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Summary (English) 

Reliable public transportation is the backbone of society. The increasing demand for safer, 
faster, more climate-friendly and better-connected forms of public transport requires policy-
makers and transport organisations to work together in the face of ever-changing technological 
advances and associated risks. Given the complex sociotechnical nature and multi-
organisational setting of public transportation systems, effective knowledge management 
among the stakeholders involved is essential to properly integrate new products and services 
into operations and improve system performance. Snowden (2002) emphasised that knowledge 
management research needs to shift from content management and focus more on context and 
narrative. A deeper elaboration of the methods and tools needed to properly manage the 
knowledge context and narrative is essential for effective knowledge management of complex 
public transportation systems. 

This research investigates how to improve the knowledge management of consolidated learning 
and experiences gained during the introduction of new products and services in operations. A 
thorough investigation is conducted within the Dutch railway sector over a period of three years 
to develop and test various conceptual and technological artefacts. 

The thesis commences by presenting a practical case for the smooth integration of new 
products, services and technologies in the railway sector and highlights the importance of 
knowledge management of consolidated learning and experiences in that context. This is 
followed by outlining the scientific case for this research, where the need for focusing on both 
tacit and explicit lessons learned is highlighted to facilitate organisational learning. The 
importance of managing the lessons learned for system integration to avoid project delays and 
cost overruns and to improve the system design and performance of the railway system is also 
emphasised. 

The practical and scientific cases presented led to the main research problem addressed in this 
thesis, which aims to advance the management of lessons learned from system integration to 
improve organisational learning and thereby system performance. To examine this research 
problem, the thesis focused on the following three main research objectives that were inspired 
by the research methodology of Blessing & Chakrabarti (2009) and aimed at clarifying, describing 
and prescribing the stated research problem:  

• Explain the lessons learned from system integration and the current issues in managing 
them 

• Provide insights into ways of improving the management of lessons learned 
• Support railway organisations in their efforts to embed the identified insights into their 

organisational processes 

To investigate these research objectives, a total of eleven research questions were examined 
using a balanced mix of quantitative and qualitative research methods. The insights provided by 
the examination of these research questions led to a detailed elaboration of the tools and 
methods required to achieve the three research objectives.  

To attain the first research objective, key lessons learned from system integration in the railway 
sector and the main issues concerning the sharing of lessons learned in the Dutch railway sector 
were identified. Based on the identified lessons and issues, a conceptual framework for 
knowledge management of lessons learned was developed. This framework was named the 
LEAF framework, where the acronym LEAF stands for learnability, embraceability, applicability 
and findability.  
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To accomplish the second research objective, case studies were conducted to test, apply, and 
extend the proposed framework. The analysis of the LEAF framework showed that mutual trust 
between stakeholders was the necessary precondition for building the embraceability of shared 
lessons. Similarly, the need to improve the technological findability of developed knowledge 
sharing platforms was identified. The examination of current tacit knowledge management 
practices showed that the consolidated experiences and lessons for the structural aspects of 
system integration had largely been made explicit in the form of manuals, guidelines, and 
regulations. However, the experiences and lessons relating to the functional and operational 
aspects remained largely in tacit form and needed more attention.  

Based on the insights gained from testing the proposed LEAF approach and focusing on 
functional and operational aspects for tacit knowledge management, the following four 
strategies were prescribed to achieve the third research objective:  

• Identification of fourteen principles of effective systems management and key 
recommendations for policy-makers and railway organisations to promote the 
management of lessons learned in large-scale projects.  

• Development of a collaborative knowledge management platform to improve the 
technological findability of lessons learned among system integration test lab members 
of the principal rail infrastructure manager.  

• Development of a virtual reality-based adaptive learning system to train the railway 
conductors of the main transport service provider on departure procedures and possible 
irregularities.  

• Development of a blockchain-based knowledge-sharing platform to enhance the trust 
between the maintenance staff of the main transport service provider and the warranty 
manager of the rolling stock supplier regarding the quality of the maintenance 
performed. 

To conclude, by clarifying, describing and prescribing the tools and methods to improve the 
management of lessons learned in the railway sector, this thesis equips policy-makers and 
railway organisations with the necessary means to improve organisational learning from 
consolidated lessons and experiences and thereby improve system performance. Finally, the 
thesis also outlines the main limitations of the research conducted in terms of the studied 
context, methodology and implementation and provides future research areas for the proposed 
LEAF approach and technological artefacts and suitable industries for testing the proposed 
concepts. 
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Samenvatting (Nederlands) 

Betrouwbaar openbaar vervoer is de ruggengraat van de samenleving. De toenemende vraag 
naar veiliger, sneller, klimaatvriendelijker en beter verbonden vormen van openbaar vervoer 
vereist dat beleidsmakers en vervoersorganisaties samenwerken met het oog op de steeds 
veranderende technologische vooruitgang en de daarmee gepaard gaande risico's. Gezien de 
complexe socio-technische aard en de multi-organisatorische setting van 
openbaarvervoersystemen is effectief kennisbeheer tussen de betrokken stakeholders 
essentieel om nieuwe producten en diensten goed in de exploitatie te integreren en de 
systeemprestaties te verbeteren. Snowden (2002) benadrukte dat kennismanagement 
onderzoek moet verschuiven van content management en zich meer moet richten op context 
en narratief. Een diepere uitwerking van de methoden en instrumenten die nodig zijn om de 
kenniscontext en het narratief goed te beheren is essentieel voor effectief kennismanagement 
van complexe openbaar vervoersystemen. 

In dit onderzoek wordt nagegaan hoe het kennismanagement van geconsolideerd leren en 
ervaringen opgedaan bij de introductie van nieuwe producten en diensten in de bedrijfsvoering 
kan worden verbeterd. Gedurende een periode van drie jaar wordt een grondig onderzoek 
uitgevoerd binnen de Nederlandse spoorwegsector om verschillende conceptuele en 
technologische artefacten te ontwikkelen en te testen. 

De dissertatie begint met het presenteren van een praktijkcase voor de soepele integratie van 
nieuwe producten, diensten en technologieën in de spoorwegsector en benadrukt het belang 
van kennismanagement van geconsolideerd leren en ervaringen in die context. Dit wordt 
gevolgd door het schetsen van de wetenschappelijke case voor dit onderzoek, waar de noodzaak 
van het focussen op zowel stilzwijgende als expliciete geleerde lessen wordt benadrukt om 
organisatorisch leren te vergemakkelijken. Ook wordt gewezen op het belang van het beheer 
van de lessen die zijn getrokken uit systeemintegratie om projectvertragingen en 
kostenoverschrijdingen te voorkomen en het systeemontwerp en de prestaties van het 
spoorwegsysteem te verbeteren. 

De gepresenteerde praktische en wetenschappelijke casussen hebben geleid tot het 
belangrijkste onderzoeksprobleem dat in dit proefschrift wordt behandeld, namelijk het 
bevorderen van het beheer van de lessen die uit systeemintegratie worden getrokken om het 
organisatorisch leren en daarmee de systeemprestaties te verbeteren. Om dit 
onderzoeksprobleem te onderzoeken, richtte het proefschrift zich op de volgende drie 
hoofdonderzoeksdoelstellingen die geïnspireerd waren op de onderzoeksmethodologie van 
Blessing & Chakrabarti (2009) en gericht waren op het verduidelijken, beschrijven en 
voorschrijven van het gestelde onderzoeksprobleem: 

• De lessen die zijn geleerd uit systeemintegratie en de huidige problemen bij het beheer 
daarvan uiteen te zetten 

• Inzicht te verschaffen in manieren om het beheer van lessen uit het verleden te 
verbeteren 

• Spoorwegorganisaties te ondersteunen bij hun inspanningen om de geïdentificeerde 
inzichten in hun organisatieprocessen te verankeren 

Om deze onderzoeksdoelstellingen te onderzoeken, werden in totaal elf onderzoeksvragen 
onderzocht met behulp van een evenwichtige mix van kwantitatieve en kwalitatieve 
onderzoeksmethoden. De inzichten die het onderzoek van deze onderzoeksvragen opleverde, 
leidden tot een gedetailleerde uitwerking van de instrumenten en methoden die nodig zijn om 
de drie onderzoeksdoelstellingen te bereiken.  
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Om de eerste onderzoeksdoelstelling te bereiken, werden de belangrijkste lessen uit 
systeemintegratie in de spoorwegsector en de belangrijkste kwesties met betrekking tot het 
delen van geleerde lessen in de Nederlandse spoorwegsector geïdentificeerd. Op basis van de 
geïdentificeerde lessen en kwesties werd een conceptueel kader voor kennismanagement van 
geleerde lessen ontwikkeld. Dit kader werd het LEAF kader genoemd, waarbij het acroniem LEAF 
staat voor leerbaarheid, omarmbaarheid, toepasbaarheid en vindbaarheid.  

Om de tweede onderzoeksdoelstelling te bereiken, werden case studies uitgevoerd om het 
voorgestelde kader te testen, toe te passen en uit te breiden. De analyse van het LEAF kader 
toonde aan dat wederzijds vertrouwen tussen belanghebbenden de noodzakelijke voorwaarde 
was voor het opbouwen van de omarmbaarheid van gedeelde lessen. Evenzo werd de noodzaak 
vastgesteld om de technologische vindbaarheid van ontwikkelde platforms voor kennisdeling te 
verbeteren. Uit het onderzoek van de huidige praktijken inzake stilzwijgend kennisbeheer bleek 
dat de geconsolideerde ervaringen en lessen met betrekking tot de structurele aspecten van 
systeemintegratie grotendeels expliciet waren gemaakt in de vorm van handleidingen, 
richtsnoeren en voorschriften. De ervaringen en lessen met betrekking tot de functionele en 
operationele aspecten bleven echter grotendeels in stilzwijgende vorm aanwezig en behoefden 
meer aandacht. 

Op basis van de inzichten die zijn verkregen uit het testen van de voorgestelde LEAF-aanpak en 
gericht op functionele en operationele aspecten voor stilzwijgend kennisbeheer, werden de 
volgende vier strategieën voorgeschreven om de derde onderzoeksdoelstelling te bereiken:  

• Identificatie van veertien principes van effectief systeembeheer en belangrijke 
aanbevelingen voor beleidsmakers en spoorwegorganisaties om het beheer van 
geleerde lessen in grootschalige projecten te bevorderen.  

• Ontwikkeling van een collaboratief kennismanagement platform om de technologische 
vindbaarheid van geleerde lessen te verbeteren onder systeemintegratie testlab leden 
van de hoofdspoorweginfrastructuur manager.  

• Ontwikkeling van een adaptief leersysteem op basis van virtuele realiteit om de 
spoorwegconducteurs van de belangrijkste vervoersdienstverlener te trainen in 
vertrekprocedures en mogelijke onregelmatigheden.  

• Ontwikkeling van een op blockchain gebaseerd platform voor kennisdeling om het 
vertrouwen tussen het onderhoudspersoneel van de belangrijkste aanbieder van 
vervoersdiensten en de garantiebeheerder van de leverancier van rollend materieel te 
vergroten met betrekking tot de kwaliteit van het uitgevoerde onderhoud. 

Concluderend, door het verduidelijken, beschrijven en voorschrijven van de instrumenten en 
methoden om het beheer van geleerde lessen in de spoorwegsector te verbeteren, rust dit 
proefschrift beleidsmakers en spoorwegorganisaties uit met de nodige middelen om het 
organisatorisch leren van geconsolideerde lessen en ervaringen te verbeteren en zo de 
systeemprestaties te verbeteren. Tenslotte schetst de dissertatie ook de belangrijkste 
beperkingen van het uitgevoerde onderzoek in termen van de bestudeerde context, 
methodologie en implementatie en biedt toekomstige onderzoeksgebieden voor de 
voorgestelde LEAF aanpak en technologische artefacten en geschikte industrieën om de 
voorgestelde concepten te testen. 
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Chapter 1 - General Introduction 
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Society depends on reliable public transport services to carry on its daily activities, whether it is 
the daily commute to work or visiting friends and family in leisure time. To meet society's 
growing demand for more climate-friendly, faster and better interconnected services, public 
transport must continuously improve its products and services by making proper use of 
technological advances and consolidated experiences. Reliable service to society can be made 
possible through effective management of the complex sociotechnical systems public transport 
at technical, operational and tactical levels, thereby requiring effective knowledge 
management.  

Knowledge management in the public transport sector is becoming increasingly complex, given 
the rapid pace of technological advances and the continuous loss of experienced workers 
through retirement or organisational shifts. Recognising the importance of knowledge 
management for the continuous improvement of public transport services, this thesis examines 
the management of knowledge from past experiences in the railway sector, particularly lessons 
learned from system integration. More specifically, it examines the management of lessons 
learned from large-scale changes in the railway sector in an interorganisational context. The 
research is conducted in the Dutch railway sector, where the researcher worked closely with the 
two main Dutch railway organisations, namely, ProRail (the national railway infrastructure 
manager) and Netherlands Railways (the largest provider of passenger services in the 
Netherlands), for approximately three and a half years. The role of lessons learned management 
in promoting organisational learning and improving system performance is explored in depth to 
support railway organisations in meeting the growing needs of society. 

The rest of the chapter provides an introductory overview of the research in this thesis, in 
particular the various topics covered and the research approach followed. This introduction is 
divided into six sections. First, in Section 1, the developments in the field of knowledge 
management since the industrial revolution are highlighted. Then, in Section 2, the recent 
developments in the Dutch railway sector and their implications for knowledge management of 
lessons learned are introduced. Subsequently, in Section 3, the motivation for this research is 
discussed. Section 4 then presents the research problem and the research questions addressed 
in this thesis. Section 5 provides an overview of the research methods and methodologies used. 
Finally, the outline of the thesis is provided in Section 6.   

1. Knowledge management  

Knowledge management is an evolving research field. Since the industrial revolution that 
occurred between the 1760s and 1840s, the field has slowly matured and gained prominence in 
both academic and industrial communities. The earliest mentions of systematic knowledge 
management for business purposes date back to the early/mid-1980s (Wiig, 1997). Academics 
can be divided into two large groups in regard to conceptual approaches to knowledge 
management. While some advocated managing knowledge as an organisational asset that needs 
to be exploited and developed by focusing on success factors such as senior management 
support and knowledge-friendly culture (Davenport et al., 1998), others opted for a more 
process-related approach to knowledge management. For instance, they suggest that 
knowledge management is a process of knowledge creation, validation, formatting, distribution, 
and application and that organisations need to create a fit between technological and social 
systems to obtain long-term competitive advantages (Bhatt, 2001). 

With the rise of large organisations after the Second World War, the management of 
consolidated knowledge and experiences has become increasingly important to ensure the 
delivery of promised products and services. From the early focus of knowledge management 
research on ensuring that the right information is available for decision support to recognising 
the value of knowledge gained through experience and its movement between tacit and explicit 
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states, today's challenge lies largely in managing knowledge not merely as a thing but also as a 
flow (Snowden, 2002). More specifically, contrary to the early propositions of Kantian 
epistemology in which knowledge is viewed as a thing and something absolute, current 
approaches view knowledge in the range of shared contexts, that is both a thing and a flow, able 
to move from one state to another (Snowden, 2002). This implies that the focus of knowledge 
management needs to shift from content-based knowledge management to context and 
narrative-based knowledge management. Special attention needs to be paid to the 
management of knowledge, so that its  static and flowing nature, as well as the needs of the 
recipients, are taken into account in order to facilitate the embraceability of knowledge.  

The organisational knowledge creation theory of Nonaka, (1994) laid the foundation for 
understanding the differences and similarities of learning in an organisational setting and 
identified four modes of knowledge creation across the continuum of tacit and explicit 
knowledge, namely, socialisation, externalisation, combination, and internalisation. Nonaka's 
(1994) theory has gained prominence over the years within the organisational science and 
organisational learning communities. However, although the theory provided some initial 
insight into managing consolidated organisational knowledge, it did not dive deeper into ways 
of managing experienced-based knowledge. For instance, it proposed that tacit knowledge can 
be converted to explicit knowledge through externalisation and that explicit knowledge can be 
converted to tacit knowledge through internalisation, but it did not outline the key features or 
processes that can help facilitate expediting these phenomena. Additionally, it provides no 
insights into either how technological solutions can be used to facilitate the externalisation and 
internalisation processes or how a fit between technological and social systems can be achieved 
for managing these processes. This research delves deeper into the knowledge management 
practices within contemporary organisations and explores the challenges of managing lessons 
learned in an organisational setting.  

2. Dutch railway sector 

This thesis focuses on the railway industry, specifically on the Dutch railway sector. The sector 
is one of the main pillars of public and freight transport in the Netherlands. For example, in 2019, 
an average of 1.3 million passengers took the train daily on a working day (NLTimes, 2019). With 
the growing interest in cleaner and climate-friendly transport, among other reasons, railways 
have regained prominence in Europe in general and in the Netherlands in particular. Since 
January 2017, all public transport trains in the Netherlands have been powered by wind power 
(Caughill, 2017). From a knowledge management point of view, the developments of the last 
thirty years at the European and national railway levels have had long-lasting consequences for 
the normal operation and system management of the European railway network. Some of the 
most important developments affecting knowledge management are discussed below. 

2.1. Key developments in the Dutch railway sector with implications for knowledge 

management 

Two important developments in the Dutch railway sector that have had irreversible 
consequences for the management of consolidated knowledge in today's railway organisations 
are outlined in this section. First, the Dutch railway sector was separated into transport services 
and infrastructure management at the end of the 1990s based on Directive 91/440 of the 
European Union Council. The separation was intended to facilitate the future development and 
efficient operation of railway systems (Council of the European Communities, 1991). Before this 
division, both transport services and infrastructure management in the Netherlands were 
managed by a single organisation. After the division, the infrastructure management tasks, such 
as maintenance and expansion of the infrastructure of the Dutch railway network, were carried 
out by ProRail. The organisation is financed by both government subsidies and fees paid by 
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railway companies for the use of the Dutch railway network. One of the largest transport service 
organisations resulting from the division is Netherlands Railways. It currently holds the exclusive 
rights to operate on the Dutch main rail network until 2035 through a transport concession, with 
obligations regarding frequency, punctuality, cleanliness and social safety laid down by the 
Dutch government, and it generates income from activities such as ticket sales, retail, and the 
leasing of real estate. Similar operating licences are granted to other local and regional 
operators, such as Arriva and Connexxion, to operate on parts of the Dutch rail network. 
Moreover, several engineering firms and contractors emerged from this division to provide 
technical expertise to both infrastructure managers and transport service organisations. The 
division of the Dutch rail sector into transport services and infrastructure management had the 
following two important implications: 

• Railway professionals were divided between two or more organisations, for example, 
between ProRail and the Dutch Railways. 

• The division led to different sectoral responsibilities and organisational goals. ProRail, 
for example, became responsible for the construction, maintenance and (traffic control 
and capacity) management of the Dutch railway infrastructure, while Netherlands 
Railways became responsible for the asset management of rolling stock and for 
providing reliable train service to its passengers. Moreover, as a result of this division, 
responsibility for many aspects of system integration shifted from the government to 
the railway organisations. 

These implications had long-term consequences for organisational learning and system 
integration in the Dutch railway sector and changed the context for managing consolidated 
knowledge for these organisations. While on the one hand, railway personnel at that time 
maintained good personal and professional contacts with each other, on the other hand, the 
new organisational goals and key performance indicators for the parent organisations were not 
always aligned. Much of the knowledge at that time was shared informally, and little attention 
was given to the structured retention and management of consolidated knowledge. More 
importantly, with the growing demand for higher frequency, punctuality, cleanliness and social 
safety, close cooperation, seamless knowledge sharing and smooth integration on a technical 
and organisational level between transport services and infrastructure managers became 
inevitable.   

The second development was the rapid introduction of new technologies and standardisation in 
the Dutch railway sector. To promote interoperability and improve rail safety and efficiency, the 
European Council unanimously decided in 1996 that a new traffic management system, the 
European Rail Traffic Management System (ERTMS), would become a key element of rail 
interoperability in Europe and the standard for all high-speed lines. Since then, several directives 
have been introduced to promote interoperability of the whole railway transport system, for 
instance, the Directives 96/48/EC and 1001/16/EC for the interoperability between the trans-
European high-speed rail system and the conventional rail system. ERTMS is an integral system 
whose proper implementation requires close cooperation and knowledge sharing between the 
infrastructure manager and the transport service organisations regarding technical, 
organisational, and operational aspects. This is because the infrastructure manager is 
responsible for part of the system and transport service organisations are responsible for the 
other part. In the Netherlands, ERTMS was first implemented in the early 2000s on the Betuwe 
Route (freight line from Rotterdam to Germany). In addition, a pilot project was implemented 
on the Amsterdam-Utrecht line from 2012-2015, before the current national deployment 
programme. Figure 1 gives an overview of the currently available ERTMS lines and the future 
plans for ERTMS implementation in the Netherlands.  
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Fig. 1. Planned ERTMS roll out in the Netherlands until 2028 (Weide, 2017). 

In addition, both infrastructure management and transport services have experienced a rapid 
increase in large-scale technological projects over the past thirty years. Such projects are 
necessary to cope with the increasing number of passengers and to ensure that adequate 
systems are in place to continue providing reliable services to passengers. Netherlands Railways, 
for example, has modernised their fleet over the past thirty years, moving from a procurement 
approach of obtaining the right train for the organisation to a co-designing and co-contracting 
approach. As Figure 2 shows, the first two train series (IHA and VIRMm1) were introduced with 
a mindset of obtaining the right train for the organisation and focusing on designing the train 
that the organisation required and that could be maintained with the available maintenance 
facilities. This meant that the main focus of knowledge management was mainly on 
requirements management and contract management. The next two train series (FLIRT TAG and 
FLIRT Fast Forward) were largely purchased 'off the shelf'. This implies that the emphasis of 
knowledge management was mainly on adapting the organisation to the train in terms of 
personnel training and maintenance facilities. The last two train series (SNG and ICNG) were 
procured with a co-designing and co-contracting approach whereby Netherlands Railways 
worked closely with the supplier to ensure that the trains could be smoothly integrated into the 
Dutch railway network. The primary focus of knowledge management in this case was on system 
integration at the technical, operational, and tactical levels. Dongen et al. (2019) point out that 
the introduction of off-the-shelf trains is an increasingly complex process in which organisations 
must ensure that, in addition to training employees, maintenance equipment, spare parts and 
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an appropriate maintenance programme and working methods are in place to smoothly 
integrate the new trains into transport organisations. 

 

Fig. 2. Introduction of new rolling stock series of the Netherlands Railways modified from (van 

Dongen, Frunt, & Martinetti, 2019). 

This implies that the introduction of large-scale technological changes in the Dutch railway 
sector, be it the introduction of ERTMS or new rolling stock, and the associated standardisation, 
requires close cooperation and an adequate knowledge transfer of consolidated experiences 
between transport services and infrastructure managers. Moreover, given the natural loss of 
experienced staff through retirement or organisational transfers and the Dutch government’s 
increased demand for frequency, punctuality, cleanliness and social safety, the need for a 
holistic approach to both managing lessons learned and complex system integration processes 
across key interfaces is reinforced.  

3. Research motivation 

The Dutch railway sector aims to offer high-quality transport services to passengers and to 
increase its market share in the transport sector. Due to technological advances in the railway 
sector and large-scale infrastructure changes, there is a need for the smooth integration of new 
products and services into operations without causing much inconvenience to passengers. These 
large-scale and far-reaching changes require a great deal of attention and the transfer of 
experiences within the railway sector so that past mistakes can be avoided. In addition, the 
transfer of learning experiences is also important to improve developed products and processes 
and to ensure that the consolidated knowledge is not lost when railway professionals retire or 
change organisations.  

The Dutch railway sector is at a pivotal moment given the aforementioned large-scale 
technological transformations and increasing demands of the Dutch government for awarding 
transport concessions. The lack of integration of consolidated experiences in the past led to the 
‘FYRA debacle’, in which the implementation of a series of high-speed trains was halted in 
January 2013 (Verhoek & Frunt, 2017). Moreover, the nationwide introduction of ERTMS in the 
Netherlands has also faced economic and safety scrutiny (Bekkers, 2008). This research 
examines current approaches to the management of lessons learned and proposes both 
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technological and nontechnological artefacts to improve organisational learning and facilitate 
the integration of new products and services into operations. 

3.1. Scientific motivation 

The research conducted is based on two main scientific motivations. First, the research focuses 
on lessons learned, as they are an emerging research topic in various streams of literature, are 
currently narrowly defined and are essential to facilitating organisational learning (Jugdev, 
2012). Second, the research focuses primarily on lessons learned from system integration. 
System integration is defined as a recursive process in which implemented system elements are 
iteratively assembled into a complete or partial system configuration to build a product or 
service across successive levels of the system hierarchy (International Standards Organization 
(ISO), 2015). Practical experience shows, however, that system integration needs to be defined 
and researched more broadly, with knowledge acquisition and sharing playing a key role 
(Rajabalinejad et al., 2019; van Dongen, Frunt, & Rajabalinejad, 2019). 

Lessons learned is a well-known concept in various streams of literature, and some common 
synonyms for lessons learned are postimplementation evaluation, project evaluation, post 
mortem, etc. (Jugdev, 2012). Secchi et al. (1999) defined lessons learned as knowledge or 
insights gained from experience that may be positive or negative, have a real or assumed impact 
on operations, are factually and technically correct, and can be applied. Proper use of lessons 
learned can prevent future projects from repeating mistakes and promote organisational 
learning (S. M. Duffield & Whitty, 2016; Wiewiora & Murphy, 2015).  

In this context, effective use of the lessons learned from system integration can not only help 
avoid project delays and cost overruns but also paves the way for better system design and 
performance of the railway transport system. Like the lessons learned, systems integration is an 
evolving research topic. Academics have pointed to the need to both expand the current 
definition of system integration and incorporate consolidated experiences regarding system 
integration to improve system performance (Davies & Mackenzie, 2014; Ramtahalsing et al., 
2021). Not only is it difficult to identify what lessons are learned from system integration, but 
how to manage such lessons is largely under-researched in the academic literature. Moreover, 
practical insights from implementation projects that undergo system integration processes need 
to be examined in depth to expand the knowledge base on organisational project management 
and advance the field of system integration.  

This research contributes to the research topic of lessons learned from system integration by 
identifying lessons learned from system integration, key features for managing lessons learned, 
and proposing technological solutions that can fit into the social systems undergoing system 
integration processes. This is done by conducting thorough research on the Dutch railway sector. 
For three years, the researcher worked closely with stakeholders from the Dutch railway sector 
and conducted a number of case studies to identify the problems related to managing lessons 
from system integration in practice, to develop technological and nontechnological conceptual 
solutions for knowledge management of lessons learned, and to validate the proposed 
conceptual and technological models. The practical motivation and the relevance of conducting 
this research are provided below.    

3.2. Motivation from practice 

The current prevailing silo mentality and focus on organisational goals and performance is 
affecting the long-term sustainable development of the Dutch railway sector. Railway 
organisations can benefit from a collective approach to managing the lessons learned. In 
particular, the lessons learned concerning the implementation of new products and services in 
normal operations.  
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A better understanding of the lessons learned in the sector will enable railway organisations to 
prioritise the different learning points according to their organisational needs (i.e., increased 
railway system reliability) and achieve a high level of consistency at the critical interfaces of the 
railway sector, leading to a better performing railway transport system. Moreover, an integrated 
approach to the management of lessons learned from system integration not only benefits the 
infrastructure manager and transport services but also helps policy-makers to better understand 
the needs of the sector so that they can allocate resources and make decisions in the best 
interest of the Dutch railway sector. 

4. Research goal 

The goal of this research is to improve the system performance of the Dutch railway sector by 
improving organisational learning through the proper management of lessons learned from 
system integration. The research objectives and research questions are set to achieve this goal. 

4.1. Research objectives 

This thesis addresses the problem of improving learning from consolidated lessons and analyses 
the role of technology and conceptual models in improving the management of lessons learned, 
especially the tacit part of lessons learned. The three research objectives (ROs) are as follows: 

RO1     Explain the lessons learned from system integration and the current issues in managing 
them; 

RO2     Provide insights into ways of improving the management of lessons learned; 

RO3  Support railway organisations in their efforts to embed the identified insights into their 
organisational processes. 

The three research objectives focus on clarification, description and prescription of the 
presented research problem and are inspired by the research methodology of Blessing & 
Chakrabarti (2009). The research questions have been formulated to address these objectives. 
A detailed description of the methodologies followed to investigate each research question is 
given in Section 5. 

4.2. Research questions 

A set of exploratory and explanatory research questions was developed to investigate the 
research objectives in depth. The lessons learned from system integration in the railway sector 
and the current problems in managing them need to be explained before insights can be 
provided to improve their management. Therefore, the following two research questions are 
aligned with the first research objective. 

RQ1a What are the lessons learned from system integration in the railway sector? 

RQ1b What are the main issues with the knowledge sharing of lessons learned in the railway 
sector? 

Answering these two research questions provides the much-needed perspective to understand 
the underlying challenges with the management of lessons learned in the Dutch railway sector. 
They set the performance criteria of any proposed solution for improving the management of 
lessons learned. The following research questions - RQ2a, RQ2b, RQ2c, and RQ3a - refer to the 
learnability, embraceability, applicability, and findability (LEAF) framework (Abbas, et al., 2020), 
which was developed as a result of investigating RQ1b. The framework identifies four key 
features that require attention in the context of knowledge sharing for lessons learned, namely, 
learnability, embraceability, applicability, and findability. A detailed account of these features 
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and the LEAF framework is provided in chapter three. The next four research questions are 
aligned with the second research objective. 

RQ2a How can the lessons learned from large-scale changes in the railway sector be shared using 
the LEAF framework? 

RQ2b What are the variables that influence the sharing of lessons learned within each LEAF 
feature? 

RQ2c How can the interdependencies between the LEAF features be analysed to facilitate the 
development of knowledge sharing strategies for lessons learned? 

RQ2d What are the main characteristics of adequate tacit knowledge management in the railway 
sector? 

By providing insights into the use of the developed framework for sharing lessons learned, 
influencing variables and interdependencies and by identifying the characteristics for adequate 
management of tacit knowledge in the railway sector, these four research questions provide the 
foundation for improving the management of lessons learned. Finally, the last five research 
questions are aimed at contributing to the third research objective.  

RQ3a How can the lessons from large-scale projects such as ERTMS be better managed using the 
LEAF framework? 

RQ3b How can tacit knowledge management be facilitated through digital means? 

RQ3c How can current knowledge management platforms be (re)designed to improve the 
findability and learnability of shared lessons? 

RQ3d How can we develop virtual reality based industrial training to (re)instruct operators in 
an adaptive and flexible manner? 

RQ3e How can blockchain technology be used to enhance trust in the quality of performed 
maintenance among stakeholders? 

The focus of the last five research questions is mainly to support railway organisations in 
embedding identified insights such as principles of effective systems management, 
implementation of collaborative knowledge management systems, motivation and trust into 
their organisational processes. Organisations often struggle to practically implement identified 
lessons, such as improving the findability and learnability of shared lessons, using new 
technologies to train employees, and building trust in tasks performed. By providing conceptual 
and technological artefacts, the last five questions outline practical ways to implement such 
lessons in practice.  

5. Research approach 

This section highlights the research approach used to investigate the identified research 
questions. A detailed account of the research methodologies and methods followed in this 
research is described below. 

5.1. Research methodologies  

The choice of research methodology is guided by the type and characteristics of the research 
problem (Noor, 2008). As shown in Table 1, different research methodologies were followed to 
investigate the presented research questions. Considering the exploratory nature of RQ1a, the 
choice of content analysis methodology where archival documents are structurally reviewed to 
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identify the lessons learned from system integration was appropriate. Similarly, given the 
exploratory and practical nature of RQ1b, a case study research methodology was a suitable 
choice to identify the main issues with the knowledge sharing of lessons learned in the railway 
sector, as case study research allows a holistic overview of a certain phenomenon to be obtained 
(Noor, 2008). A descriptive survey research methodology was employed to investigate the next 
three research questions (RQ2a, RQ2b, RQ2c). This choice of descriptive survey research 
methodology was suitable to investigate these questions because it makes it possible to 
understand the relevance of a phenomenon and to describe its distribution in a population 
(Karlsson, 2016). A qualitative research methodology consisting of seven semi-structured 
qualitative interviews was followed to investigate RQ2d. Given the exploratory nature of the 
research question and the need for flexibility to address different respondents differently while 
covering the same areas of data collection, a qualitative research method was the appropriate 
choice to investigate RQ2d (Noor, 2008). Similar to RQ1b, RQ3a was also investigated following a 
case study research methodology. Thus, the developed approach was thoroughly tested and 
extended against the management of lessons learned. The relative strength of agreement 
between the assessors on the assigned codes was also calculated to assess the validity and 
ensure the rigour and quality of the derived results. Finally, for the last four research questions 
(RQ3b, RQ3c, RQ3d, and RQ3e), the design science research methodology by Peffers et al. (2007) 
was followed to investigate the research questions. The choice of design science research for 
the last four questions was appropriate, as it seeks to bridge the gap between practice and 
theory and, thus, needs to be anchored in both (Holmström et al., 2009; Wieringa, 2014). 
Additionally, the DSRM developed by Peffers et al. (2007) allowed not only the design and 
development of problem-solving artefacts based on developed approaches but also the 
evaluation of these artefacts in practical settings, leading to further theoretical insights.  

Table 1. Followed research methodologies and research methods. 

Research 
question 
number 

Research methodology 
followed 

Research methods followed 

RQ1a Content analysis 
methodology  

Archival document review (for data collection) and 
qualitative content analysis (for data analysis) 

RQ1b Case study Fourteen open qualitative interviews (for data 
collection) 

RQ2a Descriptive survey 
research methodology  

Literature review and descriptive survey (for data 
collection), chi-square test of independence (for 
data analysis) 

RQ2b 
RQ2c 
RQ2d Qualitative research 

methodology 
Literature review and seven semi-structured 
qualitative interviews (for data collection) 

RQ3a Case study Twenty-four structured qualitative interviews with 
experts (for data collection), qualitative content 
analysis (for data analysis), and Gwet’s AC1 values 
(for result validation) 

RQ3b Design science research 
methodology (DSRM) 
developed by Peffers et 
al. (2007) 

Literature review and semi-structured interviews 
with key stakeholders (for data collection) and 
seventeen structured interviews with experts, 
including a qualitative survey, paired-sample t test, 
and Wilcoxon signed-rank test (for proposed 
solution validation) 

RQ3c 

RQ3d DSRM developed by 
Peffers et al. (2007) 

Workshop with conductors (for data collection) and 
pilot evaluation consisting of a pre-exercise 
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questionnaire and postexercise questionnaire (for 
proposed solution validation) 

RQ3e DSRM developed by 
Peffers et al. (2007) 

Persona templates (for data collection) and a 
workshop consisting of a qualitative survey (for 
proposed solution validation) 

 

5.2. Research methods 

To thoroughly investigate the research questions presented, the study used a well-balanced mix 
of qualitative and quantitative research methods. Table 1 provides a detailed overview of the 
research methods used to investigate the research questions presented. The research data were 
collected using research methods such as surveys, structured interviews, archival research, 
literature review, expert interviews and workshops. Similarly, the research data were analysed 
using various content analysis and statistical data analysis tools to extract the key research 
findings.  

6. Outline of the thesis 

The thesis is divided into ten chapters. Each chapter contributes to the research objectives and 
research questions described. A detailed overview of the thesis outline, consisting of the 
research focus of each chapter and the respective research objective and research questions, is 
provided in Table 2. 

Table 2. Outline of the thesis. 

Chapter 
No.  

Research focus Research 
objective 

Research 
questions  

1.  It introduces the problem of improving learning 
from consolidated lessons learned from system 
integration. It focuses on the case of the Dutch 
railway sector and describes the research 
questions and approach in detail. 

Research 
problem 
identification 
and motivation 

-  

2.   It identifies five lessons learned from system 
integration in the Dutch railway sector. 

RO1 
(Clarification) 

RQ1a 

3.  It highlights four key issues of sharing lessons 
learned in the Dutch railway sector and presents 
the LEAF framework. 

RO1 

(Clarification) 
RQ1b 

4.  It describes the LEAF Framework in-depth and 
extends it by identifying two variables per LEAF 
feature. It also examines the interdependencies 
between the LEAF features and provides valuable 
insights into managing the lessons learned from 
the LEAF Framework. 

RO2 

(Description) 
RQ2a, 
RQ2b, RQ2c  

5.  It identifies four main characteristics for tacit 
knowledge management in the railway sector. 

RO2 

(Description) 
RQ2d 

6.  The developed LEAF framework is applied to 
examine the management of lessons learned from 
a large-scale rail infrastructure development 
project. As a result, it prescribes fourteen 
principles of effective system management and 
several recommendations for policy-makers and 
railway organisations. 

RO3 

(Prescription) 
RQ3a 
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7.  It prescribes means to enhance the findability and 
learnability of shared knowledge on implemented 
knowledge management systems in railway 
organisations. Furthermore, it provides valuable 
insights into embedding tacit knowledge in 
knowledge management systems by focusing on 
improving the findability and learnability of 
shared lessons learned. 

RO3 

(Prescription)  
RQ3b, RQ3c 

8.  It prescribes means to promote the learnability 
and embraceability of developed VR-based 
adaptive learning systems for industrial training of 
train conductors. Furthermore, it promotes the 
management of tacit knowledge related to the 
operational and functional tasks of train 
conductors 

RO3 

(Prescription)  
RQ3d 

9.  It prescribes means to promote the 
embraceability and applicability of a blockchain-
based knowledge sharing platform to enhance 
trust between maintenance staff and suppliers 
regarding the quality of maintenance performed. 
Moreover, it provides a means to embed the tacit 
needs of railway professionals, such as trust, in 
developed knowledge sharing platforms.   

RO3 

(Prescription)  
RQ3e 

10.  It discusses and concludes the research carried 
out in this thesis. It summarises the answers to the 
research questions and provides the principal 
insights that the research contributes to both 
theory and practice. Next, the limitations of the 
research are discussed. Finally, some directions 
for future research are indicated. 

-  -  

 

In addition, all research questions have been answered through published work, either in the 
form of conference papers, book chapters or journal articles, as shown in Figure 3. Finally, every 
chapter begins with the main points addressed in that chapter to clarify its role in addressing 
the research objectives and research questions identified. 
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Fig. 3. Respective research questions, objectives and publications for thesis chapters.  
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Chapter 2 - Lessons learned from system integration: A strategic 
synopsis 
 

Abstract:  

Learning from past experiences remains a key priority for industry and academia alike. Lessons learned are meant to 
facilitate this process of learning and are a well-known concept in project management, systems engineering, and 
knowledge management disciplines. However, given their embodied nature and presence in tacit and explicit forms, 
they are hard to acquire and fully realise through traditional means. This paper investigates lessons learned from 
system integration projects in the railway sector. System integration is an ongoing industrial challenge that is complex, 
multifaceted, hard to disentangle, and requires proper learning from prior experiences.  By conducting an archival 
review and content analysis of thirty-seven documents (presented at an independent knowledge network), this paper 
investigates the frequency of ten key system integration patterns mentioned directly or indirectly at different 
interactive sessions (attended by a diverse group of stakeholders from multiple organisations). Consequently, the 
paper outlines five robust lessons learned to address these patterns. The underlying context of these lessons is also 
described to facilitate the development of appropriate approaches for their realisation. Finally, the paper discusses 
the implications of the presented lessons for policy making and systems performance management. 
 
Keywords: Lessons learned; Best practices; System integration; Railways 
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1. Introduction 

Learning from prior experiences is essential to optimise performances, continuously improve, 
and properly manage systems at a holistic level. The transportation sector operates in a complex 
environment where systems performance management requires proper learning from past 
experiences and open sharing of gained experiences. Challenges such as smooth integration of 
new technologies (van Dongen, Frunt, & Rajabalinejad, 2019), project cost performance (Love 
et al., 2019),  effects of COVID19 policies on transportation systems (Bian et al., 2021), and CO2 
emission reduction (L. Li & Zhang, 2020) ask for an integral approach to organisational learning 
and systems management.    

Lessons learned are recognised as a primary mode of transferring consolidated experiences and 
craftmanship across the transportation industry. Proper management of lessons learned has 
been advocated in project management (McClory et al., 2017), system engineering (Vandeville 
& Shaikh, 1999), and knowledge management (Wiewiora & Murphy, 2015) disciplines. Although 
lessons learned management faces challenges across multiples domains such as outlining key 
features and processes for lessons learned management (Abbas, Martinetti, Rajabalinejad, et 
al., 2020), managing their tacit and explicit nature (Kreiner, 2002), and developing technological 
solutions for their incorporation in organisational processes, this paper focuses primarily on 
acquiring lessons learned from system integration in the transportation industry to facilitate 
continuous improvement. According to (Argyris & Schön, 1996), the generic schema of 
organisational learning consists of a learning product (informational content), a learning process 
(acquiring, processing, and storing), and a learner. This paper uses this generic schema to draw 
lessons learned from system integration (learning product) by a structured document review 
(learning process) for transportation professionals busy with system integration (learner). The 
presented results will assist transportation organisations in advancing their system integration 
strategies and policy making for continuous improvement of system performance.  

2. State of the art  

Learning lessons is fundamental to organisational learning and continuous improvement. 
Academics and practitioners alike from a diverse group of disciplines have attempted to derive 
lessons, define their nature, develop models, artefacts, and strategies for their implementation 
and management. Although these disciplines may differ in their approaches towards 
disentangling the labyrinth of lessons learned they widely acknowledge their significance in 
improving current processes, achieving both long- and short-term goals, and facilitating 
innovation.  

