to financial factors (Cajaiba-Santana 2014; Dubina et al. 2017; Maritz et al.
2014; Morrar 2015; Somers and Stapleton 2014; Tariq et al. 2017). Prior to the
performance-based contracts, competitors were appointed a contract area and per-
formed actions as described by ProRail. Suppliers of railway-related products and
services require certification by ProRail. With regards to data, ProRail aims to ensure
fair competition. Certification and fair competition are regulations that can constrain
participation in innovations (Binz and Truffer 2017; Cajaiba-Santana 2014).

9.4.1.3 Competition

The SP is situated in an oligopoly, competing against three other certified SPs. There-
fore, the level of competition of the market of the SP is within the “Goldilocks zone”,
where competition is not too low, nor too high, predicting a high speed of innovations
(Phuc 2015). Contracts between ProRail and SPs are selected via a reverse tendering
procedure. Based on bonuses for the performance offered, the economically most
advantageous bid wins the contract after ProRail is satisfied with how the SP aims to
achieve the competitive bid. Contracts last for a period of five years and are evaluated
quarterly on their performance, which can result in bonuses or fines.
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9.4.1.4 Collaboration Partners

To compete on the market, the SP has several partners. The SP collaborates in all four
collaboration types, namely: customers, business ecosystem, innovation networks,
and supply chain. Customers include ProRail, as well as international customers
(Zhang et al. 2015). In the business ecosystem, collaborations with strategic partners
can be identified (Rinkinen and Harmaakorpi 2018; Zhang et al. 2015). Innovation
networks include European funded projects and research initiatives with the Univer-
sity of Twente (Rinkinen and Harmaakorpi 2018; Zhang et al. 2015). In the supply
chain, the SP collaborates with suppliers of products and services (Lee 2015; Liu
et al. 2017;Mansour and Barandas 2017; Rodriguez andDa Cunha 2018). Therefore,
many collaborations take place within the SP (Binz and Truffer 2017; Troilo et al.
2017). However, whether too many collaborations take place, is difficult to deter-
mine, since this is highly context-dependent and would require a competitor analysis
(Grubb et al. 2017).

9.4.1.5 Market Analysis

The SP is situated in a demanding railway market and is positioned in a sector, which
is focused on serving the general public. The introduction of performance-based con-
tracts has increased the need of the SP to innovate her services and products. Situated
in an oligopoly, the level of competition is within the so-called “Goldilocks zone”,
predicting a high speed of innovation. The SP takes full advantage of the differ-
ent types of collaboration partners to accelerate innovations. However, to determine
whether too many collaborations take place would require a competitor analysis,
which is outside of the scope of this research (Grubb et al. 2017).

9.4.2 Strategic Interface: Desired Market Position

In this paragraph, the strategies of the SP will be discussed. First, the overall strategy
of the SPwill be introduced, followed by a description and analysis of both protective
and advancing strategies the organization uses.

9.4.2.1 Overall Strategy of the Dutch Railway Service Provider

The SP’s motto is “Making rail transport safe, available, efficient and sustainable”
creating attractive rail transport. Attractive rail transport is in their vision :
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• aimed at the passenger;
• safe, on time and reliable;
• competitive with road, ship and air transport;
• and sustainable: energy-saving and environmentally friendly.

Overall, the SP aims to be a competitive and innovative service provider. To do so,
the SP’s strategy is to: “use the competitive market of the Netherlands to innovate,
so that they [the innovations] can be marketed abroad” (Director). To enable this
strategy, the SP uses both protective and advancing strategies.

9.4.2.2 Protective Strategies

Since the Dutch market plays a critical role in fulfilling the strategy of the SP, two
protective strategies are used, namely: increasing the entrance barrier for competitors
and monopolizing strategic partners (Phuc 2015). Increasing the entrance barrier is
naturally achieved by continuously innovating the products and services, which the
SP provides the Dutch railway market. In addition, the SP monopolizes strategic
partners, both nationally and internationally, by building relationships with partners
which hold promising new technologies.

9.4.2.3 Advancing Strategies

The chosen strategy of the SP, in combinationwith hermarket characteristics, enables
the use of three types of advancing strategies to improve her position. Market pene-
tration, product development, and market development advancing strategies are used
by the SP (DeWaal 2016). The application of multiple advancing strategies requires
continuous development of new products and services for existing and new markets.
Developments in products and services in the SP focus on:

• data acquisition;
• data analysis and decision support; and
• maintenance execution.

Since the contracts from ProRail are based on reverse auctioning in combination
with performance for a period of five years, the SP has obtainedmore responsibilities,
which enables a further decrease in maintenance costs and reduction in failures, in
comparison with the bids which results in bonuses. Reverse auctioning in combina-
tion with the performance-based contracting, enables the market penetration strategy
on the Dutch market. In addition, this strategy is also viable for present international
markets, which do not use performance-based contracts. For an additional fee the
present international market can be sold a new product or service, in addition to exist-
ing products and services that are provided by the SP. The extra investment can result
in an additional decrease in downtime and costs. The foci of the SP with regards to
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product/service development, enables the establishment of a brand identity special-
ized in maintenance, further enabling the market penetration strategy (Botschen and
Wegerer 2017; Christofi et al. 2015).

Since not all railway owners in the world, are familiar with the products and
services of the SP, the market development strategy can be executed. Each addi-
tional product and service the SP is able to offer to potential new markets provide a
new selling point for the SP. Once a new market adopts a single product or service
from the SP, themarket penetration strategy can be applied to the newmarket. Expan-
sion from heavy public transportation to light public transportation and heavy private
transportation has been realized in recent years. Therefore, the product/market diver-
sification strategy is not used within the SP, since the new market is still rail related
(De Waal 2016).

9.4.2.4 Strategic Interface Analysis

The SP uses a wide array of strategies to improve her position on both the present
market and new markets. The only two strategies that are not used by the SP are imi-
tating market leaders and product/market diversification. Exclusion of the imitating
market leaders strategy can be explained by the leading position of the SP. Exclusion
of the product/market diversification strategy indicates that the SP has a clear focus
on the type of products and services it wants to develop and displays a commitment
to the railway service market (De Waal 2016).

9.4.3 Organization

In this paragraph, the organization of the SP will be discussed. The absorptive capac-
ity (AC), organizational structure, and functions with regards to innovation of the SP
will be described. This paragraph will end with an analysis of the organization of the
SP.

9.4.3.1 Absorptive Capacity

The ability of individuals to transfer knowledge, also known as AC, varies within
the organization (Malik and Bergfeld 2015; Phuc 2015). More experienced person-
nel have operational experience. However, since the organization is growing, new
personnel have little to no operational experience. Depending on the individuals
between who knowledge is transferred, the AC can be high or low. However, during
the development of new products and services, the interaction between organiza-
tional components is high and in general, face-to-face. In particular, individuals who
have collaborated with each other in the past, the AC is high.
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9.4.3.2 Organizational Structure

The SP consists of over 3000 FTEs (Full-time equivalents). The SP is part of a larger
privately owned organization. The headquarters of the SP is situated in The Nether-
lands and each contract area has in general, its own production location. Therefore
the geographical distance between organizational components is relatively high, neg-
atively impacting the AC of the organization (Caiazza 2017). The SP focuses on rail
systems, while her sister companies focus on other industries, such as civil infras-
tructure, and technical installations and facilities. Therefore, a high distance in the
industrial context of the SP is present, positively influencing the ability to transfer
applications to new industries (Caiazza 2017). With regards to technology, the SP
has outstanding expertise in information communication technology, maintenance
engineering, and condition monitoring technologies, indicating a high variety in
technological domains, positively influencing the ability to create and absorb new
knowledge (Caiazza 2017).

9.4.3.3 Organizational Functions

The exploration of new products and services fall under the responsibility of two
organizational components, namely Asset Management (AM) and Operations Rail
(OR), which also exploit services and products respectively (Buliga et al. 2016).
Therefore, both organizational components are ambidextrous (Buliga et al. 2016).
OR takes a structural approach to ambidexterity, by setting fixed times to explore
and support developments (Buliga et al. 2016). AM approaches ambidexterity via
a contextual approach, by balancing both internal and external customer service
requests with new product and service developments (Buliga et al. 2016). Within the
SP, only new opportunities are mapped via a business model (Barth et al. 2017; Shao
et al. 2014).

9.4.3.4 Organization Analysis

The spatial distance between different organizational components of the SP is rela-
tively high. However, because the AC of individuals within the organization can be
high, communication of knowledge is not always a challenge within the organiza-
tion. The industrial context of the SP is focused on rail systems, however knowledge
exchange between sister companies and strategic partners enable new idea combina-
tions, resulting in new applications. The technological context indicates a relatively
high variety in technological domains, which increases the competitiveness of the
organization. Ambidexterity takes place in two organizational components, which
means that users of new products and services are also involved with the develop-
ment of new products and services. Business models are only used for mapping new
opportunities and not for existing business activities (Barth et al. 2017; Shao et al.
2014).
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9.4.4 Tactical Interface: Organizing the Innovation Process

In this paragraph, the tactical interface of the SP is discussed. The different respon-
sibilities of general management that influence the SP are described, followed by the
innovation management of the SP. This paragraph will end with an analysis of the
tactical interface of the SP.

9.4.4.1 General Management

Standardization of new business processes occurs on different levels and are man-
aged by different internal or external organizational components (Arshad and Su
2015; Bélanger et al. 2016). The different roles of general management of the SP can
be identified as (1) the customer ProRail, (2) managers of the different functional
units in the central organization, and (3) the production managers of the different
contract teams. Each layer of general management carries the responsibility over a
different process, which are: (1) the reverse auctioning process and evaluation of the
performance during a contract, (2) developing the competitive bid and maintenance
planning, and (3) standardization of the daily processes, respectively. Since all roles
are fulfilled by multiple individuals, each with a variation in planning horizon, trans-
parency, and regulation is difficult to achieve within the SP (Bélanger et al. 2016;
Hashmi et al. 2017; Overall 2015). Therefore, an aggressive approach to control is
not present, enabling creativity among employees (Overall 2015).

9.4.4.2 Innovation Management

The SP possesses two ways of collecting ideas for innovations from employees. By
facilitating an internal idea platform and through general management, new ideas
can be developed. Employees are involved in innovation in several ways, namely
in the generation, selection, development, testing, and implementation of ideas. An
idea platform enables employees to submit ideas freely, or according to challenges.
Therefore support for adopting new products/services are stimulated with employee
involvement (Arshad and Su 2015; Weisberg et al. 2014).

Since general management roles are fulfilled bymultiple individuals and are given
the ability to use creativity, general management can be identified as intrapreneurs
(Arshad and Su 2015; Hastuti et al. 2016). The SP has centralized its business struc-
ture with regards to innovations, appointing an innovation manager to coordinate
both R&D and implementation activities. Therefore, a formal business structure is
present within the SP (Sindakis 2015). The management of the idea platform takes
place within the innovation business structure.
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9.4.4.3 Tactical Interface Analysis

General management within the SP displays a high level of variety, since general
management activities are organized by production managers, serving multiple cus-
tomer organizations.Organizing innovations requires collaborations between general
and innovation management within the SP. Autonomy in participation in innovations
is high for the different production managers, enabling a secondary selection filter
for new products/services. The formal innovation business structure enables a high
level of employee involvement in the generation, selection, testing, and implemen-
tation of innovations. However, evaluation of the outcomes of innovations, as well
as the recruitment and management of intrapreneurs, can be improved within the SP
(Sindakis 2015).

9.4.5 Process

In this paragraph, the innovation process of the SP is discussed. First, the exploration
process is discussed, followed by the exploitation process. This paragraph will end
with the analysis of the innovation process of the SP.

9.4.5.1 Exploration

Identification and generation of ideas within the SP are communicated via the gen-
eral management or the internal idea platform. Selection of ideas occurs within the
innovation business structure and is based on strategic contribution, risks, costs, and
benefits. Therefore, ideas are selected for development according to the strategy of
the SP (Chernoivanova 2015). Since the resources for developing and implement-
ing innovations are limited, the SP sets hard criteria for selecting innovations. Of
hundreds of initial ideas, only a limited amount is in development. Therefore, the
idea generation and enrichment, and idea selection process steps are present in the
SP (Bélanger et al. 2016; Chernoivanova 2015; Mulyaningsih et al. 2016; Takey and
Carvalho 2016; Zhang et al. 2015).

Depending on the size of the investment, approval is required from a business unit
manager, strategic business unit director, the board of directors of the organization,
or external funding. The concept definition and business feasibility are captured on a
single page and include the required internal and external investment in resources and
capacity, potential profit, and risks associated with the innovation. Once approved,
the required internal or external resources are organized to develop the product.
Therefore, the process steps concept definition, business feasibility, and organizing
capabilities and assets are present in the SP (Bélanger et al. 2016; Buliga et al. 2016;
Mulyaningsih et al. 2016; Takey and Carvalho 2016).
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9.4.5.2 Exploitation

Whether an innovation is intended for the national or international market, inno-
vations are implemented and evaluated on the national market, via a pilot, prior
to further exploitation. In case a product/service is applied on the Dutch railway
infrastructure, permission, and certification are required from ProRail. For further
exploitation, a distinction can be made for the national and international market.

For the national market, the national sales department, implementation depart-
ment, and contract areas play a critical role. The national sales department receives
an overview of the innovation manager, which presents the latest innovations. The
national sales department analyses the failures that occurred within a contract area
and deducts failures, based on the evaluation of a specific innovation in a pilot contract
area. A reduction in failures contributes to a bonus in the tendering process, which
increases the odds of winning a contract area.With the support of the implementation
department, a contract area implements innovations.

For the international market, the international sales department and customer
organization play an important role. Existing customers are approachedby employees
of the international sales department, to adopt new products and services. If required,
additional development and implementation resources are allocated to support the
customer organization to adopt the innovation. For both the national and international
market the implementation process step is identified in the SP (Bélanger et al. 2016).

9.4.5.3 Process Analysis

The SP executes most of the process steps that are required to innovate. Hard selec-
tion criteria ensure that from competing ideas, only the most promising ideas that
align with the strategy of the SP, make use of the scarce resources for development
and implementation. Exploitation of innovations occurs on both the national and
international market and is organized under different organizational departments.
The process steps opportunity identification and evaluation, however, were not for-
malized within the SP during this case study (Bélanger et al. 2016; Buliga et al. 2016;
Mulyaningsih et al. 2016; Takey and Carvalho 2016).

9.4.6 Operational Interface: Developing Products/Services

In the following paragraph, the four categories of the innovation activities are
described. The categories market research, development, sponsor, and knowledge
management of the SP are described, followed by an analysis of the operational
interface of the SP.
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9.4.6.1 Market Research

Depending on the problem owner, different organizational components provide input
for market research. On the national market, input for market research is provided
by three organizational components, and include the national sales department, the
contract areas, and the asset management department. A problem can be indicated
by an employee in a contract area. Consequently, data analysis can indicate the size
of the problem on the entire national market, performed by asset management. The
national sales department indicates the financial bonuses the customer offers for a
decrease in failures. By combining the input of the market research, an estimation
of the size of the investment can be calculated.

On an international market, the customer, international sales, and asset manage-
ment provide input for the market research. Similarly, as the market research on
the national market, the customer indicates the problem, which can be validated by
asset management. The international sales department provides an indication of the
potential market of a solution and an indication of how much the customer is willing
to pay for the development of a solution, which is combined into an estimation of
the size of the investment.

Both national and international sales scan the market on existing solutions, fol-
lowed by a business feasibility study. If approved by the sponsor, innovation enters
the development activities. Therefore, market research is present within the SP. The
targeted user, problem definition, research into existing solutions, and a business
feasibility study are present in new product/service documentation (Bélanger et al.
2016; Mulyaningsih et al. 2016; Takey and Carvalho 2016; Zhang et al. 2015).

9.4.6.2 Development

Together with the customer or employees, requirements for the solution are defined.
Internal and external resources are organized to develop the product or service.
Depending on the required resources for development, the internal resources are
supplemented or outsourced to external partners. Tests and demonstrations are per-
formed on a pilot contract area if needed. The implementation, in general, always
takes place in a Dutch contract area, to obtain in-house experience and to ensure the
operational application of the innovation. The development team collaborates with
a contract area to validate the use of innovation. Documentation about the develop-
ment of new products/services includes solution requirements and user involvement
(Bélanger et al. 2016; Buliga et al. 2016; Kuzmin and Grom 2014; Weisberg et al.
2014; Zhang et al. 2015).

9.4.6.3 Sponsor

Dependent on the size of investment, the sponsor is a business unit manager, strategic
business unit director, a member of the board of the organization or an external party.
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The sponsor of innovations has several decision-making moments in the innovation
process, which are after the business feasibility study, indication of partner develop-
ment costs (if present), and the innovation implementation process step. The sponsor
of the SP carries the responsibility of negotiating innovation ownership, intellectual
property rights and commercial agreements if external partners support the devel-
opment process via resources or capacity. Therefore, the investment and division of
benefits are present in new product/service documentation (Erzurumlu 2017; Mor-
rar 2015; Mulyaningsih et al. 2016; Rinkinen and Harmaakorpi 2018; Takey and
Carvalho 2016; Troilo et al. 2017). In addition, the sponsor reviews the new prod-
uct/service during development and prior to commercialization (Buliga et al. 2016;
Malik and Bergfeld 2015).

9.4.6.4 Knowledge Management

A central location, where innovation documents are stored is present within the SP.
Each innovation describes the innovation, its team members, sponsor, and status of
the innovation, allowing efficient retrieval of documentation. The documents include
general information, the current state of the context, the desired state of the context,
the chosen solution to achieve the desired state, and a business feasibility study
(Erzurumlu 2017;Malik andBergfeld 2015; Rinkinen andHarmaakorpi 2018; Troilo
et al. 2017). Innovations that are approved, are monitored on their progress and
documentation is updated when required.

9.4.6.5 Knowledge Management

The innovation process of the SP has different inputs and outputs, with regards to
the national and international market. Regardless of the market, a high degree of
collaboration between internal and external organizational components is required
to innovate successfully. The sponsor carries the responsibility of approving innova-
tionswithin the SP, prior to committing resources to its development and exploitation.
The importance of knowledge management is recognized within the SP, which falls
under the responsibility of the innovationmanager and is indicated by the presence of
a central library for innovations. However, three points of improvement are possible
for the documentation of new products/services in the SP. First of all, investments of
organizational resources mainly focus on financial resources, rather than the invest-
ment in human resources (Erzurumlu 2017; Morrar 2015; Mulyaningsih et al. 2016;
Rinkinen and Harmaakorpi 2018; Takey and Carvalho 2016; Troilo et al. 2017).
Second, the generation of alternative solutions for a problem is not present in the
reviewed documentation (Chernoivanova 2015; Takey and Carvalho 2016; Zhang
et al. 2015). Finally, evaluation of requirements, unforeseen challenges and prob-
lems are not found in the reviewed documents (Bélanger et al. 2016; Buliga et al.
2016; Kuzmin and Grom 2014).
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9.4.6.6 Product/Service

In this paragraph, the Predictive Maintenance and Fault Diagnostic System (FDS)
of the SP will be presented. The FDS is one of many innovations of the SP and
illustrates the experience of the SP with regards to innovating. The FDS has gone
through all innovation types and is still further developed by the SP. To illustrate the
differences in effort per innovation type, each transition is shortly described. Effort in
transitions involve changes in technology, organization, products, and processes. The
paragraph will start with an introduction of the FDS, followed by the effort required
to transition the system from radical to modular, from modular to architectural, and
fromarchitectural to incremental innovation. This paragraphwill endwith an analysis
of the product/service.

9.4.6.7 Fault Diagnostic System

The FDS is a non-intrusive and easy to install the system, which measures the power
consumption of any electrical system it is connected to. By registering power con-
sumption patterns and relating them with failures, potential failures can be identified
before they occur. The FDS is a condition monitoring system, which enables a sig-
nificant reduction in failures. In addition, the FDS supports maintenance personnel
by indicating the type of failure, enabling more efficient failure diagnosis and spare
parts logistics, leading to faster recovery of the infrastructure.

9.4.6.8 From Radical to Modular

The measuring of power consumption to enable condition monitoring, was a rad-
ical innovation in railway maintenance around the year 2000 (Caputo et al. 2016;
Coutelle-Brillet et al. 2014; Gaziulusoy and Brezet 2015; Mulyaningsih et al. 2016;
Phuc 2015). Prior to the FDS, railway switch motors were replaced preventively,
incurring high costs in their replacement. Originally, the SP developed the FDS to
indicate a switch motor failure after it occurred, as a module on the infrastructure
(Caputo et al. 2016; Coutelle-Brillet et al. 2014; Gaziulusoy and Brezet 2015). Certi-
fication of the FDS required close collaboration with ProRail, in order for the system
to be certified.

9.4.6.9 From Modular to Architectural

In time, the potential of the FDS to indicate failures in advance was recognized
by the SP. However, the product on itself was not sufficient to support users of the
system. The SP required attention on its data acquisition, in order to match and
validate failures with patterns in the power consumption of a railway switch motor.
In order for the FDS to be of utility in other physical environments, the architecture

j.moerman@utwente.nl



9 Innovation Management in Outsourced Railway Maintenance … 165

of FDS required a revision. Apart from the product, the software services “Analysis”
and “Manager” were developed to support track workers, maintenance engineers
and failure management personnel (Troilo et al. 2017). Therefore, the failure data
acquisition, data analysis, and decision support were additional modules, that were
required to complete the FDS architecture (Caputo et al. 2016; Coutelle-Brillet et al.
2014; Gaziulusoy and Brezet 2015; Hastuti et al. 2016; Phuc 2015).

9.4.6.10 From Architectural to Incremental

Incremental innovation can be identified in the scope of the application of the system,
and the depth of the system (Caputo et al. 2016; Coutelle-Brillet et al. 2014; Gaziu-
lusoy and Brezet 2015; Phuc 2015). Now that the FDS architecture has matured, the
applications of FDS are expanded to other electrical systems, such as level crossings,
track sections, as well as rolling stock. Therefore, the scope of FDS is increased. For
each application, the library of failures and power consumption patterns increases.
This allows more accurate decision support for maintenance personnel and railway
operators.

9.4.6.11 Product/Service Analysis

The FDS consists of a combination of products and services. The effort required to
arrive at a modern-day application of the FDS was enabled by the market, organiza-
tion, organizational processes, andproducts and services. Expansion of its application
required the development of additional modules, which resulted in the modern day
architecture of the FDS. In order for the FDS to be useful in its new contexts, previous
lessons learned have to be applied to the new contexts. The SP has the experience
to innovate products/services through their entire lifecycle to provide value to its
users (Caputo et al. 2016; Coutelle-Brillet et al. 2014; Mansour and Barandas 2017;
Rinkinen and Harmaakorpi 2018; Troilo et al. 2017).

9.5 Summary and Implications

This research set out to identify the factors that contribute to the high pace of inno-
vations in the Dutch railway organizations. To do so, a conceptual innovation frame-
work is constructed from theory and a case study is performed on an innovative
Dutch railway Service Provider (SP). The case study reveals that a combination of
factors contributes to the high pace of innovations in the SP. This paragraph will
summarize the case study findings, followed by the limitations of the research. This
chapter ends with implications for practitioners and researchers.
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9.5.1 Summary

Several factors contribute to the high pace of innovations for the SP, which have been
categorized as market, strategic interface, organization, tactical interface, process,
operational interface, and product/service factors.

Market factors that contribute to the high pace of innovations include: high expec-
tations on the performance of railways in theNetherlands, in a sectorwhich serves the
general public; the introduction of performance-based contracts, which has increased
the need to innovate to compete; appropriate levels of competition, which does not
demotivate nor stifle innovations; and close collaborations with different types of
partners. However,whether toomany collaborations in innovations are presentwithin
the SP, requires competitors analyses, since the optimum number of collaborations
is context dependent.

With regards to the strategic interface, the SP uses a wide array of strategies to
protect the present market and to advance her market position, which all focus on the
development of new products and services for the railway market. A clear focus on
the type of products and services in combination with a commitment to the railway
service market enables the organization to cope with the mix of strategies.