Disciplines such as safety see lessons amongst others as a means of improving safety levels and 
preventing future incidents (Drupsteen & Guldenmund, 2014). Project management sees 
lessons learned as an important knowledge topic that can be positive or negative, can provide 
competitive advantage (Carrillo et al., 2013a), is critical to project success (McClory et al., 2017), 
and require a systematic approach and process for its implementation (S. Duffield & Whitty, 
2015). Similarly, knowledge management regards lessons learned as the knowledge that exists 
both in tacit and explicit dimensions (Abbas, Martinetti, Rajabalinejad, et al., 2020; Panahi et al., 
2013), is often overlooked when developing and implementing knowledge management 
strategies (Liebowitz, 2008) and means of sharing project knowledge (Wiewiora & Murphy, 
2015). Furthermore, system engineering regards lessons learned as a means to improve 
organisational and project performance, advocates linking them to the process models used by 
organisations (Vandeville & Shaikh, 1999), and a medium for building team capabilities and 
solving issues (BKCASE Editorial Board, 2017).   

This study specifically investigates the Lessons Learned from System Integration (LLSI). 
Traditionally system integration is part of the system development and realisation cycle and uses 
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outputs of system definition to provide plans and criteria for combining created system 
elements (BKCASE Editorial Board, 2017). ISO/IEC 15288:2015, a system engineering standard 
for system life cycle processes, defines system integration as the process that “iteratively 
combines implemented system elements to form complete or partial system configurations in 
order to build a product or service. It is used recursively for successive levels of the system 
hierarchy” (BKCASE Editorial Board, 2017). Lessons learned from such system integration are 
hardly discussed in literature let alone structured approaches for their dissemination and 
management. This paper addresses this gap by outlining lessons learned from system 
integration in the railway sector as explained in the next section.  

3. Methodology   

The paper addresses the identified research gap by following a structured methodology for 
content analysis (inspired by the levels of abstraction proposed by (Erlingsson & Brysiewicz, 
2017)) as shown in Figure 1. It systematically analyses the content presented at different 
interactive sessions organised by Railforum, an independent knowledge network aimed at 
increasing the social and economic efficiency of rail transport hereon referred to as Knowledge 
Network.  

First, an overview of available documents within the Knowledge Network’s System Integration 
Knowledge Circle was obtained. Presentations, evaluation reports, and minutes of meetings of 
the core team were collected from the period 2017 to 2020. Documents relating to six 
interactive sessions were identified and collected. This was followed by a preliminary scanning 
of identified sixty-one documents to understand the content presented during these sessions 
and to formulate a comprehensive content analysis strategy. In this regard, the relevance of 
these documents to the research themes of system integration and lessons learned was 
examined and frequently mentioned system integration patterns were identified. Based on the 
preliminary scan, ten system integration patterns were identified (as shown in Table 1) that 
formed the backbone of the content analysis strategy.   

Frequency detection of these patterns and the extraction of lessons learned for addressing them 
were the core objectives of the formulated content analysis strategy. This was followed by a 
detailed scanning of sixty-one documents. This led to the exclusion of twenty-four documents, 
as they were either preparatory documents that were later used in main presentations or 
documents with a different focus than system integration and which dealt with issues related to 
the organisation of the sessions. Consequently, thirty-seven documents were carefully selected 
for coding. The coding was mainly aimed at identifying the frequency of outlined patterns and 
extracting lessons learned related to these patterns. A total of 109 codes was assigned using 
Atlas.ti (a qualitative data analysis software) which were further characterised into three 
categories, namely “System integration patterns” (ten codes, see Table 1), “Background 
knowledge on system integration and lessons learned” (sixty-one codes), “Lessons learned from 
system integration” (thirty-eight codes). Whereas the category “System integration patterns” 
assisted in prioritising between the outlined patterns, the category “Background knowledge on 
system integration and lessons learned” was used to describe the core research problem. Finally, 
the category “Lessons learned from system integration” was used to extract five robust lessons 
learned for addressing the outlined system integration patterns.  
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Fig. 1. The overview of followed research methodology. 

4. Results and discussion  

The determined frequency for identified system integration patterns is shown in Table 1.  

Table 1. Frequency of outlined system integration patterns. 

Pattern 
No. 

System integration pattern Frequency 
(n) 

1 Subsystems are not managed in an integrated way (i.e. as part of 
overall systems management) 

23 

2 Nobody has an overview of the whole system (i.e. the entire 
railway system) and there is a need for collective wisdom  

11 

3 Funding is fragmented so that solutions in other parts of the 
system cannot be financed from other parts  

9 

4 Many decisions are taken using a top-down approach without 
involving the work floor  

9 

5 Problems with legislation and safety standards at the European 
and Dutch level 

15 

6 Shifting risks (due to changes in technology, policy, or regulations 
amongst others) 

13 

7 Different (development and test) life cycles of components in the 
system 

8 

8 Solutions are found or fixed too quickly without proper analysis of 
underlying causes 

3 

9 Cooperation deteriorates as soon as it gets tense  14 
10 Lack of trust 5 
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To systematically connect the outlined patterns with the derived lessons learned, a relationship 
map was created as shown in Figure 2. As indicated, each derived lesson was associated (based 
on similarity) with two patterns after reviewing the “Lessons learned from system integration” 
code group.  

Fig. 2. Lessons learned relationship map. 

4.1. Develop an integral approach to systems management  

Developing an integral approach to systems management for complex system of systems (such 
as rail transportation), where the complexity arises not only from the systems themselves but 
also from the interdependencies between them, is not an easy task. In such an environment, 
viewing systems integration as a mere process in the systems development and realization cycle 
often leads to project delays and cost overruns. Instead, system integration should be 
approached more holistically by viewing it as part of overall systems management. The analysis 
revealed a number of facets that can be amongst others part of an integral approach. These 
include collaboration, modelling and structuring, systems management (realisation and 
operations), knowledge management, and the role of policy makers, as shown in Figure 3.  



chapter 

2 

 

           p31  
      

Fig. 3. Facets and elements of integrated systems management.  

An integrated approach to systems management is not just about connecting technical threads, 
but even more about behavioural change. Collaboration at all levels within an organization, 
between organizations, and between the organizations and policy makers is a central element 
of the integrated approach. Being sensitive to intra- and inter-organizational politics and 
directing stakeholders accordingly can help build the relationships necessary for smooth 
integration. It was clear from the analysis conducted that not only more explicit guidelines for 
the application of system integration were desired, but also more attention to collaboration (i.e., 
more focus on behavioural change, among other things) across interfaces instead of the current 
predominant focus on structuring and modelling internal organizational processes.  

A clear image, language, and conceptual framework for systems management can be achieved 
by developing context-specific models and structures that can serve as preconditions for 
building collaboration. However, in terms of modelling it is important to realise the there is no 
one size fit all model (meaning there is no standard model that is appropriate for all situations). 
Participants in the Knowledge Network sessions suggested a focus on creating open models that 
can be tailored to different contexts rather than a single model, and on establishing appropriate 
links between the models developed.  

Systems management includes not only systems development and realization cycles but also 
operational management. For the overall success of systems integration projects, it is of utmost 
importance to bridge the gap between the stakeholders involved in systems integration of new 
products and services and the end-users involved in operations management. This is 
traditionally done by testing products and services that have to be integrated to a certain extent 
in a live environment. In this regard, particular attention should be paid to the management of 
technical and non-technical complexities and to the development of robust approaches for 
contextualising established regulations and standards in organizational settings. Equally 
important is the ability to learn from previous experience and manage consolidated knowledge 
well. Participants in the Knowledge Network sessions suggested that smooth integration 
requires both explicit knowledge management (where a comprehensive requirements 
management program is developed, and specifications are harmonised) and tacit knowledge 
management (where consolidated lessons are properly shared and managed and a learning 
culture is developed to share experiences in a trustworthy and convenient manner).  
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Policy makers, mainly because of their financial role, play a bottleneck role in developing an 
integrated approach to system management. The analysis shows that separating system 
responsibilities in logical places is inevitable and has been legislated, but it is equally important 
to shape an integrated approach to managing the entire system by funding the entire system 
integration chain and demonstrating strong political will. There is a need to develop joint policies 
for the long-term development of the railroads and to establish governance structures to bridge 
the gap between the decision-makers and the people affected by the decisions. The analysis 
shows that policymakers are suggested to drive the integrability of the system by rewarding 
cooperation and collaboration through concessions. They also need to be involved not only in 
determining transportation needs but also in shaping technical services through regulation. 
Finally, policymakers must be aware of the implications for system users when making system 
choices, and the implications for project planning and control, and the relationship among 
organizations when making technical choices. 

4.2. Manage technical, operational, and tactical system integration 

System integration has traditionally been seen as the assembly of system elements into a 
complete system such that it meets its stated goals and results in a reliable and maintainable 
system (BKCASE Editorial Board, 2017). The analysis revealed that the term systems integration 
is used in a much broader context in the rail industry. Although the term has its roots in this 
traditional definition, it is expanding to higher levels of operational and tactical integration. 
Given the interdependencies across system boundaries, various levels of system integration 
have been defined by the rail industry, such as all components within a single object, all objects 
within a subsystem, all subsystems within the transportation system concerning train track 
integration, and all subsystems within the transportation systems for all interfaces. In this 
context, the funding of the entire system integration chain by the responsible entities and the 
integration of the work floor into the decision-making process seem to be crucial elements.   

Although it is now increasingly recognized that systems integration should be addressed as early 
as the design process, the costs and benefits of systems integration tend to be divided among 
different parties. Therefore, the authors suggest zooming out from the traditional technical view 
of systems integration and more toward operational and tactical systems integration which can 
help fill in the missing pieces in the systems integration puzzle. The analysis showed that 
developing specific models that can provide a holistic view of systems management help to 
manage the operational and tactical system integration. Similarly, while interoperability and 
requirements management are more meaningful for technical systems integration, awareness, 
behaviour change, and cultural integration are important for operational and tactical systems 
integration.  

The authors also suggest that the goal of systems integration should not only be to combine 
system elements into a complete system, but also to improve system performance and promote 
innovation. In this regard, dividing system integration into different levels could potentially aid 
in defining objectives for each level. Conceptually, the suggested tactical and operational 
system integration should aim to see opportunities for system integration at the whole system 
level and fund the complete chain of system integration. It should also create opportunities to 
improve the learning capacity of the sector concerning different system integration projects 
through proactive knowledge sharing. The technical system, on the other hand, must ensure 
proper management of interfaces and pay due attention to the impact of technical solutions on 
the affordability and quality of overall system operation. 
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4.3. Manage the paradox of contracting for system integration   

System integration is traditionally handled by defining specifications for different subsystems 
and system elements and awarding contracts to system suppliers. The terminologies “Client” 
and “Contractor” are commonly used in the business world for organising system integration 
and cooperation among them is considered necessary for smooth integration. More 
importantly, experiences shared in the Knowledge Network sessions revealed that the ultimate 
responsibility of integration can not be outsourced. This combined with frequent problems 
with legislation and safety standards (i.e., both at the national and international level) and 
shifting risks due to the introduction of new technologies, involvement of new subcontractors, 
and policy changes makes contracting for system integration quite complex. In this context, the 
organisation needs to actively manage the paradox of contracting for system integration as 
shown in Figure 4.  

Fig. 4. The paradox of contracting system integration. 

As indicated, organisations can, on the one hand, try to fully outsource system integration and, 
on the other hand, perform all system integration activities in-house. When system integration 
is fully outsourced, organisations end up with insufficient internal expertise and over-reliance 
on external contractors and consultants, who are often reluctant to take responsibility and 
remain passive in cooperation due to business interests. In contrast, when system integration is 
primarily done internally, organisations struggle to keep up with the pace of ongoing system 
changes and shifting risks (whether from technology, policy, or regulations) due to the ever-
changing expertise required to address different situations.  

This study highlights the need to proactively manage this paradox by investing more in co-
contracting and building internal capabilities while paying close attention to what should and 
should not be done internally based on organisational performance goals. Similarly, the study 
suggests that organisations should broaden their circle of influence with the policymakers (i.e., 
both at the national and international level) by proactively communicating and sharing 
knowledge on contextual and procedural aspects of system integration.    

4.4. Have an integrated testing plan  

The core objectives of test operations during the system development and realisation cycle are 
to measure and achieve intended Key Performance Indicators (KPIs), validate project 
requirements, and obtain the agreed product or service. The analysis showed that a testing 
strategy, within the railway sector, traditionally follows a series of predefined tests, namely 
Factory Acceptance Test (FAT), integral FAT, integral Process and procedure Acceptance Test 
(iPAT), Site Acceptance Test (SAT), System Integration Test (SIT) I (part of the system), SIT II 
(complete system-dynamic), SIT III (processes and procedures), Integral Trial Operation (ITP), 
and Commercial Validation Test (CVT).  These tests are performed sequentially, and the risk is 
expected to decrease with each successive test. In addition, the tests are ideally planned so that 
they do not overlap, and sufficient time is allocated for the tests to achieve acceptable 
exploitation starting level. However, experience in the railway sector has shown that test 
periods are usually carried out under extreme time pressure, with allocated test periods being 
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shortened or several tests exceeding the allocated time, leading to several tests being carried 
out in parallel. Therefore, in addition to a timetable, different scenarios should be developed 
to deal with unexpected delays, as shown in figure 5.   

Fig. 5. Different scenarios for dealing with unexpected delays. 

The study also shows that good collaboration between the client and the contractor, a good 
division of responsibilities in defined test protocols, and an early testing philosophy with the 
end-users can contribute to an integrated test plan for all components (with different 
development and test life cycles) of the transport system. Proper allocation of time and 
sensitivity to different scenarios can lead to fewer problems in system integration testing.   

4.5. Invest in knowledge management 

The analysis revealed that traditional knowledge management practices for systems integration 
(such as documentation and sharing of lessons learned reports) generally did not produce the 
desired learning outcomes. Rather than learning from past projects and using shared lessons, 
organizations often rediscovered lessons already known. It also showed that the focus on 
systems integration in the rail industry was mainly on the realisation phase of the project, rather 
than paying continuous attention to it throughout the system life cycle. Deterioration of 
collaboration in tense situations and lack of trust point towards the need to invest in knowledge 
management.  

From a knowledge management perspective, there is a need for a robust approach to sharing 
and managing lessons learned (i.e., from both technical and procedural aspects) and creating an 
open culture of knowledge sharing. While the technology side of knowledge management 
should facilitate easy and timely access to stored information and knowledge experts, the non-
technology side should help to create an enabling environment where customers and 
contractors can readily collaborate and be motivated to share experiences and consolidated 
knowledge openly and reliably.  
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5. Conclusion 

The paper provides an overview of five LLSI in the rail industry. It shows that the term system 
integration is used much more widely in practice and requires not only technical root cause 
analyses but also attention to integrability, different levels, ownership, testing, and knowledge 
management. Ten key system integration patterns were identified and their frequency within 
the six interactive sessions was examined. The results indicate that system integration is not just 
a technical process of combining implemented system elements but rather a philosophy where 
people need to closely work together with an integrated approach towards system development 
and realisation. The paper contributes by outlining five LLSI that lay the foundations for creating 
robust strategies for strategically managing systems integration. Future research may assess the 
impact of the proposed approaches to incorporate the identified lessons learned in tackling their 
respective system integration patterns.  

Acknowledgements 

This research is co-financed with a PPP surcharge for Research and Innovation from the Dutch 
Ministry of Economic Affairs and Climate.  

 



 

p36 
  

Chapter 3 - Tacit Knowledge Sharing for System Integration: A case 
of Netherlands Railways in Industry 4.0 
 

Abstract  

Sharing of tacit knowledge is a key topic of research within the knowledge management community. Considering it’s 
embodied nature, organizations have always struggled with embedding it into their processes. Proper execution of 
complex processes such as system integration asks for an adequate sharing of tacit knowledge. Acknowledging the 
importance of lessons learned for system integration and their presence in tacit and explicit form, a case study was 
conducted within the Netherlands Railways. It was determined that non-sensitivity to the tacit dimension of lessons 
learned has resulted in their lack of utilization. Consequently, LEAF framework was developed, where LEAF stands for 
Learnability, Embraceability, Applicability, and Findability. The framework suggests that addressing these four 
features collectively can eventually lead to an adequate knowledge-sharing strategy for lessons learned. Lastly, the 
chapter presents an example from the Netherlands Railways to emphasize the key role technological solutions of 
Industry 4.0 can play in facilitating tacit knowledge sharing. 
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1. Introduction 

The value of organizational knowledge has grown significantly over the past seven decades. 
Technological developments after the second world war and research conducted within the 
management sciences have brought the topic of knowledge management to the center stage. 
More recently, knowledge is being viewed as an organizational asset and as a source of 
competitive advantage (Kakabadse et al., 2001). Technology has played a key role in this 
transition and revolutionized the way in which organizations manage their knowledge. 
Meanwhile, these developments have also pointed out the limitations of human capability in 
articulating one’s knowledge to explicit form. A deeper understanding of human capabilities and 
a closer look at human interactions with the technical systems are required to address these 
limitations adequately. Currently, the knowledge management community, by and large, 
acknowledges the conceptual distinction of knowledge into two main types namely tacit and 
explicit knowledge (Nonaka & von Krogh, 2009). The idea of the former knowledge type is mainly 
attributed to Polyani when he famously stated “We know more than we can tell” (Polanyi, 1966), 
while the latter can be readily articulated, codified, stored and accessed (Hélie & Sun, 2010). 
Research within the management sciences has shown that not only is explicit knowledge an 
important resource for firms (Conner & Prahalad, 1996) but also that tacit knowledge is a source 
of competitive advantage for firms (Winter, 1987).  This chapter builds upon the concept of tacit 
knowledge sharing and presents ways in which it can be enhanced within an organizational 
setting.  

Knowledge sharing is a major field of research within the knowledge management community, 
with challenges on multiple fronts. It requires the transfer of knowledge from one entity to 
another (Argote & Ingram, 2000). Naturally, the transfer of explicit knowledge is easier and more 
straightforward. Moreover, technology has greatly assisted in optimizing explicit knowledge 
transfer. A common example, in this regard, is the use of various Information Technology (IT) 
based knowledge management systems by the organizations. On the other hand, tacit 
knowledge whose primary source is experience (Bratianu & Orzea, 2010), is rooted in a mix of 
“action, procedures, routines, commitment, ideals, values and emotions” (Nonaka, 1994), and 
generally difficult to share. Research has shown that the sharing of tacit knowledge is stimulated 
by intrinsic motivators (Chena et al., 2011) and facilitated by engaging environments (Muniz et 
al., 2013). Tacit knowledge management requires a shift towards practice-based approach and 
more sensitivity to workforce abilities and skills (Ribeiro, 2013). Furthermore, it also requires 
awareness of the nature of the system under consideration, as different knowledge 
management approaches are required for complex systems as well for complicated systems 
(Snowden, 2002). The difference between the complex and complicated system here is the 
intertwining and separation of the cause and effect relationships of the system respectively 
(Snowden, 2002). This chapter focuses on tacit knowledge sharing and looks primarily into the 
railway transportation system of the Netherlands. 

Tacit knowledge sharing for a complex, safety-critical system such as railway is a strenuous task. 
The goal of the railway system as defined by CEN (2017) is to “achieve a defined level of rail 
traffic at a given time, safely and within certain cost limits”. For the system under consideration, 
system integration is a prominent process within the system life cycle phases (CEN, 2017). It is 
aimed at synthesizing the system elements into a realized system (ISO/IEC/IEEE 15288) and a 
key topic of research within the systems engineering community. Moreover, proper execution 
of system integration processes is of fundamental importance to key railway system 
stakeholders such as railway operators and infrastructure managers. Within this context, 
adequate sharing of relevant tacit knowledge can facilitate in the improvement of system 
integration processes both academically, managerially, and practically. The research topic “Tacit 
knowledge sharing for system integration projects” addresses the research domains of 
knowledge management, system integration for the railway system, and project and quality 
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management as shown in Figure 1. Moreover, the figure is adapted by the four dimensions of a 
core capability by Leonard-barton, (1992), where he defines core capability as “an interrelated, 
interdependent knowledge system”. More specifically, system integration for railway system 
compromises of knowledge related to technical system; knowledge management of skills and 
knowledge base; project and quality management of managerial systems; and tacit knowledge 
sharing of values and norms.  

 

Fig. 1. Domains of interest for the research topic adapted by Leonard-barton, (1992). 

The fundamental goal of this chapter is to demonstrate the importance of tacit knowledge 
sharing for system integration projects and recommend ways in which IT solutions of Industry 
4.0. can facilitate its transfer. The chapter follows a three-step approach to address the 
presented goal. Firstly, it exhibits the relevance of tacit knowledge sharing for system integration 
processes. Secondly, it presents a case of Netherlands Railways (main railway operator) to 
demonstrate the significance of the tacit dimension of lessons learned for the integration of New 
Rolling Stock (NRS). A knowledge-sharing framework is presented in this regard for the sharing 
of lessons learned. The framework identifies four key features that require attention to 
optimizing the sharing of lessons learned within the NRS teams of the Netherlands Railways. 
Lastly, the chapter presents an example of the Netherlands Railways to demonstrate the central 
role of Industry 4.0, which is largely IT-driven, in facilitating tacit knowledge sharing, for the 
railway system.    

2. Tacit knowledge sharing for systems integration 

Tacit knowledge sharing in the context of systems integration is a challenging activity. Moreover, 
systems integration is an evolving and critical topic of research within the systems engineering 
community (Madni & Sievers, 2013; Rajabalinejad, 2018b). In addition to this, Blanchard et al., 
(2011) accept the lack of a commonly accepted definition for systems engineering and suggest 
that systems engineering features as “top-down approach; life-cycle orientation; early 
concentration on defining systems requirements; and an inter-disciplinary or team-based 
approach in the development process” (Wilson, 2014). Consequently, the scope of system 
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integration in a given context is dependent on the system under consideration. Considering the 
focus of systems engineering on the development processes enables the use of ongoing 
technological innovation for developing engineering solutions more accustomed to customer 
needs and desires. Moreover, life cycle orientation of system engineering provides an 
opportunity to reflect on the entire lifecycle stages of the system, and design their 
implementation plan in due time or adapt it in operations due to the changing demands of 
stakeholders over the whole lifecycle. Besides this, systems engineering inspires to learn from 
past experiences and embed acquired experienced knowledge in the development of new 
systems. Within this context, system integration is a key process where embedding of 
experienced knowledge can play a major role. It can facilitate in learning from past experiences, 
foreseeing integration challenges and determining the future directions for complex system 
integration processes. Exposure to the challenges of complex system integration challenges 
results in the acquisition and enhancement of possessed tacit knowledge. The ability of 
successful system integrators to understand the complete picture of the safety-critical system 
and act responsibly, is a result of not just the already determined explicit knowledge, but also 
the possessed tacit knowledge from experience. Naturally, transition of this knowledge in the 
development of newer systems is paramount to the future of the system engineering domain. 
However, sharing of this experienced knowledge is no easy task. 

Experienced knowledge from system integration exists in the tacit and explicit form within the 
system integration project teams of Netherlands rail-sector. ISO/IEC 15288, a systems 
engineering standard for processes and lifecycle stages (including integration), recommends 
sharing knowledge assets as a key activity of the knowledge management process. Lessons 
learned among others is the key knowledge asset identified by ISO/IEC/15288:2015E, and 
broadly stating is the knowledge acquired through experience on a certain project. Clearly, 
sharing of acquired lessons learned whether in tacit or explicit form is critical to the proper 
execution of system integration processes. The challenge, however, comes from the very nature 
of lessons learned, as contrary to the common perception they exist not just in explicit but also 
in tacit form. Adequate sharing of lessons learned from requires sensitivity to this attribute and 
development of a knowledge sharing strategy that addresses not just the explicit but also the 
tacit dimension of lessons learned. Preliminary investigation within the Netherlands Railways 
has shown that not much attention has been paid to the tacit dimension of lessons learned. This 
has resulted in inadequate utilization of determined lessons learned and lack in the 
enhancement of organizational learning. Paying attention to the tacit dimension of lessons 
learned is critical in this regard due to the changing roles of individuals within the project teams 
and the complex nature of the systems integration processes. Moreover, as mentioned by 
Nonaka & von Krogh, (2009) conversion of knowledge (from tacit to explicit in this case) helps 
in product and process innovations, enhancement of resilience, and in the evolution of new 
social practices. This chapter makes explicit key features influencing tacit knowledge sharing of 
lessons learned within the context of system integration. An example of the introduction of New 
Rolling Stock (NRS) projects is presented in this regard. NRS projects hold critical importance 
from an integration standpoint. This is mainly because of the recent shift of the railway 
undertakings towards buying trains from the shelf mentality. A recent example in this regard is 
the acquisition of new sprinter series purchased by Netherlands Railways from CAF, which is a 
Spanish rolling stock manufacturer. This shift in approach towards NRS requires adjusting the 
organization for the train rather than adjusting the train for the organization. Next section 
presents the case of tacit knowledge sharing of lessons learned within the NRS teams of the 
Netherlands Railways.   
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3. Knowledge sharing of lessons learned: An investigation within the NRS 

teams of the Netherlands Railways 

Knowledge sharing of lessons learned plays a central role in the integration process of NRS. The 
acquisition process of NRS has undergone a major change in the past few years within the 
Netherlands rail-sector. The so-called “buying a train from the shelf” analogy is quite common 
within the rolling stock teams. The analogy refers to the shift in the approach of preparing the 
organization for the train rather than the prior focus of getting the right train for the organization 
also known as “fit for the processes”.  The Netherlands Railways as an organization has 
undergone through a rough period in this transition. Starting from the painful experience of 
aborted FYRA trainsets introduction and moving towards a rather successful introduction of 
recent new sprinter series. This ongoing shift is not easy and among other factors owes its 
success to the continuous embedding of experienced knowledge in the NRS projects. A step 
towards such embedding was the development of a lessons learned database. The database 
inspires to share acquired lessons learned from prior projects with the current NRS teams and 
enhance organizational learning within the Netherlands Railways. It was developed through a 
process compiling lessons learned from a number of NRS introduction teams. Although the 
development of such a database is appreciated and a step in the right direction, its development 
alone does not lead to the adoption of the compiled lessons learned. Preliminary investigation, 
conducted within the Sprinter New Generation (SNG) NRS team, has manifested that the sole 
focus on explicating lessons learned and not paying attention to the tacit dimension of lessons 
learned has resulted in lack of utilization of the acquired lessons learned. Clearly, this lack of 
utilization is undesired and requires investigation into its root causes. Consequently, a case study 
was conducted within the SNG team with the sole purpose of identifying the key root causes of 
this lack of utilization. In this regard, 14 qualitative interviews were conducted. The interviewees 
include eight members of the SNG project team, four members from the Programma Materieel 
Implementatie (PMI) team (the team that developed the lessons learned database), and two 
new rolling stock test drivers. The interviews were conducted in an open format and together 
with each interviewee key issues to the sharing of acquired lessons learned were discussed. 
Consequently, four key issues were identified after reflecting on the gathered notes from these 
interviews which are presented next. Moreover, to properly address the identified issues a 
knowledge sharing framework for sharing of lessons learned was also developed. The 
framework advocates for four key features that require attention while sharing of lessons 
learned and is presented after the identified issues.  

4. Identified issues related to the sharing of lessons learned 

This section presents four key issues related to the sharing of lessons learned that were 
identified during the conducted interviews. A small description of each issue is presented with 
an example.  

4.1. Inaccurate applicability 

This issue points to the lack of sensitivity towards the nature of the system under consideration 
while determining the lessons learned. It has been identified that where some lessons learned 
are of repeatable nature and can be used to determine best practice others simply don’t repeat 
themselves and are specific to the context. The authors' advocate for distinguishing the lessons 
learned based on their applicability and repetitive nature. The recommendation is in line with 
the findings of Snowden, (2002), where he distinguishes between managing knowledge for 
complicated and complex domains. Snowden, (2002) argues that best practices are only 
legitimate in spaces where all the cause and effects relationships are clear which he calls known 
space. The distinction between the acquired lessons learned based on their applicable domain 
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is crucial to their effective utilization. The current approach of expecting the determined lessons 
learned to be applicable in the similar scenarios in the future has its drawbacks, especially given 
the lack of sensitivity towards their applicability. Consider the example of a lesson learned which 
states “Give training at the right time to all the train drivers for the NRS”. The presented lessons 
learned are related to a complex process of training train drivers and are dependent on a 
number of key constraints. These include organizational, production, and intrinsic project 
constraints. Organizational constraints include the availability of train drivers, instructors, 
budget, etc. Similarly, production constructs include timely delivery of rolling stock by the 
suppliers, timely exchange of valuable information, etc. Lastly, intrinsic project constraints 
include the nature of the project (for example, national vs. international use of the acquired 
NRS), possessed experience about the project by the workforce, etc. All the stated constraints 
play a major role in the proper implementation of the stated lessons learned in practice. A 
standard best practice won’t be applicable in every scenario simply because not all the 
constraints are known in advance or will follow the planned path. Consequently, the 
development of suitable practices for some real-life scenarios is much more effective and can 
assist in determining the applicability of the stated lessons learned.  

4.2. Low sensitivity to learnability 

Low sensitivity demonstrates the importance of learnability for lessons learned as identified 
during the conducted interviews. Semantically speaking the term lessons learned implies that 
someone has learned that lesson. Undoubtedly, one of the key aims of sharing lessons learned 
is for someone else to also learn the same lesson. The key challenge, however, is that people 
learn in different ways. An identified lessons learned doesn’t imply that everyone can easily and 
adequately learn that lesson. Due attention to this challenge is necessary before any positive 
effects of sharing lessons learned can be expected. Addressing the stated challenge requires 
adjustment of the shared lesson learned in accordance with the receiver’s prior knowledge. 
Knowledge sharing is dependent on the cost of disembodiment and levels of acceptable 
abstraction (Snowden, 2002). It has been noticed that although having a learning environment 
is one of the key goals of PMI, the currently shared lessons learned require more adaption to 
the receiver’s prior knowledge and mode of optimal learning. For example, by adjusting them 
based on receivers prior job role and experience. Enhanced learnability from these lessons 
learned will require among other things development of different acceptable levels of 
abstraction for the determined lessons learned. Moreover, adapting the shared message based 
on the receiver’s preferred mode of learning can have a significant impact on the utilization of 
shared lesson learned. For example, where applicable development and conduction of a lessons 
learned game can enhance learnability and create the curiosity in NRS to learn more about them.  

4.3. Lack of findability  

Lack of findability can have serious consequences on the overall impact of shared lessons 
learned. The identified issue points to the two main types of findability issues. The first being 
the technological issues which imply not being able to find desired lessons learned on a certain 
subject in an easy manner. Moreover, technological findability addresses both the ability of a 
certain lesson learned to be findable from a list of stored information and its ability to be easily 
accessible to the desired audience. The second findability issue is the so-called source findability. 
Source findability refers to the ability to identify the right person or place who holds the 
knowledge of certain lessons learned. A frequent example of this issue is not being able to find 
the source of certain lessons learned when the source has changed the position within the 
organization. Attention to source findability is very important because it recognizes that the 
source is the holder of not just explicit knowledge but also possess immense tacit knowledge on 
the subject matter. Moreover, easy access to the source and platform for communication 
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between the knowledge seeker and source is fundamental for especially sharing of tacit 
knowledge and adaption of the shared lessons learned.  

4.4. Lack of embraceability  

The fourth key identified issue is the so-called lack of embraceability. The issue points to the 
non-adopting of the lessons learned by the relevant individuals and teams. Lack of 
embraceability hinders the organization from learning from its past mistakes and results in the 
repetition of the same mistakes in different parts of the organization. It also influences the 
embedding experienced knowledge in relevant processes and procedures. A number of 
psychological and organizational factors can be the cause of this issue. Among the most 
prominent psychological factors are the lack of trust, lack of motivation, lack of recognition, 
personal grudges and ambitions, etc. Similarly, key examples of organizational factors include 
lack of awareness, lack of management support, organizational culture, lack of incentives and 
reward system, etc. Consequently, it is crucial to identify such factors in a given context and 
address them in an adequate manner. Moreover, considering the embodied nature of tacit 
knowledge, adequate sharing of the tacit dimension of lessons learned is only possible when the 
identified psychological and organizations factors in a given context are adequately addressed. 
Next section presents the developed knowledge sharing framework for enhanced sharing of 
lessons learned.  

5. LEAF: a commended framework for sharing of lessons learned  

As a consequence of determining the stated issues, LEAF framework is presented for the sharing 
of lessons learned from system integration. LEAF stands for Learnability Embraceability 
Applicability and Findability and represents these four essential features that collectively 
determine the adequacy of the knowledge sharing approach for the lessons learned. The 
framework inspires to facilitate sharing of acquired tacit and explicit lessons learned from 
system integration projects. By focusing on the stated four features the framework provides 
direction into the required technological and organizational solutions for the embedding of the 
experienced knowledge in the integration processes. Furthermore, enhanced sharing of 
acquired lessons learned also facilitates the development of engineering solutions that 
incorporate better tacit customer expectations. LEAF acknowledges that the identified features 
are not mutually exclusive and suggests a zone of optimal knowledge sharing strategy, as shown 
in Figure 2. The framework proposes the overlap of the stated features as the novel zone of 
optimal knowledge sharing strategy. Moreover, the framework recognizes that the contribution 
and significance of each of the four features are context-dependent and acknowledges it by the 
dotted boundary of each feature in Figure 2.   
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Fig. 2. LEAF Framework. 

Although each specified feature requires a detailed description of their role in the sharing of 
lessons learned, this chapter focuses only on the zone of optimal knowledge sharing strategy.  
This zone can be achieved when a knowledge sharing strategy is developed that collectively 
addresses the stated four features.  

Devising such a strategy requires close collaboration between the knowledge management 
experts and integration project stakeholders. Adequate knowledge sharing practices need to be 
put into practice that adheres to both the tacit and explicit nature of experienced knowledge. 
For example, by developing technological and social platforms where people, with similar job 
descriptions and experience, working in different teams can communicate easily. Moreover, 
regular qualitative deep dives on the subject matter and storytelling sessions regarding the 
acquired lessons learned must be organized and made digitally available to facilitate the tacit 
knowledge transfer. Moreover, careful attention must be paid to the level of acceptable 
abstraction when sharing a lesson learned with the target audience. In addition to this, proper 
characterization of lessons learned based on their repetitive nature is the key to their actual 
utilization. Besides this, for the system under consideration acquired lessons learned can be 
classified into lessons learned related to the technical system, or its interaction with its 
surroundings. Such classification can enhance the applicability and findability of the acquired 
lessons learned. The strategy must also determine and address adequately all the psychological 
and organizational factors based on the on-ground contextual conditions. Formulating a strategy 
in accordance with the stated recommendations can facilitate entry into the proposed zone of 
optimal knowledge sharing strategy. A zone where lessons learned are actively shared and with 
full recognition to both the tacit and explicit nature of lessons learned. Lastly, for future work 
the authors would like to explore the utility of identified features in the LEAF framework for the 
technology acceptance model by Davis et al., (1989), which models user’s acceptance and use 
of technology. Specifically, the connection of stated features with the perceived ease of use and 
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perceived usefulness of the technology acceptance model. Next section presents some ways in 
which the technological solutions of Industry 4.0. can facilitate the discussed active knowledge 
sharing approach.  

6. Industry 4.0 and embedding Tacit knowledge sharing in Netherlands 

Railways IT systems  

The term Industry 4.0 as summarized by Lasi et al., (2014) describes “different – primarily IT-
driven – changes in manufacturing systems”. The ongoing maturity of technological innovations 
and growing customer expectations have resulted in a shift of many industries towards data-
driven approaches for systems engineering and asset management. Whether one’s focus is on 
the design process, integration process, or on operations and maintenance, industries are 
increasingly relying more on data-driven policies. Concepts such as condition-based 
maintenance, digital twins, adaptive learning are becoming more mainstream and are being 
researched to enhance system performances. Kagermann et al. (2013) foresee huge potential in 
meeting individual customer requirements through Industry 4.0 initiatives. Embedding of 
experienced knowledge is fundamental to addressing the ever-growing customer demands and 
developing desired functionalities in the technical systems. The relevance of tacit knowledge for 
adequately adapting to these innovations and developing the right engineering solutions cannot 
be emphasized enough. Currently, many industries struggle with the identification of right data 
that must be collected for optimizing their system processes. Moreover, the generation of 
metadata has made distinguishing valuable data from large datasets a challenging task. 
Consequently, experience based predictions still hold significant position in key system lifecycle 
processes such as maintenance within the era of Industry 4.0 (Diaz, 2019).  

Embedding of experienced knowledge in the ongoing IT-driven changes in the manufacturing 
systems is fundamental to the proper execution of system integration processes. However, 
coupling experienced knowledge with digital transformations is no easy task. From the 
knowledge management perspective, Peinl et al., (2017) have investigated the impact of digital 
transformations on knowledge management approaches and have acknowledged the 
distinction between data, information, and knowledge. Moreover, Peinl et al., (2017) recognized 
the influence increased volume of knowledge and pace of changes have on organizational 
learning. The significance of tacit and explicit knowledge distinction is well understood within 
the domain of information sciences. Buckland, (1991) has categorized information into 
“Information as thing”, “Information as process”, and “Information as knowledge”. His work 
advocates that stored information (Information as a thing) facilitates learning (Information as a 
process) resulting in the appropriate action (Information as knowledge). Considering the fast 
pace of changes in the digital world and growing volumes of gathered information, the authors 
call for a deeper analysis of human interaction with these digital transformations. Conceptually, 
the authors believe that for complex safety-critical systems such as railway transportation 
system digital transformations of Industry 4.0 should go hand in hand with acquired tacit 
knowledge. In this regard, the authors build upon the concepts of “Information as process” and 
“Information as knowledge” by Buckland, (1991). An example from Netherlands Railways 
customer services is presented in this regard to demonstrate the ways in which IT solutions of 
Industry 4.0 are facilitating this viewpoint.  

Quality of service is of key importance to the rail-sector, and special attention is paid to it by the 
Reliability, Availability, Maintainability, and Safety (RAMS)- Railway applications standard (CEN, 
2017). Moreover, among the key social objectives of the Netherlands Railways passengers are 
regarded as the “first, second and third priority” (NS, 2016). Consequently, the Netherlands 
Railways is always looking for opportunities to enhance the quality of their services. 
Technological transformations of Industry 4.0. provide a great opportunity in this regard. By 
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developing IT solutions which can optimize system processes and address tacit expectations of 
the passengers, Netherlands Railways can improve the quality of its services. A recent example 
of such effort is the introduction so-called “Seat location finder” within the “NS Travel Planner” 
application as shown in Figure 3b. The purpose of the “Seat location finder” is to inform 
passengers about the status of congestion in different parts of the train, and to direct them 
towards less crowded sections for seat search. Such information assists passengers in looking 
for a seat in less crowded sections of the train and resulting in the use of information as 
knowledge. Figure 3 shows an example of a train journey from Utrecht Central Station to 
Rotterdam Central Station. As can be seen in Figure 3a the overall status of congestions is 
reported as quiet for this train journey and less congested sections are displayed as green color 
in Figure 3b. 

 

Fig. 3(a&b). Travel information available to the passenger on the NS Travel Planner application. 

Such information is made available by processing the stored information, from axle load data 
and check-in/out data, through the developed explicit model and sharing it with the passengers 
via “NS Travel Planner” application. The example is a good use of using stored sensorial data and 
processing it through explicit models to enhance overall knowledge of the desired audience. 
Especially, considering the fact that the axle load sensors in the track were originally installed 
for measuring flat spots on the wheels and axle load distribution in the bogie for the safety 
analysis. The example shows how technological transformations facilitate using the same 
information for multiple purposes. Another important aspect of these technological 
transformations is the possibility to grasp the tacit expectations of the customers. For example, 
as shown in Figure 3b the passengers can also report crowding which provides an opportunity 
to analyze the accuracy of the developed explicit model and understand better the tacit 
expectations of the passengers. Summing up, the presented example manifests two important 
aspects. Firstly, it shows how IT solutions can facilitate in utilizing gathered sensorial data for 
multiple purposes and using stored information as knowledge. Secondly, it shows how tacit 
expectations of the passengers can be better inferred through the IT solutions and assist in 
checking the validity of developed explicit models.  
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7. Conclusion and future areas of research 

The chapter presented the case for tacit knowledge sharing in the era of Industry 4.0. It reflected 
on the relevance of tacit knowledge for system integration projects and demonstrated the value 
of embedding tacit knowledge in such processes. Moreover, the chapter recognizes the 
significance of lessons learned for the proper execution of system integration processes and 
propose to pay attention to not just the explicit but also the tacit dimension of lessons learned. 
To back the suggestion, the chapter presents the LEAF framework for the sharing of lessons 
learned from system integration. The framework consists of four key features Learnability, 
Embraceability, Applicability and Findability which require addressing when developing a 
knowledge sharing strategy for lessons learned. Lastly, the chapter presents an example to 
demonstrate ways in which technological solutions of Industry 4.0 can facilitate in effective 
knowledge sharing and developing a knowledge sharing strategy which can bridge the gap 
between tacit expectation and developed explicit models. Future work stemming from this 
research includes testing the LEAF framework in various case studies and developing 
technological solutions that can facilitate tacit knowledge sharing for system integration 
projects.  
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Chapter 4 - Investigating interdependencies between key features 
of lessons learned: an integral approach for knowledge sharing  
 

Abstract 

While there is a clear consensus in the literature on the need to share lessons learned, it remains unclear how to 
properly do so. This paper addresses this point and offers insight into how best to incorporate tacitly held social 
preferences for developing knowledge-sharing strategies. A descriptive survey was conducted to analyse the 
knowledge sharing practices for lessons learned within the railway sector. Eight variables are investigated that are 
derived from the four LEAF features: learnability, embraceability, applicability, and findability. This study revealed 
that for learnability, storytelling and discussion with colleagues are preferred ways to share personal experiences. 
Trust and the creation of a learning culture emerged as key aspects of embraceability. With regard to applicability, a 
process-related knowledge-sharing focus for intraorganizational and a content-related focus for interorganizational 
knowledge domains are preferred. Better technological findability is identified as a key area of improvement. Finally, 
novel dependencies are established using the chi-square test between key LEAF features. 
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1. Introduction 

1.1. Background 

Sharing lessons learned across projects of a similar and overlapping nature presents an ongoing 
organizational challenge. Lessons learned play a key role in supporting learning outcomes such 
as advances in knowledge and improved project performance (Kotnour, 2000) and are essential 
in solving knowledge management issues. As mentioned by Taher (2005), solving such issues has 
a snowball effect: addressing them in one area of the organization addresses them in many other 
areas. The National Aeronautics and Space Administration (NASA) and the European Space 
Agency define lessons learned as knowledge gained from experience that can be of a positive or 
negative nature that is significant, has a real or assumed impact on operations and is valid and 
applicable (Secchi et al., 1999). The purpose of lessons learned is ‘to promote the dissemination 
of knowledge gained from the experiences of an organization’s employees’ (Weber et al., 2000, 
p. 322). 