Organizational factors contribute to the exchange of knowledge within and out-
side of the SP. Despite the high spatial distance of the organization, communication
between organizational components can be enabled by operational experience of
developers. In addition, knowledge exchange between sister companies and variety
in technological context increase the competitiveness with regards to innovations
via combining new ideas. Two organizational components are structured to enable
ambidexterity, indicating that they are involved in both the use and development of
new innovations. New opportunities are mapped via business models, however not
for existing business activities.

The tactical interface of the SP displays a high level of variety, since production
managers serve multiple customer organizations. Organizing innovations involves
both general and innovation management. A secondary selection filter is enabled
by the autonomous decision-making due to the production managers, ensuring that
only promising innovations are adopted. The innovation business structure of the
SP enables a high level of employee involvement. However, evaluation of the out-
comes of innovations, as well as the recruitment and training of intrapreneurs can be
improved.

The innovation process of the SP contains most of the process steps required
to innovate successfully. Hard selection criteria ensure that only the most promis-
ing ideas make use of scarce organizational resources. Within the SP, exploitation
occurs on both the national and international market and are organized in different
organizational departments. However, the innovation process steps of opportunity
identification and evaluation require formalization in the SP.

The operational interface of the SP shows a high degree of collaborations between
internal and external organizational components. The sponsor of an innovation plays
an important role in approving innovations and the commitment of organizational
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resources. Tomanage the knowledge gained in innovations, documents are stored in a
central library. However, three improvements can bemade in the documentation with
regards to innovation development: (1) estimated investments in human resources, (2)
generation of alternative solutions for a problem, and (3) evaluation of requirements,
unforeseen challenges, and problems.

The SP has experience in transitioning a radical innovation all the way to an
incremental innovation. To do so, the market, the organization, organizational pro-
cesses, and products and services have enabled the transition. This has resulted in
an architecture for a fault diagnostic system, which can be applied to different con-
texts. Therefore, the SP has the experience to innovate products/services through
their entire lifecycle to provide value to its users.

9.5.2 Limitations of the Study

This research has two main limitations, namely the applied methodology and the
data obtained from the case study. The coding methodology used in this study is
potentially under the influence of researcher’s bias, indicating that the development
of the presented framework can be dependent on the background of the authors
(Saldaña 2015). The case study data used in this study has been selected by the case
study organization, therefore can be unrepresentative for the case study organization.

9.5.3 Implications

The presented research shows that theDutch railway sector is a sector which deserves
further research onmaintenance practices. The presented framework is a step towards
an holistic innovation management framework which can be used to analyze inno-
vations on a sector level. The research results give practitioners insights on how to
develop innovation management practices in the railway sector.

Future research can focus on validating the presented innovation framework, in
order to reach consensus. In addition, research is required, to determine the optimum
amount of innovations and collaborations for an organization.
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Chapter 10
Vocational Education and Training
in Transportation Maintenance 4.0:
A Note

Alberto Martinetti

Abstract Vocational Education and Training (VET) represents a key factor for the
development of countries and society. Due to radical changes and new challenges in
technology and in societal needs, VET has to re-think its position in the education
field as well for better fitting within the new job requirements. The chapter will focus
on the relations between VET and Maintenance 4.0 environments analysing oppor-
tunities with particular attention to works in transportation systems. First, the work
will discuss the actual context in comparison with the past decades focusing on the
European situation. Second, themain points of VET andTransportationMaintenance
4.0 will be pinpointed. After that, a reflection on how those concepts can be com-
bined in transportation systems will be offered. Finally, discussion and conclusion
will reflect on how to move forwards for taking advantages of VET on a long-term
horizon.

Keywords Vocational education and training (VET) · Maintenance 4.0 ·
Transportation

10.1 Introduction and Context

The volatile job market that has characterised the last two decades and the unstable
economic situation generated by the recent crisis have affected the employment rates
in several countries of Europe (Fig. 10.1). The unemployment is a cross-borders
phenomenon, sometimes even not prevented by social position. It affects experienced
workers and young people in every job sectors (Eichhorst et al. 2015).

As also highlighted by several sources, this problem has been (and still is) more
problematic in European countries where people encountered difficulties to enter
in the job market even before the financial crisis. In those countries, where the
Vocational Education and Training (VET) is less strong and used, people tend to
have less consolidated practical skills. As a consequence, they are often considered
by possible employers not as an investment but as a cost during the first 6–12 months
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Fig. 10.1 Employment annual growth rate, EU-28+3 (Cedefop and Eurofound 2018b)

of employment. This leads to a general trend that generates resistance in hiring new
employees. In financial crisis times and job scarcity, when resources and processes
need to be efficient from time zero, the latter is greatly amplified.

The changing nature of work due to the introduction of new technologies and
automation could route the described mechanism towards very different scenarios:

• A working environment where human resources is enhanced and integrated into a
global value chains, where new technologies create new job positions;

• The reduction of production equipment cost puts at risk those workers in low-
skill jobs engaged in routine tasks. These are the occupations most susceptible to
automation (World Bank 2019).

The mentioned introduction of new technologies can certainly be referred to the
big changes brought by Industry 4.0 (I4.0). In general terms, I4.0 is a way to define
industry and production processes empowered by the introduction of IT solutions,
robotics, condition-monitoring devices, and their interconnection (Kagermann et al.
2013; Deloitte 2015; Sniderman et al. 2016; Reyes Garcia et al. 2019). These Cyber-
Physical Systems (CPS), considered as main driven changes in the I4.0, requires
specific training and competences in order to be a value for the system which they
are deployed in. It opens the opportunity for the VET to re-take a central role as a
connector between industries and workforce. In this scenario, maintenance is one of
the application areas, and it can be referred to as Maintenance 4.0 (Kans et al 2016).

The following sections will reflect on opportunities that can arise connecting VET
and Maintenance 4.0 jobs within the transportation sector.

j.moerman@utwente.nl



10 Vocational Education and Training in Transportation … 175

10.2 Vocational Education and Training (VET)
and Transportation Maintenance 4.0

Vocational education and training are manifold; it is the most heterogeneous of the
main education and training sectors in Europe today.VEToverlapswith other parts of
the education and training system in many cases (Cedefop 2017a, b). As pinpointed
by several authors (Biemans et al. 2004; Detmar and De Vries 2009; Finch et al.
2007; Toolsema and Nijhof 2003; Akkerman and Bakker 2012), a major concern
has always been the different approaches between school and works for most of the
VETs. For example, in most of the Southern European Countries, VET are mostly
related to upper-secondary education, training at school and not within a firm; VET
in firms usually is in place only for fixed-term contracts (Eichhorst et al. 2015).
However, several European countries after the acknowledgement reached in Riga
in 2015 are stressing the value of “responsive VET” to contribute to the international
competitiveness of the labour force in a global context (Cedefop 2018a).

Moreover, VET can really play an important role in reducing high school drops
out giving an attractive alternative to the ones that are interesting in learning a job.

10.2.1 Vocational Education and Training (VET)

According to the terminology settled by Cedefop (2014), VET comprises all the
actions necessary to equip people with knowledge, know-how, skills and/or com-
petences required in particular occupations or more broadly on the labour market.
Figure 10.1 highlights general skills that a VET should provide.

VET offers several options from certifications and diploma programs to associate
degree programs.High school programs canprovide awide rangeof courses andwork
experience programs, designed to introduce students to different trades. Community
colleges, technical schools, and career colleges provide several VET programmes as
well, to havemore tailored studies matchingwith different student background; these
courses give utmost importance to hands-on training in order to transfer immediately
applicable competences (McCoshan et al. 2008).

As it is possible to note in Fig. 10.2, VET needs to transfer a set of different
skills. The importance and the balance of the skills are greatly influenced by the
programme of the VET and by the typology of job considered. However, due to
the globalisation of the market, fostered by increasing mobility of both job posi-
tions and workers, a VET cannot be considered complete if the trainee/student does
not receive basics of cultural awareness, social science, team working and manage-
ment. Nowadays, several jobs require multiple operators at the same time and at the
same location. Maintenance of transportation systems is among those indeed. In this
scenario, workers need to be prepared for smoothly operating together both from
technical perspective and from group synergy perspective.
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Fig. 10.2 Basic skills to acquire during a VET

This point implies that a VET programmemono-oriented to technical skills trans-
fer will create deficit knowledge in the field of teamworking. A similar consideration
can be done likewise for a lack of technical knowledge.

Even if Education and Training in VET programmes are often considered (cor-
rectly) together having similar scopes, it is valuable to underline that they are slightly
different in some of the aspects.

If we refer to the Bloom’s Taxonomy (1956) the concept of Vocational Education
is focused on absorbing and remembering educational contents and understanding
information (mostly audio and visual learning).On the contrary, theVocational Train-
ing is oriented in letting the student apply concepts and operate in a real scenario
and analyse situations. Procedures are emphasised through repetition and typically
hands-on application with constant instructor evaluation for checking the accuracy.
Figure 10.3 offers a visualisation of the aims of Vocational Education and Vocational
Training. It is important to remark that these definitions are not rigid. Their bound-
aries could vary due to several causes: different learning goals of VET, different
industrial sectors, differences in Country educational programmes, etc.

According to the definitions discussed, it is valuable to add that the top of the
Bloom’s Taxonomy pyramid, generally called “Create”, meant for producing new
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Fig. 10.3 Vocational education and vocational training in relation to Bloom’s taxonomy

original works, rarely is included in VET programmes. The reason for that lies in
the overall aim of VETs: providing proper knowledge and skills for understanding
and applying competences.

10.2.2 Transportation Maintenance 4.0

In the samewayofmost occupational sectors, transportationhas beenheavily affected
by the changes brought by I4.0. The introduction of CPS did not only change the
level of interconnectivity between systems, machines and equipment, but change
drastically also the work organisations, the work operations and the opportunity for
maintenance applications (Reyes Garcia et al. 2019). It influenced even the way
of designing assets in order to perfectly combining mechanical, electronic and IT
components. It promoted the development of a Maintenance 4.0 concept.

An interesting example is shown in Fig. 10.4. It explains how working hours
and hourly relative working place distribution of three train series (Stadsgewest-
elijk Materieel-SGM, Sprinter Light Train-SLT, and Sprinter NewGeneration-SNG)
operated by the Netherlands Railways (NS) changed with the introduction of I4.0
related sub-systems.

Besides the overall reduction of working hours per single coach through the
decades, if for maintaining a SGM train (in service since 1975) 80% of the time
was spent under the train in the pit, the introduction of SNG in 2018 has deeply
changed the working procedures and the workshop layout. The maintenance person-
nel are now required to spend 56% more time on elevated platforms for working
on IT and electronic systems placed on the roof of the train (Table 10.1) than for
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Fig. 10.4 Evolution of maintenance time distribution for the SGM, SLT, and SNG train series
operated by NS

Table 10.1 Maintenance
working hours for different
train series divided per train
location

Working hours SGM (h) SLT (h)
(±�% of
SGM)

SNG (h)
(±�% of
SGM)

Train location

Roof 11 20 (+ ≈ 45%) 25 (+ ≈ 56%)

Inside 11 21 (+ ≈ 48%) 13 (+ ≈ 16%)

Side 14 14 (± 0%) 7 (− ≈ 50%)

Under 144 20 (− ≈ 87%) 20 (− ≈ 87%)

Total working
hours

180 75 (− ≈ 59%) 65 (− ≈ 63%)

the SGM. This change in the nature of work has forced NS to revise their working
procedures and to build workshop suitable for the new working time distribution.

It brought several challenges not only in terms of working re-organisation, safety
procedures, risk management but also in terms of competences and knowledge that
the personnel needs to have for reliably working on the new assets.

Maintenance 4.0 does not only affect railway industries. It has already several
applications in different transportation sectors: interconnection traffic management
systems, real-time health condition-monitoring systems for infrastructures (tunnels,
bridges, waterways, roads’ pavements, etc.).

As also discussed by Kans et al (2016), Maintenance 4.0 can play a significant
role in transportation systems supporting the goals highlighted by European Union
such as long-term strategy for society development, encouragement of efficient and
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“smart” solutions for improving reliability, re-organisation of work processes and
work methodology in order to increase the overall safety.

10.3 VET at the Time of Transportation Maintenance 4.0

As defined in the Sect. 10.2.2, VET provides competences and skills for a specific
trade, craft or job function (Roy 2018).

Even if in the past this trainingwas confined to certain trades likewelding, automo-
tive services and carpentry now the horizon of VET has expanded with the evolution
of time and a multitude of options is available to acquire extremely specialised skills.

Since Maintenance disciplines, as said, are changing due to new technologies
introduction, VETs focused onMaintenance need also to change for training workers
in a more specific direction in order to include new important competences.

The basic concept is explained in Fig. 10.5.
The competences and skills required from technicians involved in maintenance of

transportation systems are a blending between the actual competences of the VETs
programmes on maintenance and the skills made available by I4.0 introduction. The
result will be a VET focused on Maintenance 4.0 able to train and deliver workers
with mechatronics skills.

Fig. 10.5 Maintenance 4.0 VET skills: blending of maintenance and industry 4.0 skills
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10.4 Discussions

Besides the new contents to introduce in VETs for a better embedding of I4.0
technologies, it is important to underline how also educational methods should be
adjusted. The latter is considered one of the best solutions for avoiding sensible
depletion in the educational and training quality VETs programmes.

According to also to the topics highlighted and discussed in the previous sections,
new educational methods such as blended learning and e-learning represent some of
the important aspects to implement and to include more frequently in the future VET
schools.

Therefore, it should be considered relevant for the development of successful VET
programmes, the teaching of Maintenance 4.0 competences using:

• Blended Learning: It offers both distance learning and traditional learning. It
encompasses different learning solutions ranging fromclassroom lecture, to virtual
lecture for allowing self-paced e-Learning, etc.

• Self-Paced Learning: the student decides how much time he/she needs to spend
on a specific topic choosing also the place where to access the courses from. Self-
paced learning refers to the type of instruction that allows a person to control the
flow of the courseware. It implies the learning environment is asynchronous.

• e-Learning: implies delivering e-Learning content in small units (chunks, learning
snacks) for better retention and higher engagement. Mobile learning is learning
based on mobility often through mobile devices like smartphones, iPads, other
tablets, and wearable technology.

The reason to choose those specific methods is twofold: (i) first, the combination
between traditional and at a distance lessons can offer the right mix for the students
to receive enough inspiration during a face-to-face discussion with the lecturer and
still benefitting of the advantage of choosing the time to listen to the lecture through
different devices based on where they are. In this way, the learning process becomes
more flexible and more student-oriented. Second (ii) society is on the edge of several
changes. The way of communicating, the way of interacting is always more oriented
to a digital revolution, especially in a technology-driven sectors. Trainers have to be
part of this evolution in offering more agile and dynamic ways of learning, adopting
multi-functions platform for giving the opportunity to the students to interact and
discuss the contents with IT solutions.

The applications of those innovative methods can facilitate the retention of the
information acquired during the VETs (Ebbinghaus 2013).

10.5 Conclusion

The note presented a discussion on the necessity that VET follows the technology
evolution happening in the challenging field of maintenance of transportation sys-
tems. First, a definition of VET and Transportation Maintenance 4.0 is offered.
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Borrowing as an example the increase of new technologies related to I4.0 intro-
duced in the last train sets operated by NS, the chapter discusses how these changes
are affecting both theway of working and the necessary competences needed to prop-
erly maintain those new systems. The competences do not only lie on the mechanical
side; workers are now asked to have skills in both mechanics, electronics and IT sci-
ences. The latter is requesting strongmodifications in the learning goals of VETs, but
also in the way of transferring the knowledge. New educational methods based on
the concepts Blended Learning, Self-Paced Learning, e-Learning could bring benefit
for improving the knowledge retention. Future researches need to be carried on these
topics in order to increase the efficiency of VET in worker knowledge formation.
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Chapter 11
Knowledge Transfer

Elena Psyllou

Abstract This chapter aims to showcase the knowledge transfer from research into
practice taking aviation as the case study. Aviation is well-known for its matured
safetymanagement systems and it is frequently used as the exemplar of the successful
application of safety management across aviation activities. The application of the
research is presentedwith respect to the enhancement of investigation andmonitoring
of safety incidents, the support of evidence-based safety risk assessment and the
mitigation actions. These applications follow on the research in on a persistent safety
issue in air trafficmanagement that of the unauthorised entry of aircraft into controlled
and restricted airspace.

Keywords Knowledge · Knowledge transfer · Safety management · Aviation

11.1 Introduction

It is well-known that researchers spend hours and resources in solving complex prob-
lems. They design the study, collect and analyse data and report the results. Research
studies cover a wide array of topics, some address narrow research questions, e.g.
the development of a mathematical model that predicts the safety outcome of a
type of safety occurrences. Other studies cover a wider angle of a research problem
that consists of multiple research objectives, e.g. the underlying reasons that a pri-
vate aircraft keeps flying into airspace without permission. Research is inarguably
invaluable to the evolution of humanity. Research leads to more research and con-
tinuously increases our body of knowledge. This pathway of continuous research
development is expected among the research community; however, it is not the only
pathway. Research councils, particularly in Europe, actively awards grants to support
both academia and industry to exchange knowledge and accelerate and the uptake of
evidence-based findings. Examples of knowledge transfer can be the development
of a physical product that can sense, an invisible output such as an algorithm that is
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incorporated into the industry’s activities or a know-how-to-do something, which is
a procedure that enhances the approaches used by the industry.

Given the benefits gained from transferring knowledge between academia and
industry, this chapter was motivated by the benefits gained from the application
of research into practice. The aim of this chapter is to showcase the knowledge
transfer from research to the stakeholders taking aviation as the case study. Aviation
is well-known for its matured safety management systems and it is frequently used
as the exemplar of the successful application of safety management across aviation
activities. This chapter focuses on a persistent safety issue in air traffic management
that of the unauthorised entry of aircraft into controlled and restricted airspace. It has
been researched at a doctoral level by the author and focused on the Europe continent
and was later extended to North America. The knowledge resulted from her research
has been shared with stakeholders in these two continents. It seems reasonable to
illustrate the body of knowledge that has been exchanged with the stakeholders as
well as the process to achieve this. This transfer of knowledge can be applicable
across sectors and can extend beyond aviation or any one particular nation.

11.2 Research Background

Airspace infringements are defined as those incidents that the aircraft enters con-
trolled or restricted airspace without receiving permission from the air traffic con-
troller (ATCO). In such airspace areas, ATCOs are responsible for managing the
traffic and thus, they issue clearance for the aircraft to enter airspace. In particular,
they indicate the time and location of the entry into the airspace as well as the flight
path inside the airspace based on the airspace rules. Hence, unauthorised aircraft can
cause problems for air traffic management especially over airports as inbound and
outbound traffic has to be diverted at this safety-critical phase of the flight.

Europe has a major problem with the number of reported airspace infringement
incidents and no noticeable reduction has been seen despite efforts to mitigate them.
For example, the number of reported airspace infringement incidents in Europe
reached a total of 1358 in the UK in 2018 alone (Aerospace and Safety Initiative
2019). A fewer number of incidents are recorded in other nations, e.g. the United
States of America, Australia and Canada; however, all nations recognise the potential
safety problems caused by these incidents.

The major difference of airspace infringements compared to other air traffic man-
agement incidents is that small aircraft primarily flying for recreational purposes are
involved. Such aircraft, known as general aviation (GA) rarely flies in controlled
airspace. Most GA pilots fly for recreation purposes at the weekends whilst there
are pilots who use their GA aircraft for business travel especially in North America.
Typically they fly in good weather conditions due to the nature of the flight and thus,
GA pilots fly significantly fewer hours than commercial aviation pilots. On average,
Canadian pilots fly 75 h per year whilst there are pilots who fly as few as 45 h per year
(KC Surveys 2017). Of particular importance is that recreational pilots typically fly
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Fig. 11.1 (i) A fixed-wing motor aircraft (ii) a glider and (iii) an ultralight aircraft with flexible
wings

in summer flying season and thus they are inactive for a long period of time raising
concerns of their ability to fly the aircraft at the beginning of the flying season.

The GA fleet comprises 90% of the world’s civil aircraft and exhibits a wide
spectrum of aircraft designs and sizes but their maximum passenger capacity cannot
exceed nine people or 5700 kilograms take-off weight (General Aviation Manufac-
turers Association (GAMA) 2018). Typically, such aircraft are flown by a single
pilot highlighting the importance of pilots being constantly competent as they rely
only on themselves in order to reach the destination. The three most popular types
of aircrafts are the traditional motor-fixed-wing aircraft, un-motorised gliders and
ultralight aircraft as shown in Fig. 11.1.

Recreational pilots are very cost conscious and flying an aircraft is an expensive
recreational activity. In an attempt to reduce the expenses of storage andmaintenance
fees, pilots rent an aircraft from the flying club, they even share the ownership of
an aircraft. Members of a flying club might share a cross-country flight with other
members as a way to split the fuel costs. Pilots also switch to cheaper aircraft, such
as ultralight aircraft especially in Europe. Their reduced costs are due to cheaper
aircraft registration, shorter training and relaxed on-board equipment requirements,
e.g. radio device (European Aviation Safety Agency 2016). Ultralight aircraft repre-
sent approximately 20% of the GA aircraft registered in the United Kingdom (Civil
Aviation Authority United Kingdom 2016). Due to the lack of radio and transponder,
ultralight and glider aircraft can be ill-equipped to fly in controlled airspace and thus,
they have to remain in uncontrolled airspace under all circumstances.

GA aircraft have little of the latest technologies available. The majority of the
fleet has an analogue designed cockpit panel (see Fig. 11.2 (i)) and not colourful
glass cockpit screens (General Aviation Manufacturers Association (GAMA) 2018)
and new technologies are mounted on the cockpit or are placed on the lap of the
pilot. Newly produced aircraft have a glass cockpit; however, they are expensive for
recreational pilots. Pilots seek for cheaper technologies that can assist them in-flight
with the two main technologies being the GNSS receiver, e.g. GPS receiver, and the
tablets and their installed software. With the former being designed for aviation, the
latter is an off-the-shelf technology that is unregulated and for which pilots received
no training on how to safely integrate them into their flight.

Thewider acceptance of tablets was expected as they offer themeans for improved
access to the aviation information. In particular, tablets have replaced the massive
paper aeronautical charts and volumes of sheets of papers that pilots carried with
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Fig. 11.2 GA fix-wing motorised aircraft cockpit (i) traditional and (ii) glass cockpit

them. The flight planning apps installed in tablets have substantially reduced the
time duration spent on planning due to the ease of seeking information, e.g. radio
frequencies and runway design. Coupled with the improvements of the GNSS sys-
tems, such software is increasingly used for navigation. Early research of the impact
of GPS on decision making has shown that pilots that changed their flight route in-
flight due to adverse weather were more likely to be involved in an unsafe situation
(Wiggins 2007). The change of the time the decisions are made raise concerns about
the pilot’s ability to accommodate the increased amount of information in-flight
especially when flying solo with relatively few flying hours (Psyllou et al. 2018a).
There was also evidence that pilots rely on the GPS as they believe that the GPS
can accurately and precisely estimate the aircraft position compare to themselves
visually identifying the landmarks using the maps (Psyllou et al. 2018b).

Similar concerns are expected for tablets as they substantially increase the amount
of information whilst they provide information both before and during the flight in
a short period of time. The information-seeking mechanism is changing with little
evidence of what this change is and its implications on pilot performance. As evident
in the well-knownmodel of situational awareness developed by Endsley as presented
in (Endsley 2010), information is crucial for situational awareness and thus decision
making.

11.2.1 Research Method

It is within this context that the doctoral research of the author was placed (Psyl-
lou 2017). Following a thorough literature review on pilot performance and safety
management, a few thousands of reports of airspace infringements incidents were
analysed one-by-one and a well-design sample of GA pilots was interviewed. Three
nations were sampled and these were Norway, Finland and the United Kingdom that
had a high number of reported airspace infringements.
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The research certainly added to the knowledge of how and why GA pilots infringe
controlled airspace. In particular, a bespoke taxonomy of contributory factors of
these incidents was developed. The taxonomy captured various elements related to
the planning, navigation, communication and piloting skills of GA pilots. Hence, the
research findings provide evidence in order to enhance the quality of the incident
reports, to facilitate the safety analysis of incident data, to make informed decisions
to manage safety and most importantly to mitigate airspace infringements.