ISO/IEC 15288, a systems engineering standard for processes and life-cycle stages, regards the 
sharing of lessons learned as a key activity in the knowledge management process. Practically, 
lessons learned are compiled and shared to prevent the same mistakes from happening again 
and are often among the key deliverables of the project. Sharing lessons learned should 
stimulate organizational learning and improve execution quality in the respective system life-
cycle stage (Rowe and Sikes, 2006; Anbari et al., 2008; Bjørnson et al., 2009). However, previous 
research has shown that simply compiling and sharing explicit lessons learned doesn’t promote 
their utilization, and due attention should be given to tacit elements of organizational 
knowledge to achieve performance improvements on the system level (see Goffin et al. (2010) 
for tacit knowledge transfer and Wiewiora & Murphy (2015) for limited use and application of 
lessons learned). 

1.2. A case for lessons learned in the railway sector 

Introducing new technologies in business processes is not an unfamiliar endeavour, and the 
railway sector is no exception. This industry is undergoing major, large-scale changes in its 
business processes, whether it be a rollout of new technologies, operations, or maintenance. 
The most prominent and significant changes are the introduction of new rolling stock and a new 
European Rail Traffic Management System (ERTMS). For instance, the European Commission 
plans to equip 30-40% of Core Network Corridors (CNCs) with ERTMS by 2023 (European 
Commission, 2017). Similarly, new rolling stock is becoming more digitalized with advances in 
automation, self-diagnosis and real-time geolocation (Muzira & Lawrence, 2019). Although 
these changes provide more comfortable, interoperable, fast, and safe train operations within 
Europe, their proper integration into the current operations presents a key organizational 
challenge. 

Incorporating consolidated experience from past rolling stock operations and traffic 
management systems in such cases is essential to ensure the smooth integration of these 
systems. The inevitable impact these changes will have on the roles and responsibilities of the 
railway personnel necessitates a comprehensive approach to the management of lessons 
learned (Rajabalinejad et al., 2019). As stated earlier, attention must also be paid to more tacit 
and personal aspects of lessons learned in addition to merely compiling and sharing them. 

Previous research on this topic resulted in the development of the Learnability Embraceability, 
Applicability, and Findability (LEAF) framework (Abbas, et al., 2020), which was developed to 
enhance the utilization of lessons learned from prior projects within the Netherlands Railways 
(henceforth, the Railway Company). This research builds upon those concepts, and the key 
research questions investigated in this research are presented in the following section. 
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1.3. Research questions 

This research aims to present an elaborated approach for sharing lessons learned using the LEAF 
framework by investigating the following three research questions: 

1. How can the lessons learned from large-scale changes in the railway sector be shared 
using the LEAF framework? 

2. What are the variables that influence the sharing of lessons learned within each LEAF 
feature? 

3. How can the interdependencies between the LEAF features be analysed to facilitate the 
development of knowledge sharing strategies for lessons learned? 

The first research question is investigated by conducting a detailed descriptive survey within the 
Railway Company and examining the key insights from the survey. The second research question 
is answered by identifying two variables for each of the four LEAF features based on both the 
literature and practical insights. Finally, the third research question is addressed by performing 
a chi-square test for independence and identifying the interdependencies between the LEAF 
features. The implications of the identified interdependencies for the development of 
appropriate knowledge sharing strategies for lessons learned are also discussed in detail. 

1.4. Outline of the study 

The paper begins by providing a theoretical background on the key concepts regarding lessons 
learned in Section 2. Then, the LEAF framework for the sharing of lessons learned is presented 
in Section 3 to shed light on key features that influence the sharing of lessons learned and their 
corresponding theoretical concepts. Afterwards, Section 4 elaborates on the research design 
and discusses the variables used to analyse the identified features. Section 5 outlines the results 
of the conducted descriptive survey research and summarizes the results of the chi-square test 
for independence performed on the identified variables. Similarly, to reflect on the extent to 
which the presented analysis approach facilitated the development of knowledge sharing 
strategies, a thorough discussion of the results is provided in Section 6. Finally, the key 
takeaways for academics and practitioners and suggested future areas of research are outlined 
in Section 7. 

2. Theoretical background 

Knowledge management has been a key area of inquiry within engineering research, project 
management, and information science (Heisig et al., 2020; Kebede, 2010; Reich et al., 2014). 
Engineering research has extensively studied the role of knowledge and information in solving 
engineering problems and has a keen interest in understanding information usage (Heisig et al., 
2020). Similarly, the need to follow a structured approach to knowledge management in 
requirements engineering, which is traditionally accepted to have a high influence on the quality 
of the final product, has been highlighted by M. Edgar, S.Oscar & A. Alexei (2017). According to 
the Systems Engineering Body of Knowledge (SEBoK), engineers and architects use a mixture of 
mathematical principles and heuristics to address issues arising from system requirements. It 
regards heuristics as lessons learned through experience that are not mathematically proven 
(BKCASE Editorial Board, 2017). Lessons learned and post-mortems are proven practices for 
assessment and control within the systems engineering (SE) community. Their preparation, 
study and examination in different phases of the project are presented, among others, as 
methods for building and improving teams’ SE capabilities. Similarly, inputs such as personal 
recollections of the team members, informal ‘war stories’, and analysis of status reports are 
used to develop SE lessons learned (BKCASE Editorial Board, 2017). Inhibitors such as failure to 
study lessons learned from past projects, failure to allocate time and resources to developing 
lessons learned for ongoing projects, and reluctance to discuss problems and issues are pointed 
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out in the development and utilization of SE lessons learned (BKCASE Editorial Board, 2017). 
However, no explicit features are highlighted in SEBoK to help develop and share the acquired 
lessons learned. Similarly, although SEBoK acknowledges the significance of tacit knowledge for 
enabling a learning organization culture and stresses on its growth and exploitation, no explicit 
relationship between managing tacit knowledge and the management of lessons learned has 
been identified. 

The Project Management Body of Knowledge (PMBOK), on the other hand, presents learning 
reviews as a useful knowledge management technique to identify lessons learned. It stresses 
maintaining a lessons learned register in different project phases and having a lessons learned 
repository to connect people to information (Project Management Institute, 2017). 
Nonetheless, the project management community acknowledges that merely obtaining and 
sharing lessons learned in codified, explicit form lacks context and leads to varying 
interpretations (see Project Management Institute, 2017; Schindler & Eppler, 2003; Williams, 
2008). It also acknowledges the need to manage tacit knowledge, which ‘resides in the minds of 
individual experts or in social groups and situations, and is normally shared through 
conversation and interactions between people’ (Project Management Institute, 2017, p. 121). 
PMBOK states that practical knowledge sharing should encompass a combination of knowledge 
management (where people can interact with each other) and information management (where 
people can codify their explicit knowledge and connect to information) tools (Project 
Management Institute, 2017). However, the project management community also views lessons 
learned as mostly an information management practice and does not specify explicit features 
for developing and sharing them. For instance, Dülgerler & Negri, (2016) place a heavy emphasis 
on the prioritization and assimilation of lessons learned. They state that information overload 
and loss of focus can prevent lessons learned from being utilized and advocate for a scoring 
system to identify the most effective lessons. Similarly, they suggest incorporating lessons 
learned into different project checklists to truly assimilate them into organizations. 

In comparison to the engineering research and project management literature, information 
science views knowledge as the highest order of manifestation of the object of study. Moreover, 
it recognizes the key connections between fundamental information science concepts—namely, 
data, information, and knowledge—as of paramount importance (Kebede, 2010). Organizations 
use those interconnections to make sense of changing environments, create new knowledge for 
innovation, and make decisions regarding future courses of action (Choo, 1996). Additionally, 
knowledge sharing is recognized as an integral part of knowledge management (Zahedi et al., 
2016) and is central to organizational learning and the cultivation of innovation (Lefika & 
Mearns, 2015). The information and knowledge needs of users is a key topic of research within 
information science (Heisig et al., 2020). As highlighted above, lessons learned are a key 
knowledge construct within the engineering research and project management literature. 
However, the significance of the lessons learned process is often overlooked within the 
knowledge management literature (Liebowitz, 2008). Appropriate management of lessons 
learned is central to innovation, project success, and organizational performance. Therefore, 
there is a need to have an integrated approach to sharing lessons learned between these 
research communities. More specifically, this approach should recognize the tacit and explicit 
nature of lessons learned to assist in their management. In this research, a mature approach is 
tested in the railway sector. 

3. LEAF framework 

The LEAF framework was developed to enhance the utilization of shared lessons learned from 
new rolling stock (NRS) introductions within the Railway Company (Abbas, Martinetti, 
Rajabalinejad, et al., 2020). The framework was developed by combining practical insight 
gathered through qualitative interviews and observations within the Railway Company. It 
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advocates for developing knowledge-sharing strategies following four identified features, as 
shown in Figure 1. 

 

Fig. 1. LEAF framework adapted from Abbas et al. (2020). 

It also stresses addressing these features in parallel to achieve the ‘sweet spot’ of the zone of 
optimal knowledge sharing. An elaborative description of each feature of LEAF along with its 
underlying theoretical concepts is provided in the following sections. 

3.1. Learnability 

Human systems are complex and learn in many different ways (Snowden, 2002). The literature 
points to several preferred modes of individual learning, such as learning by doing, 
conversations, videos, reading, etc. (Yang et al., 2019). Considering the varying preferences of 
people, a base understanding of their collective preference in a given context is essential for 
devising an effective knowledge sharing strategy. From a knowledge management standpoint, 
Bhatt (2001) claims that ‘a firm needs to create a fit between technological and social systems’ 
(p. 74) to realize a long-term competitive advantage. Therefore, by acknowledging this 
fundamental point, the first variable of learnability stresses identifying and incorporating the 
social preference for different modes of learning in a given context. The variable measures social 
preference for the following modes of learning: 

• Reading an article 
• Watching videos 
• Following a course 
• A discussion with colleagues 
• Other: _____ 

The choices are motivated by the literature and represent a mix of technological and social 
options for learning. An option of ‘Other’ with a text field is also provided to collect other 
predominant ways of learning in the investigated context. 
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Several tools for tacit and explicit knowledge sharing have been highlighted in the literature. For 
instance, Carrillo et al., (2013) enlisted tools such as brainstorming sessions and training for tacit 
knowledge sharing on the one hand and lessons learned documents and audit documents for 
explicit knowledge sharing on the other hand. However, understanding the social preference for 
sharing personal experiences is critical to understand the utility of various knowledge-sharing 
tools in different conditions. For instance, investigating whether in a given context the audience 
prefers to share their experiences in the form of recommendations or stories can provide helpful 
insight for developing an appropriate knowledge-sharing approach (Desouza et al., 2005). 
Similarly, understanding the socially preferred degree of abstraction (generic versus specific) for 
sharing personal experiences provides insight into the perceived effectiveness of various 
knowledge sharing tools. 

The second variable of learnability stresses identifying and incorporating social preference in 
terms of preferred mode and degree of abstraction for sharing personal experience with 
colleagues. The variable measures this social preference by collecting responses on the following 
statements: 

• I prefer to share specific recommendations. 
• I prefer to share general recommendations. 
• I prefer to share a specific story about my experiences, so that others can make their 

own recommendations. 
• I prefer to share a general story about my experiences, so that others can make their 

own recommendations. 

The choices are motivated by the work of Desouza et al. (2005) and Carrillo et al. (2013) and 
distinguish between recommendations and stories and between specific and generic 
approaches to sharing personal experiences. 

3.2. Embraceability 

Effective knowledge sharing is essential to achieve desired performance goals. A review 
conducted by Ahmad & Karim (2019) on the impacts of knowledge sharing shows that it has a 
positive impact on performance at the individual, team, and organizational levels. They also 
show that knowledge sharing positively impacts learning on the individual and organizational 
levels. Therefore, ownership and value recognition of knowledge sharing at the individual and 
organizational levels is central to achieving performance and learning goals. 

The embraceability feature of LEAF advocates for appropriately managing knowledge sharing 
enablers and impeders at the individual and organizational levels. Several factors that influence 
knowledge sharing practices have been highlighted in the literature (see, for example, Chong et 
al., 2009; Hashim & Tan, 2015; Hau et al., 2013; Lam, 2005; Seba et al., 2012; Tan & Md. Noor, 
2013). For instance, Asrar-ul-Haq & Anwar (2016) in their systematic review mention trust, the 
importance of reward system and motivation, organizational structure, social relations, culture, 
etc., as examples of key factors that influence knowledge sharing. Two core variables of 
embraceability stress the identification and addressing of the key influential impeders and 
enablers of knowledge sharing in a given context at the individual and organizational levels, 
respectively. These variables measure the knowledge sharing enablers/impeders by collecting 
responses for the options presented in Table 1. These options are inspired by the literature 
presented in this section. 
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Table 1. Key influential aspects of knowledge sharing. 

Knowledge sharing enablers/impeders at 

an individual level 

Knowledge sharing enablers/impeders at an 

organizational level 

o Trust     
o Motivation 
o Transparency 
o Independence 
o Workload 
o Personal circumstances 
o Other:  ___________ 

 

o Management support 
  

o Communication about shared vision, 
culture, and work methods 

 
o A culture in which we learn from 

experiences 
 

o Clear planning with room for research 
into previous learning experiences 

  
o Providing good training for carrying out 

the function 
 

o Providing clear instructions for carrying 
out the function 

  
o Recognition and rewarding for the 

knowledge sharing application 
 

o Other:  __________ 
 

 
3.3. Applicability 

According to SEBoK, the reapplication of lessons learned is connected with the sharing of 
contextual knowledge (BKCASE Editorial Board, 2017). Similarly, Grant (1996) and Sanchez 
(2003) state that one of the key methods of creating knowledge at the organizational level is 
through integrating different kinds of knowledge into a new body of knowledge. However, as 
famously stated by Polanyi, ‘we can know more than we can tell’ (Polanyi, 1966, p. 4), and there 
will always be limitations to the extent to which context can be made explicit. Nonetheless, as 
Snowden (2002) rightly pointed out, ‘we can always know more than we can tell, and we will 
always tell more than we can write down’ (p. 102). The authors advocate for the incorporation 
of workforce interpretation on the predominant nature of existence for relevant knowledge 
domains in a given context. Doing so can facilitate investigating domains in a more informed 
manner and devising an appropriate knowledge sharing strategy for those domains. For 
instance, within the business of NRS/ERTMS implementation, where the features were analysed, 
there are seven most-used knowledge domains. These domains were identified during 
preliminary interviews and are shown in Figure 2. An understanding of the current status of 
existing knowledge for these domains is necessary for devising an appropriate knowledge 
sharing strategy for the lessons learned within them. Similarly, as Sanchez (2003) states that 
‘much explicit knowledge is built on the foundation of tacitly shared knowledge’ (p. 162), we 
advocate for explicitly determining the focus of knowledge sharing for the relevant domains. 
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Fig. 2. Key domains of knowledge for NRS/ERTMS implementation. 

One example of this includes the process of determining whether the focus of knowledge 
sharing should be on process-related (know-how) or content-related (know-why) knowledge for 
relevant domains. The key role know-how and know-why knowledge play in determining know-
what (strategic knowledge) for the firm’s managerial knowledge has already been highlighted 
by Sanchez (2003). The authors claim that by identifying the social preference for know-how and 
know-why in relevant domains, knowledge managers gain practical knowledge of know-what, 
which assists them in developing appropriate knowledge sharing strategies. The first variable of 
applicability investigates the predominant nature of existence for the presented knowledge 
domains. It also stresses identifying the social preference for knowledge sharing within those 
domains in the investigated context. 

Separately, the nature of job responsibilities also plays a key role in the utilization and 
adaptation of shared lessons learned. For any knowledge sharing strategy to be successful, it 
should adhere to the nature of the job responsibilities of its workforce. For instance, considering 
the large-scale changes occurring in the railway sector, it is critical to obtain an understanding 
of the railway staff’s job responsibilities. The authors take guidance from four generic knowledge 
domains identified by Snowden (2002): known, knowable, complicated, and complex. For each 
domain, a separate statement was formulated to classify varying job responsibilities within the 
railway staff, as shown below: 

• I have to use best practices and respond in accordance with predefined procedures. 
• I have to use my expertise and respond in accordance with my understanding of the 

situation. 
• I have to investigate emerging patterns and to create the conditions for the desired 

patterns to emerge. 
• I need to manage the crisis and to take action to understand the situation 
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Such a classification of current job responsibilities can help obtain an overview of project nature 
from a knowledge management standpoint. The second variable of applicability investigates and 
classifies the nature of current job responsibilities according to the presented statements. 

3.4. Findability 

The process of creating tacit knowledge through shared experience was called socialization by 
Nonaka (1994). Esterhuizen, Schutte & du Toit (2012) identified socialization as a key knowledge 
process that supports innovation. Moreover, organizational socialization acts as a mediating 
variable in knowledge conversion (Islam et al., 2017). The first variable of findability stresses 
investigating source findability, given the difficulty in the conversion of knowledge from the tacit 
to the explicit form, and acknowledges the critical role socialization plays in tacit knowledge 
sharing (Kakabadse et al., 2001). The authors realize the significant value of tacit knowledge with 
regard to lessons learned and call for an investigation into the degree to which knowledge 
receivers can find its source (Di Maio, 2010; Narayan & Olsson, 2013). Similarly, the retrieval of 
information has been one of the major barriers to lessons learned by Yang et al. (2019). By 
endorsing this, the second variable of findability stresses technological findability (Spagnolo et 
al., 2010). More specifically, it ensures easy retrieval of information and information traceability 
within the developed knowledge-sharing platforms within the investigated context. A 5-point 
Likert scale was used to investigate both source findability and technological findability, as 
shown below: 

• Always 
• Most of the time 
• About half the time 
• Sometimes 
• Never 

In summary, the presented variables of the LEAF framework should be investigated in practice 
to reflect upon the extent to which they facilitate gaining insight into ongoing knowledge-
sharing practices and, similarly, to realize the extent to which LEAF facilitates the development 
of knowledge sharing strategies for lessons learned in the railway sector. The following section 
presents the research design for investigating the presented framework in practice. 

4. Research design 

The research approach comprises a descriptive survey, and the authors collaborated with the 
NRS and ERTMS department of the Railway Company to conduct the survey. Descriptive survey 
research ‘is aimed at understanding the relevance of a phenomenon and describing the 
incidence or distribution of the phenomenon in a population’ (Karlsson, 2016, p. 83). The 
authors consider the descriptive research design to be a suitable fit for this research, as it has 
the potential to provide useful insights into theory building and refinement (Malhotra & Grover, 
1998; Wacker, 1998) and can facilitate the refinement and enrichment of the presented LEAF 
variables by providing an overview of the current situation. It also paves the way for the 
development of concrete propositions for explanatory research. 

As Forza states in (Karlsson, 2016, p. 95), several key steps must be followed to ensure the 
quality of survey research. These include establishing a strong link to the theoretical background, 
designing the survey, pilot testing, collecting and analysing the data, and generating and 
reporting the results. Each of these steps was carefully addressed to ensure the high quality of 
research. As far as the link to the theoretical background is concerned for each presented 
variable, a question was designed in the survey, as shown in Figure 3. 
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Fig. 3. Layout of survey questions linked to the LEAF variables. 

A more detailed look into these questions is provided in Appendix A. In addition, as shown in 
Appendix B, initial consent and questions regarding work experience, relevant department, and 
dependence on other parties for obtaining desired knowledge were also inserted in the survey 
to obtain a better understanding of the respondents. Individual respondents were set to be the 
unit of analysis. The employees working within the NRS and ERTMS department of the Railway 
Company were chosen to be the unit of analysis for this research. The department comprises 
185 employees and is responsible for introducing NRS and implementing ERTMS systems in the 
rolling stock fleet of the Railway Company. 

Different scaling techniques were used in the survey design. Multiple-choice items were used 
for the learnability and embraceability variables. Similarly, side-by-side questions and multiple-
choice items were used for the applicability variables, and the Likert scale was used for the 
findability variables, as shown in Appendix A. The questions were also checked for 
misinterpretation and language to ensure that the stated terminology was commonly used 
within the investigated department. The survey was distributed via an online survey tool 
(qualtricsXM) and was password protected. It was prevented from ballot box stuffing, as the 
respondents could take the survey only once. 

A pilot test of the survey was performed with one of the program managers of the NRS 
introduction project and the secretary management board of the department to assess the 
quality of the online survey. In the pilot test, the survey was analysed for text clarity, survey 
response time, mobile-friendliness, and translation (for participants who preferred to take the 
survey in Dutch). Based on the pilot test, two forced ranking scale questions initially designed to 
prioritize between chosen influential aspects for embraceability were omitted. The pilot test 
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showed that it was difficult to rank the chosen aspects on a mobile device, and the decision to 
omit forced ranking scale questions smoothed the display logic of the survey. 

In summary, the survey included eight core questions: two for each feature of the LEAF 
framework, as shown in Appendix A, and four basic information gathering questions, as shown 
in Appendix B. Last, the survey participants were also asked to rank the LEAF approach on a scale 
of 1-10 to determine the degree to which it was accepted by the participants. The survey 
concluded with descriptive questions aimed at gathering feedback from the participants on 
improving our approach. A total of sixteen questions were asked, as shown in Appendix B. The 
following section presents the compiled results after analysing the collected responses. 

5. Results 

A total of 130 responses were received after disseminating the survey to 185 employees of the 
NRS and ERTMS department. After removing respondents who had not finished the survey, 102 
responses remained, which were used in the following analysis. This implies a response rate of 
55.1%, which is above the recommended threshold of 50% for a descriptive survey (Karlsson, 
2016). Table 2 displays the received number of counts for the LEAF variables. Note that the 
results for the variable contextual knowledge domains and status and preferred focus for 
knowledge sharing are presented in Appendix C along with a complete overview of the results. 
Similarly, 48% of the respondents reported work experience of 15 or more years in the railway 
sector. Additionally, 59.8% of the respondents reported that their dependence on other parties 
for obtaining desired knowledge was ‘Neither too much nor too little’. As stated earlier, the 
participants were also asked to score the likelihood of recommending the LEAF framework to 
their colleagues on a scale of 1-10. A mean score of 5.53 was observed with a standard deviation 
of 2.66. 
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Table 2. Received number of counts for LEAF variable

 
 

In addition, to answer the research question on the dependence between the presented LEAF 
variables, a chi-squared test of independence was performed, which is presented next. 

5.1. Chi-square test of independence 

To investigate whether two features are dependent, a chi-square test for independence was 
used to assess whether the variables representing one feature are independent of the variables 
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of the other feature. The chi-square test for independence assesses whether two categorical 
variables are independent and was a suitable fit in this case to answer the third research 
question. Since the LEAF variables were measured as categorical variables and the goal of the 
third research question was not to study the effect of one variable on another variable or 
identify linear relationships among them, regression and correlation analyses were not suitable 
for this study. Six main hypotheses were formulated from the pair combinations of the LEAF 
acronym: LE, EA, AF, FL, LA, and EF. Considering that each feature comprised two variables and 
multiple responses were generated for some variables, multiple hypotheses were combined to 
test the presented composite hypothesis. Similarly, a set of dummy variables was created to 
address the multiple responses per variable to test the composite hypotheses (Veazie, 2006). 
Calculated p values were adjusted for multiple comparisons. More specifically, the Bonferroni 
correction method was used to avoid type I errors, and p values were multiplied by the number 
of comparisons to adjust for multiple comparisons (Armstrong, 2014). The chi-square test results 
for each pair are presented next. 

HLE: The learnability and embraceability features of the LEAF framework are dependent. 

As the learnability feature comprises two variables (optimal ways of learning and preferred 
levels of abstraction), these variables were tested against the two variables of the 
embraceability feature (knowledge sharing enablers/impeders at the individual and 
organizational levels, respectively). As optimal ways of learning and the two variables of the 
embraceability feature comprised multiple responses per variable, dummy variables were 
created for these three variables. In addition, in some cases in which the research dataset did 
not meet the expected cell requirements of the chi-squared test—namely, that 80% of the cells 
have expected values of 5 or more—the maximum likelihood ratio was used. As McHugh (2013) 
pointed out, ‘the maximum likelihood ratio chi-square test is most often used when the dataset 
is too small to meet the sample size assumption of the chi-square test’ (p. 147). The p values for 
all combinations of these variables were calculated and adjusted for multiple comparisons. In 
this case, a total of 90 combinations were investigated, and their respective adjusted p values 
are reported in Appendix D. However, no statistically significant relationship was identified 
among these variables. Therefore, the null hypothesis remains valid in this case, and one can 
conclude that learnability and embraceability are not dependent. 

HEA: The embraceability and applicability features of the LEAF framework are dependent. 

As the embraceability feature comprises two variables (knowledge sharing enablers/impeders 
at the individual and organizational levels), these variables were tested against the two variables 
of the applicability feature (namely, status (tacit/explicit) of a selected knowledge domain and 
focus for knowledge sharing (process-related/content-related) for the chosen domain and the 
nature of job responsibilities, respectively). As both variables of embraceability have multiple 
responses per variable and the first variable of applicability has two responses per knowledge 
domain, dummy variables were created for these three variables. For cases in which the 
research dataset did not meet the expected cell requirements, the maximum likelihood ratio 
was used. The p values for all combinations of these variables were calculated and adjusted for 
multiple comparisons. A total of 255 combinations were investigated, and their respective 
adjusted p values are reported in Appendix D. However, no statistically significant relationship 
was identified among these variables. Therefore, the null hypothesis remains valid in this case, 
and one can conclude that embraceability and applicability are not dependent. 

HAF: The applicability and findability features of the LEAF framework are dependent. 

As the applicability feature comprises two variables (the status (tacit/explicit) of a selected 
knowledge domain and the focus for knowledge sharing (process-related/content-related) for 
the chosen domain and the nature of job responsibilities), these variables were tested against 
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the two variables of the findability feature (source and technological findability). As the first 
variable of applicability has two responses per knowledge domain, dummy variables were 
created for this variable. For cases in which the research dataset did not meet the expected cell 
requirements, the maximum likelihood ratio was used. The p values for all combinations of these 
variables were calculated and adjusted for multiple comparisons. A total of 34 combinations 
were investigated, and their respective adjusted p values are reported in Appendix D. 

A statistically significant relationship was identified among these variables. Therefore, the null 
hypothesis is rejected in this case, and one can conclude that applicability and findability are 
dependent. The dependence between the nature of job responsibilities and source findability as 
identified is shown in Table 3. 

Table 3. Chi-square test for independence results for the nature of job responsibilities and 

source findability. 

  How many times have you been able to find the 
right expert person when you are looking for 

experienced knowledge on a particular subject? 

Total 

0 Always Most 
of the 
time 

About 
half 
the 

time 

Sometimes 

Which of the 
following 
statements best 
describes your 
current job 
responsibilities? 

0 Count 3 0 0 0 0 3 

Expected 
Count 

0.1 0.4 1.8 0.4 0.4 3.0 

I have to use best 
practices and 
respond in 
accordance with 
predefined 
procedures. 

Count 0 0 11 1 2 14 

Expected 
Count 

0.4 1.6 8.4 1.9 1.6 14.0 

I have to use my 
expertise and 
respond in 
accordance with 
my 
understanding of 
the situation. 

Count 0 7 39 8 9 63 

Expected 
Count 

1.9 7.4 37.7 8.6 7.4 63.0 

I have to 
investigate 
emerging 
patterns and to 
create the 
conditions for the 
desired patterns 
to emerge. 

Count 0 5 11 4 1 21 

Expected 
Count 

0.6 2.5 12.6 2.9 2.5 21.0 

I need to manage 
the crisis and to 
take action to 
understand the 
situation. 

Count 0 0 0 1 0 1 

Expected 
Count 

0.0 0.1 0.6 0.1 0.1 1.0 

Total Count 3 12 61 14 12 102 

Expected 
Count 

3.0 12.0 61.0 14.0 12.0 102.0 

Chi-Square Tests 
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  Value df Asymptotic Significance (2-
sided) 

The adjusted p value for 
multiple comparisons 

Pearson Chi-
Square 

115.707a 16 0.000  

Likelihood Ratio 39.695 16 0.001 0.034 

Linear-by-Linear 
Association 

2.141 1 0.143  

N of Valid Cases 102   
  

a. 19 cells (76.0%) have expected count less than 5. The minimum expected count is .03. 

 

HFL: The findability and learnability features of the LEAF framework are dependent. 

As the findability feature comprises two variables (source and technological findability), these 
variables were tested against the two variables of the learnability feature (optimal ways of 
learning and preferred levels of abstraction). Given that the first variable of learnability 
comprises multiple responses per variable, dummy variables were created for this variable. For 
cases in which the research dataset did not meet the expected cell requirements, the maximum 
likelihood ratio was used. The p values for all combinations of these variables were calculated 
and adjusted for multiple comparisons. A total of 12 combinations were investigated, and their 
respective adjusted p values are reported in Appendix D. 

A statistically significant relationship was identified among these variables. Therefore, the null 
hypothesis is rejected in this case, and one can conclude that findability and learnability are 
dependent. The dependence between reading an article and source findability as identified is 
shown in Table 4. 

Table 4. Chi-square test for independence for reading an article and source findability. 

  What is your optimal way of learning? 
(You can choose multiple options) - 
Selected Choice Reading an article 

Total 

0 Reading an article 

How many times have you 
been able to find the right 
expert person when you are 
looking for experienced 
knowledge on a particular 
subject? 

0 Count 1 2 3 

Expected 
Count 

1.2 1.8 3.0 

Always Count 4 8 12 

Expected 
Count 

4.9 7.1 12.0 

Most of the 
time 

Count 31 30 61 

Expected 
Count 

25.1 35.9 61.0 

About half 
the time 

Count 6 8 14 

Expected 
Count 

5.8 8.2 14.0 

Sometimes Count 0 12 12 
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Expected 
Count 

4.9 7.1 12.0 

Total Count 42 60 102 

Expected 
Count 

42.0 60.0 102.0 

Chi-Square Tests 

  Value df Asymptotic 
Significance (2-

sided) 

The adjusted p value for 
multiple comparisons 

Pearson Chi-Square 11.139a 4 0.025 
 

Likelihood Ratio 15.444 4 0.004 0.048 

Linear-by-Linear Association 3.378 1 0.066 
 

N of Valid Cases 102   
  

a. 4 cells (40.0%) have expected count less than 5. The minimum expected count is 1.24. 

 

HLA: The learnability and applicability features of the LEAF framework are dependent. 

As the learnability feature comprises two variables (optimal ways of learning and preferred 
levels of abstraction), these variables were tested against the two variables of the applicability 
feature (status (tacit/explicit) of a selected knowledge domain and focus for knowledge sharing 
(process-related/content-related) for the chosen domain and the nature of job responsibilities, 
respectively). As the first variable of learnability comprises multiple responses per variable and 
the first variable of applicability has two responses per knowledge domain, dummy variables 
were created for this variable. For cases in which the research dataset did not meet the expected 
cell requirements, the maximum likelihood ratio was used. The p values for all combinations of 
these variables were calculated and adjusted for multiple comparisons. A total of 102 
combinations were investigated, and their respective adjusted p values are reported in Appendix 
D. However, no statistically significant relationship was identified among these variables. 
Therefore, the null hypothesis remains valid in this case, and one can conclude that learnability 
and applicability are not dependent. 

HEF: The embraceability and findability features of the LEAF framework are dependent. 

As the embraceability feature comprises two variables (knowledge sharing enablers/impeders 
at the individual and organizational levels), these variables were tested against the two variables 
of the findability feature (source and technological findability). As both variables of 
embraceability comprise multiple responses per variable, dummy variables were created for this 
variable. For cases in which the research dataset did not meet the expected cell requirements, 
the maximum likelihood ratio was used. The p values for all combinations of these variables 
were calculated and adjusted for multiple comparisons. A total of 30 combinations were 
investigated, and their respective adjusted p values are reported in Appendix D. However, no 
statistically significant relationship was identified among these variables. Therefore, the null 
hypothesis remains valid in this case, and one can conclude that embraceability and findability 
are not dependent. 

Last, to investigate the dependence of work experience and dependence on other parties for 
obtaining the desired knowledge of the LEAF features, two additional hypotheses were 
formulated and are presented next. 
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HWELEAF: Work experience and LEAF features are dependent. 

As work experience was measured as a separate variable, it was tested against the rest of the 
LEAF variables presented in Table 1. Dummy variables were created, where necessary, for 
different variables of the LEAF features, and for cases in which the research dataset for these 
did not meet the expected cell requirements, the maximum likelihood ratio was used. The p 
values for all combinations of these variables were calculated and adjusted for multiple 
comparisons. A total of 40 combinations were investigated, and their respective adjusted p 
values are reported in Appendix D. However, no statistically significant relationship was 
identified among these variables. Therefore, the null hypothesis remains valid in this case, and 
one can conclude that work experience and LEAF features are not dependent. 

HDEPLEAF:: Dependence on other parties for obtaining desired knowledge and LEAF features are 
dependent. 

As dependence on other parties for obtaining desired knowledge was measured as a separate 
variable, it was tested against the rest of the LEAF variables presented in Table 1. Dummy 
variables were created, where necessary, for different variables of the LEAF features, and for 
cases in which the research dataset for these did not meet the expected cell requirements, the 
maximum likelihood ratio was used. The p values for all combinations for these variables were 
calculated and adjusted for multiple comparisons. A total of 40 combinations were investigated, 
and their respective adjusted p values are reported in Appendix D. 

A statistically significant relationship was identified among these variables. Therefore, the null 
hypothesis is rejected in this case, and one can conclude that dependence on other parties for 
obtaining desired knowledge and LEAF features are dependent. The dependence between 
source findability and dependence on other parties for obtaining desired knowledge as 
identified is shown in Table 5. 

Table 5. Chi-square test for independence for source findability and dependence on other 

parties for obtaining desired knowledge. 

  To what extent do you depend on other parties to obtain the 
desired knowledge about NRS/ERTMS (e.g. ProRail, Ministry, etc.)? 

Tota
l 

0 Far 
too 
muc

h 

Moderat
ely too 
much 

Slight
ly too 
much 

Neith
er too 
much 
nor 
too 

little 

Slight
ly too 
little 

Moderat
ely too 

little 

How 
many 
times 
have you 
been able 
to find 
the right 
expert 
person 
when you 
are 
looking 
for 
experienc
ed 
knowledg

0 Count 3 0 0 0 0 0 0 3 

Expecte
d Count 

0.1 0.1 0.3 0.6 1.8 0.1 0.1 3.0 

Always Count 0 0 1 2 9 0 0 12 

Expecte
d Count 

0.6 0.5 1.1 2.2 7.2 0.2 0.2 12.0 

Most of 
the time 

Count 1 0 3 12 45 0 0 61 

Expecte
d Count 

3.0 2.4 5.4 11.4 36.5 1.2 1.2 61.0 

About 
half the 
time 

Count 1 1 4 4 2 1 1 14 

Expecte
d Count 

0.7 0.5 1.2 2.6 8.4 0.3 0.3 14.0 

Count 0 3 1 1 5 1 1 12 
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e on a 
particular 
subject? 

Sometim
es 

Expecte
d Count 

0.6 0.5 1.1 2.2 7.2 0.2 0.2 12.0 

Total Count 5 4 9 19 61 2 2 102 

Expecte
d Count 

5.0 4.0 9.0 19.0 61.0 2.0 2.0 102.
0 

Chi-Square Tests 
  Value df Asympto

tic 
Significan

ce (2-
sided) 

The adjusted p value for multiple comparisons 

Pearson 
Chi-
Square 

106.040a 24 0.000 
 

Likelihoo
d Ratio 

61.895 24 0.000034 0.001360 

Linear-
by-Linear 
Associati
on 

0.350 1 0.554 
 

N of Valid 
Cases 

102   
  

a. 29 cells (82.9%) have expected count less than 5. The minimum expected count is .06. 

 

A graphical summary of the test results of the chi-square test for independence performed on 
the presented hypotheses is shown in Figure 4. The next section provides a thorough discussion 
in which we reflect upon the extent to which the presented analysis approach facilitates the 
development of knowledge sharing strategies for lessons learned. 

 

Fig. 4. Dependencies between LEAF variables. 
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6. Discussion 

The results offer interesting insights into various aspects of the LEAF approach. We begin by 
reviewing the individual results for each feature of LEAF. The learnability results show that 
participants prefer to learn by having a direct conversation with colleagues. Specific storytelling 
is preferred for the sharing of personal experiences rather than for sharing recommendations 
by the respondents. These findings for learnability are insightful, as they point to the underlying 
tacit knowledge transfer during direct discussions and highlight the embodiment potential and 
contextual nature of stories, which are a suitable carrier for not only explicit but also tacit 
knowledge sharing. Similarly, the results for individual embraceability reiterate the crucial role 
of trust and motivation in the proper utilization of shared lessons learned and organizational 
learning. Moreover, investment at the organization level to build an open culture in which 
members of a community can learn from each other’s experiences and are acknowledged and 
rewarded for knowledge sharing applications is needed to fully incorporate lessons learned 
within an organization. The predominant selection of recognition and reward systems should 
not be a surprise, as research within the neuroscience and behavioural physiology communities 
has revealed that the dopamine system of the brain is responsible for ‘the processes underlying 
the formation of motivation to consume food and the effects of reward and reinforcement’ 
(Derkach et al., 2018, p. 213). The authors are not suggesting that consumption of food is in any 
way equivalent to the sharing and utilization of lessons learned in an organizational context but 
merely pointing to the functioning of the brain in terms of recognition and reward. The 
important takeaway for practitioners here is to invest in building an open culture for knowledge 
sharing and have adequate recognition and reward systems in place to enhance the application 
of lessons learned. 

In terms of the applicability results, the predominant selection of tacit status for the knowledge 
domain of experiences of the end user (in this case, train drivers, train dispatchers, etc.) can be 
explained by the practical nature of this knowledge domain. This finding is consistent with work 
by Guzman (2009) which discusses the tacit and explicit nature of practical knowledge. On the 
other hand, the predominant selection of tacit status for the deployment of program 
management can be partly explained by a failure to share rationales with members of the 
organization during managerial changes and potentially a silo mentality in certain parts of the 
organization. Similarly, an analysis of the results compiled for preferred focus for knowledge 
sharing shows that process-related focus is preferred for predominantly intraorganizational 
knowledge domains such as the deployment of program management and preparation of 
transport and maintenance organizations. On the other hand, the content-related focus is 
preferred for predominantly interorganizational domains such as the availability of 
infrastructure and market knowledge. These findings highlight the need to develop different 
knowledge strategies for different knowledge domains and incorporate tacit knowledge sharing 
tools for the management of predominantly practical knowledge domains. Tools such as 
brainstorming, storytelling, and training should be used to manage the lessons learned acquired 
predominantly from practical knowledge domains. The results compiled for source findability 
show that it was not a key challenge issue within the investigated community. This can be partly 
explained by the underlying culture of the railway sector, where a significant proportion of its 
workforce remains within the sector throughout their professional career. This can also be seen 
in the compiled survey results, where 48% of the respondents had 15 or more years of work 
experience within the railway sector. However, the authors expect this to change since a large 
portion of this workforce is expected to retire soon. This presents a key challenge for the railway 
sector and reiterates more than ever the need to have a comprehensive plan for lessons learned 
in place which encompasses both tacit and explicit lessons learned. Similarly, the results 
compiled for technological findability show that there is significant room for improvement. 
Enhancement of technological findability would require easy access to information, fast 
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traceability of stored information, integration of different information management tools, and 
a living nature of the documentation within the knowledge sharing platforms. Similarly, 
adequate marketing and incorporation of human-centred design principles are needed to 
properly design such knowledge sharing platforms. Last, the observed mean of 5.53 among 
participants who recommend the LEAF framework for knowledge sharing indicates that, on 
average, the framework has some initial acceptability for implementation within the 
investigated community even though no strategies resulting from the analysis have yet been 
implemented in practice. 