The developed taxonomy of contributory factors is domain-specific, i.e. for
airspace infringements involving GA flights. It consists of over 100 contributory
factors that relate to pilot performance, e.g. the selection of the flight route, the pilot
decision making and personal factors and, to the environment where the incident
involved, e.g. airspace design and technologies used for flight. The taxonomy was
evaluated that it consisted of factors that can contribute to these incidents involv-
ing GA and that the contributory factors are well-defined, are non-generic and are
logically arranged into meaningful categories.

The contributory factors were primarily derived from the interviews with the GA
pilots, who are the main contributors to these incidents. The limitation of the current
incident reports to provide such information implies that the incident investigation
sheds light on a narrow angle of why and how these incidents occur and that safety
decisions were based on partially complete findings.

In the following section, the key contributory factors of airspace infringements
are briefly outlined in order for the reader to better understand the incidents, before
showing the application of the research findings.

11.2.2 Contributory Factors to Airspace Infringements

A key contributor to airspace infringements was found to relate to the flight route
decision-making. Pilots deliberately plan their route in uncontrolled airspace near
the boundary, at the side or beneath, especially when they are based in airfields under
complex airspace such as those over the capitals (Psyllou and Majumdar 2019). In
these areas, the optimum or preferred flight route is inside controlled airspace so that
the flight will be direct to save time and fuel and the aircraft flies at an altitude that
is optimal and safe. In such controlled airspace areas, pilots of fixed-wing motorised
aircraft are less likely to be issued a clearance whilst glider and ultralight pilots often
do not meet the technological requirements to, at least, consider to request for a
clearance to enter the airspace.

Pilots are likely to be aware of the risk of infringement while they are flying such
a route because crosswind can change the heading of the aircraft towards controlled
airspace. Pilots who are less tolerant of participating in an airspace infringement
incident, fly at a greater distance from the boundary to minimise that risk. However,
the same pilots might fly at a shorter distance from the boundary in situations that
they perceive that an accident is likely to happen, e.g. short gliding distance in the
event of an engine failure. When available, space-based navigation aids are used

j.moerman@utwente.nl



188 E. Psyllou

in order to ensure that the aircraft remains outside of controlled airspace. Airspace
infringements can also result from a loss of situational awareness of the pilot. Despite
the speed of completion of the pre-flight planning using tablets, the pilots can fail to
absorb asmuch information as needed in order to ensure that they digest the necessary
information. Furthermore, in-flight pilots might fail to maintain their awareness of
the aircraft position leading to the situation that the pilots are mistaken about the real
position of the aircraft. Wind conditions vary along the route and stronger crosswind
can offset the aircraft with this change being unnoticed by the pilots. Pilots can also
lose their situational awareness due to the various phenomenological limitations of
human vision that pilots could misperceived a village with a town depending on the
scale of the aeronautical chart and the flying altitude.

The ability to carry the tablet on-board and connect to the internet has change the
time that pilots seek information andmake decisions. Although pilots make informed
decisions, this change of tasks in-flight differs from the way they were trained and
can degrade the pilot’s performance. For example, the pilot is looking for weather
information from the app and thus, the pilot fixes his/her eyes on the tablet screen
instead of looking outside to monitor the aircraft position something that can result
in an infringement.

11.3 Examples of Knowledge Transfer

The state-of-the-art research adds to the knowledge from which non-academic insti-
tutions can benefit from. Regarding airspace infringements, we seek to implement
the following three actions:

• To enlarge the scope of the incident reports to improve the investigation and mon-
itoring of these incidents by capturing human and systemic aspect, i.e. safety
assurance,

• To support evidence-based safety risk assessment and,
• To mitigate airspace infringement incidents.

In the following sections, the above actions of knowledge transfer are outlined.

11.3.1 Action 1 Safety Assurance

11.3.1.1 Incident Reporting

With the aim to make data-driven decisions, the incident reports need to improve in
order to systematically collect more relevant information about the incidents. This
can be achieved by the following actions:

i. Improve the quality of the information reported by both the ATCOs and pilots,
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ii. Encourage pilots to report airspace infringement incidents and,
iii. Aggregate incident reports from the infringing pilot,ATCOand the investigators.

Given that ATCOs are those who provide the incident reports, the consistent
provision of relevant information in the narrative description must be succeed. This
can be achieved by providing guidelines regarding the minimum information to be
included in the narrative accompanied by training schemes. The latter offers the
means to discuss the subjectivity of incident reports with the reporters and propose
ways to minimise any biases resulted from the subjectivity of the perceived incident.
An Airspace Navigation Service Provider with a mature safety management system
is expected to already have procedures in place to educate the ATCOs.

Unfortunately, GA pilots are unlikely to have received a training on reporting
incidents and this could explain their inconsistent narrative descriptions. Guidelines
on the content and structure of the description of the incident should be available
similar to those offered to the ATCOs. Apart from the quality of the incident reports,
there is still work to be done in order to increase the pilot’s reports. Although pilots
are required by law to file a report regarding an airspace infringement, it is possible
that the pilot does not notice the incident in the first place. Attempts were made from
the national aviation authority to reach the GA pilots regarding an incident that was
reported by the airspace navigation service provider; however, it requires a lot of
resources that might be unavailable.

11.3.1.2 Incident Investigation

The incident investigation of the versions provided by both the pilot and the ATCO
will be substantially enhanced as the investigator will understand the underlying rea-
sons of the incident and assess the impact of the incident on the air transport system.
Accompanied by a user-friendly interface, investigators would quickly identify the
most appropriate contributory factors. Such advancement would overcome the cur-
rent time constrains that investigators have with the increasing number of reported
incidents. Furthermore, current advancements in text mining could also reduce the
investigation time given that reports systematically provide complete and relevant
information.

11.3.1.3 Monitoring

The more we understand the incidents the better we can monitor them as key perfor-
mance indicators (KPIs) can be functions of multiple variables, e.g. navigation aids
the pilots used and the flying altitude of the aircraft. Currently, safety monitoring is
mainly conducted retrospectively, i.e. the KPIs describe the past safety state of the
system, e.g. counts of incidents per airport per month. Real-time monitoring allows
the immediate intervention to abnormal situations. For example, a sudden increase
in the number of incident reports in a specific area can initiate an investigation for
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these incidents in order to explain this change. Furthermore, the KPIs can use the
historical data to explain abnormal conditions. For example, a peak in the number
of the airspace infringement reports in a recently changed airspace can be compared
with the trends of a previous airspace design change. Hence, benchmarking becomes
evidence-based.

11.3.2 Action 2 Safety Risk Management

Aviation is a dynamic system that is continuously changing in order tomeet the rise in
the air travel demand. Hence, airspace areas become controlled in order to facilitate
commercial flights and often these areas are introduced in airspace where GA flies,
e.g. the Southend airport east of London, United Kingdom. As a result, GA pilots fly
through an even smaller uncontrolled airspace that can be challenging for them. As
evident from the research, pilots fly very close to controlled airspace in such airspace
areas and thereby, future airspace design changes should consider this typical flight
route decision in order to reduce the safety risk in the newly introduced controlled
airspace. Given that proposed airspace design changes are unlikely to not be imple-
mented, the decision makers can recommend a series of risk mitigation actions that
will mitigate these incidents. Examples of risk mitigation actions can be the fol-
lowing: raising awareness among the pilots about the potential of infringing that
particular airspace and modifying the airspace design to reduce the risk of infringing
in the first place. Hence, the share of the insights on flight route decision making
of GA pilots with the decision makers can improve the safety risk management and
decision making of the stakeholders.

11.3.3 Action 3 Mitigating Airspace Infringements

The research has provided insights on the underlying reasons that these incidents keep
occurring. Given that GA pilots are the main contributors to airspace infringements,
it is reasonable to allocate resources to (i) raise awareness of the occurrence of these
incidents among the GA pilots and (ii) promote best practises in order to prevent
these incidents from occurring. Hence, the evidence-based knowledge on airspace
infringements can be translated to a list of outputs, e.g. guidance, best practices and
policy changes as shown in Fig. 11.3. As evident in other activities of knowledge
transfer in health and safety (Haynes et al. 2018), for successful uptake of the research,
outputs should be implemented in phases, should be tailored to the needs of the
recipients and conveyed using various communication mediums. Therefore, in the
case of airspace infringements, the successful uptake of the findings relies on our
understanding of the recipient of our output, i.e. the GA pilots.

In the case of GA, a central body can direct the implementation action as many
GA pilots do not belong to an organisation such as an airline. Some pilots might
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Fig. 11.3 The development process of the mitigation actions

be active members of a flying club or association; however, they might not belong
to any flying club and thus, they will be difficult to reach out to them. Until now,
the national aviation authority usually acts as the main body as it is the body that
interacts the most with the GA and also regulates GA nationwide.

The development process of themitigation actions should be seen as an interactive
process between academia and industry. Actions might seem effective whilst sitting
in the office but might be expensive to implement or might be unwelcome by the
industry for various reasons. As seen in Fig. 11.4, it starts with a brainstorming
of mitigation actions resulted from the research. The outcomes are discussed with
the industry in a two-way communication whilst the mitigation actions are tailored
to the local conditions, e.g. pilot demographics. Such information can be extracted
from sources including incident reports, national statistics of the GA activity and
discussions with key players in GA, e.g. flight instructors.

The actions are prioritised, e.g. reduction of the number of reported incidents or
risk of loss of human life. Overlaps with other safety promotion activities should also
be coordinated. Due to the feature of GA that not all GA pilots belong to an organisa-
tion, e.g. a flying club or flight association, the stakeholders that have the capacity to
promote these mitigation actions are determined in order to accelerate the knowledge
transfer. By capacity, it means the commitment of the stakeholders, the availability
of personnel and resources and the legislative means and such stakeholders can be
the flying clubs, flying associations and the national aviation authority.

j.moerman@utwente.nl



192 E. Psyllou

Fig. 11.4 Conceptual framework of translating research into mitigating safety occurrences

11.4 Examples of Mitigation Actions

As explained earlier, the risk of an airspace infringement is highwhen the aircraft flies
a route in uncontrolled airspace and near the controlled airspace. The underlying
reasons of this situation need to be conveyed to the GA pilots in order to discourage
them to fly such a route or at least to make them aware of the factors that could set the
aircraft off-track, e.g. crosswind, during this segment of theflight. Especially for those
pilots who depart and/or arrive in such airspace should significantly improve their
flying skills in order to adequately monitor aircraft position e.g. wind, time elapse
of the flight, and adequately handle the aircraft to maintain the planned altitude and
route.

Whilst these are actions dedicated to the sharp-end operator, the national author-
ities should review the airspace design and procedures in the area in order to prevent
GA pilots to fly such a route in the first place. Pilots were particularly concerned
about their flying altitude and the GA traffic density in small uncontrolled airspace,
hence, actions to overcome these issues should be examined. One could argue that
the continuous improvement of the space-based technologies can ensure that the GA
aircraft remains outside of controlled airspace at least in the near future. This can
be valid; however, the small uncontrolled airspace and high traffic might not neces-
sarily radically address the problem. Considering the human factors related to these
technologies that are used without a training.

Emerging technologies affect the safety in general. Despite their benefits, pilots
integrate them into their flying by trial and error and learnt from experience. The
development of best practices on how to use effectively off-the-shelf technologies

j.moerman@utwente.nl



11 Knowledge Transfer 193

would overcome these issues. The rapid increase of tablets for planning and naviga-
tion also indicates that the pilots should learnt how to fly with these devices. Despite
the speed of completion of the pre-flight planning, the pilots still need to seek infor-
mation and make decisions in order to ensure that they always know where they are
especially in case that the navigation aid, e.g. GPS receiver or tablet, fails.

11.5 From the Pixel to the Image

The research focused on airspace infringements and so did the actions presented
above. However, the knowledge gained from the research can extend beyond airspace
infringements and promote the overall aviation safety in GA. For example, the raise
of awareness about the reliance of pilots on tablets will not only mitigate airspace
infringement incidents but will also address any unsafe situation resulting from the
loss of situational awareness due to the use of the tablet.

It is within this context that research findings on airspace infringements are shared
with the General Aviation Safety Campaign in Canada. The Campaign was launched
in 2017 with the Canadian Civil Aviation Authority to partner with the Canadian
Owners and Pilots Association and SmartPilot.ca to inform the general aviation com-
munity about how to fly safely (see the website https://www.tc.gc.ca/en/campaigns/
general-aviation-safety.html). The campaign covers the span of three years and seeks
for evidence-based findings and successful actions from all over the world from both
industry and academia. The long time span enables to review the current state of the
GA activity in order to tailor actions to the needs of the Canadian GA community. It
also allows resources to respond to the feedback on the introduced measures paving
the way for a sustainable action plan.

Working closely with the partners of the campaign, it is ensured that actions are
proposed that are adequate for the Canadian GA community and most importantly
that the actions are steadily implemented during the three year period. Apart from
the knowledge on airspace infringements, the research findings will contribute to the
safe use of off-the-shelf-technologies for planning and navigation, and best practices
for maintaining pilot proficiency given the low hour flying of recreational pilots.

11.6 Conclusion

In this chapter, we attempted to illustrate how research in safety can be transferred
to practice using the example of aviation. Research findings can be translated into
actions through a two-way communication with the industry. It is important for
researchers to understand the needs of the recipient of the research outputs in order
to accelerate the uptake of the outputs. Especially in safety, enhancement in safety
rarely observed within a day and thus, on-going efforts to promote the actions are
of paramount importance. It is within this context that campaigns can be extremely
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useful to raise awareness across a diverse population, such as the GA. Those looking
to engage in knowledge transfer, should be ready to both offer and receive insights.
The knowledge transfer presented in this chapter can be applicable across sectors
and can extend beyond aviation or any one particular nation.

Funding The research was partially funded by the Economic Social Research Council (ESRC)
Impact Acceleration and the Lloyds Register Foundation (Grant name: Making the skies safer:
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Chapter 12
Assessing the Potential for Resilient
Performance in Rolling Stock
Maintenance: The Pitstop Case

Jan-Jaap Moerman, A. J. J. Braaksma and Leo A. M. van Dongen

Abstract Unexpected failures of physical assets are a primary operational risk to
asset-intensive organisations. Managing these unexpected failures is essential for
reliable performance. The main railway operator in the Netherlands expects more
unexpected failures as a result of the introduction of new rolling stock in an already
highly utilised railway system. One of the challenges of maintenance management
is to determine if the current corrective maintenance system has the capabilities to
cope with an increase of unexpected defects of rolling stock in the upcoming years
or that further improvements are required. In the last decade, Resilience Engineer-
ing has emerged as a new paradigm in a number of high-risk sectors to detect and
respond to unexpected events effectively. Attempts to apply this concept outside
these sectors have so far been limited. The main purpose of this study is to explore
the applicability of Resilience Engineering in the field of rolling stock maintenance
by assessing the potential for resilient performance using an in-depth case study. A
comparison between the characteristics of corrective maintenance and emergency
healthcare showed that the studied contexts are highly comparable which suggests
that the concept of Resilience Engineering may also apply to corrective mainte-
nance of rolling stock. This study contributes to theory by replicating and adapting
Resilience Engineering for corrective maintenance of rolling stock and provides
maintenance practitioners guidance on how to measure current resilience and iden-
tify improvement areas.
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12.1 Introduction

Public transport relies on the proper functioning of physical assets. Unexpected fail-
ures of physical assets are a considerable operational risk to asset-intensive organi-
sations (LaRiviere et al. 2016). Managing these unexpected failures is essential for
reliable performance. In the railway industry, organisations must carefully manage
potentially hazardous technical systems which, if mismanaged, could lead to catas-
trophic failures. Passenger railway organisations, like the Nederlandse Spoorwegen
(NS), face an increasingly complex environment due to new digital technologies,
higher utilisation of the railway network and strong political influences. This will,
most likely, increase the number of unexpected failures of rolling stock in the near
future. One of the key challenges of maintenance management is to determine if the
current corrective maintenance system has the capabilities to cope with an expected
increase of unexpected defects of rolling stock in the upcoming years or that further
improvements are necessary.

In the last decade, resilience has emerged as a new paradigm in a number of
high-risk sectors to increase safety and reliability. Typical examples of resilience
can be found in healthcare (Fairbanks et al. 2014) and financial systems (Sundstrom
and Hollnagel 2011). It is resilience that gives these systems the ability to perform
successfully despite severe conditions that easily could lead to failure. It is also
resilience that allows them to recover quickly after a failure. For example, work
within the Emergency Department (ED) in emergency healthcare is difficult because
the system is inherently limited to reacting to events. Work takes place between the
orderly world of the hospital and the unpredictable world outside it. Nevertheless,
clinicians find ways to manage conflicts among the need to provide emergency care
and to economise on resources at the same time. For instance, they dedicate beds to
improve efficiency and they identify outside hospitals and clinics to increase capacity
(Wears et al. 2008).

Resilience Engineering (RE) is a paradigm that emerged from the field of safety
management. RE aims to improve the ability of a complex socio-technical system
to adapt to disturbances, disruptions and changes (Hollnagel and Woods 2006). In
emergency healthcare, RE studies try to make ambulatory care a designed (resilient)
system in order to prevent current practices of a patchwork of temporary fixes. The
reason behind this idea is that better designs will improve care continuity, support-
ing clinicians in their care for patients (Nemeth et al. 2011). Table 12.1 shows the
characteristics of emergency healthcare and corrective maintenance illustrating the
similarities in context despite the different type of assets. Corrective maintenance
refers to all activities performed to repair a failure or a malfunctioning component
or system. A glance at this table shows that, despite differences in the nature of the
work and risks involved, the concept of resilience, as studied in healthcare, might
also be applicable in corrective maintenance of physical assets.

The main purpose of this study is to explore the applicability of RE in the field
of rolling stock maintenance by assessing the potential for resilient performance
using an in-depth case study at a large passenger railway operator in the Netherlands
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Table 12.1 Characteristics of
emergency healthcare, partly
based on Nemeth et al.
(2011), and corrective
maintenance partly based on
Dhillon (2002), illustrating
similarities in context

Characteristics Emergency
healthcare

Corrective
maintenance

Type of asset Human assets Physical assets

Predictability Low, unexpected
care for patients

Low, unexpected
defects of physical
assets

Resources Limited,
economise on
resources

Limited,
economise on
resources

Level of expertise High, limited
availability
(physicians)

Medium, limited
availability
(technicians)

Type of system Socio-technical Socio-technical

Level of risk High risks Low/medium risks

Pace of events No control,
unscheduled

No control,
unscheduled

using the Resilience Analysis Grid (Hollnagel 2011). One of the primary concerns
to the evolution of resilience as a theory is the academical and practical use of
the concept of resilience at the organisational level (Righi et al. 2015). This study
contributes to the range of the RE theory by replicating an existing theory in a new
field. Although resilience in rolling stock maintenance is still in its infancy, other
research in railway operations already shows the value of applying RE concepts (e.g.
Siegel and Schraagen 2017). Furthermore, this study aims to provide guidance to
practitioners on how to assess and improve their potential for resilient performance
in managing unexpected failures of their physical assets.

The remainder of this chapter is structured as follows. Section 12.2 introduces
the key concepts of resilience followed by the research approach in Sect. 12.3.
Section 12.4 introduces the case study in maintenance at a large passenger rail-
way operator in the Netherlands. Section 12.5 presents the results of the case study
followed by a discussion and conclusion on resilience in the context of corrective
maintenance.

12.2 Literature Background

This section presents the concepts of correctivemaintenance, resilience and resilience
engineering. It starts by introducing corrective maintenance as a socio-technical
system.
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12.2.1 Maintenance as a Socio-Technical System

Maintenance is essential in the entire life of physical assets. Maintenance activities
are essential to ensure that systems can fulfil their intended function (Gits 1992).
For a long time, maintenance was not considered to be a problem requiring much
attention (Van Dongen 2015). With the increasing complexity of technical systems,
higher utilisation rate of installations, and the safety and sustainability of physical
assets, maintenance gained more and more attention.

Three basic types of maintenance can be distinguished: Use-based maintenance,
condition-based maintenance and failure-based maintenance (Gits 1992). Use-based
maintenance prescribes maintenance after a specific period of use. It is based on
a statistical model of forecasting failures. Condition-based maintenance prescribes
maintenance based on the condition. It is based on a deterministicmodel of predicting
failures. This type of maintenance uses inspection and monitoring. Both use-based
maintenance as well as condition-based maintenance can result in preventive- and
corrective maintenance. Nevertheless, unexpected failures may still occur. Failure-
based maintenance is aimed at prescribing repairs in case of failures and results in
corrective maintenance only. The scope of the Maintenance Pitstop System, which
will be further introduced in the case study section, is on corrective maintenance
only.

The maintenance of physical assets, such as the maintenance of rolling stock, can
also be considered as a socio-technical system. Socio-technical systems involve com-
plex interactions between humans (e.g. mechanics, engineers, productionmanagers),
machines (e.g. maintenance equipment, rolling stock, spare parts) and the environ-
ment of the work system (Trist 1981). An increase in complexity has made sys-
tems intractable, hence underspecified (Hollnagel 2012). Systems perform because
humans are able to learn to overcome or compensate shortcomings in design and
because they can adapt or adjust their performance to the demands (Hollnagel 2012).
However, to remain reliable for a socio-technical system, it must be able to handle
unexpected situations in such a way that the performance is still within its bound-
aries (Weick 1987). This requires not only standardised operating procedures but
also resilience (Righi et al. 2015).

12.2.2 Resilience and Resilience Engineering

In the past decade, the concept of ‘resilience’ turned up in several academic fields as
also identified byNemeth andHerrera (2015). For example, inmanagement literature
resilience can refer to the ability of a firm to withstand difficult economic conditions
(Sutcliffe and Vogus 2003). Political science considers resilience as the ability of
groups and communities to withstand unforeseen challenges, such as hurricanes and
tsunamis (Birkland and Waterman 2009). In civil engineering, resilience is strongly
related to the ability of buildings, structures and infrastructures to cope with (envi-
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ronmental) challenges such as earthquakes (Bruneau et al. 2003). As the concept of
‘resilience’ has been recognised in a number of fields, it has resulted in many defini-
tions. One of the early definitions is fromWildavsky (1989). He defines resilience as:
“The capacity to cope with unanticipated dangers after they have become manifest,
learning to bounce back”. Hollnagel and Woods (2006) defines resilience as: “The
intrinsic ability of a system to adjust its functioning prior to, during, or following
changes and disturbances, so that it can sustain required operations even after a major
mishap or in the presence of continuous stress”.

Resilience Engineering (RE) emerged from safetymanagement and itsmain focus
is the balance between productivity and safety in complex systems. It aims to provide
tools and guidance to manage risk, hereby acknowledging the inherent complexity of
systems and the need for variability in performance. The assumption is that resilience
can be engineered into a complex socio-technical system in order to support the use
of adaptive capacity (Patriarca et al. 2018) to enhance the ability to adapt or absorb
disturbance, disruption and change (Hollnagel and Woods 2006). Fairbanks et al.
(2014) define RE as: “The deliberate design and construction of systems that have
the capacity for resilience”.

The resemblance betweenREandHighReliabilityOrganizations (HRO) (LaPorte
1996; Roberts 1990; Sutcliffe 2011; Sutcliffe and Vogus 2003; Weick et al. 2008),
which are considered two similar schools of thought, is remarkable. As described by
Pettersen and Schulman (2016), HRO research shows that high reliability is associ-
ated with the management of variability in terms of mindfulness, trust, sensemaking,
communication and cooperation among members of an organisation in order to keep
work within acceptable conditions to achieve high levels of reliability (Roe and
Schulman 2008; Schöbel 2009; Schulman 1993). RE can be considered the action
agenda of HRO (Hollnagel et al. 2007) and underlines several HRO characteristics
as identified by Dekker and Woods (2010) in their analysis on ensuring resilience in
HROs. This study adopts the RE perspective to assess the resilience of the system.