The performed chi-square test for independence to assess whether the variables representing 
one feature of LEAF are independent of the variables of the other feature helps gain further 
insights into the LEAF approach. The identified dependencies between applicability and 
findability and learnability and findability are novel. By establishing the statistically significant 
relationship between the nature of job responsibilities and source findability and between 
optimal ways of learning and source findability, practitioners are able to obtain valuable insight 
for developing appropriate strategies to achieve desired results. For academics, the identified 
dependencies shed light on the potential rationale behind varied source findability based on 
varied job responsibilities and ways of learning. The same applies to the identified dependency 
between source findability and dependence on other parties for obtaining the desired 
knowledge. Interestingly, but not surprisingly, source findability seems to be central to the 
applicability and learnability of lessons learned. This once again points to the crucial role the 
knowledge holder plays in organizational learning and acknowledges that the knowledge holder 
or source is not only the holder of explicit knowledge but also tacit knowledge, which is often 
overlooked in the context of lessons learned. Last, the fact that no dependency was identified 
between embraceability and other LEAF features was surprising. Although it can be partially 
explained since the p values were adjusted for a fairly large number of comparisons, the authors 
encourage future research to further investigate this dependency to confirm or negate this 
finding. 

With regard to the last research question, three key points can be derived from the presented 
results and discussion thus far. First, this study has shown that by following the LEAF approach, 
a thorough overview of the current knowledge sharing practices for lessons learned in a given 
context can be achieved. Second, this new insight enables the development of knowledge-
sharing strategies that are applicable to the investigated context. For instance, by incorporating 
social preferences for modes of learning and preferred focus for knowledge sharing for relevant 
domains, practitioners are able to gain insight into how to enhance the learnability and 
applicability of lessons learned. Similarly, these knowledge sharing strategies can then be 
implemented in practice, and their influence can be continuously monitored and adjusted based 
on the contextual needs of practitioners. Last, for academics, as discussed earlier, the results 
show that critical dependencies between various features of the LEAF framework exist. The 
presented links between source findability and applicability and learnability open further areas 
of research into developing new knowledge sharing strategies for lessons learned. 

7. Conclusion 

This research contributes to the debate on how to share lessons learned and enhance 
organizational learning by providing a framework for the sharing of lessons learned. To 
investigate the core research topic of sharing lessons learned from large-scale changes in the 
railway sector, three research questions were investigated in this research. First, four key 
features that play a central role in the sharing of lessons learned—learnability, embraceability, 
applicability, and findability—were presented in the context of the LEAF knowledge sharing 
framework. Next, the relevant theoretical concepts underlying these features and the tacit and 
explicit nature of lessons learned within the context of these features are presented. Two 
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variables for each of the four features are derived to investigate knowledge sharing practices for 
lessons learned within the railway sector. 

A descriptive survey was conducted within the NRS and ERTMS department of the Railway 
Company to gather data. The results compiled from the survey data revealed interesting insights 
into the knowledge sharing practices for lessons learned within the investigated community. 
More specifically, having a direct conversation with colleagues was found to be the optimal way 
of learning for most community members. Similarly, most preferred specific storytelling to share 
their personal experiences. From an embraceability standpoint, trust and motivation at the 
individual level and an open culture in which members can learn from each other’s experiences 
at the organization level were found to be the most influential aspects of knowledge sharing. 
Similarly, an interesting trend for the applicability feature was observed. While most of the 
practical knowledge domains were reported to predominantly exist in the tacit form, such as the 
deployment of program management and the preparation of transport and maintenance 
organizations, the process-related focus was preferred by the members of the community for 
the intraorganizational knowledge domain. In contrast, a content-related focus for knowledge 
sharing was preferred for interorganizational knowledge domains, such as the availability of 
infrastructure and market knowledge. Source findability was reported to be high in the 
investigated community, while several ways to improve technological findability were 
presented. In addition, a statistically significant dependence between learnability and findability 
and learnability and applicability were established. A dependence between source findability 
and dependence on other parties for obtaining desired knowledge was also established. These 
dependencies offer valuable insights into how to further develop appropriate knowledge sharing 
strategies and user-friendly information systems. The effect of increasing dependencies 
between parties on source findability should be investigated in future studies. 

Similarly, future research should test the generalizability of the presented findings outside the 
railway sector, especially in organizations dealing with large-scale technological and 
nontechnological changes. Last, the conduction of explanatory research to further explicate the 
relationships between the four features of the LEAF framework is also a key area of inquiry for 
future research. The authors of this work encourage researchers to explore the utility of the 
LEAF framework in other industries. 
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Chapter 5 - Adequate Tacit knowledge management for railways: A 
conceptual framework   
 

 

Abstract 

Tacit Knowledge (TK) management has been in the limelight for the last few decades with strategic importance for 
some organizations.  Conversion of tacit to explicit knowledge offers a great value to organizations such as Railways 
in terms of better decision making and minimization of unintended consequences.  The challenge, however, comes 
from the very nature of TK as it cannot be formally communicated and easily converted to explicit knowledge.  The 
paper highlights the significance of TK for Railways specifically in the context of systems integration. 
As a research methodology, a brief literature review and interviews at the Netherlands Railways were conducted to 
identify key features that play a role in TK sharing and its transfer to explicit knowledge. Consequently, a conceptual 
framework was developed that stresses focusing on four key features for adequate TK management these include 
context, TK focus, TK constructs, and TK embedding. Moreover, the paper states that the presented approach assists 
in managing the level of uncertainty related to TK in systems integration context.    
The underlying value of this paper is that it presents a testable framework for TK transfer, as it was developed by 
incorporating the findings from the interviews and literature. Future research stemming from this work is the testing 
of the framework in a case study and realization of the extent to which it supports a smooth systems integration. 
 
Keywords: tacit knowledge, explicit knowledge, railways, systems integration, knowledge constructs, knowledge 
management. 
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1. Introduction 

The public demand for improved performance of complicated systems like for example the 
Railways systems has risen significantly in the past few decades. The advancement in technology 
and innovation has helped the organizations to keep up to the pace of rising public expectations.  
In the Railways the technology is being used for better maintenance with concepts such as 
condition-based maintenance and optimization of maintenance plans. Similarly, robust, 
functional and reliable Safety Management System (SMS) has been developed thanks to better 
utilization of technology and use of organization’s knowledge management. Systems such as 
Railways are expected to perform safer and be more reliable than ever before. To successfully 
deliver and live up to these expectations a shift of mindset is required within the organizations. 
This includes seeing the management of organization’s TK as fuel to the optimization of current 
performances and means of achieving desired levels of integration. Lately, there has a shift in 
the way the organizations see knowledge with some regarding it as an organizational asset 
(Kakabadse et al., 2001). Within the knowledge management community there exists a 
consensus stating that there are two main types of knowledge namely, explicit and tacit. So far 
in the Railways sector key focus has been on managing explicit knowledge which manifests itself 
in the form of regulations, manuals and other documents related to structural, functional and 
operational aspects of the system. In contrast to this, the research on management of TK within 
the Railways sector is a relatively novel field. Some studies have been conducted on the topic of 
TK within Railways system which includes the modelling a workspace for TK management by 
Penciuc, Abel, & Van Den Abeele, (2010) to improve the Railways system design, and by  Siegel 
& Schraagen, (2017) to make resilience related knowledge more explicit to name a few. 
However, improvement of Railways performance on a system level requires a holistic approach 
towards TK management. Current systems such as SMS, Quality Management System (QMS) 
and Asset Management System (AMS) fall short in incorporating TK about the use/misuse and 
malfunction of the system. Besides this, silo mentality within these systems can further 
exacerbate the situation and result in unintended consequences. Therefore, a holistic approach 
towards management and dissemination of knowledge in general and TK, in particular, is 
required at systems integration level within the Railways system as also stated by Rajabalinejad, 
(2018b) in his previous works. This paper investigates the TK required for proper integration of 
different systems within the Railways and presents to provide a conceptual framework for its 
management.  

2. State of the art  

As mentioned in the introduction, management of TK within Railways is a novel research field. 
There have been indications of organizations being concerned about their retiring experienced 
workforce with some researchers stressing to focus on people and propose enhancing peoples’ 
capabilities through better communication and information transfer (Al-Hawamdeh, 2002). The 
concept of TK is credited to Michael Polayani as he famously argued: “We know more than we 
can tell” (Polanyi, 1966). Within the knowledge management community, the classification of 
knowledge into tacit and explicit is widely accepted however, conversion of one to the other is 
highly debated. In simple terms, explicit knowledge is the one that can be easily articulated into 
different forms of speech and to use the Polanyi’s term “told”. Explicit knowledge manifests 
itself in forms of speech, written documents, mathematical formulas, graphs, etc. On the other 
hand, TK is the knowledge we cannot easily articulate into words or “tell”. Its primary source is 
experience as stated by Bratianu & Orzea, (2010) and in many ways requires a conscious effort 
to understand its significance and invest in approaches that nurture its transfer, sharing and use 
within an organization.  

As mentioned earlier, there has been an ongoing debate within the knowledge management 
community on conversion from one type of knowledge to the other. More specifically, to what 
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degree can TK be articulated and converted to an explicit form. Researchers like Leonard & 
Sensiper, (1998) and Richards, (2000) argue that only part of TK also commonly referred to as 
articulable TK can be articulated for practical and competitive reasons. On the other hand, 
researchers like Sternberg, (1995) famously argued that “in theory, tacit knowledge can be 
verbalised and taught”. A thorough investigation into the meaning of TK and characterization of 
TK constructs into articulable and non-articulable was done by Dampney, Busch, & Richards, 
(2002) which provides greater understanding into TK evolution process. They concluded that 
“Tacit knowledge, at least in practice, encompasses a component that lends itself to eventual 
articulation” (Dampney et al., 2002). Proper definition and understanding of the TK within the 
organization is prerequisite before any measures can be placed to quantify it. This requires 
raising awareness and analysing closely the KM practices within an organization. Different types 
which include, but is not limited to, somatic TK, contingent TK, and collective TK can be present 
or relevant for an organization. Determination of right type and required levels is only possible 
when a common understanding of what constitutes TK within an organization is developed. In 
addition to this, there is no acceptable standard for measuring individual TK that is simple and 
easy to be applied in different fields (Zhi, 2016). Knowledge management is regarded as a 
nonlinear process with all aspects of the process as strongly non-linear (Bolisani & Bratianu, 
2018). Consequently, management of TK whose primary source is experience as stated by 
Bratianu & Orzea, (2010), is also a non-linear process and thus can only be measured through 
nonlinear metrics. Therefore, different indicators based on the given context must be defined 
to measure and manage TK within an organization.  

Several methodologies have been proposed over time by researchers to measure individual TK. 
These include methodological approach by Garcia-Perez & Mitra, (2007) where they suggest 
conducting action research for identifying TK stocks, its flows, and enablers within an 
organization and provide a framework to measure TK within an organization. Ribeiro, (2013) 
also proposed “total time of working experience per levels of similarity” as a unit for estimating 
the stock of TK after conducting action research in an industrial plant in Brazil.  Any proposed 
transfer, sharing, conversion and measurement strategy for TK needs to address the given 
context and relevance of individual past work experience with the tasks the individual is 
currently performing. In this research, the authors rely on the fundamental concept of TK of 
“knowing more than what can be told” and will investigate relevant TK for Railways. Next section 
presents the proposed conceptual framework for TK management within the context of systems 
integration for the Railways sector.   

3. The conceptual framework for TK management for Railways 

As stated in the introduction, a holistic approach towards TK at systems integration level is 
required within the Railways system. Development of a conceptual framework will lay down the 
foundations for structurally identifying and managing the utility of TK in the context of systems 
integration for the Railways system. The proposed framework is developed after understanding 
the academic debate on the TK as presented above and after compiling the findings of seven 
interviews. These interviews were conducted with the experts in network development, quality 
and safety management departments of the Netherlands Railways also known as Nederlandse 
Spoorwegen (NS). Furthermore, two experts from the asset management department of the 
ProRail, which the rail-infrastructure company of the Netherlands, were also interviewed. During 
these interviews three fundamental questions were discussed which are as follows:  

• How do NS and ProRail share the lessons learned to all the relevant stakeholders after 
the investigation is complete on an incident like for example an accident? 

• What is your reflection on the adequacy of explicit and tacit knowledge management 
present within your organization related to the functional and operational aspect of the 
system?  
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• What is your reflection (based on your experience) on key KPI’s that are needed for 
successful integration of new rolling stock in the current rail infrastructure? 

The case made in this paper after incorporating the findings from the brief literature review and 
conducted interviews is that four fundamental defining features need to be explored for 
adequate TK management for Railways. These features are context, TK focus, TK constructs and 
TK embedding as shown in Figure 1.  

Fig. 1. The conceptual framework for tacit knowledge management. 

Each of these features is briefly explained and a Railway's specific example is presented in this 
section. 

3.1. Context 

Proper management of TK requires a clear understanding of the organizational context. This was 
demonstrated by Evangelista & Hau, (2009) where they investigated the role of different 
organizational factors such as management commitment, teamwork, relationship strength and 
cultural distance on the acquisition of explicit and tacit know-how. Their results indicate that 
different factors have different effects on explicit and tacit learning and acquisition of each 
requires different strategies.  
An organizational context possesses a lot of knowledge within itself and its proper 
understanding is fundamental to the accurate definition and proficient management of TK. 
Besides this, Holste & Fields, (2010) also stated deficiency of applying context-specific TK in other 
contexts among other difficulties that may hinder TK sharing. Therefore, clear understanding 
and boundaries of the context are essential for proper identification and management of TK. 
The underlying problem needs to be realized by working together with all the relevant 
stakeholders and an understanding must be developed for the expected desired solution. It is 
worth mentioning that a problem can be of critical importance in one context and of not that 
significant in another context. For example, proper functioning of a toilet in a passenger train 
can be of critical importance in the context of customer satisfaction but of not that significant in 
the context of technical installation. Thus, the approach towards the management of TK varies 
depending on the context at hand. 
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3.1.1. Context for Railways 

As mentioned in the introduction there is a need for a holistic approach towards TK at systems 
integration level within the Railways system. The evident next question is then what is a system 
and what is the systems integration level specifically for Railways? The system as defined by 
ISO/IEC/IEEE 15288 is a “combination of interacting elements organized to achieve one or more 
stated purposes”. Rajabalinejad, (2018) in his previous work on incorporating safety into design 
process presented three main blocks namely system, environment, and people that must be 
considered in every design or safety analysis process as shown in Figure 2.  

Fig. 2. Three main elements for system design and system safety by (Rajabalinejad, 2018a). 

Besides this, the purpose of systems integration as defined by ISO/IEC/IEEE 15288 is to 
“synthesize a set of system elements into a realized system (product or service) that satisfies 
system requirements, architecture, and design”. By extending the system description presented 
by Rajabalinejad, (2018) to systems integration level and analysing integration between system, 
environment, and people for not just system safety but also for system quality, asset 
management adequately provides the system description for Railways system in the context of 
systems integration. 
The systems of interest for systems integration are then SMS, QMS, and AMS. Integration 
between these systems through effective and functional interfaces is prerequisite for improving 
the current performance of the Railways. Similarly, the relevant people for systems integration 
are project managers, safety managers, implementation engineers, quality managers, system 
engineers, asset managers, maintenance engineers, etc. within the Railway company. For proper 
TK management determination of the main tasks and key responsibilities of the stated 
stakeholders holds critical importance. These key stakeholders with the help from experts in the 
field of knowledge management can identify and prioritize different types of TK relevant for 
systems integration. Besides this, key stakeholders can also help in establishing appropriate 
strategies for managing the determined TK types within their organization. For instance, the 
conductors of the train possess immense TK about people ’s behaviour and use of the train. 
Utilization of this TK is key to improved performance must be incorporated in, for example, the 
decision-making process of the train operations and designing process of new trains. Moreover, 
the determination of the environment for systems integration implies determining the 
cooperating and competing systems with the assistance of stated stakeholders. Therefore, 
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determination of the right systems, people and environment for systems integration as 
presented is the fundamental first step towards adequate TK management.  

3.2. TK focus 

The second aspect may seem self-evident but plays a crucial role in the successful management 
of TK. TK focus stresses on a clear understanding of the focus of TK in the determined system of 
interest and fundamental problem related to TK in that system. By properly defining TK and 
raising awareness, relevant problems around the domain TK in the system of interest can be 
identified. As mentioned in the state of the art the concept of TK which can be simply put as the 
knowledge that cannot easily be articulated into words was first presented by Polanyi when he 
stated, “we know more than we can tell” (Polanyi, 1966). If a metaphor of an iceberg is used for 
a knowledge possessed by an individual, then the tip of the iceberg can be represented as the 
individual explicit knowledge and the remaining invisible part can be represented as the 
individual’s TK. In addition to this, TK can be characterized into different types depending on the 
focus and system of interest like for example somatic-limit and collective TK as presented by 
Collins, (2007). Therefore, for proper management of TK, clear focus on which TK is the most 
relevant for the given context is very critical. 

3.2.1. TK focus for Railways 

Once the system description is well understood and the context of investigation is well defined 
the next natural step is to determine the TK focus in the given context. It was realized during the 
interviews that the TK related to the structural aspect of the systems integration is relatively 
well known and quite extensively converted to an explicit form. This is manifested in the form 
of manuals, guidelines, regulations and other related documents within NS and ProRail. 
Moreover, comprehensive and mostly reliable manuals and maintenance schedules are 
provided by Original Equipment Manufacturer (OEM) for trains and other rail infrastructure. 
However, TK related to functional and operational aspects of the system is often overlooked.  
It was realized in the interviews that in the context of systems integration for the rail-sector 
industry it is more interesting to manage TK related to functional and operational aspects of the 
system. This implies setting the focus of TK management on the role of functional and 
operational aspects more specifically on human factors/ ergonomics and their role on the overall 
performance of the Railways. Wilson & Norris, (2005) reviewed the literature on human factor 
research within Railways and in his later work Wilson, (2014) stressed on the need of a systems 
approach towards ergonomics by illustrating with an example from Railways. Therefore, by 
setting the focus on functional and operational aspects of the system specifically on human 
factors/ergonomics, appropriate TK for systems integration can be realized. 

3.3. TK constructs 

Once the context is clearly defined and the focus of TK is well aligned next aspect is the 
classification of this TK into articulable and non-articulable constructs. An extensive 
characterization of generic TK constructs has been performed by Dampney et al., (2002), where 
they state that by adding context, sense, and meaning to data our minds evolve through an 
unknown process from tacit inarticulable to the explicit and articulable understanding of it. The 
developed knowledge constructs can then lay the foundations for embedding the identified TK 
into the current knowledge management system of the organization. The underlying proposition 
is that articulable TK construct can be converted to an explicit form with proper management 
approach and non-articulable TK construct is by nature something which cannot be converted 
to an explicit form and therefore requires different management approach for its adequate 
utilization in the performance improvement of the system. Furthermore, this construction also 
assists in managing the levels of uncertainty on the presence of TK within a given context and 
its relevance for the defined focus at hand.  
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3.3.1. TK constructs for Railways 

Construction of knowledge constructs for TK more specifically into articulable and non-
articulable is a challenging task. As stated in the conceptual framework Dampney et al., (2002) 
constructed generic TK constructs. In the context of systems integration, a thorough 
investigation into various TK constructs present within the Netherlands Railways and ProRail 
needs to be done. During the interviews, some TK constructs were identified like for example 
gut feel, teamwork, the way of doing things, intuition, etc. However, a complete in-depth 
analysis is required to properly characterize them for determined focus and to propose 
something on a more generic level which will also be the focus of future research. 

3.4. TK embedding 

The embedding of TK into practice and maximization of its utilization in performance 
improvement requires proper management strategy. Several knowledge-sharing and 
knowledge-transfer practices have been investigated by the researchers which include An 
Fengjie, Qiao Fei, & Chen Xin, (2004) where they analysed the knowledge sharing process and 
developed a web-based knowledge sharing platform to support knowledge sharing within an 
enterprise. Similarly, Wang & Noe, (2010) developed a framework of knowledge sharing 
research which highlights aspects like beliefs of knowledge, trust, the cohesiveness that mostly 
tacit in nature. Emphasis on these aspects is essential for enhanced knowledge sharing and its 
management within an organization and can also facilitate in enhancing the quality of the 
decision-making process. For example, Brockmann and Anthony, (2002) demonstrated that TK 
facilitates in enhancing the quality of strategic decisions. Furthermore, research from Z. Wang 
& Wang, (2012) concludes that TK sharing significantly affects innovation quality and operational 
performance something highly valued within the Railways organizations in general and in this 
case specifically by the NS and ProRail. Thus, appropriate management approach for TK transfer, 
share and consequently management should be formulated be it in the form of face to face 
meeting, one on one apprenticeships, serious gaming, web-based knowledge sharing, etc. Next 
section provides Railway's specific example of TK management using the presented conceptual 
framework. 

3.4.1. TK embedding for Railways 

Several programs for knowledge management and knowledge sharing on a systems integration 
level were identified during interviews within NS and ProRail. Most of these platforms aim to 
facilitate knowledge sharing and knowledge transfer among their workforce and between 
different programs. This include programs that play the role of interface between different levels 
of the organization that assist in decision making between the strategic and operational level of 
these organizations. Similarly, some programs are aimed at sharing lessons learned from the 
implementation department to the line organization on topics as the introduction of new trains. 
The identified TK knowledge constructs need to be embedded in the stated program to achieve 
the fundamental goals of these programs. This will not only improve the performance of these 
individual programs but also enhance the overall performance of the Railways. Appropriate 
strategies for TK management and sharing as stated in the conceptual framework can be used 
to facilitate this embedding process.  

4. Discussion 

The paper has attempted to demonstrate the significance of the tacit dimension of knowledge 
and presented a conceptual framework for its management in the context of systems 
integration. A clear roadmap is provided to address TK after incorporating the findings acquired 
from a brief literature review and interviews. Since expertise in knowledge about a subject is 
contextual defining the context for TK has been presented as the starting point of the 
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investigation. Consequently, the context under study namely systems integration in the railways 
is briefly stated. It was identified as a result of this investigation that the main area of focus for 
the TK in systems integration is functional and operational aspects of the system. More 
specifically, investigation of TK related to human factors/ergonomics on a systems integration 
level within Railways, with the primary focus to make respective TK more explicit.  
Although this doesn’t come as a surprise paradoxically enough the required TK focus relevant 
for systems integration was tacitly known by the interviewees and was made explicit during the 
interviews. Furthermore, the classification of TK into articulable and non-articulable knowledge 
constructs was briefly presented that assists in managing the levels of uncertainty by identifying 
and classifying relevant TK related to systems integration in a systematic way. Besides this, as 
displayed the proposed knowledge constructs are embedded in theory and the paper 
recommends embedding the classified TK constructs in practice. Lastly, it is acknowledged that 
in the context of systems integration a thorough investigation is required for adequate 
classification of TK into articulable and non-articulable TK constructs. 

5. Conclusion and future areas of research 

The paper presents a testable conceptual framework for addressing the tacit dimension of 
knowledge in the context of systems integration for the rail sector. On the practitioners’ level, 
the model can enable policymakers to devise a better knowledge management policy and 
allocate resources in accordance with the proposed framework.  Similarly, on the theoretical 
level, the model bridges the gap between challenges within the Railways sector such as systems 
integration and TK. Furthermore, it provides insight into key features that must be addressed 
for proper TK transfer, sharing, and management in the stated context. Future research 
stemming from this work is the testing of the framework in a case study and the realization of 
the extent to which the framework supports the successful systems integration within the 
Railways sector.  
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Chapter - 6 Disentangling large scale technological projects: 
Learning from ERTMS roll-out case study in the Netherlands  
 

 

Abstract 

To avoid project delays and cost overruns, it is crucial that organisations' knowledge base on project management is 
expanded and that experiences in large-scale projects are more widely shared through effective management of 
lessons learned. However, the management of lessons learned from large scale projects remains a scientific and 
practical challenge. In addition to their multi-stakeholder setting, the natural loss of experienced knowledge through 
retirement and the presence of lessons in both tacit and explicit form make their management quite complex. This 
paper investigates the shortcomings in the current lessons learned management process and contributes to the 
literature by presenting a formal process for extracting and managing lessons learned from large scale projects. It 
does this by conducting a case study on the deployment of the European Traffic Management System (ERTMS) in the 
Netherlands. A nuanced five-step methodological approach is presented, whereby twenty-four structured interviews 
are conducted with key stakeholders from the Dutch railway sector. The interview data is analysed using the content 
analysis method and the results are then validated by three independent assessors. To ensure rigour and quality of 
gathered results, the interrater reliability is determined by calculating Gwet’s AC1 coefficients. The paper provides an 
overview of the key lessons learned from the deployment of ERTMS in the Netherlands and sets out fourteen 
principles for effective systems management of ERTMS. Finally, the paper also offers six recommendations for 
policymakers related to their role, such as appointing an independent system integrator, and five recommendations 
for railways organisations on organisational learning and system integration. The results can be used both to facilitate 
communication for better decision-making and to develop strategies for effective management of lessons learned. 
 
Keywords: Lessons learned; ERTMS; Knowledge management; Integration; Transportation projects  
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1. Introduction 

While numerous technology introduction and upgrade projects are transforming railway 
operations, these projects are complex and prone to delays and cost overruns (Bakhshi et al., 
2016; Nguyen et al., 2015).  Additionally, a workforce with experience of such projects is being 
lost because of retirement. These combined problems pose a grave danger, as the lessons 
learned in handling complex, technological large-scale transport projects will be lost. 
Consequently, the future implementation of such projects will lead to the repetition of familiar 
mistakes, with their accompanying delays and cost overruns. However, learning from such 
projects is further complicated since it involves both tacit and explicit knowledge and therefore 
requires nuanced approaches for their management (Biresselioglu et al., 2018; Haddad et al., 
2020; Kasvi et al., 2003). Finally, complex technological projects typically involve multiple 
stakeholders; therefore, knowledge management, especially for tacit knowledge, is a 
complicated, multifaceted task (Guzman, 2009; Koskinen et al., 2003; Nonaka & von Krogh, 
2009; Reich et al., 2014; van der Hoorn & Whitty, 2019). 
An understanding of the current state of lessons-learned management is paramount in order to 
properly manage the lessons learned from large-scale projects and ensure organisational 
learning. The prior research on lessons learned indicates their limited future application despite 
identification and categorisation (McClory et al., 2017). According to the organisational learning 
theory of Argyris & Schön, (1996), the general scheme of organisational learning comprises of: 
a learning product, a learning process, and a learner. Determining which of these is responsible 
for the limited future application of lessons learned is essential for improving the knowledge 
management of lessons learned in particular and largescale projects in general, which is 
instrumental for project performance and policy-making (Flyvbjerg, 2014; Reich et al., 2014). 
This paper contributes to the debate on how to manage the lessons learned from large-scale 
projects by presenting a formal process for their extraction and management in the railway 
sector. It draws on the experience gained from a large-scale infrastructure development project 
in the Dutch railway sector, namely, the European Rail Traffic Management System (ERTMS). 
The ERTMS is a new railway traffic management system that builds on the basics of the signalling 
system. The European Commission plans to equip 30–40% of core network corridors with the 
ERTMS by 2023 (European Commission, 2017). In the Netherlands, the ERTMS was first deployed 
in the early 2000s on the Betuweroute (from Rotterdam to Germany). Additionally, a pilot 
project was carried out in 2012–2015 on the Amsterdam-Utrecht route prior to the current 
national deployment programme. Recent years have seen a long chain of knowledge 
development, sharing and application for the implementation of ERTMS and investigating the 
approach to managing the lessons learned for such implementations can benefit future similar 
efforts. 
This paper conducts a case study on one of the busiest railway corridors in the Netherlands. It 
first identifies the key stakeholders involved in the ERTMS rollout in the Netherlands and then 
conducts a series of carefully structured interviews with the key individuals involved. To 
understand the underlying context and outline the main research challenge of this study, 
archival documents were reviewed on the ERTMS implementation as was the literature on 
project management, system engineering, transportation research, knowledge management, 
and organisational learning. Emphasis was placed on the underlying context for and cultural 
constraints that influence learning. Finally, the paper presents a formal process for extracting 
and managing the lessons learned from both large-scale projects and from their application. The 
findings of this paper can help to develop appropriate strategies for managing the lessons 
learned from ERTMS and for the timely and efficient deployment of similar large-scale projects. 
The rest of the paper is structured such that Section 2 overviews the current state of the lessons-
learned management, its importance for the ERTMS and the research challenge addressed in 
this study. Section 3 offers comprehensive and detailed insights into the research methodology. 
Section 4 summarises the background information on the ERTMS case study chosen and 
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establishes its focus. The findings are described in Section 5 and discussed in more detail in 
Section 6. This discussion is followed in Section 7 by explicit recommendations for both policy-
makers and railway organisations, as well as the identification of future research areas. Finally, 
Section 8 presents the research conclusions. 

2. State of the art 

In this section, the authors first outline the state of lessons-learned management. Then, the 
theoretical basis for managing lessons learned for large-scale projects such as the ERTMS is 
presented. Finally, the research challenge addressed in this study is offered. This structure 
positions this research within the ongoing debate on the management of lessons learned from 
large-scale projects within the railway sector. 

2.1. State of the lessons-learned management 

Lessons learned are an emerging research topic in the project management, knowledge 
management, and organisational-learning research communities. Secchi et al. (1999) defined 
lessons learned as “knowledge or understanding gained by experience. The experience may be 
positive, as in a successful test or mission, or negative, as in a mishap or failure. Successes are 
also considered sources of lessons learned. A lesson must be significant in that it has a real or 
assumed impact on operations; valid in that is factually and technically correct; and applicable 
in that it identifies a specific design, process, or decision that reduces or eliminates the potential 
for failures and mishaps, or reinforces a positive result”. Effectively managing lessons learned 
requires the involvement of the appropriate stakeholders, the provision of management support 
and the sharing of knowledge in both codified and uncodified ways (Jugdev, 2012). As previously 
noted, the organisational learning theory of Argyris & Schön, (1996) consists of a learning 
product, a learning process, and a learner. In the context of lessons learned, the learning product 
would be any new lessons acquired through experience or the existing lessons absorbed from 
others in the organisation. Similarly, the learning process would include the acquisition, 
processing, storing, sharing and utilisation of the lessons learned, and the learners would be the 
organisation members who are directly or indirectly affected by the lesson learned. 
Prior research on lessons learned has shown that despite their identification and categorisation, 
their future application frequently appears limited (McClory et al., 2017). Moreover, Williams 
(2008) noted that the transfer of lessons learned from the project team to the organisation is 
one of the least successful aspects of learning. Likewise, Liebowitz (2008) highlighted that the 
lessons-learned process is a critical item that is too often overlooked when developing and 
implementing knowledge-management strategies. This finding implies that, based on Argyris & 
Schön, (1996), lessons-learned research faces challenges in the learning process, which is herein 
referred to as the lessons-learned management process. 
The lessons-learned management process aims to capture “the result and experiences from 
successes, failures, and near-misses, and absorb them into the organizational structure for 
future use” (McClory et al., 2017, p. 1322). A number of barriers to implementing lessons learned 
have been identified in recent decades, such as a lack of clear guidelines, incentives, and purpose 
and an awareness of added value (Carrillo et al., 2013b; Hartmann & Dorée, 2015; Love et al., 
2016). In a cross-case analysis for improving lessons-learned processes, Wiewiora & Murphy 
(2015) stated that by introducing an easily accessible, intelligible, and user-friendly storage 
space for lessons learned, they can be catalogued according to themes. In doing so, a clear action 
plan can be developed thereby improving their future use. However, having a single, easily 
accessible database for lessons learned and a unified action plan are major challenges in large-
scale transportation projects that are often spread across multiple organisations with diverse 
interests. Moreover, the proper cataloguing of lessons learned requires not only well-
documented explicit lessons but also the conversion of consolidated tacit knowledge, where 
possible, into explicit forms through externalisation (Nonaka, 1994). However, views are 
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controversial on the management of tacit knowledge through digital means alone in terms of 
feasibility and effectiveness (Al-Qdah & Salim, 2013). This situation implies that due 
consideration should be given not only to the technological but also to the cultural, procedural, 
and social aspects of the proper management of lessons learned (S. Duffield & Whitty, 2015). 
Therefore, an adequate approach to the lessons-learned management process should address 
both the explicit and tacit dimensions of consolidated lessons (i.e., the learning product). Abbas 
et al. (2020) in their LEAF framework emphasised the fostering of four key features—(L) 
learnability1, (E) embraceability2, (A) applicability3, and (F) findability4—for managing both the 
explicit and tacit dimensions of lessons learned (for more on the LEAF framework, please see 
Abbas et al. (2020)). 
Since both the explicit and tacit dimensions for proper lessons-learned management are 
important, in this paper we use the LEAF framework to investigate the degree to which the 
lessons learned from a large-scale technological project in the railway industry were 
implemented. In addition, the paper aims to capture key knowledge for the better management 
of lessons learned and catalogues the captured knowledge into both the key themes, as 
suggested by Wiewiora & Murphy (2015), and into principles to improve the current lessons-
learned processes. 

2.2. Importance of the lessons-learned management for the ERTMS 

Large-scale projects, as noted by Hetemi et al. (2021, p.295), “typically involve multi-
organizations and deliver a substantial physical infrastructure or a complex product with a 
lifecycle that can extend for decades and across industries”. Examples of such projects include 
high-speed rail lines, airports, seaports, etc. (Flyvbjerg, 2014). The ERTMS is a prime example of 
a large-scale project in the railway sector. With multiple parties involved and large financial 
investments from the European Union, national governments, and private bodies, it is an 
ongoing large-scale infrastructure development and upgrade project in Europe. 
The introduction of the ERTMS, in addition to interoperability, promises benefits in terms of 
safety, capacity, and efficiency (P. Smith et al., 2012). However, it has faced several 
technological, operational, and procedural issues across Europe (P. Smith et al., 2012; van 
Dongen, Frunt, & Rajabalinejad, 2019). Sweden experienced project delays  (Alexandersson & 
Rigas, 2013; Zasiadko, 2020), and long before the recent outbreak of the COVID-19 pandemic, 
Bekkers (2008) showed that the timely full-scale deployment of the ERTMS was difficult to justify 
and subject to economic and safety scrutiny. Required new specifications have led to a “wait-
and-see” climate around the ERTMS, and proactive management and a wider sharing of 
experiences are needed (Laroche & Guihéry, 2013). 
These two factors in large-scale projects such as the ERTMS require attention to several aspects. 
First, the effective management of project complexity is needed to reduce the risk of 
unscheduled delays and overspending (Bjorvatn & Wald, 2018). In this regard, Chapman's (2016) 
six elements of complexity for rail transportation projects—finance, context, management, site, 
task, and delivery—are highly relevant for effectively managing ERTMS complexity. Second, the 
wider sharing of experience requires the establishment of a formal lessons-learned system. Such 
a system increases the retention of project management competence (Ekrot et al., 2016) and 
facilitates knowledge transformation among the project team members, which can help to avoid 
both delays and cost overruns, as highlighted by Bjorvatn & Wald (2018). However, Aerts et al. 

 
1 Learnability here is defined as the ease with which one learns from a particular lesson or shared 
knowledge. 
2 Embraceability here is defined as the degree of acceptance and the use of lessons learned at the 
individual and organisational levels. 
3 Applicability here is defined as the ease with which a shared lesson is applied in a particular context. 
4 Findability here is defined as the ease of finding desired knowledge in the available knowledge sharing 
platforms. 
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(2017) stated that much of the project management knowledge in large-scale infrastructure 
development projects remains tacit, and little attention is given to explicitly expanding its base. 
A key remaining challenge is the development of a comprehensive approach to manage the 
lessons learned from the ERTMS. In principle, this approach should be relatively straightforward, 
given the safety-centric nature of the entire railway system and the common goal of improving 
its interoperability across Europe through the ERTMS. However, Pellegrini & Rodriguez (2013) 
highlighted the substantial separation remaining between conventional rail transportation 
systems in Europe. This separation of transport services from infrastructure management based 
on European Union Council Directive 91/440 was intended to facilitate the future development 
and efficient operation of railway systems (Council of the European Communities, 1991). 
Instead, it has led to divergent and often conflicting goals among railway organisations. For 
instance, Montero & Finger, (2020) pointed to the lack of incentives for infrastructure managers 
to increase freight transport, as track access charges are lower for freight transport than they 
are for passenger services. This situation implies that railway organisations, due to business 
interests, are reluctant to openly share critical knowledge and lack incentives to share 
experiences at the sector level. However, human behaviour is vital for the safe and efficient 
operation of railways (European Commission, 2018), and human and organisational factors must 
be integrated for a sound railway safety management system (European union agency for 
railways, 2018). Therefore, adequately managing lessons learned from large-scale projects such 
as the ERTMS is indispensable. 

2.3. Research challenge 

Little attention has been paid to explicitly expanding the existing organisational project 
management knowledge base for large-scale infrastructure development projects (Aerts et al., 
2017). Moreover, experiences need to be more widely shared for the ERTMS (Laroche & 
Guihéry, 2013) to help avoid project delays and cost overruns (Bjorvatn & Wald, 2018). 
Therefore, this paper explores the means of better managing the lessons learned from the 
ERTMS than at present by conducting a case study. In doing so, the authors use the LEAF 
framework of Abbas et al. (2020) to capture key knowledge on implementing and improving the 
ERTMS lessons-learned management. 

3. Methodology 

The study followed a stepwise methodological approach to address the research challenge. 
Figure 1 shows the five main defined steps—design of the study and the criteria for case 
selection, data collection, data analysis and results validation—to examine the research 
challenge comprehensively. Specific tasks and outputs were described for each step to clarify its 
contribution in addressing the research challenge. The authors drew on the literature to 
properly perform each task to ensure the overall quality and reliability of the research. A detailed 
account of each of the five methodological steps is provided next. 
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Fig. 1. Methodological overview. 

3.1. Design of the study  

Proper lessons-learned management requires attention to both the explicit and tacit dimensions 
of consolidated lessons. The organisational project management knowledge base must be 
explicitly expanded (Aerts et al., 2017), and experiences need to be more broadly shared for 
large-scale projects such as the ERTMS (Laroche & Guihéry, 2013). Therefore, the study required 
the formulation of specific research questions that could dissect various aspects of the lessons 
learned and provide in-depth knowledge about the implementation and improvement of their 
management in the context of the ERTMS. To formulate the research questions, the authors 
used the LEAF approach because of its development and prior use in the railway sector (Abbas, 
Martinetti, Rajabalinejad, et al., 2020). The LEAF approach emphasises the proactive fostering 
of the four features—learnability, embraceability, applicability, and findability—to improve the 
lessons-learned management. 
In this study, the authors used these four features to formulate seven research questions for 
ERTMS-specific cases. Given the interviewees’ possible lack of familiarity with the terms, the first 
research question focussed on documenting the interviewees’ understanding of these four 
features and their relevance for the lessons-learned management of the ERTMS. Second, 
because the aim is to capture key knowledge about implementing the lessons learned, three 
research questions inspired by LEAF features were formulated to study the learnings from the 
lessons-learned implementation of an ERTMS-specific case. These questions focussed on asking 
the interviewees to identify the lessons learned from that case, determine their degree of 
implementation, and outline the barriers to and enablers for knowledge-sharing. Finally, three 
research questions inspired by LEAF features were formulated to gain knowledge about the 
improvements needed in the lessons-learned management. These research questions focussed 
on identifying the principles for effective ERTMS deployment, deriving ways to classify 
experiential knowledge and determining better knowledge-sharing practices for managing the 
lessons learned from the ERTMS. An overview of the seven research questions with the 
described research focus points is shown in Figure 2. 
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Fig. 2. Research questions. 

3.2. Criteria for case selection  

The proactive management of large-scale projects such as the ERTMS requires that project 
complexity be effectively managed to reduce the risk of unscheduled delays and overspending 
(Bjorvatn & Wald, 2018). To ensure that an appropriate ERTMS case is selected for investigating 
the formulated research questions, a comprehensive criterion is needed that can capture the 
complexity of rail transport projects. For the ERTMS case selection, the authors opted for the six 
dimensions of complexity proposed by Chapman (2016) because they specifically emphasise the 
examination of project complexity for railway megaprojects. These dimensions revealed by 
Chapman (2016) are finance, context, management, site, task, and delivery. A detailed account 
of the characteristics of these complexity dimensions present in the candidate ERTMS case is 
given in Table 1. The candidate ERTMS case is the Amsterdam Utrecht pilot project, which was 
established at the end of 2011 by the Ministry of Infrastructure and Water Management, ProRail 
(the principal infrastructure manager in the Netherlands) and the Dutch Railways (the principal 
railway undertaking in the Netherlands). The project’s purpose was to gain operational 
experience with the ERTMS and to contribute to the broader ERTMS deployment strategy. 

Table 1. Complexity of the candidate case based on the six complexity dimensions of Chapman 

(2016). 

Complexity 
dimensions 

Characteristics of the 
complexity dimension in the 
candidate ERTMS case based 
on Chapman (2016)  

Description of the characteristics for the 
candidate case: Amsterdam Utrecht pilot 
project 

Finance Limitation on total spending 
with controls on payment 
amounts 

In 2010, the Dutch House of Representatives 
made €37.5 million available to, among 
others, gain experience with the ERTMS on 
the Amsterdam-Utrecht route. After 
incorporating various activities from the 
Netherlands Railways and ProRail, a joint 
budget was consolidated of €33.79 million 
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(Program Direction ERTMS, 2015). The 
financial complexity increased during the 
pilot project, because initially the cash flow 
to the Netherlands Railways was intended 
to compensate for their expenditures and 
that to ProRail was intended to compensate 
for both ProRail's expenditures and the 
deployment of other (freight) transport 
operators whom they were to contract. 
Ultimately, however, the procurement 
system of the Netherlands Railways was 
used to contract these parties, which led to 
considerable financial complexity. 

Context Cultural and legal During the pilot project, the parties involved 
were expected to gain operational 
experience in running passenger and freight 
trains with the ERTMS and to acquire and 
record critical knowledge, which could help 
in the transition to the national 
implementation of the ERTMS in the 
Netherlands. However, given the cultural 
differences and legal compliance issues, it 
was challenging to create a neutral 
environment in which all parties were 
willing to share their data with the pilot 
project team. For example, the data from a 
trainset series that operated on both Dutch 
and German territory had to be split by a 
trusted party and required much 
consultation before it could be shared with 
the pilot project team. 