Corrective maintenance refers to all activities performed to repair a failure or a
malfunctioning component or system. Activities are prioritised depending on their
level of severity. Having a sufficient level of corrective maintenance helps to reduce
the magnitude of the impact and the time to recover from failures. In this sense,
corrective maintenance can already be considered as a policy for resilience (Labaka
et al. 2015). However, how can management determine which abilities need to be
further developed to increase resilient performance?

12.2.3 Assessment of the Four Abilities of Resilience
Engineering

Resilience refers to something a system does (a capability or a process) rather than to
something the system has (a product). Therefore, resilience cannot be measured by
counting specific outcomes such as accidents or incidents. However, in response to
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Fig. 12.1 Four cornerstones of Resilience Engineering (RE). Adopted from Hollnagel (2011)

the need for measuring resilience (Wreathall 2009), Hollnagel (2011) introduced an
approach tomeasure the resilience of a system. His approach focuses on four abilities
that together constitute resilience: The ability to respond, the ability to monitor, the
ability to anticipate and the ability to learn. These abilities are respectively linked to
the actual, the critical, the potential and the factual as illustrated in Fig. 12.1. The
four abilities need to be addressed by any organisation to some extent in order to
be resilient. A typical example is the fire brigade. For the fire brigade, it is more
important to be able to respond to actual fire incidents (ability to respond) than
to consider potential fire incidents (ability to anticipate) as no fire incident is the
same (Hollnagel 2010). Nevertheless, in order to respond adequately, monitoring
and learning are also essential.

• Learn from the past (ability to learn) is defined as: “Knowing what has happened,
or being able to learn from experience, in particular, to learn the right lessons from
the right experience” (Hollnagel 2011);

• Respond to actuals (ability to respond) is defined as: “Knowingwhat to do, or being
able to respond to regular and irregular changes, disturbances and opportunities
by activating prepared actions or by adjusting the current mode of functioning”
(Hollnagel 2011);

• Monitor weak signals (ability to monitor) is defined as: “Knowing what to look for
(leading indicators), or being able tomonitor that which is or could seriously affect
the system’s performance in the near term, positively or negatively” (Hollnagel
2011);

• Anticipate the future (ability to anticipate) is defined as: “Knowing what to expect
or being able to anticipate developments further into the future, such as potential
disruptions, novel demands or constraints, new opportunities, or changing operat-
ing conditions” (Hollnagel 2011).

The four abilities of resilience appear significant in terms of describing howpeople
deal successfully with unexpected and unforeseen events (Rankin et al. 2014) or to
promote a more strategic and tactical control within daily operations (Praetorius and

j.moerman@utwente.nl



12 Assessing the Potential for Resilient Performance in Rolling … 201

Hollnagel 2014). The four abilities are related to each other. The ability to respond
is dependent on the ability to monitor because otherwise, the system would always
need to be in a state of high alert to respond. Learning can be a result of monitoring
and may improve the response to actuals.

To determine the extent to which each ability is present in, or supported by, a
system, one can use a so-called functional decomposition to reveal which specific
functions or sub-functions are needed to enable a resilient system (Hollnagel 2011).
This can be used to develop a profile of the current performance and improvement
potential for each ability. Together the overall improvement potential for resilient
performance can be identified. This has been called the Resilience Analysis Grid or
RAG(Hollnagel 2011). TheRAGprovides a foundation for developing an assessment
tool in assessing resilience at organisational, team and individual levels (van der
Vorm et al. 2011). The RAG is not a widely diffused method, except for a few case
studies (Patriarca et al. 2018). The RAG requires users to tailor it to the needs of
the organisation being studied (Hollnagel 2011). To the knowledge of the authors,
the RAG has so far never been used to assess resilience in corrective maintenance of
rolling stock. The application of RE may offer new insights in managing unexpected
failures of rolling stock.

12.3 Research Design

The primary purpose of this research is to explore the applicability of RE in rolling
stock maintenance by assessing the improvement potential for resilience of a rolling
stock maintenance system. This can be considered as an illustration of the theory
(Wacker 1998) aimed at further elaboration to refine or extend an existing theory. The
reluctance of Operations Management (OM) research to adopt ideas and methods
from other subjects has been recognised as one of the weaknesses of OM research
by Pilkington and Fitzgerald (2006). Some authors propose to borrow theories from
adjacent areas to explain OMphenomena (Boer et al. 2015). For instance, Amundson
(1998) gives examples of the potential utilisation in OM of theories from other fields,
such as organisational learning, the resource-based view of the firm and transaction
cost economics. This study can be considered a replication study based on the RAG
method as introduced byHollnagel (2010) in the domain of rolling stockmaintenance
using case study research. It adopted a single case study (Yin 2003), selecting three
maintenance workshops of a large railway operator in the Netherlands which all
implemented a Maintenance Pitstop System (MPS) for corrective maintenance.

The RAG assessment tool (Hollnagel 2010) was tailored to fit the context of
rolling stock maintenance, in order to assess the resilience of the maintenance sys-
tems at three maintenance workshops in the Netherlands from an organisational level
(Appendix) using semi-structured interviews and observations. All interviews were
recorded and transcribed for coding and analysis and were validated by the respon-
dents. Seeking confirmation from more data sources leads to more reliable results
(Eisenhardt 1989). For a better understanding of the system, the MPS was observed
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using event observation forms at a randomly selected maintenance workshop. Addi-
tional documents and presentations were collected from the organisation for further
analysis.

As the MPS concerned a ‘standard’ implementation based on the same concept,
the analysis of the results was performed on an aggregated level including all three
maintenanceworkshops. The ratings of the abilities, as shown inAppendix, are based
on the coding of the transcriptions of the interviews, resulting in 189 quotations cat-
egorised by the four abilities of resilient performance. These quotations, together
with the coded event observation forms, constituted an initial understanding of the
abilities and were used to rate the items in each ability. These ratings were vali-
dated and discussed in a second round with participants to ensure the validity of the
responses and interpretations, which resulted in several adjustments. Final results of
the analysis were presented and discussed with senior management.

12.4 Corrective Maintenance in Rolling Stock—The
Pitstop Case

The Nederlandse Spoorwegen (NS) is the primary railway operator in The Nether-
lands, having the exclusive right to operate passenger trains on theDutchmain railway
network. The complexity of the railway system increases as a result of new (digital)
technologies, higher utilisation of the railway network, strong political influences
and the introduction of multiple series of new rolling stock. A higher complexity
will most likely increase the number of unexpected failures of rolling stock in the
near future. One of the challenges of maintenance management is to determine if
the current corrective maintenance system can cope with an increase in unexpected
failures.

12.4.1 Maintenance Pitstop System

In 2015, in response to a lack of passenger seat capacity in operations, the NS
introduced a Maintenance Pitstop System (MPS) to their maintenance workshops
designed to effectively manage unexpected defects of rolling stock (corrective main-
tenance). The current ratio between preventive and correctivemaintenance is approx-
imately 50–50 (NS 2017). The primary objective of theNSwas to decrease lead times
of corrective maintenance on rolling stock to increase seat capacity in operations.
The concept was partly based on the pitstop in Formula 1 motor racing, as a primary
example of how a team can work together to effectively perform a limited number
of complex tasks under time pressure with minimal error. The MPS resulted in a
significant reduction of lead times in repairing rolling stock (NS 2017). To gain a
thorough understanding of the MPS, the authors used rich picture modelling tech-
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niques, inspired by the Soft Systems Methodology (Checkland 2000). A rich picture
illustrating the interaction between the various actors was constructed and discussed
with key stakeholders of the MPS based on interviews and observations in the main-
tenance workshops (Fig. 12.2).

Fig. 12.2 Rich picture of the Maintenance Pitstop System illustrating the interactions between the
various actors
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12.4.1.1 Illustration of the Maintenance Pitstop System

As soon as a failure has been detected in operations (a), which disturbs safe and
reliable train services, the train driver or the train manager (or the onboard train
system) reports the failure to the NS rolling stock control room. The rolling stock
control room (b) receives the defect notification, registers the Q-date in the Maximo
system and assigns the priority. A Q-date is assigned to all defect trains to indicate
the time a train is still available for service operations. This is called a defect in
circulation (DIC). If a defect does not have a direct impact on train operations, it is
repaired during the upcoming preventive maintenance cycle. If a failure needs to be
repaired or replaced immediately, it will be shunted to a maintenance workshop for
corrective maintenance. The Q-time enables control space to optimise train logistics
and maintenance planning. Based on the priority classification, the national railway
control room determines the best routing available based on the railway schedule
of all train operators. Trains are routed towards service- or maintenance workshops,
depending on the nature of the defect and the capabilities of the workshops.

TheMPS team in amaintenanceworkshop consists of aMPScoordinator and three
mechanics (d) with expertise in mechanical, electrical and electronic defects. MPS
teams are assigned to a dedicated pitstop track. This guarantees the availability of
(maintenance) resources to repair defects as soon as possible. The MPS coordinator
(c) is physically located in one of the maintenance workshops and is responsible
for coordinating all the maintenance activities. The MPS coordinator monitors the
information system for defects (DIC) and determines which train set needs to be
shunted to the maintenance workshop based on the Q-dates. The MPS coordinator
schedules the train set using the Q-dates for optimal utilisation of the pitstop track.

TheMPS coordinator retrieves information (for example failure data and an arrival
date of the train set at the pitstop track) from the rolling stock control room or the
information system (e) and publishes this information on the DIC board. The DIC
board consists of three sections, showing defects in circulation, the current status of
rolling stock on the pitstop track and an overview of repaired rolling stock (recidivism
monitoring for two weeks). TheMPS coordinator starts planning tasks and resources
based on the available data. Examples of these tasks include contacting reliability
engineers, system engineers and external suppliers for additional expertise in the
diagnosis. The availability of spare parts is coordinated in close cooperation with
supply chain operations.

When the train set arrives on the pitstop track, theMPS coordinator starts the clock
(f), and the Pitstop form is moved from the defects in circulation section to the pitstop
track section to start repairs. The clock counts down from 24 h to zero, indicating
the time passed for repairing a specific train set. The clock is shown visually in the
workshop, but also in the (head) offices and helps to create awareness of the current
situation at the pitstop track.

The MPS team registers the train set on a second physical board, the Diagnostic
board, and starts diagnosing and analysing. Based on this analysis a plan is made
for repairing the failures, considering the available resources and capacity. The MPS
team follows the Diagnostic board and registers their findings and solutions on the
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board. The MPS coordinator makes sure that the right equipment, knowledge and
spare parts are available (g) and estimates the time for repair, which is useful for the
rolling stock control room for the return of the train set in operations. A final test
(A-control) will be performed before rolling stock will be declared ready for railway
operations. As soon as the train set has been signed off in the system and is shunted
off the pitstop track, the train set will be removed from the clock, the rolling stock
control room is informed, and the train can be scheduled for operations. A train set
which has been repaired, but returned within 14 days with the same failure, is called
a recidivist and requires additional attention from the MPS team and other experts.

The MPS is operated 24-h a day by three shifts. After every shift, the two MPS
teams discuss in detail the train sets which are in circulation (DIC) and which are
currently at the pitstop track (h). For every train set, the Diagnostic board is used
to explain the diagnosis and repairs already performed including the next steps.
Based on this information the newMPS team start their maintenance activities. Three
key performance indicators have been defined for the MPS: safety of maintenance
operations, quality of repairs and the reliability of delivering rolling stock back to
railway operations. The standard repair time for all maintenance workshops has been
set at 16 h for a single train set.

12.4.2 Measuring the Potential for Resilient Performance

An assessment of the four abilities of Resilience Engineering (RE) can provide
insight into how to improve the MPS in dealing with an expected increase in unex-
pected failures. The RAG, as introduced in section two, offers the opportunity to
develop indicators to assess system resilience qualitatively (Hollnagel 2011). Holl-
nagel (2011) states that it is difficult to provide an absolute rating of how well a
system performs on all abilities. This is mainly because no standard can be used as a
reference. Still, some kind of rating is necessary to gain insight into the potential for
resilient performance. Hence, following Hollnagel (2011), the authors chose to use a
Likert-type scale (Table 12.2) for the four abilities of resilience (see also Appendix).