Management Organisational structure in 
terms of horizontal 
differentiation 

The pilot project management team 
coordinated with a number of organisations 
in the railway sector—such as ProRail, 
Netherlands Railways, freight operators and 
maintenance and service companies—to 
achieve the desired goals. For example, the 
project team worked with the relevant 
members of different organisations to 
establish learning points while they were 
still on the payroll of their parent 
organisation. Thus, while the pilot project 
team management could have relevant 
members establish learning points, doing so 
had limited influence on the participating 
organisations to ensure that the lessons 
learned were applied in a timely and 
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effective manner in the various 
organisational processes. 

Site Extent of connections to 
existing infrastructure 

To improve the public-transport 
accessibility between Amsterdam and 
Utrecht, in 1995, the number of railway lines 
between the two cities was doubled. This 
decision was implemented in 2000 and in 
2003, it was decided that the tracks would 
be built with two train safety systems: 
NS'54/ATB and the ERTMS Level 2. The 
double track between Amsterdam and 
Utrecht was completed with NS'54 in 2007 
and with ERTMS Level 2 in 2011. Thus, 
during the pilot project implementation, the 
site consisted of two safety systems, which 
created additional operational and site 
complexity. As a result, for the pilot project, 
only the ERTMS-equipped trains ran under 
ERTMS Level 2 on the Amsterdam-Utrecht 
route. 

Task Technological characteristics, 
such as experience with 
technology and the adoption 
of new technology, and 
information characteristics, 
such as sharing information 
across organisation 
boundaries 

The overall objective of the pilot project was 
to contribute to the wider ERTMS 
deployment strategy. In the pilot project, 
key railway organisations were introduced 
to the new ERTMS technology and the 
needed changes were realised in their 
organisational processes to implement the 
ERTMS. A database containing large 
amounts of relevant information on the 
pilot project (e.g., project evaluations, (field) 
research reports) was set up and shared in a 
closed environment with the relevant 
organisations. This situation implied that 
although the pilot project tried to share 
information and lessons across 
organisational boundaries, the participating 
organisations were responsible for 
incorporating the shared insights, which was 
not a trivial task. 

Delivery Project schedule urgency  The pilot project was originally planned for 
2013 and was brought forward to the 
summer of 2012 due to the urgency of the 
decision-making bodies to schedule the 
project. This move made it difficult for other 
involved organisations to ready all the 
assets, such as the rolling stock and 
infrastructure, in time for the pilot project. 
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As shown in Table 1, the Amsterdam Utrecht pilot project (hereafter, pilot project) possessed 
characteristics for each complexity dimension highlighted by Chapman (2016). Thus, its 
complexity made it a suitable candidate for investigating the formulated research questions. 
Hence, it was chosen for the case study. A further description of the pilot project can be found 
in Section 4. 

3.3. Data collection 

Comprehensive data collection for the formulated research questions requires a clear 
understanding of the key stakeholders involved in the pilot project. To identify them, a simplified 
stakeholder relationship map was designed for the pilot project, as shown in Figure 3. 

 

Fig. 3. Stakeholder relationship map of the pilot case. 

As indicated in Figure 3, different stakeholder categories were (directly or indirectly) involved in 
the pilot project, such as policy-makers, railway undertakings, suppliers, engineering 
consultancies and infrastructure managers. Experts from different organisations from these 
stakeholder categories were involved in the pilot project by its management team under the 
umbrella of the ERTMS Programme Board. To adequately select interviewees for the case study, 
the author selected at least one interviewee from all relevant stakeholder categories that were 
directly or indirectly involved in the pilot project. Moreover, since the members of each 
organisation had been carefully selected by the pilot project's management team, the authors 
considered them to be experts and suitable candidates for conducting the case study. 
Consequently, twenty-four experts from different organisations and stakeholder categories 
were interviewed to investigate the formulated research questions, as shown in Table 2. 
Individuals from the stakeholder categories of passengers/taxpayers and legislators were not 
interviewed due to the specific sectoral focus of the research questions and the difficulty of 
accessing the relevant experts. 
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Table 2. Overview of people interviewed per stakeholder category. 

Stakeholder category Number of people interviewed 
Railway undertaking 7 
Infrastructure manager 3 
ERTMS program direction   4 
Ministry of infrastructure and water management 3 
Engineering consultancies 5 
Suppliers 2 

 

3.4. Data analysis 

A comprehensive data analysis is required to extract underlying themes and principles. In this 
study, the authors used a content analysis because it allowed for an easy analysis of the 
qualitative interview text (Erlingsson & Brysiewicz, 2017) and because of its prior use in 
transportation research (Jiang & Wu, 2019). A content analysis is defined as a "[s]ystematic, 
replicable technique for compressing many words of text into fewer content categories based 
on explicit rules of coding ”(Stemler, 2001, p.1). Hermann (2008) emphasised that the choices 
and assumptions made in a content analysis should be guided by the research questions. These 
choices include the choice of materials used (reports, open-ended interviews, etc.), the nature 
of the content analysis (qualitative vs. quantitative), the determination of the unit of analysis 
(words, sentences, whole documents, etc.), coding rules and procedures, the way to 
contextualise information, and the way to determine the reliability and validity of the analysis 
(Hermann, 2008). 

In this study, the interviews provided structured qualitative response data to the formulated 
research questions. Thus, a qualitative content analysis with response data per research 
question as the unit of analysis was an appropriate choice for this study. In addition, the 
corresponding author used the coding terms (code, category, and theme) specified by Erlingsson 
& Brysiewicz (2017) to code and contextualise the collected responses. Doing so allowed for 
easy coding replication due to the standardised process of moving from a lower (codes) to a 
higher (categories and themes) level of abstraction. Furthermore, these terms have been used 
in previous knowledge management research (Turyahikayo et al., 2021). Consequently, the 
responses to each research question were first reviewed and assigned codes based on their 
condensed meaning. These assigned codes were then clustered into different categories 
responding to each research question. Finally, the categories were further clustered into 
predominant themes to make their underlying meaning explicit and obtain an in-depth 
understanding of the collected responses. A detailed overview of the content analysis can be 
found in the attached codebook as supplementary material to this paper. Finally, the results 
were thoroughly validated by three assessors who performed an independent validation of the 
content analysis to ensure rigour and quality and to determine the reliability and validity of the 
derived results. The validation of the results is presented in the next section. 

3.5. Results validation 

Three assessors were carefully chosen to independently validate the content analysis. The first 
assessor had over 30 years of working experience within the Dutch railway sector and was a 
former member of both the Amsterdam Utrecht pilot project and the ERTMS program direction 
of the Netherlands. The second assessor had over 15 years of working experience in the Dutch 
railway sector and was a member of the ERTMS program direction (at the time of the study). 
Both assessors were chosen to obtain expert opinions on the assigned codes, categories, and 
themes from the subject matter perspective. The third assessor (also the third author of this 
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article) was chosen because of his previous publishing experience in conducting content 
analyses and his psychology background to gain additional insights into the consistency of the 
content analysis. 

The results were validated in four parts, where first, all codes and categories assigned to the 
collected responses to the question about the relevance of the LEAF features for the ERTMS (as 
shown in Figure 2) were shared with the assessors. The assessors independently recorded 
whether they agreed or disagreed with the assigned codes and categories from the perspectives 
of the contents and the consistency of the coding. A discussion session was then organised with 
the assessors to address any questions about the assessment process. The same procedure was 
followed for the second and third parts, i.e., the learnings from the pilot and the future roadmap, 
as shown in Figure 2. After all assigned codes and categories for the three mentioned parts were 
validated, the assessors were asked to validate the assigned themes per category. A codebook 
consisting of all the derived themes with their corresponding categories and codes was shared 
with the assessors to facilitate the theme validation. The complete codebook with all assigned 
codes, categories, and themes is available in the attached supplementary material of this paper. 
A discussion session was also organised to answer any questions that the assessors may have 
had on the theme validation. The assessment of the content analysis took approximately seven 
weeks, during which the assessors independently recorded their agreements and disagreements 
with the assigned categorisation. 

Table 3 shows the agreements and disagreements expressed by the three assessors on the 
assigned codes, categories, and themes. In situations in which the assessors disagreed with the 
assigned categorisation, they either disagreed with the content or found it irrelevant to the 
context. Alternatively, they simply could not understand the relationship between the assigned 
categorisation and the particular context. Based on the assessment, a percentage agreement 
was observed of 90.9% for codes, 82.5% for categories, and 94.5% for themes, as shown in 
Appendix A (i.e., reported value of pa). 

Table 3. Number of assessor agreements and disagreements on the content analysis. 

Level of 
abstraction 
validation 

Assessor 1 Assessor 2 Assessor 3 Total 

 NoAs5 NoDs6 NoAs NoDs NoAs NoDs  
Codes 136+ 

174+ 
161=471 

11+ 
21+ 
11=43 

146+ 
186+ 
169=501 

1+ 
9+ 
3=13 

142+ 
189+ 
161=492 

5+ 
6+ 
11=22 

514 

Categories (per 
code) 

132+ 
155+ 
144=431 

15+ 
40+ 
28=83 

121+ 
170+ 
157=448 

26+ 
25+ 
15=66 

144+ 
189+ 
161=494 

3+ 
6+ 
11=20 

514 

Themes (per 
category) 

11+ 
26+ 
23=60 

0+ 
0+ 
1=1 

11+ 
25+ 
23=59 

0+ 
1+ 
1=2 

11+ 
26+ 
22=59 

0+ 
0+ 
2=2 

61 

NoAs/NoDs for each assesor by level of abstraction presented as: NoAs/NoDs(Relevance of 
the LEAF features)+NoAs/NoDs(Learnings from the pilot)+NoAs/NoDs(Future 
roadmap)=Total NoAs/NoDs. 

 

 
5 Number of Agreements (NoAs) 
6 Number of Disagreements (NoDs) 
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To assess intercoder reliability and correct for agreements between assessors due to chance, 
several indices have been identified in the literature (G. C. Feng, 2015; McHugh, 2012; O’Connor 
& Joffe, 2020). Since the content analysis consisted of three assessors, and a high extent of 
agreement was found between them, the authors chose Gwet’s AC1 index to measure 
intercoder reliability, as recommended by Feng (2015) & Gwet (2008) for such situations. This 
choice was appropriate in comparison with the Kappa index, given the Kappa paradox, namely, 
a high percentage of agreement but a low Kappa value (Falotico & Quatto, 2015; Feinstein & 
Cicchetti, 1990) and the lesser affectability of the index by the marginal probability 
(Wongpakaran et al., 2013). 

The magnitude of the calculated AC1 coefficients was interpreted using the benchmark scale of 
Landis & Koch (1977) and by incorporating guidelines for retaining the agreement strength, 
established by Gwet (2014). A detailed overview of the AC1 calculation and benchmarking is 
given in Appendix A. Table 4 presents the calculated AC1 values and the determined strength of 
agreement between the assessors across the assigned codes, categories, and themes. 

Table 4. Relative strength of agreement. 

Interrater 
reliability 

Gwet’s AC1 value The relative strength of agreement 
between assessors 

 Codes Categories Themes Codes Categories Themes 
Among all three 
assessors 

0.899 0.782 0.942 “Almost 
perfect” 

“Substantial” “Almost 
perfect” 

 

As indicated, there was “almost perfect” agreement between the assessors on the assigned 
codes and themes and “substantial” agreement on the categories. Thus, the rigour and quality 
of the content analysis is demonstrated. This finding imparts confidence to the derived results 
but also outlines a way to validate qualitative results for large-scale rail transportation projects. 

4. Case study: Amsterdam Utrecht ERTMS pilot project 

This section provides background information on the pilot project and outlines the focus of the 
case study in line with the presented methodology. 

4.1. Background information 

As described in Table 1, to improve rail accessibility, it was decided in 1995 to upgrade the track 
between Amsterdam and Utrecht. Furthermore, it was decided as early as 2003 to equip the 
track with two train safety systems, namely, NS'54/ATB and ERTMS Level 2, in preparation for 
future ERTMS train operations. Figure 4 shows that the service with the NS'54/ATB safety system 
started in 2007, but the track only became available for ERTMS Level 2 operations in 2011. The 
main challenge at that time was the limited experience with ERTMS operations of key railway 
organisations in the Netherlands. To address this challenge, at the end of 2011, the Dutch 
Ministry of Infrastructure and Water Management, in collaboration with Netherlands Railways 
and ProRail, commissioned a pilot project on the Amsterdam-Utrecht railway section. Its key 
objective was to contribute to the broader national ERTMS implementation strategy, and it 
officially began in the summer of 2012. 

During the pilot project, in addition to different types of locomotives for freight transport, ten 
sprinter trainsets and eleven high-speed passenger trainsets were made available to test ERTMS 
operations. Experts from various stakeholder categories participated in the pilot project, as 
shown in Figure 4. The pilot project examined topics such as safety, train technology, capacity, 
human behaviour, work pressure, and user processes. The main learnings from the pilot project 
related to the preparation of the necessary assets, examples of which follow: 
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1. the modification and admission of the rolling stock (freight locomotives and passenger 
trainsets) for use on the ERTMS Amsterdam-Utrecht track, 

2. the development of the ERTMS training program (including training simulators) for train 
drivers and dispatchers, 

3. the development of an official ERTMS examination system for ERTMS licensing (which 
was non-existent prior to the pilot), 

4. the operational training of the train drivers, and 
5. the development of a (neutral) environment in which all parties were willing to share 

their data with the pilot organisation. 

The pilot project was officially completed in 2015, and the main findings were presented to the 
Dutch Parliament in the form of an abstract report in September 2015 (see Programmadirectie 
ERTMS 2015) and stored in a database. The database was managed in a closed environment 
where interested parties could request permission to access the findings. 

4.2. Case study focus  

The case study focussed on assessing the extent to which lessons had been learned from the 
pilot project and on outlining a roadmap for their management based on the results from the 
qualitative interviews, as shown in Figure 4. 

 

Fig. 4. ERTMS deployment timeline on the Amsterdam-Utrecht track. 

The case study was conducted from January to December 2020, when 24 structured interviews 
were held with people from different stakeholder categories to investigate the seven research 
questions presented in Figure 2. The case study findings contribute to the broader ERTMS 
implementation strategy by providing valuable insight into the improvements needed in 
managing the lessons learned from the ERTMS and outlining key principles for its effective 
knowledge-driven deployment. 
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5. Findings 

A holistic overview of the themes that emerged from the data analysis is presented in Figure 5. 

 

Fig. 5. An overview of the themes constructed from the interviews. 

Themes were identified for each of the three research focus points: the relevance of LEAF 
features, the learnings from the pilot and the future roadmap. A combined understanding of the 
themes is essential to better manage the ERTMS lessons learned and its effective rollout. To 
facilitate this understanding, the following three subsections provide a detailed account of each 
theme for all three research focus points. These subsections outline the corresponding 
categories for each theme and briefly elaborate their condensed meaning based on the 
responses collected for the respective research questions in the qualitative interviews. 

5.1. Relevance of LEAF features 

Four themes were identified in this subsection, as shown in Figure 5. To clarify the contribution 
of the investigation into the relevance of the LEAF features to the ERTMS, the corresponding 
categories of each theme, shown in Figure 6, are described in detail in the following subsections. 
These shared findings can help to promote the ERTMS lessons-learned management. 
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Fig. 6. Categories per theme for the research focus point relevance of the LEAF features. 

5.1.1. Learnability principles 

This theme comprised twenty codes classified into two categories. The codes refer to the 
extracted meanings of the collected responses from the interviews for the respective research 
question. The first category highlighted the need to focus on objective operational 
implementation facts rather than subjective opinions, success factors (e.g., best practices), and 
operational integration (i.e., the smooth introduction of new technologies in operations) to 
facilitate the lessons learned. The second category claimed that since people learn in different 
ways, alternative learning methods should be provided to organisational members. 

5.1.2. Embraceability principles 

This theme was composed of fifty-one codes that were further classified into four categories, as 
demonstrated in Figure 6. The codes on individual aspects stressed addressing intrinsic issues, 
e.g., building trust and motivation and being sensitive to the needs and fears of individuals in 
the organisation. Organisational aspects asked for raising awareness on the significance of the 
lessons learned (both good and bad), addressing commercial aspects of knowledge-sharing, 
providing organisational support, supporting the development of knowledge-sharing, and 
formalising knowledge-sharing to improve the embraceability of lessons learned. Similarly, 
cultural aspects highlighted factors such as organisational politics, operational pressure, and the 
poor utilisation of prior lessons learned as key barriers to the lessons-learned embraceability. 
The interviewees suggested working on organisational culture integration, such as safety culture 
integration, across the entire railway sector to build embraceability. Finally, some of the key best 
practices for improving the lessons-learned embraceability included an open knowledge-sharing 
culture for technical data-sharing across organisations, taking ownership, focussing both on the 
technological and social aspects of knowledge management, and having proper stakeholder 
management. 

5.1.3. Applicability principles 

This theme was composed of thirty-five codes that were further classified into three categories, 
as shown in Figure 6. The first category highlights contextual complexities that make knowledge 
applicability difficult. These include human-machine interaction design, different stakeholders’ 
interests, and the difference between work as imagined and work as done collectively. The 
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interviewees argued that determining knowledge applicability for social knowledge such as 
workforce relationships was more complex than determining technical knowledge. Similarly, in 
terms of domains requiring knowledge applicability realisation, the interviewees mentioned as 
key knowledge domains ERTMS Technical Specifications for Interoperability (TSIs), human 
factors, rolling stock, maintenance, and user processes. Last, some of the key best practices for 
improving the lessons-learned applicability included the harmonisation of user manuals; proper 
descriptions of context, roles, and responsibilities; and the building of communities of practice. 

5.1.4. Findability principles 

The theme consisted of eleven codes and two categories, as displayed in Figure 6. The first 
category highlighted the importance of facilitating informal knowledge-sharing for tacit 
knowledge transfer. Furthermore, it acknowledged that not everything could be documented, 
although the interviewees lacked consensus on the best way to transfer it. In comparison, the 
second category stressed ensuring the easy traceability of centrally stored documents and the 
maintenance of a fact book for key knowledge domains. 

5.2. Learnings from the pilot 

In this subsection, six themes were identified, as shown in Figure 5. Here, we clarify the 
contribution of the investigation into the learnings from the pilot project. We do so by describing 
in detail the corresponding categories of each theme, shown in Figure 7, in the following 
subsections. These shared findings can help to understand the prevailing railway culture, the 
key lessons learned in the pilot project and the barriers and enablers for implementing them in 
the railway sector. Moreover, the findings shed light on the approach needed to better 
implement the lessons learned. 

 

Fig. 7. Categories per theme for the research focus point learnings from the pilot. 

5.2.1. Railway culture 

This theme comprised two categories, as displayed in Figure 7. Eighteen codes were assigned to 
this theme, twelve related to "traditional cultural aspects" and six related to "cultural changes 
needed for the ERTMS". The codes in the first category stressed the underlying cultural issues 
as management sticking to traditional methods of working, the different business models of 
involved organisations, and an overarching organisational mindset of maintaining traditional 
safety methods. This mindset ultimately led to problems such as standstill trains (i.e., 
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malfunction during regular train operation), increased complexity in coordinating 
interorganisational knowledge-sharing, and difficulties learning among organisations. For the 
second category, the different roles of implementation organisation and system integrator were 
ascribed to ProRail. This situation hindered cooperation between the involved parties in the 
ERTMS project. The interviewees stated that, when answers to technical questions seemed to 
diverge, organisational politics played a key role in decision-making. 

5.2.2. Lessons learned from the pilot 

This theme comprised five categories, as shown in Figure 7. Each of these categories is discussed 
in turn. 

5.2.2.1. Transport system–related lessons learned 

Sixteen codes were assigned to this category. The codes consisted of important lessons learned, 
such as the need to have an integral approach for the railway sector, in which the roles and 
responsibilities of each involved individual are clearly defined. Similarly, the importance was 
highlighted of having an independent system integrator, at the entire railway system level, who 
can make decisions in the best interest of the system and who has a holistic overview of the 
needs of the entire sector. The interviewees also stressed having a coherent certification 
approach for all key stakeholders in the sector and properly implementing quality system and 
system-engineering practices to ensure the smooth integration of large-scale technological 
projects (the benefits of implementing system engineering to project governance and 
performance have been highlighted by Locatelli, Mancini & Romano 2014). 

5.2.2.2. ERTMS-related lessons learned 

Nine codes were assigned to this category, which highlighted the ambiguities (i.e., predominant 
focus on best-case scenarios) in the ERTMS TSIs and technical compatibility issues in the 
installation of European train control systems. For instance, the interviewees pointed out the 
lack of harmonisation in guard time-setting at both the national and international levels due to 
open points in ERTMS TSIs, which resulted in different recovery mechanism problems and train 
standstills. 

5.2.2.3. Train driver–related lessons learned 

This category comprised five codes that stressed having a practical approach to training, 
designing technical systems with a human-centred approach, and ensuring that drivers 
preserved their route knowledge. The interviewees stated that the driver’s willingness and 
openness to use designed information technology (IT) systems, aimed at providing information 
during train operations, was of critical importance in ensuring successful ERTMS operations. 

5.2.2.4. Change management–related lessons learned 

Eleven codes were assigned to this category. These codes comprised the lessons learned related 
to intangible aspects, such as raising awareness of the effects of a system change and building 
an open and collaborative culture, and tangible aspects, such as reducing variability in the 
technical system and incorporating product improvement (through new developments) instead 
of product replacement in the contract. 

5.2.2.5. Prior personal experiences–related lessons learned 

Twelve codes were assigned to this category, which mainly consisted of the lessons learned by 
the interviewees from experiences prior to and identified in the pilot case. These included 
intangible aspects, such as having the right people on the team and taking responsibility instead 
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of delegating it, and tangible aspects such as preparing for early failures (as explained by Ohring 
(1995) for the bathtub curve) and performing in-house maintenance for technical systems. 

5.2.3. Degree of lessons learned implementation 

This theme comprised twenty-nine codes relating to the implementation degree in three 
categories, as outlined in Figure 7. Regarding the transport system, items reported were the 
development of a user process–monitoring system and an operational knowledge centre for the 
ERTMS, incorporation of the lessons learned in the national programme, and development of 
ATB-STM (train safety system) requirements. In comparison, on the process front, mixed 
opinions were reported related to the extent to which the pilot case was a good representation 
of a “real world” rail operations scenario. Some of the interviewees appreciated the large-scale 
testing and the robustness of the tests conducted in the pilot study. Meanwhile, others were 
critical of dual signalling, conferencing speed–only operations (i.e., driving at a speed lower than 
normal operations) and the comparatively small number of train drivers involved. The 
interviewees reported that the pilot study focussed more on tangible technical aspects and less 
on intangible cultural aspects. Political and commercial factors were reported to have hindered 
the lessons-learned implementation. Last, in terms of the human (and organisational) factors 
perspective(s), the interviewees stressed the need to have both bottom-up and top-down 
approaches in project execution. Moreover, they acknowledged the experience gained by train 
drivers in the pilot study, adding that it played a critical role in issue management (as defined by 
Heath (2002)) and technical product innovations. 

5.2.4. Knowledge-sharing barriers 

Thirty-six codes were assigned to this theme, which was subsequently classified into five 
categories, as shown in Figure 7. Regarding the first category on barriers to formal knowledge 
management, loyalty to an organisation and loyalty to the higher goal of the integrated 
transport system were sometimes in conflict. This situation led to knowledge-hoarding, 
insufficient description of the context, contracts being seen as rigid and non-negotiable, and 
unusable lessons-learned reports (because of, e.g., irrelevant or incomprehensible knowledge). 
Similarly, key barriers from an information management standpoint were lack of awareness, 
accessibility, and structure as well as difficulty in finding desired documents on available 
knowledge-sharing platforms. 

Regarding competence management, key knowledge-sharing barriers were difficulty finding 
subject matter experts, lack of knowledge of the overall transport system, and the knowledge-
hoarding of existing inventions. Key barriers reported from a political standpoint were the “not 
invented here” syndrome, sector segregation, and organisational politics. Finally, contextual 
barriers were highlighted such as market protection, legal compliance, vulnerability to change, 
and protection of public interests from unnecessary media attention. 

5.2.5. Knowledge-sharing enablers 

As indicated in Figure 7, twenty-seven codes were assigned to the theme of knowledge-sharing 
enablers, which were further classified into five categories. The analysis indicated that trust was 
needed not only in people but also in systems, especially in a situation in which the parties were 
deeply interdependent upon one another. Similarly reported were the improvement of 
technological findability (i.e., ease of finding the desired knowledge on the available knowledge-
sharing platform) through enablers such as having user-friendly IT systems, improved structure, 
and context description. Source findability (i.e., the ease of finding subject matter experts) 
enablers were also identified such as open communication, geometrical proximity (i.e., physical 
distance or organisational hierarchy relationship), and facilitating closer work between the 
design engineers and train drivers for the complex subject. Regarding having an integral 
approach, key knowledge-sharing enablers were seen as using proper tools and having an 
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independent, empowered, and free political influence system integrator. Last, the interviewees 
reported that the lessons-learned embraceability (i.e., degree of knowledge acceptance and use 
at the individual and organisational level) could be built by having a clear goal, providing the 
right resources and leadership, and ensuring proper knowledge applicability for problem solving. 

5.2.6. Lessons-learned approach 

This theme comprised six categories and thirty-one codes, as outlined in Figure 7. A key example 
provided for specifying learnability (i.e., the ease with which one learns from a particular lesson) 
was the development of an operational knowledge platform. This tactic provided operational 
knowledge to the ERTMS-implementing organisations (i.e., railway undertakings and 
infrastructure manager). Moreover, training programs needed to be more realistic than the 
current simulator training was and held more frequently. The interviewees stated that the 
lessons-learned approach could be substantially improved by specifying what others could learn 
from a certain lesson, describing the underlying context, establishing new procedures based on 
the lessons learned, and learning from things that went right. Similarly, an integral approach for 
systems management could be guaranteed by the parallel introduction of rolling stock and 
infrastructure and an integral approach to system safety, capacity and maintainability. The 
interviewees stressed the need to see lessons-learned management as a continuous and 
iterative process. Also reported were the need to move away from the “silo mentality” and use 
past experiences to ensure the continuous improvement of the lessons learned. 

The interviewees also stressed having a master specification program and reference 
architecture backed by proper management support to facilitate the incorporation of new 
lessons learned into existing organisational processes. Finally, necessary prerequisites for 
improving the current approaches to lessons learned included having a comprehensive plan that 
pays due attention to the perception of lessons learned, establishing a fact book (i.e., a living 
document that can be used to obtain consensus on factual matters concerning the ERTMS), and 
having a policy for sharing critical knowledge in an interorganisational setting. 

5.3. Future roadmap 

In this subsection, four themes were identified, as shown in Figure 5. This study aims to clarify 
the contribution of the investigation into the future roadmap for the management of ERTMS 
lessons. To do so, the corresponding categories of each theme, shown in Figure 8, are described 
in detail in the following subsections. These collective findings make a case for the effective 
knowledge-sharing of the ERTMS lessons learned. Furthermore, they outline ways to classify 
practical knowledge about ERTMS deployment and the best practices and principles for effective 
ERTMS management. 
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Fig. 8. Categories per theme for the research focus point future roadmap. 

5.3.1. Case for knowledge-sharing 

This theme comprised thirty codes that were further classified into four categories, as indicated 
in Figure 8. The first category stressed the need for tacit knowledge management in the railway 
sector to ensure system performance optimisation. The second category encompassed codes 
that acknowledge the practical relevance of LEAF features and stated that the LEAF approach 
could facilitate knowledge development. The third category outlined the factors that influence 
the lessons-learned sustainability. Specifically, the perceived relevance of the lessons learned, 
instituting a pull instead of a push approach to knowledge-sharing and having communities of 
practice for proper lessons-learned utilisation. Last, a key argument for knowledge-sharing in 
the railway sector was sensitivity towards contextual complexities such as the knowledge 
management of large-scale multi-organisational technological projects. 

5.3.2. Principles of effective systems management 

Eighty-two codes were assigned to this theme and subsequently classified into fourteen 
categories, as outlined in Figure 8. The essence of each of these categories is presented below. 

5.3.2.1. Optimising lessons-learned management 

This category encompassed codes from submitting change requests for ERTMS TSIs to 
harmonising the lessons learned at the national and international levels. The interviewees also 
stressed the provision of knowledge-sharing platforms on which people can easily interact and 
share the lessons learned. 

5.3.2.2. Adopt value-driven approach 

This category consists of codes that stressed adopting a societal value-based case perspective 
instead of a business case perspective. The interviewees argued that instead of working in a “silo 
mentality”, having an open culture and making decisions that bring value to the entire society 
were needed to cope with ongoing changes in the railway sector. Similarly, they advocated for 
the relaxation of jurisdictional boundaries to facilitate knowledge-sharing and suggested that 
the railway undertaking should focus more on the functional aspects while creativity relating to 
technical aspects should be left to suppliers. 
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5.3.2.3. Invest in competence management 

The codes in this category highlighted the high dependency relating to personnel within the 
railway sector and stressed the need to invest in competence management. The interviewees 
noticed that traditionally the railway system had remained relatively stable from a technology 
standpoint and that the recent pace in technological innovations asked for robust competence 
management approaches. 

5.3.2.4. Invest in improving the reliability of the overall system 

This category stated that key emergent properties in the railway sector—such as punctuality, 
capacity, and reliability—required investment in terms of running experiments and determining 
heuristics (without compromising overall system safety). Therefore, it is important to invest in 
simulations and to test programs to improve the reliability of the entire system. 

5.3.2.5. Learn from international experiences 

Considering the focus on the interoperability of European railways, the interviewees stressed 
the need to learn from the international experiences of ERTMS deployment. They highlighted 
the need to make all efforts to ensure that no hurdles impeded railway operations between 
European countries, which means that not only trains but also train drivers can drive freely 
across countries. 

5.3.2.6. Ensure coherent and robust specification 

This category advocates for having coherent specifications, especially at interfaces, to ensure 
proper integration at the system level. Moreover, the category suggests contracting the whole 
chain of system deployment projects instead of undertaking this task piecemeal. 

5.3.2.7. Have a lean approach for system architecture 

The interviewees stressed the need to have a “lean approach” towards system architecture by 
centralising control and reducing the variation in infrastructure construction. They asked for 
special attention to be paid to the potential mismatch between organisational structures and 
technical systems and redundancy against the possible discontinuation of technical parts. 

5.3.2.8. Embrace and facilitate digitalisation 

This category advocated for speeding safety processes to cope with ongoing digitalisation in the 
railway sector. The interviewees argued for learning from system-engineering practices in the IT 
sector. 

5.3.2.9. Drive innovation 

This category advocated for a shift in mindset so issues could be addressed with a focus on 
finding opportunities for innovation rather than on minimising risks. Furthermore, it stressed 
making room for innovation in the railway industry by providing incentives and the right kind of 
management support. 

5.3.2.10. Ensure an integral approach 

This category acknowledged the contribution of system-engineering tools in having an integral 
approach for the installation of technical equipment in the railway sector and stressed the need 
for having an independent system integrator at the entire railway system level. The interviewees 
noted that safety was the core of the railway sector and asked for cost and functionality 
decisions to be made in the best interests of the entire system. They claimed focussing both on 
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short- and long-term goals (which are typically in conflict) could guarantee the integration of the 
entire railway system. 

5.3.2.11. Build trust in people and the system 

This category highlighted the need to build trust in people and systems by incorporating trust-
based mechanisms in technical systems and by creating an open knowledge-sharing culture. The 
interviewees stated that trust was a keyword for integration and a prerequisite for ensuring 
proper system performance management. 

5.3.2.12. Build embraceability for knowledge utilisation 

The interviewees noted that although they had robust lessons available (i.e., factual lessons 
learned), they were not always properly utilised. They stressed the need to build organisational 
embraceability for knowledge utilisation by proper management support, to have shared values, 
and to work collaboratively towards a unified goal. 

5.3.2.13. Invest in training the workforce 

This category stated that further efforts are needed in training and educating the workforce to 
properly manage any ongoing system changes. The interviewees cautioned against potential 
resource capacity issues, such as a limited number of technical experts for large-scale 
technological projects such as the ERTMS. They advocated having comprehensive training 
programs for operational integration. 

5.3.2.14. Formalise knowledge-sharing 

This category stressed the need to formalise knowledge-sharing by incorporating it into 
organisational processes. The interviewees suggested introducing a knowledge-sharing plan at 
project initiation similar to a safety plan. They also argued that knowledge-sharing was 
successful when the recipient of any appropriate knowledge could describe it accurately in their 
own words. 

5.3.3. Knowledge classification 

This theme is composed of thirty-seven codes that were further classified into three categories, 
as demonstrated in Figure 8. The knowledge types identified for the railway sector were 
professional, relational, technical, human, functional, procedural, transitional, tactical, and 
strategic. Similarly, prominent best practices of knowledge classification were identified as 
maintaining a fact book, managing the configuration, providing background information, using 
technical readiness levels, building a matrix with transport system architecture and 
organisational key performance indicators (KPIs), having operational processes and principles, 
and continuously monitoring developed contextual categories. Last, the interviewees suggested 
that the functional and procedural domains were more important for primary users, as defined 
by the International Standards Organization (ISO) (2011); technical and procedural domains, for 
secondary users; and goals, for tertiary users of the ERTMS. 

5.3.4. How to share lessons learned in a better way 

Fifty-two codes were assigned to this theme, which was further classified into three categories. 
The first category on competence management asked for the organisational members to build 
competencies in the knowledge-sharing of the lessons learned. It stressed creating and 
disseminating success (and non-success) stories, appointing knowledge ambassadors, and 
having an interactive development program for the lessons learned. The second category argued 
for building a strong business case for lessons learned and stated that cost and reliability were 
KPIs that would benefit the most from the proper management of lessons learned. It also argued 
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for making the impact of the lessons learned clear for overall railway operations and devising 
robust data-sharing policies for interorganisational projects. Finally, improvements were 
suggested for optimising lessons-learned management such as rewarding knowledge-sharing, 
making tangible and robust work packets, clarifying the responsibilities of knowledge seekers 
and providers, and building a knowledge-sharing culture. 

6. Discussion 

The paper responds to the call for a wider sharing of the experiences relating to the ERTMS 
(Laroche & Guihéry, 2013). Furthermore, it extends the existing knowledge base on 
organisational project management for large-scale projects by providing an overview of the 
activities needed to properly manage the lessons learned for such projects. Following a five-step 
methodology, the paper identifies both the current shortcomings and the improvements 
required to manage the lessons learned from large-scale infrastructure development projects. 
These findings emphasise that lessons-learned management is not simply about storing explicit 
lessons in databases but is also about managing the valuable lessons at the cultural, 
organisational, and operational levels. 

The investigation concerning the relevance of LEAF features shows that promoting the 
learnability of the ERTMS lessons learned requires identifying the success factors for operational 
integration, disseminating the facts about operational implementation and furthermore offering 
alternative learning methods to involved organisational members. Building trust in people and 
systems, formalising knowledge-sharing and integrating organisational cultures have all been 
identified as the key means of improving the embraceability of shared lessons. The necessary 
means of clarifying the applicability of shared lessons include harmonising the ERTMS user 
manuals and building communities of practice for knowledge-sharing. To improve findability, 
more informal knowledge-sharing can transfer tacit knowledge, and an ERTMS fact book should 
be established. The insights on the LEAF features not only help to better manage the ERTMS 
lessons learned, but also enable further developments of the LEAF theory. 

When the learnings from the pilot project are considered, the findings indicate that the 
prevailing culture of preference for traditional ways of working, different roles and 
responsibilities, and organisational politics make it difficult for the organisations involved in the 
implementation of the ERTMS to learn from each other. The lessons learned from the pilot 
project point to the need for an integral approach to systems management and underline the 
importance of having an independent, empowered and competent entity to play the role of a 
system integrator. Furthermore, reducing technical system variability, harmonising system 
settings and performing in-house maintenance have been identified as essential for effective 
ERTMS operations. Regarding the implementation of the shared lessons from the pilot project, 
the investigation shows that, while the shared lessons have led to significant technical changes 
in the system, changes in the procedural and human (and organisational) factor domains are 
slower. The study showed that the pilot project focussed more on the technical aspects of the 
ERTMS and less on the cultural and organisational aspects. The barriers to knowledge-sharing—
such as organisational politics, sectoral segregation, insufficient description of the context and 
knowledge-hoarding—may have exacerbated the less-focussed application of the lessons 
learned in the cultural and organisational domains. Similarly, the enablers for knowledge-
sharing, such as having a clear goal and providing the right resources and leadership, may help 
to improve the utilisation of shared lessons. In terms of the improvements needed in the current 
lessons-learned process, the study suggests developing an operational knowledge platform for 
sharing the ERTMS lessons and having a policy for sharing critical ERTMS information and 
knowledge.  
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Future suggestions are that the perceived lessons-learned relevance should be improved for a 
timely and effective deployment of the ERTMS and that the LEAF features are useful in 
knowledge development. Moreover, the fourteen outlined principles of effective systems 
management lay the foundations for policy-making and the performance monitoring of 
organisational learning in practice. For example, the operational integration of the ERTMS can 
be improved by adopting a societal value-based approach, investing in competence 
management, embracing digitalisation and having comprehensive training programmes. 
Additionally, the reliability of the overall system can be enhanced by: centralising system 
control, focussing on short- and long-term goals, establishing heuristics, building trust in people 
and systems and learning from international experiences. The paper also highlights that key 
practical knowledge from the ERTMS can be classified into different domains, such as technical, 
human and relational. Moreover, it suggests that for these domains, general principles, success 
stories and operational facts need to be developed for the effective dissemination of lessons 
learned. 

Finally, given the wide range of topics discussed, Gwet’s AC1 values demonstrate the 
consistency, rigour and quality of the content analysis. They provide both confidence in the 
findings and an opportunity to assess the interpretation of the results. The major study 
limitation lies in its predominant focus on the Dutch railway context. The study could be further 
validated by including ERTMS deployment cases from other European countries and by 
investigating the applicability of the presented methodology to different organisational 
environments. Additionally, each participant was interviewed once, and the study could be 
improved by, for example, conducting a follow-up study in which each participant was 
interviewed twice within an appropriate period of time. 

7. Implications for managerial practice and future research 

The present study has several key implications for managerial practice and future research. The 
authors formulated six recommendations for policy-makers and five for railway organisations. 
These suggestions are intended to promote the lessons-learned management for large-scale 
development projects such as the ERTMS and are shown in Figure 9. These recommendations 
were derived after reviewing the findings in Section 5 and were aimed at helping railway 
professionals change the current course of their lessons-learned management. 

 

Fig. 9. Recommendations for policy-makers and railway organisations. 
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First, the authors recommend that policy-makers appoint an independent, empowered and 
competent entity to act as a system integrator for the smooth deployment of the ERTMS. 
Specifically, the authors envision the system integrator as consisting of a team of technical 
experts acting as principal advisors to policy-makers at the sector level rather than a legal entity. 
In particular, the system integrator should incentivise and promote cooperation between 
railway organisations and advise policy-makers on decisions that are in the best interest of the 
entire railway sector. This system integrator should be responsible for setting up a fact book for 
the ERTMS with a “living document” approach, which can be used and comanaged by key railway 
organisations. Additionally, the fact book should be used as a reference by policy-makers and 
railway organisations to facilitate communication and obtain consensus for better collective 
decision-making than at present. To encourage members of railway organisations to collaborate 
openly across organisational boundaries and to embrace the ongoing changes in their working 
methods as a result of ERTMS deployment, the third recommendation suggests policy-makers 
adopt a societal value–based approach by working closely with railway organisations. This 
suggestion also aligns with wider societal aspirations—such as sustainability, equity, and access 
values—and will help to create ownership of the ERTMS across organisational boundaries. The 
fourth recommendation stresses the need to integrate the currently diverse organisational 
cultures. Given the adverse effects of sector segregation and organisational politics on 
organisational learning, the system integrator must culturally integrate at the national level. The 
authors also advocate defining and balancing short- and long-term goals by approaching 
projects based on their completion time and outlining the relationships across projects for the 
timely and effective deployment of the ERTMS. Finally, the authors recommend that policy-
makers develop an interactive learning program for lessons learned through the independent 
system integrator. This suggestion is recommended for coping with ongoing technological 
transformations in the sector and eliciting articulable tacit knowledge, see for example 
(Dampney et al., 2002) for subsets of tacit knowledge that are articulable. To obtain feedback 
and a holistic overview of the sector needs, the authors also suggest a feedback loop among 
railway organisations and policy-makers, as shown in Figure 9. 

Five recommendations are proposed for railway organisations, three of which focus on 
organisational learning and two, on system integration, as shown in Figure 9. The authors 
recommend investing in organisational learning in part by building trust in people and systems. 
This task can be done by developing trust-based consensus mechanisms and embedding them 
in organisational processes and systems. Likewise, the building of robust training programs for 
the workforce to train them for ongoing changes can immensely increase the level of 
organisational learning. Additionally, articulating the lessons learned based on the LEAF 
principles can not only assist in the further development of the organisational body of 
knowledge but also facilitate organisational learning. 

Two recommendations were formulated to support complex system integration-related 
activities. The authors recommend that railway organisations have a lean approach for system 
architecture by centralising system control to speed system upgrades. Similarly, we stress the 
need to harmonise specifications and user manuals by closely collaborating with the system 
integrator to ensure smooth operational integration. 

There are two key areas for future research. The first is to further investigate the relationship 
between the lessons-learned management and traditional organisational and project KPIs 
(especially cost and reliability). In this study, several participants reported that optimising the 
lessons-learned management could reduce costs and improve system reliability, which makes 
the subject a good candidate for further research. Second, researchers from other countries and 
industries are encouraged to validate the determined principles of effective systems 
management and the adequacy of the LEAF approach to optimise the lessons-learned in their 
domain specific contexts in order to enhance the research generalisation. 
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8. Conclusion 

In complex, technological large-scale transport projects, it is relatively easy to lose the lessons 
learned with major cost and efficiency implications for future such projects. What complicates 
learning from such projects is that both tacit and explicit knowledge must be captured, a far 
from easy task for the former. Current methods of lessons learned have their shortcomings and 
as a consequence, this paper provides a formal process for lessons-learned extraction and 
management for large-scale projects in the railway sector. The process is a nuanced five-step 
methodological approach, in which the case study was chosen based on predefined criteria. 
Afterwards, structured interviews were held to collect data on the lessons learned from the 
chosen case and to determine a future roadmap for lessons-learned management. These 
interviews were held with the key stakeholders involved in the chosen case, who were identified 
by mapping the relationships between stakeholders. A detailed data analysis was then carried 
out using the content analysis method to compile the results. These results were then rigorously 
validated by first having them examined by independent assessors and then measuring the 
interrater reliability to determine the relative strength of agreement between the assessors on 
the content analysis. 

The case study on one of the busiest railway corridors in the Netherlands revealed numerous 
shortcomings and necessary improvements in the current approach to the ERTMS lessons-
learned management. For instance, it showed that the current railway culture hindered the 
railway organisations involved in the ERTMS implementation from learning from each other. 
Moreover, the incorporation of changes concerning procedures and human (and organisational) 
factors remains limited, whereas the culture facilitates the incorporation of technical changes. 
An important lesson learned from the study is the need for an integral approach to the ERTMS 
systems management and the need for an appointment of an independent, empowered, and 
competent system integrator. The barriers to knowledge-sharing point to difficulties in 
organisational learning and reinforce the need to promote the enablers of knowledge-sharing. 
The proposed improvements to enhance the learning processes, such as the establishment of 
an operational knowledge platform and the formulation of a policy for critical knowledge-
sharing, are of utmost importance for the timely and efficient deployment of large-scale projects 
such as the ERTMS. 

For the future, the study formulates fourteen principles of effective systems management that 
can be used as input for the development of an integral approach to systems management and 
policy-making for the ERTMS. Moreover, the study provides six recommendations to policy-
makers and five to railway organisations. These recommendations can facilitate communication 
for better decision-making and assist in the development of appropriate strategies for the 
ERTMS lessons-learned management. In conclusion, the study offers a formal process for 
lessons-learned management and disentangles their management for organisations undergoing 
the labyrinth of large-scale project implementations. 
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Chapter 7 - Facilitating digital collaboration through knowledge 
management: A case study 
 

Abstract 

Knowledge management (KM) can facilitate collaboration and enhance innovation. To manage knowledge, 
organisations typically implement knowledge management systems (KMSs). It has been shown that KMS facilitates 
the management of explicit knowledge. However, KMSs are at times not embraced because of issues such as long file 
search times and information overload. Moreover, managing tacit knowledge via KMS is hardly discussed in literature. 
To shed light on these issues, this paper conducts a case study at a railway infrastructure manager. Three key practical 
problems have been identified that hinder current KMS use and sharing of tacit knowledge. To overcome these 
problems, a KM platform was developed, and its usability was assessed with 17 experts. A paired-samples t-test 
reveals that the developed platform reduces the file search time compared to the current solution. Moreover, 
structured interviews show that the lesson-learned site component contributes to improved learning, and the KM 
platform facilitates collaboration building. 
 
Keywords: Collaboration; Integration; Lessons learned; Findability; Design Science Research; Knowledge Management 
Platform 
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1. Introduction 

Both knowledge management (KM) and information management in virtual communities of 
practice have taken a central spot considering the sudden burst of working from home due to 
the COVID-19 pandemic. Organisations have been caught off guard, and the full extent of digital 
working still needs to be thoroughly understood. Fortunately, technology was prepared to 
facilitate large-scale migration from a physical working environment to digital online working. 
According to McKinsey, consumer and business digital adaptation have moved five years ahead 
in just eight weeks (Baig et al., 2020), which is transformational both in a practical business-
oriented world and on a fundamental academic level. However, many such digital systems were 
not designed to be used as a prime mode of communication and interaction. Moreover, much 
tacit knowledge is shared by spending time with each other having close interaction and not via 
digital platforms. Strong cooperation and collaboration culture have also been advocated as a 
prerequisite for effective knowledge transfer among community members (de Lima & de 
Carvalho, 2007). The ongoing transformation in ways of working triggers the need to re-examine 
the currently used digital platforms for KM and to identify means of enhancing cooperation and 
collaboration through these platforms. 

This study sheds further light on the topic of enhancing collaboration through KM by conducting 
a case study at ProRail, the principal railway infrastructure manager in the Netherlands, which 
is hereon referred to as the infrastructure manager. Specifically, it explores the current practices 
for KM among the test labs of the infrastructure manager and develops a KM platform that 
improves collaboration among the test lab members. 

2. Theoretical background 

Collaboration is defined as “[a] coordinated, synchronous activity that is the result of a 
continued attempt to construct and maintain a shared conception of a problem” (Roschelle & 
Teasley, 1995, p.70). It has been studied in different contexts, such as its role in process 
innovation (Ashok et al., 2016) and organisational learning (Martínez-Costa et al., 2019). In 
addition, several approaches and frameworks have been proposed to enhance collaboration 
(see, e.g., Salisbury, 2008). 

The literature shows that collaboration can be supported by KM. For instance, International 
Standards Organization (ISO) (2018, p. V) states that “[e]ffective knowledge management 
supports collaboration between different organisations to achieve shared objectives”. 
Moreover, research on knowledge management systems (KMSs) has shown that shared 
databases provide solid grounds for collaboration building if the expectations of employees are 
considered when implementing KMSs (Edith Toure et al., 2014; Yoder et al., 1989). Similarly, the 
ISO emphasises that collaboration can be increased by organisational KM (International 
Standards Organization (ISO), 2018). 

The method of managing organisational knowledge depends on the nature of the knowledge 
(Olomolaiye & Egbu, 2005). Two main types of organisational knowledge are generally 
distinguished: explicit and tacit knowledge (Nonaka & von Krogh, 2009). Explicit knowledge is 
knowledge that can be systematically stored, articulated, and shared in codified forms, such as 
computer files (G.-L. Chen et al., 2011). Although definitions of tacit knowledge can widely vary, 
as highlighted by Dampney et al.  (2002), tacit knowledge is commonly considered practical, 
action-oriented knowledge acquired through personal experiences and is seldom openly 
expressed (E. A. Smith, 2001). However, as Nonaka & von Krogh (2009) noted, organisational 
tacit knowledge can be converted into explicit and tacit knowledge through externalisation and 
socialisation. For socialisation and externalisation, several technologies have been proposed to 
manage tacit knowledge, such as teleconferencing, synchronous collaboration, question 
answering and annotation, respectively (Abdullah et al., 2005). However, there are controversial 
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views on the feasibility and efficacy of managing tacit knowledge through digital means (Al-Qdah 
& Salim, 2013). As emphasized by Panahi et al. (2013), there are significant theoretical 
arguments for sharing tacit knowledge through digital means, although there is currently a lack 
of empirical evidence. 

Against the background of the importance of KM for supporting collaboration, it is surprising 
that to date, designing KMS for managing organisational knowledge has received little attention. 
For instance, when designing a KMS, it is not clear which functions are necessary for 
collaboration building and how the expectations and experiences of the employees can be 
considered. “[w]hile there is no way of ever showing that the tacit knowledge of key workers 
has been captured, a set of rules enabling reproduction of that tacit knowledge can be 
established” (Gourlay, 2004, p. 12) including metaphors and best practice. Additionally, lessons 
learned have been identified as a prominent method to learn from the experiences of others 
and essential for collaborative learning (Al-Qdah & Salim, 2013; Nino et al., 2015) and for 
organisational learning (McClory et al., 2017). It is emphasised that proper management of 
lessons learned through KMS requires attention to another key design component, i.e., the 
learnability of shared lessons, which refers to the ease with which one learns from a particular 
lesson (Abbas, Martinetti, Rajabalinejad, et al., 2020). Another key KMS component that 
supports organisational tacit KM is the findability of the experts in the organisation, where 
findability is the ease of finding desired knowledge in the available KM platforms (Abbas, 
Martinetti, Rajabalinejad, et al., 2020). It can be addressed through collaborative expert search 
and collaborative expert recommendation (Cha et al., 2015). 

In this study, the authors focus on collaboration building through (re-)designing KM platforms. 
Specifically, the authors conduct a case study at the infrastructure manager to explore methods 
to (re-)design current KM platforms to improve the findability and learnability of shared 
knowledge. Moreover, this study responds to the call of reference for more empirical evidence 
to manage tacit knowledge through digital means. The next section provides insight into the 
methodology to conduct this research. 

3. Methodology 

The study followed the Design Science Research Methodology (DSRM) developed by Peffers et 
al. (2007). Although the methodology was originally developed to conduct Design Science 
Research in Information Systems, the authors select this methodology because of its previous 
use in designing KMS (e.g., Sarnikar & Deokar, 2017). Depending on the research problem, 
different possible research entry points have been proposed to apply the DSRM. For an 
elaboration of different entry points, the interested reader is referred to Peffers et al. (2007). 

In this study, the authors adopt the DSRM from the problem-centred initiation research entry 
point because they aim to develop a KM platform that addresses the problem of collaboration 
building among the test labs’ members of the infrastructure manager. To address this problem, 
a KM platform is developed, which primarily focuses on improving the findability and learnability 
of shared knowledge, two crucial KMS components for collaboration building. The study follows 
a structured nominal process sequence as proposed by Peffers et al. (2007) and shown in Figure 
1. 
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Fig. 1. Conducted activities in accordance with DSRM steps proposed by Peffers et al. (2007). 

As shown in Figure 1, in the first step, the problem must be identified and motivated. By 
juxtaposing the test labs of the infrastructure manager in terms of their maturity and 
development cycle, the authors gain knowledge about the current state of the collaboration 
problem among the test labs. Moreover, the authors lay out the rationale for developing a KM 
platform to build collaboration among test labs. In the second step, after identifying the key 
practical problems of the current solution for KM, the authors define the objectives of the 
desired solution with key stakeholders of the infrastructure manager. In the third step, the KM 
platform is designed and developed following a stepwise design and development process based 
on the functionalities and architecture desired by the test labs’ members. Next, to demonstrate 
and evaluate the performance of the developed platform, it is compared to the currently used 
solution in terms of file search time and usability of the lessons learned function. Finally, the 
results are communicated to the key stakeholders of the infrastructure manager in the form of 
reports and presentations. 

4. Description of the infrastructure manager case 

The research was conducted at the principal railway infrastructure manager in the Netherlands. 
Among the responsibilities of the infrastructure manager are the construction, maintenance, 
and management of the Dutch railway infrastructure. It manages all train traffic, which includes 
both passenger and freight transport within the Netherlands. The infrastructure manager 
develops, builds, and manages new tracks, stations, and rail systems. Moreover, it maintains 
existing tracks, points, signals, and crossings and manages operational traffic control. 

The Dutch Railway infrastructure is currently going through large-scale technological 
transformations such as the upgradation of catenary voltage from 1,500 volts to 3,000 volts and 
introduction of the European Railway Traffic Management System (ERTMS). To facilitate 
innovation, modify and replace current infrastructure products and services, the infrastructure 
manager has established a network of test labs. These test labs use the renowned Vee model 
from systems engineering for product and services integration and validation testing. As 
highlighted in Section 2, collaboration through KM is crucial for achieving shared objectives. 
Therefore, collaboration among the test labs’ members must be established to achieve shared 
objectives, such as smooth integration of products and services. 
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To properly understand the collaboration problem, the authors depict the existing and planned 
test labs in an organisational map, as shown in Figure 2, within different departments of the 
infrastructure manager. 

 

Fig. 2. Organisational mapping of the test labs. 

4.1. Digital Assets Lab (DAL) 

The Digital Assets Lab (DAL) focuses on identifying new digital techniques to monitor the 
condition of critical components of the Dutch railway infrastructure. Different critical 
components are available on-site to test new methods to monitor their performance, such as 
rails, switches, overhead lines, and level crossings. 

4.2. Railway Lab 

The Railway Lab provides a safe environment to test different logistics and infrastructure 
concepts by serious games and other simulation tools. By testing such concepts at an early stage 
with the end-users, the end-users can become acquainted with the system and gain insight into 
how the system will function in the operational world. 

4.3. ProRail ERTMS Integration (PREI) Lab 

The lab was established to create a test environment where various ERTMS-related tests can be 
performed, and the operation of the ERTMS system can be demonstrated. It consists of several 
systems: process control systems, interfaces with train protection systems, global systems for 
mobile communication – railway (GSM-R) interfaces between trains and radio block centres 
(RBCs), etc. Different train tracks of the Netherlands can be simulated in the system, and 
operational processes can be tested. 

4.4. EULYNX Lab 

The EULYNX Lab project is still in its planning phase. It aims to standardize interfaces between 
interlocking and object controller systems. The ultimate objective is to develop an object 
controller system that can connect all objects of the rail infrastructure to one interlocking 
system. The lab is scheduled to be operational by 2022. 
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4.5. Data Lab 

The Data Lab was established to develop innovative solutions to prevent disruptions using data 
analysis and sensors. The infrastructure manager works closely with  universities, knowledge 
institutions, and engineering firms to develop such solutions. 

4.6. ProRail Test Centre (PTC) Lab 

The lab supports and guides the testing processes of all information communication technology 
(ICT) and software-related aspects of the infrastructure manager. This includes ICT 
developments related to train traffic control and the control of signals and switches. 

As indicated in Figure 2, the test labs fall under the responsibility of three departments, each of 
which has its own goals and challenges. Effective collaboration among these test labs can aid 
the infrastructure manager in smoothly integrating new products and services into the Dutch 
railway infrastructure. All mentioned test labs aim to improve the Dutch railway infrastructure. 
As shown in Figure 3, they are in different phases of the development cycle and show different 
levels of maturity. 

 

Fig. 3. Test labs maturity vs. development cycle phase. 

The heterogeneity of the test labs in terms of maturity and development cycle implies that the 
sharing of experiences and knowledge gained from integration and validation tests across these 
test labs can largely improve the management of all test labs and the entire Dutch railway 
infrastructure. However, the current connections among these test labs are far from optimal, 
and the degree of connection among them strongly varies. While there is an existing physical 
glass fibre connection between PREI and PTC, other test labs are not even physically connected. 
In addition to physical connections, the test labs can be connected on strategic, policy, and 
regulations levels, e.g., by having a shared vision and harmonising the test requirements. 

4.7. Problem description and objectives of the solutions 

The infrastructure manager aims to improve collaboration among the presented test labs to 
facilitate innovation and ensure a controlled implementation of changes to the current 
infrastructure. To identify a potential solution for this endeavour, a preliminary investigation 
comprising concise semi structured interviews with key stakeholders of the infrastructure 
manager was conducted. As an outcome, two potential solutions were identified: 
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(1) Organisational restructuring of the test labs 

(2) Development of a KM platform 
 

Research on organizational structure for collaboration has shown that both separate and joint 
departments can lead to high-performing organisations (Le Meunier-Fitzhugh & Piercy, 2008). 
Therefore, restructuring the six test labs, which currently fall under the responsibility of three 
departments (see Figure 2), into one department may be a solution for the infrastructure 
manager to improve collaboration. However, the preliminary investigations reveal that 
restructuring the test labs into one department has little organisational support. 

Considering the development of a KM platform, the literature has shown that KM plays a central 
role in innovation (du Plessis, 2007), and KM platforms significantly improve corporate 
innovation capabilities (Quan et al., 2020). Moreover, successful KM projects can enhance 
collaboration among employees (Campbell & Brown II, 2012). Therefore, a second solution to 
enhance collaboration among the test labs’ members and facilitate innovation is the 
development of a KM platform without a restructuring of the organisation of the test labs. 

The preliminary investigation of the current situation reveals that for KM, the employees of the 
infrastructure manager mostly use Microsoft SharePoint, Microsoft OneDrive, personal hard 
drives, email, and L-drive (i.e., a company-wide document storage space that runs on a local area 
network). However, there is no unified KM platform for collaboration among the test labs’ 
members. Initially, the L-drive was the predominant document management system. The L-drive 
followed a structured approach of storing relevant information (with proper version descriptions 
and access rights) and forced employees to often navigate through five or more layers to access 
a specific file, which made it difficult for the employees of the infrastructure manager to easily 
access files in a time-efficient manner. To address this issue, the infrastructure manager 
introduced Microsoft SharePoint as a replacement to the L-drive, which should be used as the 
de facto KMS. 

The use of Microsoft SharePoint was low among the employees of the infrastructure manager, 
and consequently, the objective of its introduction was not achieved. The preliminary 
investigation showed that most employees still use either their personal drives or the L-drive for 
KM. This is mainly because they are more used to old ways of working, and each test lab 
individually uses Microsoft SharePoint and not as a unified platform for all test labs. Employees 
have experienced a poor structure and lack understanding of how to properly use Microsoft 
SharePoint, which results in long search time. In addition, the test lab members lack awareness 
of how to share personal experiences and learn from their peers within the Microsoft SharePoint 
environment. As shown in Table 1, based on the preliminary investigation, three key practical 
problems about the current Microsoft SharePoint solution have been identified which form the 
basis to outline the objectives of the desired solution and their corresponding requirements. 
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Table 1. Solution objectives and requirements. 

Key practical problems Objective Requirements 

Lack of a unified KM 
platform 

The proposed KM platform 
should facilitate collaboration 
between the test labs’ 
members through a unified 
KM platform. 

The platform should be 
integrated within the current IT 
infrastructure of the 
infrastructure manager.  
The platform should align with 
the current way of working of 
the employees. 
The platform should specify 
the relevance of stored 
information for each test lab 
member. 
The unified platform should 
serve as a communication and 
knowledge exchange tool for 
the test labs’ members. 

Lack of a proper structure 
resulting in long file search 
times 

The proposed KM platform 
should improve the findability 
of stored information and 
knowledge experts. 

The platform should save the 
time of the test labs’ members 
in regard to finding relevant 
stored information. 
The platform should facilitate 
the finding of stored 
information by storing and 
displaying it in a structured 
manner. 
The platform should facilitate 
the easy finding of subject 
matter experts for shared 
information. 

Lack of awareness on how 
to use Microsoft 
SharePoint for sharing 
gained experiences and 
lessons learned 

The proposed KM platform 
should improve sharing of 
(and learning from) 
consolidated lessons and 
experiences. 

The platform should facilitate 
storing and sharing of lessons 
learned. 
The platform should provide an 
opportunity to have topic-
based discussions between the 
test labs’ members. 
The platform should describe 
the relevance of stored lessons 
for each test lab. 

 

The derived solution objectives and their requirements guide the overall design and 
development process, as explained next. 

5. Design and Development of the solution 

A comprehensive approach was followed to design and develop the desired solution. Figure 4 
provides a holistic overview of this process. 
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Fig. 4. Holistic overview of the design and development process. 

5.1. Use case scenarios and function 

To properly design a solution that fulfils the identified requirements and to fully understand the 
functions required for the desired solution, the focus of the design was narrowed to the PREI 
and PTC test labs. After conducting semi structured interviews (see the interview questionnaire 
used in online supplementary A), four use case scenarios were drafted with four key 
stakeholders of the PREI and PTC test labs, as shown in online supplementary B. These use case 
scenarios provided detailed insights into some of the KM challenges surrounding the described 
objectives and laid out the underlying context of the derived requirements. As outlined in Table 
2, seven functions were identified that play a key role in the design of the proposed solution. 

Table 2. Derived functions for the solution design and their contribution to overcome 

collaboration problems among the test labs. 

Function Description of the function Contribution to overcome the 
collaboration problem 

Showing 
division 
between the 
different test 
labs and the 
interfaces 
between them 

This function advocates focusing on 
the interface between the test labs 
instead of describing everything that 
happens in every lab. It asks for 
showing divisions to create knowledge 
domains that contain useful 
information for its users. 

By providing a unified KM 
platform that shows the division 
and interfaces between different 
test labs, test labs’ members can 
easily access lab-specific 
information and collaborate more 
efficiently due to a better 
understanding of the interfaces. 

Showing and 
defining the 
domain of a lab 
and its testing 
capabilities 

Describing the competencies and 
domain of a test lab can provide 
insights about the expertise of 
different test labs to other test lab 
members. Similarly, displaying the 

The function helps the test labs’ 
members to better understand 
the expertise of different labs and 
facilitates finding the desired lab-
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requirements and quality manuals 
used by each lab can not only save 
time for the preparation of tests but 
also create conformity in testing within 
and across different test labs. 

specific information and the 
respective knowledge experts. 

Enabling easy 
findability of 
knowledge 
experts and 
communication 
between lab 
members 

 

Lack of communication across test labs 
was a prominent issue observed in the 
preliminary analysis and derived use 
case scenarios. The proposed solution 
should enable easy finding of 
knowledge experts and 
communication between lab 
members. This can enable lab 
members to gain a better 
understanding of the challenges of 
other test labs and learn from 
knowledge experts to tackle shared 
challenges.  

The function helps to share not 
only explicit but also tacit 
knowledge, as it provides both 
the means to find and directly 
contact knowledge experts. 

Central storing 
of test plans 
and test 
trajectories 

 

Given the current scale of testing, 
project managers can even conduct 
tests without handing in a test plan or 
test trajectory. However, to 
professionalise testing and cope with 
the increasing demand, test plans 
should be made mandatory and stored 
centrally to develop a joint test 
strategy. 

Central storage of test plans and 
trajectories allows for improved 
learning from testing experiences 
of other labs and lab’s members. 

Central storing 
of system 
documentation 

 

For proper testing and future 
innovations, the central storing of 
system documentation is necessary. 
Project managers should be informed 
about the latest system configurations 
and requirements. By centrally storing 
such information everyone can benefit 
from it and less time is lost in finding 
people who hold the required 
knowledge.  

The central storage of system 
documentation ensures that 
important information relevant to 
the daily activities of testing 
laboratories can be retrieved 
easily, accurately and quickly. 

Logging of past 
test 
configurations 

 

The platform should provide the latest 
versions of information on test 
configuration to the users. Moreover, 
it is important to keep a record of 
outdated information for potential 
analysis and reference purposes. 

Logging of past test 
configurations is essential to learn 
from past experiences, which can 
help establish guidelines for 
future collaboration between test 
labs. 
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Facilitation of 
inter-project 
and inter-test 
lab learnability 
through the 
sharing of 
lessons learned 

 

Lessons learned in one lab can be 
greatly beneficial for members of 
other test labs. In addition, new 
members can learn from prior lessons 
of their colleagues within the same lab. 
Consolidated experienced knowledge 
in form of lessons learned can saves 
time and costs and can create higher 
efficiency in preparing for future tests. 
Additionally, it is important to have an 
interactive discussion on gained 
lessons to fully understand the 
underlying context in which those 
lessons were learned. 

Learning between projects and 
between labs through sharing of 
lessons learned is crucial to make 
good use of the consolidated 
experiences, which in turn can 
lead to better collaboration and 
more innovation. 

 

5.2. Market research on KM platforms 

To identify the most suitable KM platform for the defined functions and the given organisational 
context, market research on available KM platforms was conducted. The main advantages and 
disadvantages of some widely used platforms were identified; then, the identified platforms 
were ranked based on a four-parameter decision matrix. The identified KM platforms are 
discussed as follows. 

5.2.1. WordPress 

WordPress is open-source software to build websites from scratch. Because of its adaptive 
nature, WordPress offers the possibility of developing large-scale customised solutions. 
However, developing such solutions requires large efforts in terms of development time and 
resources. Monthly subscription costs are approximately 30 dollars for a business package. 

5.2.2. Zendesk 

Zendesk was developed to help teams improve their content on a continuous basis. At its core, 
it is a help desk system that presents itself as a knowledge base to facilitate capturing the know-
how knowledge of a team. The knowledge on the platform can be customized to a certain 
degree, and key features include article recommendations via artificial intelligence and flagging 
and creating knowledge via predefined templates. Monthly subscription costs are approximately 
60 dollars per member for the basic package. 

5.2.3. Helpjuice 

Helpjuice is an easy-to-use KM platform and currently used by large organisations such as 
Amazon, Hertz, and World Health Organisation. The key features are an intelligent search 
engine, a high degree of customization, and the provision of platform use analytics. Monthly 
subscription costs are approximately 120 dollars (for a starter package that can be used by four 
users). 

5.2.4. ProcedureFlow 

ProcedureFlow aims to facilitate the finding of stored information and enables easy process 
visualization. Its features enable the provision of the right information at the required moment, 
leading to prompt and effective social collaboration. The monthly subscription costs per user 
are approximately 20 dollars. 
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5.2.5. Microsoft Office 

Microsoft Office is one of the most widely used software programs that offers several 
applications, such as Microsoft Word, Microsoft OneDrive, and Microsoft SharePoint. Its 
features, such as extensibility to write add-ins and easy-to-use applications, multipurpose 
applications, and data security, make it an attractive software for organisations. The 
infrastructure manager already uses Microsoft applications to store and share information. 

To select a suitable KM platform, the presented platforms were ranked on a four-parameter 
decision matrix by consulting IT employees and key test lab stakeholders from the infrastructure 
manager, as shown in Table 3. The decision parameters were ranked on a three-point scale, 
where 1 represented a low score, 2 represented a medium score, and 3 represented a high 
score. A higher score indicates that the parameter better matches the needs of the 
infrastructure manager. 

Table 3. Decision matrix for the KM platform selection. 

Decision 
parameter 

WordPres
s 

Zendes
k 

Helpjuic
e 

ProcedureFlo
w 

Microsof
t Teams 

Microsoft 
SharePoin
t 

Platform 
functionalities 
suitability 

3 1 2 2 2 3 

Organisationa
l familiarity 

2 1 1 1 3 3 

Ease of 
implementing 
platform in 
organisational 
setting 

2 1 1 1 3 3 

Costs 
 

2 1 2 2 3 3 

Total points 9 4 6 6 11 12 

 

Based on the decision matrix, Microsoft SharePoint and Microsoft Teams are the two most 
suitable platforms for the desired solution. This is not surprising considering the current use of 
both applications by the employees of the infrastructure manager and the possibility of 
incorporating defined functions on these applications to a large extent. Thus, Microsoft 
SharePoint was chosen as a platform for further development because it accommodated more 
features and ranked higher on platform functionality suitability than the other potential 
solutions. 

5.3. Architecture design and an interactive mock-up 

To provide detailed insight into the proposed solution and aid its implementation in Microsoft 
SharePoint, a holistic architecture design was constructed, as shown in Figure 5. The architecture 
design displays the integral view of the connection among the defined functions of Table 2. 
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Fig. 5. Holistic architecture design of the proposed solution adopted from Schutte (2021). 

As indicated, the users (such as test lab members) interact with the front end of the platform. 
They can add/retrieve files to/from the platform, suggest/retrieve lessons learned, and 
communicate with peers through the platform. The architecture design enables retrieval of 
stored information through both lab structure and keywords. Moreover, a role of functional 
manager test labs has been proposed, which should be responsible for managing the test lab 
agenda, addressing queries concerning the lessons learned, and devising a strategy for their 
implementation within the test labs. 

To facilitate these interactions, the backend of the platform consists of lab-specific libraries, 
where information is stored with structured metadata. To preserve clarity, the architecture 
displays only the libraries for file storing and structuring. The complete design includes all 
libraries for the lessons learned feature. For instance, when a user uploads a file, the user is 
requested to fill in the accompanying metadata such as the file owner and file relevance for 
identified test labs. This provides structure to the stored information and enables faster finding 
of stored files. 

An interactive mock-up of the proposed solution was created to facilitate discussion with the IT 
employees of the infrastructure manager regarding the implementation of the proposed 
solution in Microsoft SharePoint. The mock-up converted the presented architecture into a 
potential user interface environment and enabled quick testing of the general outlook and 
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derived functions. Figure 6 provides insights into the file directory of the interactive mock-up. 
Similar mock-ups were created for the lessons learned function and system documentation. 

 

Fig. 6. Interactive mock-up of the file directory adopted from Schutte (2021). 

As indicated, the test plan tab shows relevant files for both PREI and PTC test labs. If a user 
prefers to see only relevant files for one of the two test labs, the user can simply click on the 
respective lab button on the centre top. The interactive mock-up contains a fixed panel 
comprising the platform functions such as shared planning, test plans, and lessons learned. A 
fixed panel facilitates easy switching between pages. The main information on the chosen 
function is displayed in the centre of the potential user interface, and the attached metadata 
related to the selected file are displayed on its right side. 

5.4.  Implementation in Microsoft SharePoint and the final interface design 

The development of the final design interface and implementation of the proposed architecture 
design in the Microsoft SharePoint environment were performed in close collaboration with IT 
employees and key test lab stakeholders from the infrastructure manager. First, a central hub 
site for all test labs was created, as shown in Figure 7. The key benefit of having a hub site in the 
Microsoft SharePoint environment is that when using the search bar or filter function, all stored 
files in that hub site are taken into account. 
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Fig. 7. Basic architecture of the final interface design. 

The final interface design consisted of separate subsites for each lab to provide clarity and 
structure to the whole design. Different site components and metadata items were used for the 
PREI and PTC subsite to sort stored files. Site components and metadata items were chosen to 
facilitate the easy finding of stored information and enhanced learning from shared lessons 
learned on the KM platform. For instance, for the PREI subsite, several site components were 
implemented as shown in the information architecture design in Figure 8. 

 

Fig. 8. Information architecture design of the final interface. 

Files are stored in libraries in the form of folder substructures with their corresponding metadata 
under each site component. The metadata attachment functionality of Microsoft SharePoint is 
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used to customize and structure libraries. Thus when a user uploads a file or a lesson learned in 
the system, they are asked to fill in relevant information concerning that document. In the case 
of incomplete information, the system displays a message of data required for that specific field 
of the metadata. In this manner, metadata enables easy finding of stored information since its 
items can be used as a search item in the search bar of the main hub site. 

Different functions were used to develop the site components. For instance, lessons learned on 
the platform were indexed using the list function. In this regard, relevant information concerning 
the lessons learned, such as the relevance of shared lessons learned for other employees and 
knowledge experts on the shared lesson were collected as metadata. If one selects a lesson 
learned, a window will pop up to provide all relevant information on that lesson. Similarly, web 
part functions were used to develop the task and test agenda site components. 

The information architecture design was incorporated in the SharePoint environment of the 
infrastructure manager. Figure 9 provides an outlook of the final interface design of the 
developed KM platform. As indicated, the platform consists of a hub site search bar on the top 
right, which can be used to search all stored files in the main site (also using items of metadata 
as search items). Similar to the mock-up, the platform has a bar on the left side with functions 
that change for each subsite and help navigate through the site. The middle part of the interface 
consists of all subsites available in the platform (in this case PREI and PTC), key activities in the 
past period, and links to lessons learned and recently stored documents. Finally, a brief 
description of the platforms is provided on the right side of the hub site. 

 

Fig. 9. Final interface design of the developed KM platform. 

Similarly, within a subsite, a brief description of that specific lab is provided instead, and the 
remainder of the interface is identical to that shown for the PREI lab in Figure 10. 
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Fig. 10. Final interface design of the PREI test lab. 

6. Evaluation of the solution 

In this section, the authors demonstrate the usefulness of our developed KM platform. For this 
purpose, the authors conducted structured interviews with 17 experts from the infrastructure 
manager. To identify the experts, the authors consulted the same four key stakeholders from 
PREI and PTC test labs who were interviewed to develop the use case scenarios, i.e., a system 
specialist from PREI, a policy manager from ERTMS, a project manager service delivery from PTC, 
and a process manager test services from PTC. Based on their recommendation, 17 experts were 
selected to evaluate the developed KM platform. With each expert, a 90-minute interview was 
conducted. The interview consisted of three parts. The first part contained general questions 
about the function of the expert in the infrastructure manager, his or her involvement in the 
test labs, and his or her experience with the current solution, i.e., Microsoft SharePoint sites for 
each lab. The second part consisted of two assignments to assess whether our developed KM 
platform led to an improvement in search time compared to the existing solution. The last part 
comprised an additional assignment and questions about the usability of the lessons learned 
site component of the developed KM platform. The complete questionnaire that was asked 
during the 90-minute interviews is shown in online supplementary C, and the characteristics of 
the respondents are shown in Appendix A. 

As shown in Appendix A, 15 of the 17 interviewees had worked for more than five years at the 
infrastructure manager. Almost 60% of the experts were directly involved in the test labs. Only 
two experts mentioned that they were currently not involved in a test lab; however, they were 
positive about knowing about the activities that occurred in the test labs. Most of the 
interviewees were involved in PREI (38.46%) and PTC (26.92%) labs, i.e., the two test labs for 
which the solution was developed. Finally, the interviewees largely knew about the activities 
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that occurred in the test labs. Against this background, it can be said that all 17 interviewees 
qualified as experts to determine the usefulness of our developed KM platform. 

To assess whether the developed KM platform improves the search time to find information on 
available assets of the PREI, including the responsible person, in the second part of the interview, 
the experts were asked to solve two assignments. Each assignment was about helping a fictitious 
employee find information about available assets of the PREI, including the responsible person. 
In the first assignment, the experts were instructed to use the existing solution to find the asked 
information; in the second assignment, the filter option of the developed KM platform had to 
be used to solve the search task. A detailed description of the two assignments is provided in 
online supplementary C. For each assignment, the completion time was measured. Moreover, 
the number of hints that an expert received while solving the assignment was recorded. The 
results are shown in Table 4. 

Table 4. Search time. 

Expert Assignment 1 
(sec) 

Hints 
(#) 

Assignment 2 
(sec) 

Hints 
 (#) 

1 82 1 43 0 

2 165 n.s. 20 0 
3 85 0 15 0 
4 88 1 73 0 
5 200 5 43 0 
6 140 1 40 0 
7 76 0 41 0 
8 180 n.s. 90 1 
9 183 n.s. 134 1 
10 180 1 78 0 
11 131 n.s. 20 n.s. 
12 67 0 127 1 
13 148 1 33 0 
14 160 1 95 0 
15 70 1 33 0 
16 67 0 37 0 
17 64 n.s. 89 1 
n.s.: not succeeded 

 

As a preliminary result, Table 4 shows that the experts needed less help in the form of hints to 
find the asked information using our developed KM platform than using the existing solution. 

To evaluate whether the developed KM platform improves the search time, the collected data 
were analysed using a paired-samples t-test. Due to a potential violation of the normality 
assumption, Wilcoxon signed-rank test was additionally applied. In the analysis, only experts 
who successfully finished the search task were considered. Consequently, the analysis was based 
on 12 experts. The results of the paired-samples t-test (t (11) =3.62, p<0.01) show a significant 
difference in average search time between the existing solution (Mean=113.58 sec, Std. Dev.= 
48.65 sec) and the developed KM platform (Mean=54.83 sec, Std. Dev.=31.96). Similarly, the 
Wilcoxon signed-rank test results (T=6, z=-2.59, p<0.01) show a significant difference in search 
time between the existing solution (median = 86.5) and the developed KM platform 
(median=42). Overall, the developed KM platform improved the search time. 
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Table 5. Usability of lessons learned from the site component and platform addition to 

collaboration between test labs. 

Do you think you will learn 
from the information 
available within the lessons 
learned function that is 
present on the platform? 

Do you think you will add 
your Lessons Learned within 
testing or projects to the 
platform so other people can 
learn from it? 

In conclusion, would you 
see this platform as an 
addition in regard to 
collaboration between the 
test labs? 

Answer options Counts Answer options Counts Answer 
options 

Counts 

I certainly do 4 I certainly do 
 

4 I certainly do 
 

6 

Probably yes 10 Probably yes 
 

4 Probably yes 
 

10 

I do not know 2 I do not know 
 

6 I do not know 
 

0 

Probably not 
 

1 Probably not 
 

3 Probably not 
 

1 

Not at all 
 

0 Not at all 
 

0 Not at all 
 

0 

 

To assess the usability of the lessons learned site component of the developed KM platform, 
during the third part of the interview, the experts were asked to perform a further assignment. 
In this third assignment, the experts had to help a fictitious employee create a lesson learned 
and tag another person to inform him or her about this lesson. The purpose of this assignment 
was to familiarize the experts with the lessons learned site component of the developed KM 
platform. The number of hints asked by the experts to solve this assignment was recorded. 
Overall, 16 of the 17 experts succeeded in completing this task. On average, it took the experts 
who completed the task approximately 54 seconds to solve this assignment. The complete 
results are shown in Appendix B. Subsequently, the experts were asked, “Do you think you will 
learn from the information available within the lessons learned?”. As shown in Table 5, most of 
the experts (14) were confident that they would learn from the information available within the 
lessons learned, while only 3 were unsure or negative about their usability. Moreover, 16 of the 
17 experts considered the platform an addition regarding collaboration among the test labs. 
Finally, our structured interviews revealed that most experts were unsure about adding their 
lessons learned to the platform so that others could learn from it. 

7. Discussion 

Following the DSRM of Peffers et al. (2007), the study identifies the needs of stakeholders for a 
KMS and develops a KM platform to enhance collaboration among stakeholders with multiple 
interests. Specifically, the study identifies three key KM-related practical problems for 
collaboration building among test lab members of the Dutch railway infrastructure manager: the 
lack of a unified KM platform, the lack of structure in the available solutions, which leads to long 
file searches, and the lack of awareness on how to use the currently available solutions to share 
experiences and lessons learned. Based on the use case scenarios, seven functions are identified 
to help design a KM platform to overcome these problems. Subsequently, these functions are 
translated into a holistic information architecture design, and their contribution to addressing 
the collaboration problem has been outlined. The final interface design has been implemented 
in Microsoft SharePoint and demonstrated to and evaluated by 17 experts. 
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The literature has shown that in addition to organizational restructuring, KM can enhance 
collaboration among employees (Campbell & Brown II, 2012). In addition, it stresses designing 
KMS with special emphasis on improving the findability and learnability of shared knowledge to 
support tacit knowledge sharing (Abbas, Martinetti, Rajabalinejad, et al., 2020; Cha et al., 2015). 
The study contributes to this literature and presents a case in which KM is a potential solution 
to enhance collaboration among the test labs’ members of the Dutch railway infrastructure 
manager. Specifically, the evaluation shows a statistically significant reduction in file search time 
of the developed interface design compared to the existing solution. This result shows the added 
value of the developed interface design and underlines the importance of attaching relevant 
metadata. Hence, future KM platform developers should consider the importance of 
information architecture design and metadata and its influence on the file search time. 
Moreover, the experts regarded the lessons learned from the site component as a helpful tool 
to learn from the recorded lessons learned. However, most of the experts were unsure about 
adding lessons to the KM platform. Thus, it is not sufficient to develop a sound KM platform, but 
additional aspects, i.e., individual, organisational, and cultural aspects (Abbas, Martinetti, 
Rajabalinejad, et al., 2020), are required to share the lessons learned to facilitate inter-project 
and inter-test lab learning. 

The major limitation of the study is that the final design only focuses on two test labs: the PREI 
and PTC labs. Although the results of the study were positive about enhancing collaboration 
between these labs, new challenges may arise if more than two test labs are included in the KM 
platform. For instance, lessons learned may have to be structured based on topics instead of 
test labs, which introduces new challenges to the proposed design. Future research should 
investigate whether the proposed design is suitable for more than two test labs. Similarly, the 
study qualitatively evaluates the lessons learned from the site component. To obtain more 
insights, it may be worthwhile to quantitatively assess its efficacy in future research. Moreover, 
experts were reluctant in adding their lessons to the platform which hinders its efficacy. 
Consequently, future research should explore measures, e.g., corporate incentives, to motivate 
and train users to contribute to KM platforms, thus reducing potential barriers in sharing lessons 
learned. Finally, in addition to the currently embedded tacit knowledge sharing services such as 
the lessons-learned function, future research should investigate the benefits of adding more 
tacit knowledge sharing services, such as personal recommendations, to the developed KM 
platform to further motivate platform users and improve KM processes. 

8. Conclusion 

This paper provides detailed insights into developing a KM platform for collaboration building 
by following a design science research methodology to develop a KM platform for the test labs’ 
members of the Dutch railway infrastructure manager. 

The evaluation of the proposed KM platform demonstrates that file search times can be reduced 
by a holistic architecture design of the platform and by presenting relevant information in a 
structured manner to the user. These insights are relevant for designing a collaborative KMS 
because the findability of shared knowledge and knowledge experts is considered an important 
means to foster tacit knowledge sharing. Similarly, although the lesson-learned site component 
in the KM platform enhances learning from documented lessons, it alone does not trigger an 
intrinsic desire to add personal lessons to the platform. Therefore, this study suggests that 
proper learning from lessons learned requires a joint approach of providing a sound 
technological solution to record and retrieve lessons and addressing the underlying intrinsic, 
organisational, and cultural aspects. In conclusion, the study reinforces the link between 
collaboration and KMS by proposing a KM platform that facilitates the sharing of both explicit 
and tacit knowledge by reducing the file search time and providing a new method to manage 
lessons learned through digital means. 
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Chapter 8  - Ready, trainer…one*! Discovering the entanglement of 
adaptive learning with virtual reality in industrial training: A case 
study 
 

Abstract 

Industrial training in the face of large-scale technological changes is a daunting task. In response to the industrial 
world becoming more complex and recent social distancing caused by the COVID-19 outbreak, emerging technologies 
such as Virtual Reality (VR) are gaining more interest. However, the novelty does not lie in the sole use of VR-based 
technology but rather in its adaptive and flexible nature which favours the creation of tailor-made learning 
environments. In this paper, we explore the synergy between VR-environments and adaptive-based learning and test 
the validity of the proposed approach in the railway sector. An iterative co-design approach is adopted to develop a 
VR-based training system for educating train conductors on the departure procedures and possible related 
irregularities. The developed system is tested with ten conductors, in ten sessions of ninety minutes each, where their 
learning preference, learning outcome, and learning performance was assessed. The results show an increase in 
individual motivation and perceived usefulness for the developed VR-based training system, demonstrating a higher 
learning preference, in comparison to the currently used physical door simulator. Similarly, the results outline a 
knowledge gain in two out of six key knowledge subjects for conductor education because of practicing with the 
developed VR system and indicate that time improvements per exercise are needed to make the VR training system 
meet the organizational performance goals. Consequently, this research presents an attractive alternative to costly 
and product-specific physical simulators and outlines three managerial implications opening new opportunities for 
the use of VR in the long-term strategic development of educational and learning training programs. 
 