Table 12.2 Measurement
scale of the abilities of
resilience

Excellent The system meets and exceeds the criteria

Satisfactory The system fully meets all reasonable criteria

Acceptable The system meets the nominal criteria

Unacceptable The system does not meet the nominal criteria

Deficient There is insufficient ability to provide the
required ability

Missing There is no ability

Adopted from Hollnagel (2011)
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12.5 Case Results

The next subsections present the key findings of the assessment of the potential for
resilient performance of the MPS. The results of the assessment are presented as
radar charts based on the ratings as included in Appendix. The ratings are based on
the overall assessment of the three maintenance workshops.

12.5.1 Ability to Respond to Failures

Management is decisive, while we have all the knowledge. (MPS coordinator)

Respond to actuals is defined as: “Knowing what to do, or being able to respond to
regular and irregular changes, disturbances and opportunities by activating prepared
actions or by adjusting the current mode of functioning” (Hollnagel 2011). The radar
chart (Fig. 12.3) gives a simple representation of the ability to respond, one of the four
cornerstones of RE, as introduced in Sect. 12.2.3. The findings are related to the items
(e.g. event list, relevance, duration) which constitutes the radar chart (Appendix).

The main findings, which contributed to a large extent to the ability to respond,
was the strategic choice of a dedicated pitstop track and team 24-h a day (response
capability) to ensure availability. The use of mobile teams for repairing unexpected
failures (if technically feasible) also contributed to the resilience of theMPS and pre-

Fig. 12.3 Radar chart of the results of the ability to respond (Hollnagel 2011), a.k.a. knowing what
to do
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vented unnecessary trackmovements of rolling stock. One of the concerns raisedwas
the critical dependence on only a few experts in repairing specific failures (response
capability). Another concern raised was the limited number of near-failures reported
(event list). For example, train drivers, who manage to prevent unexpected fail-
ures successfully, do not report these near-failures. A third concern was the lack of
a standard response list (relevance). If response lists are used, it is limited to local
maintenance workshops and not shared between the different locations. The last con-
cern was related to the under-specification of rolling stock which creates surprises
and hinders the right diagnosis and repair of failures (duration).

12.5.2 Ability to Monitor Failures

Mechanics and other experts are ashamed to report failures and errors. (Team manager
maintenance)

Monitoring weak signals is defined as: “Knowing what to look for, or being able
to monitor what is or could seriously affect the system’s performance in the near
term – positively or negatively” (Hollnagel 2011). The radar chart (Fig. 12.4) gives a
simple representation of the ability to monitor. The findings are related to the items
(e.g. validity, relevance) which constitutes the radar chart (Appendix).

Results of the assessment indicated lower ratings for a number of items in the
ability to monitor. One of the key strengths of the MPS was the countdown clock,

Fig. 12.4 Radar chart of the results of the ability to monitor (Hollnagel 2011), a.k.a. knowing what
to look for
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which contributed to the awareness of mechanics, management and staff on what is
happening in the pitstop and ensured a sense of urgency when a train is longer than
24 h on the pitstop track (indicator list). The pitstop clocks were also displayed at the
central head office and available via mobile apps. The introduction of the recidivism
section ensured pro-active monitoring of repaired train sets of maximum 14 days.
Nevertheless, monitoring of repaired train sets was limited to the local maintenance
workshop. One of the concerns was the limited use of automatic condition-based
monitoring, i.e. lack of sensors and indicators on train sets to be able to detect
unexpected failures, which prevents the use of leading and lagging indicators for
accurate monitoring and detection of (near-)failures (indicator type).

12.5.3 Ability to Anticipate Future Failures

We need to get more in control on seasonal influences as they are very disturbing for the
operational processes, historical data should be analysed. (Maintenance data analyst)

Anticipate the future is defined as: “Knowing what to expect or being able to
anticipate developments further into the future, such as potential disruptions, novel
demands or constraints, new opportunities, or changing operating conditions” (Holl-
nagel 2011). The radar chart (Fig. 12.5) gives a simple representation of the ratings
within the ability to anticipate. The findings are related to the items (e.g. expertise,
culture) which constitutes the radar chart (Appendix).

Fig. 12.5 Radar chart of the results of the ability to anticipate (Hollnagel 2011), a.k.a. knowing
what to expect
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Results of the assessment indicated lower ratings for a number of items in the
ability to anticipate. One of the findings was the lack of forecasting of unexpected
failures based on seasonal influences (for example an increase in wear progress of
railway wheels during autumn as a result of leaves on the track) and the condition of
rolling stock (time horizon). The MPS coordinator pro-actively monitors the infor-
mation system to identify train sets in operations with unexpected failures to be
repaired (expertise). The structured approach to unexpected failures increased the
level of control and the space to anticipate future events. Nevertheless, an explicit
model of the future (strategy) was still difficult to imagine. Anticipation was mainly
short-term and focussed on the local maintenance workshop.

12.5.4 Ability to Learn from Failures

Weneed todevelopourselves into a dynamic team.This only happenswhenweare confronted
with high variability in the environment. (MPS coordinator)

Learn from the past is defined as: “Knowing what has happened, or being able to
learn from experience, in particular, to learn the right lessons from the right expe-
rience” (Hollnagel 2011). The radar chart (Fig. 12.6) gives a simple representation
of the ability to learn. The findings are related to the items (e.g. learning basis,
formalisation) which constitutes the radar chart (Appendix).

Fig. 12.6 Radar chart of the results of the ability to learn (Hollnagel 2011), a.k.a. knowing what
has happened
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Results of the assessment indicated lower item scores on the ability to learn com-
pared to the other three cornerstones of RE. Findings indicated that by building rich
files of rolling stock with pictures and stories, new mechanics without experience
could learn from past experiences of other mechanics (learning basis). One of the
perceived concerns was the (lack of) involvement of the train drivers and train man-
agers in the MPS. Besides technical failures, operating errors also cause unexpected
failures, but a structural feedback loop seems to be missing (learning target). The
collection and disclosure of data and information for learning purposes was minimal
(training, formalisation). Another concern raised was the sustainability of the MPS
in the long-term and the involvement (and resilience) of other stakeholders on a net-
work level, e.g. suppliers and supply chain operations who are not yet aligned to the
MPS, which operates 24-h a day (learning target).

12.5.5 Resilient Performance in Corrective Maintenance
of Rolling Stock

The initial design of the MPS was focused on quick responses to unexpected failures
of rolling stock, inspired by lean thinking. Case results confirm this, as illustrated
by the higher scores on the ability to respond, although further improvements can be
realised in this ability. Nevertheless, resilience consists of four abilities, which are
not independent of each other (Hollnagel 2011). The four abilities can be considered
as functions, and understanding how these functions are related is essential for man-
aging them. The right balance of the four abilities of resilience is context dependent.
Responding to actuals is very important for firefighters or emergency rooms where
lives are at stake and events are difficult to predict. However, most of the time, this is
not the case in corrective maintenance of rolling stock. Many failures do not directly
impact safety or reliability, or additional controls are in place which prevents major
disasters. The need to respond as quickly as possible, like firefighters, seems less
important than being prepared for different kind of failures as not all unexpected
failures have a direct (hazardous) impact on train operations and its passengers.

As our results showed, improvements can be made in all four abilities. However,
it is important to focus on those abilities which provide the most value to reliable
performance in a specific context. Based on the case results, Fig. 12.7 presents
a proposal of rebalancing the four abilities for resilient performance in corrective
maintenance of rolling stock in the pitstop case.

Although the main function of corrective maintenance is to respond to unex-
pected failures and defects, the need for a quick response is due to the nature of the
failures, and the controls already in place, less important for improving resilience
then anticipating future developments (e.g. weather forecasts) and the monitoring
of critical components. The latter is also supported by new developments of predic-
tive maintenance techniques and methods (Tiddens 2018). If implemented correctly,
organisations should be able to predict failures based on the information collected
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Fig. 12.7 Four abilities in the context of corrective maintenance of rolling stock for reliable per-
formance

through condition monitoring (Veldman et al. 2011). So, even though corrective
maintenance is focused on responding to unexpected failures in operations, it can
certainly benefit from more monitoring and anticipation in order to respond more
effectively to unexpected failures. These new insights emerged from the application
of the RAG method.

12.5.6 Key Inhibitors for Resilient Performance in Rolling
Stock Maintenance

Based on the analysis of the transcribed interviews, documentation and field obser-
vations, two important inhibitors were identified which may prove to be critical in
achieving resilient performance. The first inhibitor concerns the capability to share
information among stakeholders in the MPS for decision-making. Exemplary find-
ings are the lack of transfer of information between mechanics in different working
shifts, the need for data analysis on defects and failures for better forecasting, knowl-
edge sharing between mobile maintenance teams and the MPS team located at the
maintenance depots and the importance of a single source of truth to ensure accurate
and reliable (configuration) information. The handover (and transfer of knowledge)
among different shifts of mechanics confirms the observation as also identified by
Patterson et al. (2004) in their research in healthcare.

A second inhibitor that emerged from the case is the collaboration of internal and
external stakeholders in the network of corrective maintenance to achieve resilient
performance. For example, the involvement of train drivers, train managers, system
engineers, reliability engineers,mechanics and suppliers in learning fromunexpected
failures is essential to monitor and anticipate future failures. The need for balancing
the abilities for resilient performance in rolling stock maintenance from a network
perspective corresponds to the need to focus on resilience on a network level (inter-
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organisational), and the observation that a system must be recognised as a whole
where the dependencies among the parts is critical for overall performance (Hollnagel
2011). The case results underline the need for such a holistic view.

12.6 Discussion and Conclusion

The NS expects more unexpected failures as a result of the introduction of new
rolling stock in an already highly utilised railway system. Managing these failures
is of critical importance for reliable asset performance. One of the challenges of
maintenance management was to determine if the current corrective maintenance
system has the capabilities to cope with an expected increase of unexpected defects
of rolling stock in the upcoming years or that further improvements are required.

A comparison between the characteristics of emergency healthcare and corrective
maintenance showed that the studied contexts are highly comparablewhich suggested
that the concept of RE may also apply to corrective maintenance of rolling stock in
order to copewith the expected increase of unexpected defects of rolling stock.While
the abilities of RE were recognised in the case study, measurements also revealed
that there is still untapped potential for resilient performance. Potential that can be
released to improvemaintenance performance or to allowmore complexmaintenance
actions. Two inhibitors were identified from the case which needs further research
attention as they may prevent resilient performance in corrective maintenance; the
effective use of configuration and failure data and the need for a holistic system
perspective on corrective maintenance.

AlthoughRE is recognised in correctivemaintenanceof rolling stock, as illustrated
by several examples, it has not yet been formally accepted as amanagement standard.
To increase further adoption of resilience in corrective maintenance, RE needs to be
formally recognised as a contributor for reliable train services by management and
further translated into policies and standards. This acknowledges the observation of
Righi et al. (2015)who states that no reportswere (yet) found in companies stating the
need for using RE. By improving resilience of corrective maintenance, the resilience
of the total railway system can be enhanced to ensure and maintain reliable train
services to its passengers.

By comparing the findings of an Emergency Department (Nemeth et al. 2011),
dealing with unexpected failures of ‘human’ assets, and the findings of the MPS,
dealing with unexpected failures of ‘physical’ assets, further similarities may be dis-
covered which might indicate the need to adopt resilience as a new design paradigm
in corrective maintenance. Risks identified in the ED, as reported by Nemeth et al.
(2011) include conflicting agendas, poor coordination among departments, con-
strained staff and a poor grasp of ambulatory care as a system. These risks can
also be partly recognised when analysing the concerns found in the MPS, such as a
lack of a holistic perspective of the system, limited availability of technicians and
poor communication between team shifts.
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This study contributed to theory by replicating and adapting RE for corrective
maintenance of rolling stock and provides maintenance practitioners guidance on
how to measure current resilience and identify improvement areas. The results of
this research are specific to this case study but may serve as guidance to other asset-
intensive maintenance organisations in increasing their potential for resilient perfor-
mance in corrective maintenance. The adoption of RE in corrective maintenance of
rolling stock encouraged the researchers to adopt the concept in future research to
increase the reliability of complex rolling stock introductions.
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