Keywords: Adaptive learning, Virtual reality, Railways, Motivation  
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1. Introduction  

Industrial training requires the continuous development of new solutions to meet the ever-
changing work environment and provide employees with the necessary 21st-century skills that 
the digitalization of the working environments demands. Such skills include among other critical 
thinking, creativity, and problem solving (van Laar et al., 2020). Researchers and practitioners 
face challenges on multiple fronts in proposing effective training solutions while balancing 
between the financial interests of firms and promoting sustainable growth of the industrial 
sector. New technologies such as blockchain (Abbas, Martinetti, Moerman, et al., 2020), digital 
twins (Kritzinger et al., 2018), augmented reality, and virtual reality (VR) (Gavish et al., 2015; 
Santamaría-Bonfil, et al., 2020; Shamsuzzoha, Toshev, Vu Tuan, Kankaanpaa, & Helo, 2019) 
provide new unique opportunities to replace or complement mainstream industrial training 
solutions. Next to technological developments, novel educational approaches are readily 
available to further enhance industrial training. Recently the educational technological research 
community highlighted technology-enhanced adaptive learning to be a key learning paradigm 
(Kenny & Pahl, 2009; Shuai Wang et al., 2020; Xie et al., 2019) as it offers the opportunity to first 
determine user strengths and weaknesses and consequently adapt the amount of instruction 
the user needs to receive (Martinetti et al., 2020).  

VR-based training systems are now being proposed for the maintenance training of line workers, 
providing an affordable, versatile, and safe alternative for training in high-risk environments 
(Santamaría-Bonfil et al., 2020). However, ensuring the robustness, providing quality training, 
and demonstrating a business case for implementing such solutions in comparison to 
mainstream solutions is no easy task (Wu & Lin, 2012). Among other things, mainstream training 
and mentorship programs have evolved with time to transfer not just consolidated explicit 
knowledge, but also at times inarticulable tacit knowledge. Embedding VR-based training 
systems in an organisational setting, where consolidated organisational knowledge exists in 
both, tacit and explicit forms within the organisational members (Nonaka & von Krogh, 2009), 
brings new challenges for the VR-based training systems. Although the role of Information and 
Communication Technology (ICT) in managing tacit knowledge lacks consensus in the academic 
community (Al-Qdah & Salim, 2013), Bokhorst, Moskaliuk & Cress (2014) and Wang, Su & Hsieh 
(2011) state that by using knowledge maps (realised from collected assessments) and using 
patterns that contain problem-solution pairs as an established method, tacit knowledge can be 
accumulated, visualised and exchanged. Similarly, Mitri (2003) points out that technology 
databases, internet architecture, artificial intelligence, and decision support techniques 
facilitate tacit assessment management. Endorsing the viewpoint that ICT based solutions can 
be used to manage tacit knowledge, this research investigates the potential of VR-based 
adaptive learning for industrial training. Consequently, the following research question is 
investigated in depth in this study.   

How can we develop virtual reality based industrial training to (re)instruct operators in 
an adaptive and flexible manner?  

More specifically, the presented research is conducted within the Netherlands Railways (the 
principal railway passenger operator in the Netherlands) hereon referred to as Railway 
company. Conductor education remains the primary focus for the Railway company to deliver 
the promised performance to its customers. A comprehensive conductor education program has 
been developed by the Railway company of which ‘departing safely and punctually’ is a key 
learning module (NS Learning Centre, 2019).  Among the e-learning courses, this module also 
consists of mandatory practical sessions with conductors where they practice multiple 
departure procedures and possible irregularities through a physical door simulator shown in 
Figure 1. 
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Fig. 1. Images of the current physical door simulator. 

Besides being costly and product-specific the door simulator is only available at four locations in 
the Netherlands for over three thousand conductors. This results in the simulator being highly 
occupied and limited versatility in building conductor education programs. This calls for a 
creative solution to address the shortcomings of the current setup. Thanks to its adaptive nature 
and its increased use in medical, industrial, and commercial training (Vaughan et al., 2016; 
Zahabi & Abdul Razak, 2020), VR-based educational training can be considered as a suitable 
candidate for educating conductors on the departure procedures and possible irregularities. 
Moreover, the demonstrated cost-effectiveness of VR application in the medical field (Pot-
Kolder et al., 2020) paves the way for its adaption and pilot testing in conductor education. 
However, developing a virtual reality experience for practicing departure procedures and 
possible irregularities with a similar or higher learning preference than the physical door 
simulator is a key challenge. Previous investigations done with the railway personnel showed 
that they are willing to use new technologies in their educational programs (Martinetti et al., 
2018). Consequently, in this study, a VR-based conductor training system is developed as an 
alternative to the existing physical door simulator.  

The rest of the paper is structured such that the literature review on adaptive learning, adaptive 
learning in virtual environments, and challenges in designing virtual learning environments is 
presented in section 2. Section 3 outlines the followed methodology. Section 4 provides a 
detailed description of the Railway company case by presenting the underlining research 
problem, identifying the objectives of the desired solution, and describing the corresponding 
design and development part of the solution. Section 5 presents the results of the pilot 
evaluation of the developed VR solution and section 6 discusses the presented results, the 
overall design approach, and the performance of the developed solution. Section 7 outlines the 
managerial implications of the study. Lastly, section 8 provides the conclusion of the conducted 
research and offers some key recommendations for future research.  

2. Literature review  

This section lays out a detailed account of relevant theoretical concepts for this study such as 
adaptive learning, adaptive learning in virtual environments, and challenges in designing virtual 
learning environments. 
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2.1. Adaptive learning 

 Adaptive learning, also known as adaptive teaching, is an educational method to customise 
resources and learning activities to address the unique needs of each learner. Adaptive learning 
systems aim to transform the learner from a passive receptor of information into a collaborative 
interactor in the educational process.  

It should be emphasised that “personalised” and “adaptive” learning are not interchangeable 
terms (Kerr, 2016). Fully personalised learning experiences also focus on tailoring learning 
methods to user preferences and content towards user interests, variables that could not be 
changed in this research, whereas adaptive learning focuses on tailoring the content to what 
students need to know and takes into account their progress (Martinetti et al., 2020). However, 
according to the above definitions, the similarity between “personalized learning” and “adaptive 
learning” is that technology essentially aims to cater to the diverse learning needs of learners. 
In particular, the boundary between “personalized learning” and “adaptive learning” becomes 
vague if they are limited to the scope of “technology-enhanced learning” as they have been used 
as two interchangeable terms in many extant studies (Aroyo et al., 2006; Göbel et al., 2010; 
Gómez et al., 2014; Lin et al., 2013). 

Adaptive learning methods keep learners inside a “flow channel” Göbel & Wendel (2016) 
defined as a perfect balance between anxiety and boredom in relation to skill and challenge. In 
this zone, the exercises are not too difficult to make learners anxious, but also not too simple 
that they become bored. Chen & Jang (2010), proposed an effective view on how this flow can 
be realised within game applications by underlining three conditions that need to be met: the 
system needs to be intrinsically motivating, offering the right amount of challenge as mentioned 
earlier, and providing the player the sense of being in control. According to Paramythis & Loidl-
reisinger (2004), there are roughly four categories that define the boundaries of the adaptive 
learning environments, in which it is possible to act. Figure 2 shows the interaction of these 
elements and their position within the “flow channel” proposed by Göbel & Wendel (2016), 
namely: 

• content discovery: adaptive techniques are used to present individual learners with 
personalised content during a course, possibly from other sources. 

• interaction level: learning content and the course are not adapted, but the user 
interface and the interaction with it are tailored towards user preferences. 

• course delivery: the way the course is set up, is tailored towards user needs. 
• adaptive collaboration: learning processes requiring communication or collaboration is 

supported. 
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Fig. 2. Adaptive learning boundaries embed in the “flow channel” (adapted from Göbel & 

Wendel (2016 and Paramythis & Loidl-reisinger (2004)). 

Because every student learns in different ways, even when these are classified into broad groups 
(e.g., visual, spatial, logical, social, etc.) students are going to have different learning outcomes 
(Abbas, Martinetti, Rajabalinejad, et al., 2020). Not everyone is going to absorb the received 
knowledge from a teacher or a training system in the same way. Therefore, instead of offering 
a single package of learning, education content creators and providers need to tailor learning 
packages around a variety of situations by determining the learning styles present in a class (Y.-
C. Chang et al., 2009; Huang et al., 2012; Klašnja-Milićević et al., 2011). 

Despite the mentioned benefit, it needs to be said that adaptive learning may not always 
connect easily with every course, discipline, and subject area. Instructors must always make a 
judgment call, partly factoring in the needs and styles of the students they are expecting in a 
new intake, along with the demands of the course and anticipated learning outcomes. 

2.2. Adaptive learning in virtual environments 

The use of VR systems for training complex and highly demanding tasks is gaining attention. 
However, Gavish et al., (2015) report that there is a need for empirical evaluation of the 
efficiency and effectiveness of VR systems compared to traditional methods. This research 
addresses this gap by developing an adaptive VR-based training system for training conductors 
on departure procedures and potential irregularities and conducting a pilot evaluation. The 
importance of the interplay between adaptive learning and learning analytics for learning-
centred education is well understood with the educational technological research community 
(Mavroudi et al., 2018). Learning in an adaptive virtual learning environment (VLE) is to a great 
extent dependent on the amount of immersion that it can provide, as learners should feel 
physically present in the virtual environment (Dalgarno & Lee, 2010). Additionally, Rienties, 
Giesbers, Lygo-Baker, Ma, & Rees, (2016) demonstrate that perceived usefulness of the VLE was 
not related to (perceived) task performance and that perceived ease of use is rather related to 
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intentions and actual behaviour in the VLE. Immersion is an important feature generated by two 
factors that are unique to VLEs: representational fidelity (RF) and learner interaction (LI) 
(Dalgarno & Lee, 2010). RF is defined as the degree to which the virtual world is realistic (ibid). 
It is influenced by factors such as the display of the environment, the smoothness of the object 
motion and changes in view, the consistency of object behaviour, the quality of the user 
representation, spatial audio, and force feedback. LI describes the richness of the interactions, 
such as embodied interactions and -object manipulation, but also the construction of new 
objects and the ability to modify object behaviour (ibid). It is worth mentioning that immersion 
is not merely a consequence of technology. There are also pedagogical requirements that 
facilitate the sense of immersion. Fowler (2015) distinguishes three types of pedagogical 
immersion correspondent to the three stages of learning which are as follows:   

• Conceptual immersion: This is all about demonstrating what needs to be learned. 
Introducing a new concept, phenomenon, or process. 

• Task immersion: The concept needs to be translated to the knowledge or skill of the 
participants. This is usually done by practicing things introduced in the previous stage.  

• Social immersion: If a skill is then learned, it should then be put in a social context. This 
way, participants test their understanding of the concept or skill and its consequences. 

In this research, task immersion is of particular importance considering the practical nature of 
the conductor’s tasks and skillset needed to operate effectively under time pressure. Fowler 
(2015) lays out three guidelines to ensure that trainees are immersed in the tasks they are 
practicing. First, he points to the need for generating deep levels of interaction. This stimulates 
active experimenting and thus contributes to experiential learning. Manipulating the virtual 
environment can also help to grasp relationships between concepts or objects that would 
otherwise be unclear. Secondly, he stresses that the focus should be on knowledge construction 
instead of reproduction (ibid). Trainees should be able to experiment, try out what they have 
learned before, and make mistakes so that they can experience the consequences of their 
actions. Finally, he states that for trainees to become pedagogically engaged with the tasks, they 
should be authentic (ibid). Important to state here is that authenticity in this context is not the 
same as realism. A task or environment can be authentic without full realism, and a very realistic 
environment can be completely unauthentic. The main objective is to make practice scenario as 
close as possible to the real-world situations in terms of events and actions.  

2.3. Challenges of designing virtual learning environments 

Using a virtual instead of a regular learning environment has its advantages, but also poses 
challenges from a technological, pedagogical, and organisational perspective. The main 
technological challenge is to shape an authentic and immersive virtual experience necessary for 
effective learning (Doumanis et al., 2019). Among other things, this means that the accuracy of 
the VR applications should be improved, and the delay of the visuals should be reduced. 
Currently, this causes some users to become nauseous or feel dizzy, comparable to motion 
sickness (Z. Feng et al., 2018; Kartiko et al., 2010; Soltani & Morice, 2020). This implies that VR 
systems need to provide natural and intuitive interactions to minimize such experiences. 
Technologies that have helped address these issues are among others voice control, gesture 
control, and haptic feedback (González-González & Blanco-Izquierdo, 2012; Vaughan et al., 
2016). Similarly, from a pedagogical point of view, one of the biggest challenge is to maintain 
learning performances in face of ongoing introductions of new and unfamiliar technologies in 
the learning systems (Barari et al., 2020).  

In addition, it is a challenge to address the cognitive overload which commonly occurs when 
people receive too much information interfering with their short-term memory, and distracting 
them from their original thought process (Bolisani et al., 2018). Especially in VR environments, 
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where multisensory information is used to increase the sense of presence. Additionally, for 
many companies, it can be an organisational challenge to start using and maintaining VR 
applications (Martinetti et al., 2018; Tyre & von Hippel, 1997). They might not have the 
necessary infrastructure in place to properly embrace the VR-based training. However, it is 
worth highlighting that despite technological, pedagogical, and organisational challenges, VR 
based training has gained a keen interest in both educational and industrial communities (Chien 
et al., 2020; Dubovi et al., 2017; Gao et al., 2019; Virvou & Katsionis, 2008) and several studies 
have proposed solutions to effectively tackle these challenges (Cherni et al., 2020; Mikropoulos 
& Natsis, 2011; Qin et al., 2010). From a VR system design standpoint, the relationship between 
learning content and choice of design elements plays a central role in supporting VR-based 
learning (Radianti et al., 2020), providing a detailed overview of suitable design elements, such 
as moving around and realistic surrounding to train for procedural practical knowledge. 
Similarly, the integration of peer assessment (S.-C. Chang et al., 2020) and iterative feedback 
from users and experts (A. Wang et al., 2019) in the VR system design have also been proposed 
as ways to improve VR-learning systems. Consequently, this research takes guidance from the 
presented literature to develop an immersive and versatile VR industrial training system.   

3. Methodology  

The Design Science Research Methodology (DSMR) by Peffers et al. (2007), originally developed 
for conducting design science research in information systems, is used as an overarching 
approach to investigate the presented research question. The methodology was chosen mainly 
for its general acceptance in the educational technological research community (Juneyoung Park 
et al., 2019) and prior use in designing VR-based training systems (Metzger et al., 2017). More 
specifically, to better align the research question with the presented methodology, an 
appropriate case within the railway sector was identified for further investigation. Additionally, 
the problem-centred approach of the DSMR methodology was selected as the starting point of 
the conducted research. Figure 3 presents the followed design process in this research.  

 

Fig. 3. Followed design process adapted from Peffers et al. (2007) with numbers indicating 

respective sections and subsections of the paper. 
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As shown, multiple iterations of concept detailing (paper prototype, the first version, and the 
final version) were performed before conducting the final user test with the conductors. The 
conducted pilot evaluation aimed at identifying the usefulness of the VR training system in 
comparison to the currently used physical door simulator in an industrial context. In total, 
twenty-six people participated in the evaluation of the current door simulator by responding to 
an evaluation questionnaire. In comparison, ten people participated in the evaluation of the 
developed VR training system, where each participant was given a pre-exercise questionnaire to 
realize his/her prior VR knowledge and get zero measurements of the learning outcome. The 
pre-exercise questionnaire was aimed at understanding the group characteristics of the 
participants. Table 1 presents the group characteristics of the individuals who participated in 
the VR training system evaluation.   

Table 1. Group characteristics. 

Participant 1 2 3 4 5 6 7 8 9 10 
Age 

 (years) 
29 64 43 44 63 63 51 50 48 49 

Experience in the Railway Industry 
 (years) 

2 30 22 20 18 19 8 4 5 2 

VR Experience 
 (instances of previous use) 

1 1 1 0 0 1 0 0 0 0 

 

The next section provides an insight into conducted case study within the Railway company.     

4. The Railway company case study 

Considering the central role human behaviour plays in the operation of railways (European 
Commission, 2018), developing state of the art industrial training programs is not just a matter 
of optimizing organisational performance but also of public safety and prosperity for the railway 
organisations. Coupling this with high workforce turnover resulting in potential loss of tacit 
knowledge (Levallet & Chan, 2019), investigating VR-based adaptive learning within the railway 
sector is of paramount importance for the educational technological research and knowledge 
management research communities. The next section describes the identified research problem 
in further detail and outlines the objectives of the solution. 

4.1. Problem description and objectives of the solutions  

As explained in the introduction, conductor education remains a key priority for the Railway 
company to ensure deliverance of quality service and achieve desired system performance 
levels. Although a physical door simulator helps in learning required skills and gaining critical 
knowledge, it has limitations in terms of its availability and flexibility, and it requires a lot of 
investment and maintenance costs. This triggered the desire to develop a state-of-the-art VR 
training system as an alternative to a physical simulator. It is important to highlight that a 
simulator’s main goal is to increase the awareness of personal competencies (Dieckmann et al., 
2012). This implies that in the case of the railway company, the train conductors can benefit 
from getting increased awareness of their competencies (i.e., scenarios they can easily solve, 
and which require more practice). To realize the accurate design for the VR training system, 
Table 2 outlines the formulated objectives of the desired solution and their corresponding 
requirements. It is worth mentioning that objectives, in this case, are defined as measures that 
determine the success of addressing the research question and requirements to achieve those 
measures. 
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Table 2. Solution objectives and requirements. 

Objective   Requirements   

The virtual simulator achieves at least the same 
scores on learning preference and learning 
outcome as the current door simulator  

The simulator features high levels of 
physical, semantic, and 
phenomenological realism  
The simulator has added value to the 
conductors  
The simulator limits anxiety  
The simulator is focused on obtaining the 
correct declarative and procedural 
knowledge  

The virtual simulator provides an adaptive 
learning experience  

The simulator has multiple entrance 
points  
The simulator measures skill level and 
progress  
The simulator adapts its recommended 
learning steps towards the skill level of 
the student  
The application is a static intrinsic game   
The application has a storyline  

The virtual simulator provides logistical 
benefits over the current simulator  

All costs associated with setting up the 
virtual door simulator in one location are 
less than 80.000  
The virtual simulator requires 
maintenance or support less than four 
times a year  
Conductors can use the simulator 
without an instructor present  

The virtual simulator allows for experimentation 
and collaboration to acquire new knowledge  

Conductors can work together if that is 
required in some departure scenarios.  
The VR solution allows participants to 
observe the performance of others  
The solution limits the cognitive load to a 
minimum  
Interaction with VR should be natural and 
not in the way of learning.  
The virtual simulator includes multiple 
train types to practice on  

The virtual simulator provides an 
adequate amount of technological immersion  

Users are adequately represented in the 
VLE  
The simulator features spatial audio  
The visuals are physically and 
semantically realistic  
The objects in the VLE behave 
consistently  
Interactions in the VLE are embodied  
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The virtual simulator provides a high amount of 
task immersion and an adequate amount of 
social immersion  

The tasks should be simulated as 
authentic as possible  
The simulation features deep levels of 
manipulation  
The VR-simulator incorporates the bigger 
picture of the departure processes:  

• Travellers  
• Platforms  
• Time pressure  
• Safety hazards  

 

The next section provides a detailed insight into the design and development of the solution.  

4.2. Design and Development of the solution  

The section is divided into three key subsections. First, an insight into the conceptual exploration 
of the hardware and software concepts is presented. This is followed by concept finalisation in 
a two-step approach where first conductor workshops were organised to identify preferred 
hardware and software concepts. Afterwards, a multicriteria analysis for the hardware concepts 
was conducted together with the learning department of the Railway company to realize the 
organisational readiness for the identified concepts. Last, a detailed account of the design and 
development of the chosen concept is presented.  Figure 4 presents a holistic overview of the 
design and development process. 

 

Fig. 4. Holistic overview of the design and development process. 

4.2.1. Conceptual exploration 

Designing and developing a VR training system for conductor education requires conceptual 
exploration of suitable choices both on the hardware and software front. Exploration of 
software concepts is needed to identify and describe system functionalities and user interaction 
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with the system, while hardware concepts focus on identifying and describing the suitable 
equipment to deliver that functionality. The authors identified three suitable hardware concepts 
namely standalone, mobile, and Kinect. Specifications for each of the identified hardware 
concepts are mentioned in Appendix A. Similarly, to explore the functionality of the desired 
program, four use case scenarios were developed: basic practice, multiplayer, adaptive learning, 
and serious gaming. These scenarios were designed to complement each other and had their 
foundations in the overall conductor training program of the Railway company. Additionally, a 
small user-story for each scenario was outlined to clarify their functionality. Similarly, activity 
diagrams and functional block diagrams for each scenario were developed to display the 
interactions of a user with the system and the background actions of the system, respectively. 
The designed activity diagrams and functional block diagrams for each of these concepts are 
displayed in Appendix B. A co-design approach was followed to design and develop the VR 
training system. The preliminary investigation showed that the conductors expected the VR-
based learning to benefit them in terms of practicing more realistic scenarios, not having to go 
to the training points, and having more flexible learning content as shown in Appendix C. 

4.2.2. Concept finalization with conductors 

To understand the conductors’ preference for presented hardware and software concepts two 
workshop sessions of ninety minutes each were organised with three and two conductors, 
respectively. The discussion held during these sessions also assisted in co-designing the desired 
functionalities for the chosen concepts. Both sessions began by introducing the conductors to 
the research project and an explanation of both hardware and software concepts. Afterwards, 
the goal of workshop sessions was explained to the participants and they were presented with 
opportunities, unique selling points, ways of interaction, and specifications of each hardware 
concept on an A3 poster.  

In these sessions, the participants were given five minutes to familiarise themselves with every 
concept. Afterward, they were encouraged to try out different hardware concepts by playing a 
small videogame, whose tasks were like ones of the physical door simulator. Finally, the 
participants were asked to document the strong and weak points on every concept within the 
context of its use for conductor education and state their preferred hardware concept. Table 3 
presents the results of the two conductor workshop sessions for the hardware concept.  

Table 3. Results of the conductor workshop on the hardware concepts. 

Concept Strong points Weak points Preference 
Standalone Use both hands 

Most possibilities in 
terms of interactions 

Complicated interactions 
Hygiene 

2 

Mobile Simple controller Just one controller 
Unpractical during conductor 
training, switching phones, etc. 
Hygiene 

1 

Kinect Natural interaction 
without controllers 
Fun experience 
 

Always facing screen 
No real environment 
The sensor does not easily pick-up a 
new player after switching 

2 

 

The software concepts were evaluated in a similar manner where first the four software 
concepts were introduced to the participants by describing the use case scenarios. They were 
then given five minutes to study the four concepts and encouraged to identify the functions that 
they would like to be embedded to further improve and contextualise each of the four software 
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concepts. Lastly, after identifying the potential improvement functionalities the participants 
were asked to indicate their preferred software concept. Table 4 presents the results of the two 
conductor workshop sessions for the software concept. 

Table 4. Results of the conductor workshop on the software concepts.  

Concept Functionality 
improvements 

Comments Preference 

Basic Record practice so that 
replays can be watched 
Including the 
smartwatch 

Looks like a well-founded basis 
 
Think about the used terminology. 
It should match the slangs 
conductors use on the job 

5 

Multiplayer Include communication 
via a transceiver 

Seems essential because it is also 
possible in the current simulator 

5 

Adaptive 
learning 

Do not use a star system Conductors do not like to be 
assessed during practice 

2 

Serious 
gaming 

Also, practice other parts 
of the job 

I would like to use it at home to 
show my friends and family 

2 

 

To investigate the organisational readiness and compatibility for the identified hardware 
concepts, a multi-criteria analysis approach was developed based on solution objectives 
together with the learning department of the Railway company. Each hardware concept was 
evaluated based on eight criteria points as described in Table 5 and a scoring schema was 
developed to evaluate each of these criteria points as shown in Appendix D. The outcome of the 
multi-criteria analysis performed together with the experts from the learning department of the 
Railway company, is presented in Table 5. 

Table 5. Results of the multi-criteria analysis. 

Criteria Sub criteria Definition Weighting 
factor  

Concept 
standalone 

Concept 
mobile 

Concept 
Kinect 

Current 
simulator 

Costs Development 
costs, 
Hardware 
costs, 
maintenance 
costs 

Costs of 
hardware 
only, not 
development 
time 

4 8 9 7 1 

Learning 
curve/complexity 

null How difficult 
is it learning 
to use the 
hardware in 
such a way 
that you can 
practice 
properly 

3 3 6 5 10 

Use setting 
flexibility 

Learning 
content, 
Location,  

In how many 
contexts or 
locations can 
the hardware 
be used 

5 7 9 9 2 

Digital quality of 
the simulation 

Visual, 
Audio, 
Feeling 

How well 
does the 
simulation 
physically 

4 7 4 3 4 
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represent 
reality 

True to 
nature virtual 
object 
manipulation 

Null Is interacting 
with virtual 
objects the 
same as you 
would do 
with those 
objects in the 
real world? 

5 7 2 9 10 

True to nature 
navigation 

Null Do you 
navigate 
through the 
virtual world 
the same way 
as you would 
in the real 
world  

4 10 7 4 10 

Comfort of 
experience  

Motion 
sickness, 
physical 
comfort, eye 
tiring 

How long can 
you 
pleasantly 
use the 
hardware for 
practice 

3 3 7 8 10 

Maintenance & 
support 

Repair, 
Replace, 
Preventive 
maintenance 

How well is 
the hardware 
supported by 
the 
manufacturer 
and how 
difficult is it 
to maintain 
in case of 
malfunctions 

4 7 7 1 7 

TOTAL 216 202 189 208 

 

As Table 3 shows, the conductor workshop sessions resulted in a tie between the concept 
“Standalone” and the concept “Kinect”.  The multi-criteria analysis assisted in addressing this 
point (Table 5) showing a clear preference for the “Standalone" concept. Therefore, it was 
decided to choose the “Standalone” concept for further development. Similarly, as Table 4 
shows, the conductor workshop revealed that some conductors were concerned about being 
assessed in the context of the adaptive learning software concept. Therefore, it was decided to 
address the conductors’ concern by following an iterative co-design approach for prototype 
concept detailing. Additionally, discussion with the learning department showed that they were 
quite supportive of the adaptive learning concept as it matched their learning vision. The next 
section presents the further development and integration of the chosen concepts into an overall 
design.  

4.2.3. Further detailed concept 

This section describes the development process of the final VR training system which was 
realized in three iterations. The first iteration focused on getting the right functionalities and 
features for the desired solution. Feedback received during the concept finalization phase was 
used to revise the activity and functional block diagrams as shown in Figures 5 and 6, 
respectively.  
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Fig. 5. Activity block diagram of the application.  

For instance, the distinction between different train types before the base level test for adaptive 
learning and replay function was incorporated in the prototype concept as shown in Figure 5. A 
quick practice mode was also incorporated which included the possibility of adjusting certain 
parameters such as changing weather conditions, crowdedness of train and platform, and 
choosing between day or night-time in the VR concept. These additions helped in incorporating 
more real-life circumstances and making the training more realistic which in the case of the 
physical door simulator were difficult to achieve. Besides this, to clarify the connection between 
the activity and functional block diagram the same colour schemes for related blocks were used. 
Activities such as watching replay coloured orange part in Figure 5 was also coloured orange for 
its corresponding function of showing replay in Figure 6. 

 

Fig. 6. Functional block diagram of the application.  
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To ensure that all the desired functionalities will be built into the VR training system, a paper 
prototype that represented a sketched-out version of the intended user interface was created 
as shown in Figure 7.  

 

Fig. 7. Paper prototype. 

Paper prototype assisted in investigating whether the intended flow, task sequence, content of 
menus, and overall layout were in accordance with the conductor’s expectation. Additionally, it 
proved to be an effective way of gaining feedback from the conductors and addressing problems 
early in the design process without addressing technological variables such as bugs in the 
program that can cause problems but have nothing to do with the interface itself (Snyder, 2004). 
A more detailed insight into received feedback on iteration 1 is provided in Appendix E.  

The second iteration focused on developing the first version of the VR training system such that 
the menu structure and three practice scenarios were realized in the VR-environment. The 
version was aimed at enabling conductors to gain experience with the developed VR-
environment and get valuable feedback for the complete version of the prototype. The main 
functions were further divided into subfunctions as shown in Table 6 to realize the stated 
iteration aim.  

Table 6. Detailed functionality of the VR training system. 

Function Subfunctions 
Loading scenario and user avatar Representing the player’s body 

Showing a complete train and train station 
environment and travellers 
Allowing walking around of the player 

Allowing manipulation of all required 
parts 

Allowing turning of the key 
Allowing pressing of door buttons 
Allowing converting of switches 
Allowing closing door by hand 
Allowing removing the cover of the door 
mechanism 

Keeping track of mistakes Listing tasks to be done during each scenario 
Listing tasks that are done during the execution 
of the scenario 

Providing feedback Comparing the two task lists 
Listing the missing tasks 
Listing tasks that were mixed up 
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Explaining why missing tasks are important and 
how they need to be done 

Showing main menu, train choice menu, 
or scenario choice menu 

Showing clickable buttons 
Showing controllers and pointers to click 
Linking buttons to correct menu 

 

The first version of the VR training system was developed using the Unity software. Generally 
used as a videogame engine, this open-source software also supports VR platforms such as the 
Oculus Quest, which was used in this research. Starting from the main menu, a conductor could 
start-up training mode and pick his/her train type. The conductor could then choose one of the 
three scenarios that had been built in the program:  

• A regular scenario 
• A scenario where he/she had to close doors from the outside because it was too 

crowded 
• A scenario with a door malfunction  

Appendix F provides an overview of how these scenarios should be handled according to the 
Railway company procedures. 

Once a scenario was chosen, the conductor will wake up in a train which slowly comes to a 
standstill at a train station, after which the conductor was asked to execute the departing 
procedure. The conductor could use the controllers in his/her hands for all the interactions and 
walk around to walk in the virtual environment. The conductor could also see the movement of 
his/her own hands via the controllers. In this way, most of the tasks were a fair representation 
of the real world: walking, looking around, and opening and closing doors. For instance, to press 
the buttons, the conductor needed to extend his/her index finger, and to turn the key the 
conductor needed to grab the key by holding a button on the side of the controller and then 
turn the controller simultaneously. Moreover, instructional texts to guide through different 
tasks, and the possibility of asking for hints were also incorporated in the program to facilitate 
the conductors in their task completion. Similarly, audio recordings for giving departure signals 
and opening and closing of the doors were also embedded along with the overall platform layout 
to enhance the conductors feeling of being on a train station and address the phenomenological 
realism, something that was missing in the current door simulator. Lastly, the solution also 
provided feedback to the conductors at the end of each scenario by displaying the task that was 
missed or not executed at the right time.  

The first version of the VR training system was evaluated by eight conductors. Key comments 
and observations for each scenario are presented in Appendix G. The participants appreciated 
the enhanced realism both in terms of how the solution looked and in terms of the overall flow 
of the exercise. In contrast, the participants had concerns regarding the controls of the program. 
For instance, turning the key and navigation using the two joysticks was difficult for some 
participants. Interestingly, the participants stated that communication was a vital part of 
executing a procedure correctly. A few complaints of nausea and dizziness were also noted 
during practice sessions. Nonetheless, many participants stated that they think it is fun and can 
be a good way of learning. Additionally, the presented comments and observations in Appendix 
G led to the following changes for the next version of the prototype. Turning the key, especially 
above the door while solving the door malfunction was made easier. Moreover, participants 
were provided with the possibility of using a transceiver to send and receive safety-related 
communication with the train driver. Finally, a small tutorial was added before their first practice 
scenario to make practice and test sessions more effective. All these changes were meant to 
provide a preview for the adaptive learning environment in the third iteration. Additionally, a 
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base level test was developed and incorporated in the VR training system to provide insight into 
the adaptive learning environment. Figure 8 presents the design logic of the adaptive base level 
test which was developed with the consultation of an expert conductor.  

 

Fig. 8. Design logic of the adaptive base level test. 

The base-level test was divided into the general and specific categories as not all the 
consolidated conductor knowledge is rolling stock specific. Similarly, based on gained scores the 
conductors could continue or had to redo certain parts of the test or the entire test. Moreover, 
based on the number of correct responses in the specific test, the conductors could end up in 
one of three scenarios as shown in Figure 8. To incorporate adaptive learning features, level 
three was locked for the conductors until the point that they answered all the questions 
correctly. In addition, considering that the conductors had no prior knowledge of scenario three, 
the scenario started with a short introduction. The flow chart in Figure 8 outlines the described 
process that ensured that every conductor practiced at the same level. This is incorporated to 
address the concerns of being assessed during practice, by the conductors. Considering this, 
some conductors had more scenarios in levels two and three than others (depending on 
questions they answered correctly beforehand) which was still seen as more desirable than 
everyone practicing on different levels. Lastly, the learning content was tailored to the individual 
conductor’s needs as much as possible. The program provided instructions at the start of a 
scenario placed in level three so that the conductors understood which type of skills they needed 
to learn to complete the scenario. 

The second key enhancement of the final prototype was made by adding a tutorial at the start 
of the program. This guides them using the buttons on the controllers in ten simple steps. 
Similarly, some features were added to make scenarios more realistic and closer to the real-life 
situation. These included features such as people running to catch their train, a station clock, 
and the sounds of people chatting on a busy train. Figure 9 shows some screenshots of the 



chapter 

8 

   
 

           p141  
      

designed virtual environment in the final VR training system such as using the transceiver and 
pulling the emergency brake.  

 

Fig. 9. Screenshots of the final version of the prototype. 

5. Results of the pilot evaluation 

The pilot evaluation of the VR training system was done with ten conductors following a 
structured approach as shown in Figure 10. After identifying the group characteristics through 
the pre-exercise questionnaire, a short introduction to the research project and the developed 
VR training system was provided to the participants of the evaluation sessions. The participants 
then performed exercises with the prototype (base level test, tutorials, in-depth exercises on 
different scenarios) where time for each exercise and the number of tips given were recorded. 
After completion of the exercises, the participants were given a post-exercise questionnaire to 
determine the effect measurement of the learning outcome and their learning preference for 
the VR training system, like what they did for the current door simulator. Lastly, qualitative 
feedback was gathered in an open discussion with the participants of the evaluation before 
finishing the evaluation session. In total each evaluation session took on average ninety minutes. 
This section outlines the most important results of the pilot evaluation. 

 

Fig. 10. Schedule for evaluation sessions. 
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First, to measure learning performance, two parameters were recorded while the participants 
performed the exercises. These were the average time each participant took to finish each 
exercise and the number of tips they required to solve each exercise. Table 7 presents the 
averages times and the number of tips per exercise.  

Table 7. The average time needed, and the average number of tips asked per exercise by the 

10 participants, with one standard deviation. 

Exercise Average Time 
(mm: ss) 

Average Number of Tips 

1 03:08 ± 00:50 1.3 ± 0.8 
2 06:52 ± 1:35 2.1 ± 0.7 
3 13:01 ± 2:50 3.8 ± 1.2 

 

Second, to investigate the learning outcome of the developed VR training system, an evaluation 
like the one done by the Railway company for the physical door simulator was conducted. Figure 
11 provides an overview of the learning outcome, by highlighting the education impact on the 
key knowledge subjects of conductor education, from the physical door simulator and the VR 
training system.    

 

Fig. 11. Evaluation of the educational impact of both solutions.  

As figure 11 shows, the VR training system resulted in knowledge gain of the conductors in two 
out of six knowledge subjects. These included a knowledge gain, of 1.1 % each, in learning the 
effect of not acting according to agreements during irregularities in the departure procedure 
and in knowing how to act during irregularities in the departure procedure, respectively.  
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Finally, to measure the degree to which the developed VR solution succeeded in presenting itself 
as a viable alternative to the physical door simulator, the overall learning preference of the 
conductors among both solutions was measured and compared. This included measuring the 
conductors’ motivation based on five parameters of individual motivation by Owen (2017) 
namely added value, anxiety, phenomenological realism, semantic realism, and physical realism. 
Additionally, the perceived usefulness of both solutions was also measured to understand the 
degree to which conductors believed that using the VR training system would enhance their job 
performance in comparison to the physical door simulator (Davis, 1989). Figure 12 presents the 
results of these parameters for both cases. 

 

Fig. 12. Overall learning preference of the conductors with both solutions. 

6. Discussion 

The conducted research stresses the value of VR-based industrial training by outlining several 
insightful findings based on a case study. Considering that the main research question was aimed 
at developing an adaptive and flexible VR-based industrial training for operators, the research 
offered a functional, substantive, and testable VR training system for conductor training. The co-
design approach used during the design and development stage helped in achieving the stated 
attributes. Additionally, the performed evaluation provided key insights into the strengths and 
limitations of the developed solution. These strengths and limitations revolve around three main 
measures, namely the learning preference, learning outcome, and the learning performance of 
the VR training system.    

First, as far as the learning preference is concerned, the higher scores of the phenomenological 
realism for the VR training system indicate it to be the preferred learning mode in comparison 
to the physical door simulator. The evaluation showed that the VR training system was able to 
incite a feeling of realism for the conductors even outperforming the one incited by their current 
physical setup. During the evaluation discussions and co-design process, the conductors stated 
that the sound effects, travellers, and the train station helped a lot in this case. More 
importantly, it is worth pointing out that the developed VR training system outperformed the 
physical door simulator not just in phenomenological realism but also on the other three of the 
remaining four parameters of individual motivation (Owen, 2017). These include an increase in 
semantic realism, added value, and physical realism. It shows that even though the conductors 
were in a virtual environment and not performing the tasks with actual physical components 
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such as a key, the VR training system managed to provide a genuine experience. An experience 
where the enabling environment was perceived as phenomenologically, semantically, and 
physically realistic and value-adding to individual motivation. However, a slight increase in 
anxiety for the VR training system was identified in comparison to the physical door simulator. 
This is understandable as the performance of the participants was being investigated, and most 
of them had little or no prior VR experience (Table 1). Besides this, the VR training system was 
also perceived as more useful in comparison to the physical door simulator. This can be partly 
explained by the increased versatility, easy accessibility, and learning experience provided by 
the VR training system. Consequently, the results suggest that the VR training system managed 
to get the conductors motivated and generate a belief of perceived usefulness, which is the main 
prerequisite for embracing shared knowledge and building on one’s tacit skillset. 

Second, in terms of the learning outcome, the research could only provide a preliminary insight 
into the educational impact of the VR training system. Evaluation done by the railway company 
on potential knowledge gain or loss because of practicing through physical door simulator 
showed a 12.5% increase in learning how to close off doors on different trains by hand and a 
4.5% increase in learning how to act during irregularities in the departure procedure (Figure 11). 
In comparison, although a knowledge gain in two of the six knowledge subjects with VR training 
system was identified, the varying number of participants who took part in the evaluations and 
the different scope of each evaluation meant that the results could not be directly compared. 
More specifically, where VR training system evaluation for learning outcome focused on practice 
with three exercises only, the physical door simulator evaluation on learning outcome 
encompassed the entire training program. Nonetheless, the results of the VR training system for 
learning outcome did show that the solution triggered a self-reflective experience and simulated 
authentic tasks that allowed the conductors to become aware of their skills and knowledge. This 
aspect was also evident from the reported knowledge loss, or more accurately in this case 
knowledge adjustment, for the four key knowledge subjects for conductor education. This 
showed the added value of the developed base level test as a way of implementing an adaptive 
learning system.  

Third, in terms of learning performance, the average times per exercise and number of tips 
required for each exercise showed that further improvements are needed both on design and 
development and on building technological familiarity. Particularly, to minimize lost time due to 
lack of technological familiarity, further optimization of controller use is suggested to reduce the 
time per exercise. Similarly, considering that most participants had little VR-experience, the 
effect of gradually increased VR-experience must also be investigated as it may potentially 
reduce the time needed per exercise. These improvements are needed to make the VR training 
system also professionally competitive from a learning performance point of view. Especially, to 
achieve the lower time per exercise, which in the current evaluation of the VR training system 
was slightly higher than the prescribed time by the Railway company.    

7. Managerial implications 

The presented research offers specific managerial implications for transportation organisations 
in general and railway organisations in particular. Such organisations need to continuously train 
their employees to account for the changing requirements in the operational world. To enable 
learning and efficient operations, managers need to exploit the potential of new technologies, 
such as VR, when training their employees. From a managerial standpoint, this research is 
particularly useful for railway organisations as it provides insights into developing affordable, 
adaptive, and flexible VR-based training programmes for training employees for operational 
procedures, system changes, and system upgrades.  
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The results of this study provide evidence that VR-based training systems, when designed 
following employee needs, can be the preferred learning mode compared to current physical 
solutions that are traditionally product-specific and more expensive. The results also show that 
such training systems can make employees more aware of their skills and knowledge on a 
particular subject through the simulation of authentic tasks and self-reflection. These results 
have three-fold implications for the transport managers in general and railway managers in 
particular. First, given the identified learning preference, they need to invest in creating an open 
culture and provide leadership so that employees feel encouraged to participate in the 
development of VR-based training systems that can achieve desired organisational performance 
goals. This entails that the managers need to be convinced of the potential performance gains 
from investing in the Information Technology (IT) maturity of their organisations. Second, given 
the preliminary insights into learning outcomes, the managers need to consolidate policies for 
developing and testing VR-based training systems in different organisational settings to improve 
their reliability, and identify suitable application areas within their organisations. Finally, to 
obtain long-term positive outcomes from VR applications the managers need to create a 
dedicated unit of their organisations for handling digital technologies and keeping important 
organisational know-how in house. Outsourcing these services can damage the organisational 
capability to manage different scenarios such as training employees for changing requirements.  

8. Conclusion and future work 

The presented research provides insights into developing a VR-based industrial training program 
to educate train conductors. As stated in our research question, a VR-based training system was 
developed with a co-design approach to investigate whether it can provide a viable and more 
flexible alternative to the currently used physical door simulator for conductor training. 
Additionally, an adaptive learning system was incorporated into the VR training system to 
understand its potential impact on learning. The combination of these elements is the main 
novelty of our approach. A pilot evaluation of the developed system was performed with ten 
active train conductors. The results indicated an inclined learning preference towards the VR 
training system in comparison to the physical door simulator. More specifically, the conductors 
ranked the VR training system better on five out of the six parameters identified to measure the 
overall learning preference of the conductors with both solutions. Similarly, although the 
evaluation of the learning outcomes could not provide a direct comparison between both 
solutions, it did highlight the added value of the adaptive learning system by showing a 
knowledge gain in two out of six knowledge subjects for conductor education. Lastly, the carried-
out evaluation on the learning performance assisted in identifying the improvements needed in 
the design and development to lower the time needed per exercise.     

The authors acknowledge that the results presented, although insightful in the context of a pilot 
evaluation, have limited statistical significance. Future work can include a larger sample size and 
a thorough statistical analysis of the presented parameters to improve the generalizability of 
results. Moreover, conducting longitudinal and cross-sectional studies can further explain and 
improve the educational impact of the developed VR-based adaptive learning system on 
industrial training.   

The gained insights on learning preference, learning outcome, and learning performance 
demonstrate the added value of this research for the educational technological research 
community. It reiterates the potential of VR-based training in an industrial setting and sheds 
light on technologically novel and educationally impactful ways of developing such customized 
industrial solutions. Moreover, considering the significance of individual motivation and 
perceived usefulness for building tacit skillsets, our research underlines the importance of co-
design in the development of industrial training solutions and outlines three explicit managerial 
implications. To conclude, the presented VR-based industrial training program can be a suitable 
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candidate for operator training, able to motivate the trainees and provide an authentic learning 
experience.  
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Chapter 9 - Do you have confidence in how your rolling stock has 
been maintained? a blockchain-led knowledge-sharing platform 
for building trust between stakeholders 
 

Abstract 

This study explores the potential of blockchain technology in enhancing trust among the stakeholders responsible for 
the maintenance of rolling stock. Although the technology has been widely successful in the financial sector, it is still 
novel in the maintenance field. Given the customized nature of maintenance processes, it is unclear if a suitable 
consensus protocol can be identified that can enhance trust among stakeholders. This problem is investigated through 
the lens of the Design Science Research Methodology. First, the theoretical background of blockchain technology and 
its role in enhancing trust are explained, followed by the analysis of a current case at a Railway company to test the 
proof of concept. A business network archive is developed for the maintenance management of the sliding step of 
the train door system. The archive encompasses the business logic and transactional data required to enhance trust 
among stakeholders in the quality of performed maintenance. The developed archive is deployed on Hyperledger 
Fabric and the effectiveness of the solution is evaluated through a survey. The results show that the developed 
business network, deployed on a customized Hyperledger Fabric consensus protocol, enhanced trust among the 
stakeholders involved.  
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1. Introduction 

Managing information among stakeholders with different interests is a challenge faced by 
academics, scientists, and businesses alike. In the transportation industry, for instance, 
managing asset maintenance information is a sensitive problem  (Faiz & Edirisinghe, 2009; 
Gerardo & J. W. Bryant, 2006). In such contexts, stakeholders face difficulties in sharing critical 
asset information because of a lack of trust. Trust is also considered a key influencing factor for 
knowledge sharing in the literature on knowledge management (Politis, 2003), project 
management (Jun-gi Park & Lee, 2014), and decision support systems (Chiu et al., 2006). 
Ensuring trust in a multi-stakeholder setting is particularly difficult, as trust falls in the category 
of beliefs, which largely exist in tacit form. The literature acknowledges the distinct challenges 
associated with explicit and tacit knowledge sharing (Hau et al., 2013b), and specifically 
highlights the difficulty of sharing tacit knowledge because of its embodied nature (Nonaka, 
1994). In contrast, sharing explicit knowledge is considered easier because it is, by nature, 
readily articulated, codified, stored, and accessed (Hélie & Sun, 2010). Additionally, modern 
Information Technology (IT)-driven knowledge management systems used by organizations 
today have contributed significantly to optimizing explicit knowledge sharing. The challenge, 
however, is sharing explicit knowledge between stakeholders such that it addresses the 
underlying tacit assumptions. In addition to this, Pan et al. (2020) stress the need to introduce 
trust mechanisms in organisations to solve the problem of trust to improve information and 
knowledge sharing which plays a central role in the long term stable enterprise development.  

Building trust in asset maintenance information among stakeholders with different, and often 
divergent, interests is a challenging task. Information authenticity and integrity are key areas of 
concern in such situations (M. Li et al., 2010), and the sharing of inaccurate or unreliable 
maintenance information can lead to mistrust among stakeholders and slow down maintenance 
processes. Moreover, it can also influence maintenance effectiveness, as trust fosters 
“successful cooperation and effectiveness in organizations” (Six, 2007). This requires great care, 
though, as acquiring data about assets is not always considered useful or cost-effective (Garg & 
Deshmukh, 2006; Moubray, 1992; G. L. Smith, 2002). Moreover, human factors play a central 
role in the overall quality of the acquired information (Murphy, 2009). Therefore, designing 
information management solutions that can appeal to the tacit needs of users is fundamental 
to enhancing trust in the quality of shared information.  

As pointed out by several authors (Perera et al., 2020; Viriyasitavat, Da Xu, et al., 2019), the 
distinct features of Blockchain Technology (BT) seem to provide a unique opportunity to 
facilitate the building of trust among stakeholders with different interests. Similarly, BT is 
presented as a technological solution for generating trustworthy relationships (Wamba & 
Queiroz, 2020). However, Hughes et al. (2019) mention that resistance among users due to poor 
levels of knowledge and trust in technology could pose threats to wider acceptance of BT in the 
organisational setting. Moreover, Di Vaio & Varriale (2020) state that existing literature does not 
provide significant knowledge about the implications of BT for future industries especially its 
practical application and effects on operations management. Consequently, this paper explores 
the potential of BT in enhancing trust among the stakeholders responsible for the maintenance 
of rolling stock in a case at Netherlands Railways (principal railway operator in the Netherlands) 
hereon referred to as Railway company. The developed BT solution is tested on a specific 
component - the sliding step - of the train door system used in Railway company rolling stock. 
This paper attempts to enhance trust in the quality of performed maintenance among 
stakeholders by investigating the following research question.  

How can blockchain technology be used to enhance trust in the quality of performed 
maintenance among stakeholders? 



chapter 

9 

   
 

           p149  
      

Hevner et al. (2004) state that one of the most significant characteristics of a sound study is that 
it must produce an “artefact created to address a problem”. The Design Science Research 
Methodology (DSMR) developed by Peffers et al. (2007) for design science research on 
information systems was used for this study, which aims to explore the potential of BT with 
regard to enhancing trust among stakeholders. It is a suitable fit for this study, as it helps create 
desired artefacts and has also been previously used within the railway sector (Otto & Ofner, 
2010).  

The rest of the paper is structured around the guidelines of the DSMR methodology. First, the 
state of the art of BT is presented in section 2.1. Next, the description of the Railway company 
case with trust-related issues is provided in section 2.2 to show a practical use case for the proof 
of concept. Subsequently, the developed solution is presented in section 3 to address the 
research question and produce an artefact for the chosen use case. The objectives of the desired 
solution are outlined in section 3.1, which are determined by analysing the qualitative data 
gathered from persona templates and formulated user stories. Similarly, the design and 
development part of the solution is described in section 3.2 and its evaluation is provided in 
section 3.3. Subsequently, section 4 discusses the key insights gained from the study, the 
appropriateness of the proposed approach, and key areas for improvement in the developed 
solution. Section 5 presents the key implications and recommendations from the conducted 
research for business and academics. Last, section 6 concludes the study and highlights key areas 
for future research. 

2. Background of the Study 

This section presents the state of the art of BT and describes the case of the Fast Light Innovative 
Regional Train (FLIRT) sliding step to show the core issues regarding maintenance management 
for this part.  

2.1. BT: State of the art 

This section details the state of the art of BT and its key applications. As highlighted by Lu (2018b, 
2019) blockchain, decentralized infrastructure and distributed general ledger agreement, is 
highly suitable for establishing data security and trust for automation and intelligence 
development. The first successful application of BT was the famous cryptocurrency Bitcoin 
(Nakamoto, 2008). Ever since its introduction, it has proven to be a robust technology with 
beneficial attributes that stretch far beyond cryptocurrency. Palm, et al. (2020) point out that 
ever since the Bitcoin introduction different Distributed Ledger Technologies (DLTs) such as R3 
Corda, Hyperledger Fabrik, and Ethereum have made the BT useful for not just financial world 
but also contractual cooperation.  Iansiti & Lakhani (2017) describe blockchain as “an open, 
distributed ledger that can record transactions between two parties efficiently and in a verifiable 
and permanent way”. At its core, BT is a combination of old technologies, such as cryptography 
and peer-to-peer networks. So far, BT has primarily impacted the financial sector, but it has the 
potential to revolutionize many industries. It is being tested in many fields, ranging from retail 
and customer goods to healthcare and food industry (Bumblauskas et al., 2019). Nonetheless, 
Yli-Huumo et al. (2016) state that over 80% of the papers on the topic of blockchain are on the 
Bitcoin system, and less than 20% deal with other blockchain applications. In contrast to the 
overwhelming majority of research on BT, this paper explores and investigates how BT can be 
useful in the management of asset maintenance information.  

Blockchain provides a platform that ensures authenticity, security, confidentiality, and room for 
customization in the context of information management (Lu, 2018a). This is primarily made 
possible by the three key features of blockchain technology: the ledger (which records all 
transactions based on the defined protocol); encryption (which protects the ledger from 
tampering); and distributed redundant storage (which can identify changes to the ledger). These 
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three features provide users with a higher degree of confidence in the authenticity and security 
of their data (Benkler, 2016). They also provide flexibility and make it possible to orchestrate the 
stored information such that organizations can incorporate their business logic and develop 
their own blockchain applications (Brill et al., 2013).  As shown by Viriyasitavat, Xu, Bi, 
Hoonsopon, & Charoenruk (2019); Xu & Viriyasitavat (2019) blockchain and smart contracts are 
two key enabler technologies for establishing trust in entities involved in a business process. 

Seebacher & Schüritz (2017), while describing the functioning of BT, state that it is a shared 
distributed database in a peer-to-peer network which “consists of a linked sequence of blocks 
(a storage unit of a transaction), holding timestamped transactions that are secured by public-
key cryptography (i.e., “hash”) and verified by the network community. Once an element is 
appended to the blockchain, it cannot be altered, turning a blockchain into an immutable record 
of past activity”. This makes it a  technology with far-reaching implications for governance, 
management, and decision-making (Davidson et al., 2016). Blockchain’s ability to remove 
intermediaries gives users ownership of and control over their own data (Back et al., 2014; Iansiti 
& Lakhani, 2017). BT addresses trust between participants, as it requires confirmation of each 
requested transaction through decentralized consensus (Back et al., 2014). Similarly, Hughes et 
al. (2019) point out that blockchain effectively replaces trust in humans with trust in technology 
through verification and associated protocols. In their systematic review, Ali et al. (2020) also 
report trust as a key benefit of implementing blockchain and present it as a technology that gives 
its user confidence that the archived information has not been altered. BT ensures trust by 
following a structured approach where immutable blocks are chronologically added to form a 
chain of blocks through an agreement process commonly known as consensus in the chain. 
Different algorithms have been developed to achieve consensus in BT. Consensus forms an 
agreed truth among all stakeholders and eventually adds trust in the shared information  
(Bodkhe et al., 2020). The selection of appropriate consensus algorithms based on contextual 
needs is crucial to developing effective blockchain solutions. A comprehensive survey of 
blockchain-based consensus algorithms and their application in the Cyber Physical Systems (CPS) 
such as Intelligent Transportation has been presented by Bodkhe et al. (2020).  

Brill et al. (2013) underline five key attributes of blockchain technology: it is distributed and 
sustainable; secure and indelible; transparent and auditable; consensus-based and 
transactional, and flexible and orchestrated. Although blockchains are distributed databases 
controlled by a group of individuals, who store and share the agreed upon information, they can 
be classified into the following three main types: public, private, and federated or consortium 
blockchains (Laurence, 2017). This classification is based on factors such as ownership, access, 
transaction speed, security, and identity. This diversity facilitates testing blockchain in a broad 
range of sectors. Additionally, Helliar et al. (2020) highlight that although permissioned 
blockchains are not as widespread as permissionless blockchain they are increasingly becoming 
an institutional-driven solution to conduct businesses with transactional efficiency. BT is being 
tested in industries such as media and music, transportation, the Internet of Things (IoT), and 
supply chain management. Outlier Ventures, a corporate research tracker, reported blockchain 
activity at about 285 companies in January 2018. According to Ashley Lannquist (2018), around 
140 of those companies have been experimenting with blockchain technology for proof of 
concept.  

The blockchain applications used in these sectors are most likely a sign of things to come, as, 
according to a survey conducted by the World Economic Forum in 2015, it is estimated that 10% 
of the global Gross Domestic Product (GDP) will be stored on blockchain by 2027 (World 
Economic Forum, 2015).  Its industrial applications range from social applications to the banking 
sector (Hassani et al., 2018; Viriyasitavat, Xu, Bi, & Pungpapong, 2019). This shows the key role 
that BT will play in the near future. However, several legitimate challenges require further 
research within the domain of BT, such as throughput and latency issues, size and bandwidth 



chapter 

9 

   
 

           p151  
      

issues, and usability and wasted resources issues (Yli-Huumo et al., 2016). Similarly, Ying, Jia, & 
Du (2018) underline that discussions on BT are mostly on conceptual expositions and empirical 
evidence on how to use the technology is limited. The use of BT for maintenance is relatively 
new, and only a few projects in this sphere were identified in the study on BT applications. These 
include projects such as Blockchain for Aviation (BC4A) by Lufthansa; Mobility Open Blockchain 
Initiative (MOBI) by BMW, Ford, General Motors and Renault; and several studies conducted by 
Airbus (Allison I., 2018; Evers, 2016). Most of these projects are in their pilot phase, and there is 
not much academic literature on blockchain-enabled maintenance.  

Acknowledging Bodkhe et al. (2020); Capobianco (2018); and Hughes et al. (2019) claim that 
blockchain provides trust in transactions and the suggestion that it assists decision-making 
through decentralized consensus by Back et al. (2014), this study explores the potential use of 
BT for managing asset maintenance information. More specifically, it explores the potential use 
case at the Railway company as proof of concept, where the right decisions need to be taken 
promptly to avoid domino effects and major disruptions in the intrinsic density of the network.   

2.2. Description of the Railway company case  

Asset maintenance information includes, but is not limited to, maintenance event registration, 
maintenance guidelines, technical specifications, and the performance data of the asset. 
Effective management of such information can play a key role in designing better assets, 
improving asset maintenance guidelines, and optimization of asset maintenance plans. 
However, conflicting interests coupled with trust issues regarding maintenance information 
hinder the improvement of asset maintenance management.  

A suitable use case for implementing BT was sought among the fleet of Fast Light Innovative 
Regional Trains (FLIRT) operated by the Railway company. This choice was made after 
interviewing with Railway company experts and the manufacturer of FLIRT rolling stock. These 
experts included asset managers, maintenance engineers, quality controllers/managers, 
warranty managers, and the Reliability, Availability, Maintainability, and Safety (RAMS) manager 
of the Railway company. Two of the most common problems reported by the interviewees were 
the lack of provenance of Failure Mode and Effect Analyses (FMEA) and Fault Tree Analyses (FTA) 
and the inadequacy of maintenance instructions provided by the suppliers. This created mistrust 
between the rolling stock manufacturer and maintenance staff of the Railway company 
regarding the quality of maintenance performed on rolling stock. The interviewees from both 
the manufacturer’s side and the Railway company side believed that adding provenance 
attributes to FMEA and FTA and analysing the adequacy of maintenance instructions could 
enhance trust in the maintenance performed. Together with asset managers and maintenance 
engineers at the Railway company and the warranty manager of the rolling stock manufacturer, 
a suitable use case for further investigation was explored within the FLIRT fleet.  

FLIRT was first introduced in the Netherlands in December 2016. Together with stakeholders 
from both sides, the specific failure that caused mistrust regarding FLIRT train maintenance was 
explored. In this regard, reported failures in FLIRT operation were analysed during the period 
28-02-2018 to 28-05-2018. It is worth mentioning that failures, in this case, represent a delay in 
train operation of over three minutes, which is a standard performance indicator of the Railway 
company. Figure 1 presents the failures reported in the given period.  
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Fig. 1. Reported failure (delay in train operation of over three minutes) FLIRT in the given 

period. 

As seen in Figure 1, the most frequently reported failure is the unknown cause of delay. It is 
worth clarifying that this category represents situations in which the person reporting the failure 
could not identify the root cause of the delay or did not have enough information to characterize 
the actual cause of delay. This is understandable, given the complexity of the situation and tight 
train timetables. Measures were being introduced to prevent such scenarios at the time this 
study was conducted. The second most common failure “Irrelevant cause of delay from 
maintenance perspective” is, as the name suggests, irrelevant for this study. As seen in Figure 1, 
the third and fourth most frequently reported failures comprised the brakes failing to release 
and the sliding step not moving backwards, respectively. Between these two, consultation with 
the involved stakeholders showed that developing a blockchain application for brakes failing to 
release faced political, ethical, and legal issues. More specifically, it would require train drivers 
to be willing to analyse their driving performance. This would have been challenging, given the 
organizational data protection rights of these train drivers. Therefore, seeing as the focus of the 
study was to show proof of concept and given the critical nature of sliding steps for FLIRT 
operation, the failure of the sliding step was eventually chosen as a use case for blockchain 
solution development.  
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3. The solution: Proof of concept 

Sliding steps are part of the train door system that facilitates safe boarding. The purpose of the 
sliding step is to prevent passengers from falling or getting stuck between the train and the 
platform. The sliding step bridges the gap between the platform and the train by extending 
towards the platform from the bottom of the train door. Furthermore, sliding steps enable 
disabled people (especially those in a wheelchair) to board the train safely and easily. Each 
carriage of a FLIRT features four sliding steps, with two on each side of the carriage. The Railway 
company maintains 796 FLIRT-type sliding steps.  

The definition of maintenance on the sliding steps is provided by the Original Equipment 
Manufacturer (OEM). Based on contractual agreements, the OEM provides a warranty for the 
rolling stock if it is maintained in accordance with its guidelines. Maintenance tasks are specified 
by the OEM and they require qualified personnel who can perform these tasks. Based on the 
criticality analysis, the OEM also provides a rough maintenance task schedule. Based on this 
schedule, the Railway company draws up a maintenance plan for maintaining its assets by taking 
into consideration the OEM’s guidelines, their existing knowledge about the asset, and their 
performance goals.  

At the time of writing, FLIRT sliding steps were inspected and maintained every 90 days, 
coinciding with regular preventive maintenance. This involved technicians cleaning and servicing 
the sliding steps, in accordance with the maintenance instructions provided by the OEM. If the 
sliding step fails while a train is in service or if it is defective during regular preventive 
maintenance, a separate work order is submitted in the maintenance management system. The 
system then schedules corrective maintenance for that sliding step and files a warranty claim 
where applicable. 

The fundamental problem with the current maintenance practices, besides the disruption they 
cause, is the lack of consensus on the quality of performed maintenance between the maintainer 
and warranty providers. Interviews conducted with warranty personnel of the OEM identified 
that they regarded the maintenance information recorded by the party that performed the 
maintenance to be inadequate or insufficient to verify the validity of the warranty claim. They 
seemed to claim that maintenance personnel of the Railway company did not service the sliding 
steps in accordance with their maintenance guidelines. The Railway company maintenance 
personnel stated that, despite following all the maintenance instructions given by the OEM, the 
sliding steps still failed prematurely and frequently. They claimed that the sliding steps, in their 
current state, fell short of the promised contractual reliability and availability commitments and 
that a redesign was perhaps needed. This situation created an environment of mistrust among 
the stakeholders involved and resulted in a lack of consensus on the quality of performed 
maintenance. Therefore, there was a need for a solution that could facilitate consensus, build 
on the quality of performed maintenance, and help enhance trust among stakeholders. Thanks 
to its unique features, BT is an excellent platform for such a solution. Consequently, the explicit 
objectives for the desired blockchain-based solution were determined next.   

3.1. Objectives of the solutions 

As stated previously, the desired solution had to help build consensus and enhance trust among 
the relevant stakeholders. It needed to be transparent and secure and have provenance 
features. First, the following goal was formulated for developing the required solution:  

“Developing a blockchain-based knowledge-sharing platform that can facilitate consensus 
building and enhance trust in the quality of maintenance performed on the FLIRT sliding step 
among stakeholders” 
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To specify explicit objectives for the desired solution, a storyboard, persona templates, and user 
stories were constructed. The designed storyboard which provides a graphical representation of 
the current and proposed approach for FLIRT sliding step maintenance registration is presented 
in Figure 2.  

 

Fig. 2. Constructed storyboard. 

Persona templates are an established design technique within the IT-design field designers use 
to understand the user perspective (Johansson & Messeter, 2005). Using persona templates is 
a common practice within the IT department of the Railway company. Personas were used to 
specify the objectives of the desired blockchain application. Relevant stakeholders were asked 
to fill in the designed persona template shown in Table 1.  

Table 1. Constructed persona template. 

Persona Template 
                                                       Demographics 
My name: 
 
My age: 
 
My gender: 
 
My education level: 
 
 

                                                              Activities 
My role: 
 
My goals: 
 
My tasks: 
 
My triggers: 
  

                                                       Work Context  
I work as: 
 
 
My work environment looks like: 

                                                              Feelings 
What motivates me: 
 
 
What frustrates me: 
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The stakeholders who completed the template included the Railway company Quality Manager 
(QM)/Quality Controller (QC), technicians and Maintenance Engineers (ME), and the Warranty 
Manager (WM) and Maintenance Engineers (ME) of the OEM. This provided a good summary of 
the needs of the key stakeholders responsible for the maintenance of the sliding step. Similarly, 
to translate the user perspective into the developer’s perspective, user stories were formulated 
based on the completed persona templates. A user story is a brief narrative that describes a 
specific task of a single worker, and the corresponding situation (Ashbacher, 2010). The 
formulated user stories were completed in close consultation with the stakeholders who 
completed the persona templates to avoid any misunderstanding. These user stories and the 
corresponding requirements for the desired application were assigned the status of Minimal 
Viable Product (MVP) or optional, depending on their relevance for the stated goal. Considering 
that the study’s primary focus is to show proof of concept, only MVP requirements were taken 
into consideration in the design and development of the blockchain application. The user stories 
formulated for this application are presented in Appendix A.  

3.2. Design and Development 

A team of two IT developers, a business consultant, a test coordinator, a maintenance engineer, 
and a researcher (first author) was composed for the design and development of the application. 
In addition, two experts from the security and validation department, and the IT-design 
department of the Railway company, were also regularly consulted during the design and 
development of the application. Weekly meetings were held to track the progress of the 
application development process and to facilitate communication among the members of the 
team. The initial code of the application, which includes the backbone of the Angular application 
and the smart contract code, was adopted from the GitHub repository of Simon Stone, who is a 
major maintainer of the Hyperledger composer at IBM. A more detailed description of the 
developed blockchain application can be accessed through the GitHub repository of Anouk van 
Gelder, named anouq/nst-app, one of the IT developers on the team. It is an open-source code 
that defines the asset structures, transactions, and events of the application written in the 
TypeScript programming language. A summary of key design and development aspects of the 
developed blockchain solution is provided next. 

The front end of the prototype blockchain application was built with Angular 4, a popular 
JavaScript framework for building single-page applications. It was then deployed on 
permissioned Hyperledger Fabric platform where consensus algorithms such as the Practical 
Byzantine Fault Tolerance (PBFT) work efficiently. PBFT is a voting-based consensus mechanism 
where transaction approval depends on the majority of approval nodes (Bodkhe et al., 2020). 
Using PBFT for developing blockchain solutions improves fault-tolerance and performance in 
case of aligned faults (ibid). In a case study, Yusuf et al. (2019) deployed a blockchain-based 
network on the Hyperledger platform to solve the vegetables supplier’s problem, where supplier 
companies have a short time to finish the ledger. Their research showed that fault-tolerant 
consensus algorithms are more suitable and feasible for the vegetable supply chain (ibid). Similar 
to the vegetable supplier’s problem, a shorter time to achieve consensus on the quality of 
performed maintenance is crucial to maintaining operational reliability for the involved 
stakeholders. Androulaki et al. (2018) showed that Hyperledger Fabric can achieve an end-to-
end throughput of over 3500 transactions per second with sub-second latency in certain 
configurations scaling well over 100 peers. Besides this, it provides the BT functionality, 
Application Program Interfaces (APIs) and Software Development Kits (SDKs) that enable 
developing smart contracts and end-user applications. Similarly, it supports interactional 
privacy, provable acceptances, effective adjudication, and trustworthy identification as 
mentioned by Palm et al. (2020). These aspects made Hyperledger Fabric a suitable fit for 
deploying the developed business logic. The information architecture of the deployed business 
logic is presented in Figure 3.  
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Fig. 3. The information architecture of the developed application. 

As seen in Figure 3, the Business Network Archive (BNA) defines the network model (assets, 
participants, and transactions), the business logic (the transaction functions), and the access 
control limitations. The BNA generates the Representational State Transfer (also known as REST) 
Application Program Interface (API). The application user interacts with the web application, 
written in Angular 4, based on the defined consensus protocol. Hyperledger Fabric uses execute-
order-validate blockchain architecture instead of traditional order-execute architecture which 
limits scalability and requires endorsement by all peers (Androulaki et al., 2018). In Hyperledger 
Fabric, transaction proposals are submitted by clients for execution, and peers execute and 
validate the transactions. Only the specified endorsing peers validate the transactions according 
to the endorsement policy (ibid). Once all the mandated signatures are added to the transaction 
according to the endorsement policy, the transaction is appended to the distributed ledger by 
the ordering nodes (Palm et al., 2020). Validation rules can be customized in code as contracts 
to meet context-specific needs. For this study, Maintainers submitted the transactions as clients 
to the network, and WMs and QMs/QCs validated the transactions as endorsing peers. By 
specifying these node types, the Maintainer can submit and propagate transactions 
(maintenance events), while WMs and QMs/QCs can execute and verify the transactions. Peer 
nodes in the Hyperledger Fabric can process multiple transactions simultaneously, allowing for 
greater efficiency and scalability. Similarly, by implementing the agreed-upon transactional 
details, ordering nodes can facilitate the creation of a single accurate record of transactions. 
These presented aspects of Hyperledger Fabric made it easier to deploy the developed BNA.  

In terms of user interaction, the web clients interact with the REST API, which appends 
transactions to the blockchain state database. The state database records the current state of 
Hyperledger Fabric. The REST API can request existing transactions and send information on 
existing and new transactions to the blockchain state database. Hyperledger Fabric stores the 
current state in the state database, setting it apart from traditional blockchains such as Bitcoin. 
This makes Hyperledger faster and more efficient and enables the members of the network to 
query the stored transactions. The blockchain log of Hyperledger Fabric provides information on 
the provenance of assets, which is critical for building trust among the members of the network. 
As a result, Hyperledger Fabric allows the web client to return information from the REST API to 
the user quickly and efficiently. 



chapter 

9 

   
 

           p157  
      

Transactional data play a key role in consensus-building on the quality of performed 
maintenance. The peer nodes of the network need to verify the quality of performed 
maintenance to reach consensus. Recognizing this, certain requirements were set for every 
maintenance event registration. For instance, the maintainer was required to upload photos of 
the maintenance performed and confirm that they had followed the maintenance instructions. 
This would give the peer nodes access to necessary information, such as time, work order 
number, maintenance instructions, photos of performed maintenance. for each registered 
maintenance event. To ensure the indelibility of every transaction (i.e. registration of a 
maintenance event by a maintainer, validation by QM/QC, and by WM), an immutable 
transactional hash was generated and stored on Hyperledger Fabric. Figure 4 presents the 
process flow of the developed application.  

 

 

Fig. 4. Process flow of the developed application. 

3.3. Evaluation of the solution 

The developed blockchain solution was tested in a workshop conducted at a maintenance facility 
of the Railway company. The selected facility serviced the FLIRT fleet. The workshop was 
attended by technicians, QC/QM, and ME of the Railway company and by the WM and ME of 
the OEM. In this workshop, first, the underlying motivation and problem were presented to the 
attendees. This was followed by a detailed description of the purpose and functioning of the 
solution. The process flow of the solution was explained and a demonstration of registering and 
approving a maintenance event was given. Afterward, the attendees were given login 
credentials based on their roles and were encouraged to use the application for a few hours at 
the maintenance facility. 

The application was then evaluated after a few hours of use through an online password-
protected survey. The survey was specially designed for evaluating the performance of the 
developed solution in building trust in the quality of performed maintenance.  A detailed 
overview of the survey questions is provided in Appendix B. The survey ensured anonymity, 
which enabled freedom to express one’s opinion freely in response to the questions asked in 
the survey. Results were compiled after recording the responses of 10 respondents. This 
included all key stakeholder roles responsible for the maintenance of the sliding steps namely 
the technicians (/maintainers), QM (/QC), ME of the Railway company and the OEM, and the 
WM of the OEM. 
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The analysis of the survey data showed that all respondents believed that the presented solution 
would increase trust and transparency in the quality of maintenance performed on sliding steps. 
Similarly, the survey data also showed that validation of maintenance activities by the relevant 
stakeholders in a secure and immutable manner was considered an improvement in the 
maintenance registration system by nine out of ten respondents. This highlights the added value 
of BT in facilitating trust-building among the involved stakeholders thanks to its provenance and 
trust-building consensus algorithms. Similarly, nine out of ten respondents reported that 
defined transactional data in the designed business logic was sufficient to analyse the quality of 
performed maintenance. The transactional data included photos of the performed 
maintenance, work order number, used maintenance instructions number, type of maintenance 
performed, and additional comments.  

The Net Promoter Score (NPS) was calculated to evaluate the overall satisfaction of the 
stakeholders with the developed solution. NPS is an index ranging from -100 to 100 that 
measures the willingness of a customer to recommend a product or service (Reichheld, 2003). 
The respondents were asked to grade the presented solution on a 10-point scale based on their 
experience of using it for maintenance information management of the sliding steps as shown 
in Appendix B. The NPS bar is traditionally classified into three categories, namely detractors, 
passives, and promoters (Reichheld, 2003). Respondents reporting a score from 0 to 6 are 
classified as detractors and are not considered to be passionate about the product. Respondents 
scoring the product with a 7 or 8 are classified as passives and considered to be somewhat 
satisfied with the product. Similarly, respondents score the product with a 9 or 10 are classified 
as promoters and are considered someone who would use and recommend the product to 
others. The final NPS score is determined by subtracting the percentage of detractors from the 
percentage of promoters (Reichheld, 2003). For the developed solution, the final NPS score after 
analysing the scores of 10 respondents was evaluated to be -12.50. More specifically, 25% of the 
respondents ended up as detractors, 63% as passives, and 13% as promotors. This evaluated 
NPS score implies that the solution in its current form is not ready to be introduced in practice. 
Nonetheless, the results do imply the value of blockchain-led maintenance information 
management solutions in building trust among the involved stakeholders. Besides this, the 
feedback received in the evaluation phase on potential areas of improvement such as additional 
negotiation functionality and integration of different IT solutions being used for maintenance 
management can help in improving the solution and enhancing practical acceptability. It is worth 
mentioning that all the respondents reported once the identified concerns in the feedback 
session are addressed, they are willing to use the developed solution in practice for maintenance 
information management of the sliding steps.   

4. Discussion 

This study has shown the value of BT in asset maintenance information management, with major 
gains occurring in the form of increased trust in the quality of performed maintenance. The 
registered maintenance information on the IBM blockchain was largely accepted as true and 
reliable. The consensus-building on mutually agreed transactional data and provenance features 
of the developed application facilitated the enhancement of trust among stakeholders. These 
findings complement the characterization of information as “Information-as-thing”, 
“Information-as-process”, and “Information-as-knowledge” by Michael K Buckland (1991),  who 
showed the phenomenon of stored information undergoing a process and resulting in the 
appropriate action. The same phenomenon was observed in this study, where maintenance 
events that had been validated by stakeholders enhanced trust among those stakeholders. This 
can have a ripple effect, as it can help stakeholders develop an optimal maintenance plan for 
the assets and enhance asset performance in terms of reliability, availability, and maintainability 
by managing asset information using blockchain technology.  



chapter 

9 

   
 

           p159  
      

The developed solution provided reliable, secure, indelible, transparent, and auditable 
information to stakeholders since the deployed business logic ensured that a maintenance event 
was authentic only if it had been validated by QM/QC and WM. The transactional data played a 
crucial role in consensus-building among stakeholders on the quality of performed maintenance, 
as it was defined in accordance with the needs and wishes of all stakeholders involved. The 
addition of 64-bit immutable hashes for all transactions provided transparency and made it 
possible for the solution to be monitored and audited. It meant that all the back-end users could 
verify the authenticity of a transaction by generating a hash and comparing it with the stored 
hash. Finally, the flexibility of the Boolean logic used for approving or rejecting registered 
maintenance events and the plugin for converting the stored information into another readable 
format ensured that the blockchain solution was more closely tailored to the needs of the 
stakeholders.   

The study also shows that Hyperledger Fabric is a suitable blockchain platform for maintenance-
related information systems. Features such as interactional privacy through the provision of 
subgroups, provable acceptances through endorsement policy, effective adjudication through 
customization of validation rules and trustworthy identification through the provision of 
membership service, helped gain the trust of the involved stakeholders. However, one of the 
key limitations identified during the testing of the blockchain solution was the lack of room for 
negotiating terms in Hyperledger Fabric. For example, negotiating the quality of performed 
maintenance among involved stakeholders. Such functionality allows effective communication 
and timely amendments in the agreed business logic. However, Hyperledger Fabric does not 
provide this functionality on its own and the only possibility identified was to define the 
negotiating terms in the code as contracts. This implies that the code needs to be adjusted every 
time new negotiating terms are identified hindering the overall confidence and robustness of 
the solution. Besides this, considering the relatively small number of peer roles in the designed 
business logic, no significant latency issues were observed during the testing phase. The 
observed throughput rate was satisfactory for the presented maintenance status approval 
problem. Among other reasons, this is also because Hyperledger stores the current state in the 
state database and provides information on asset provenance through the blockchain log. 
However, for a comprehensive understanding of latency issues for the designed business logic, 
it should be tested with multiple clients, endorsing, and ordering nodes. Similarly, the scalability 
of the application was left out of the scope of this study, considering the limited user base and 
the study’s focus on demonstrating proof of concept. Nonetheless, the authors recommend 
running multiple instances of the server size application in docker containers before introducing 
the application in a production environment. This would allow developers to make distributed 
calls to different container instances, enabling the application to be scaled easily and reducing 
the complexity of data sent by clients to the web server.  

Last, the survey results and discussion during the demonstration phase showed that certain 
points need to be addressed to enhance the acceptability of the developed solution in practice. 
For instance, additional functionalities, such as comment fields, should be provided for QM/QC 
and WM, so they can share their reason for approving or rejecting any specific maintenance 
event. Similarly, it was suggested that a rejected maintenance event should automatically trigger 
the submission of new work orders in the system to make the solution responsive to different 
conditions. On top of this, integrating the developed application with the current maintenance 
registration system was also suggested to close the maintenance management loop and enable 
easy importing and exporting of relevant maintenance information across different systems. The 
above-mentioned points are a prerequisite for enhancing the acceptability of the developed 
solution in practice. The authors endorse these suggestions and would like to encourage future 
researchers to pay heed to these points for greater practical acceptability.  
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5. Recommendation and Implications  

The findings from this research have important implications for the business of maintenance 
management, organisational information and knowledge management, and blockchain 
implementation research. The first implication generated by this research is that trust 
mechanisms assist in building trust in the quality of performed maintenance in a multi-
stakeholder environment.  

Second, technological solutions such as blockchain-based knowledge sharing platforms can be 
used for sharing critical asset information in a transparent and trustworthy manner. This not 
only enhances trust between stakeholders with different interests but also enables continuous 
improvements in business processes and facilitates further innovation of physical assets.  

Third, blockchain-led maintenance management is not discussed and researched enough in 
literature. With varying financial and organisational interests of the quality controllers and 
warranty managers, building consensus on the quality of performed maintenance can be a 
daunting task. Off-chain processes such as insertion of followed maintenance instructions, type 
of performed maintenance, photos of performed maintenance, and additional comments by the 
maintainer create a knowledge bank of the assets’ performance. This knowledge bank can be 
used in the future by the suppliers and asset users to improve their physical assets and fine-tune 
their asset requirements, respectively. 

Fourth, the study shows the need for integrating different maintenance management systems 
for successful implementation. While the study showed that trust in business can be achieved 
from permissioned blockchain adoption, long term organisational acceptability is linked with the 
integration of different maintenance management systems.   

Finally, an important implication is that fault-tolerant consensus algorithms are more suitable 
for maintenance information management. From the technical perspective, this is mainly due 
to their improved fault-tolerance, risk, and performance in case of aligned faults (Bodkhe et al., 
2020). Similarly, from the business process perspective, this is mainly due to their suitability in 
situations where stakeholders have a short time to finish the ledger (Yusuf et al., 2019). The 
authors recommend further testing of the fault-tolerant consensus algorithms for deploying 
maintenance management related business logic. Lastly, the authors also recommend further 
testing of organisational acceptability for blockchain-led maintenance management solutions 
after integrating them with contemporary maintenance management systems.     

6. Conclusion and future research 

This study has attempted to bridge the gap between BT and maintenance information 
management. It reflected on the potential of BT in enhancing trust among the stakeholders 
responsible for the maintenance of rolling stock. A blockchain-based maintenance registration 
system was developed and deployed on IBM Hyperledger Fabric, a private permissioned 
blockchain network. More specifically, a maintenance event registration system was designed 
to analyse the quality of maintenance performed on the sliding step, a component of the train 
door system. The researchers collaborated with the Railway company, and the rolling stock 
manufacturer, to identify a practical case and test the developed approach. For this purpose, a 
survey was conducted to test the effectiveness of the developed solution. The results showed 
that the solution enhanced trust in the quality of performed maintenance among stakeholders. 
However, they also showed that the solution, in its current state, was not fully ready to be 
introduced in practice. The evaluation revealed that additional functionalities on front end 
application and integration of different IT systems being used for maintenance management are 
required for greater practical acceptability.  
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On the academic side, the study showed that at the level of proof of concept fault-tolerant 
consensus algorithms such as the one of Hyperledger Fabric is more suitable and feasible for 
building trust on blockchain led maintenance information management. The endorsement 
policy of the Hyperledger Fabric proved to be flexible enough to meet the needs of the identified 
problem of building trust in the quality of performed maintenance. Future research should test 
the designed business logic in practice with multiple clients and endorsing and ordering nodes. 
Similarly, further investigation into the scalability and latency issues of the developed business 
logic is also a key area of research. Finally, the chosen case was a litmus test to realize the 
potential of BT in optimizing asset maintenance information management. With this study, the 
authors strive to nudge practitioners and academics towards blockchain-enabled maintenance.  
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Chapter 10 - Discussion and conclusion 
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As mentioned in the introduction and illustrated in the following chapters, the system 
performance of the Dutch railway sector can be improved by properly managing the lessons 
learned from system integration. This chapter provides a stand-alone summary and a 
comprehensive overview of the key insights of this thesis. Although some of the information in 
this chapter has already been presented in earlier chapters, such as the figures shown in the 
graphical overview7 of the chapters, it is repeated here to enhance readability and to provide a 
detailed discussion and conclusion. The chapter is structured so that the answers to the 
formulated research questions are discussed first. This is followed by some important limitations 
of this research. Finally, some directions for future research are outlined. 

1. Answering the research questions 

This section provides a detailed overview of the answers provided in this thesis to the 
formulated research questions. 

• RQ1a: What are the lessons learned from system integration in the railway sector? 

Ten prevailing patterns of system integration in the Dutch railway sector were outlined in 
Chapter 2, as shown in Table 1. Subsequently, five lessons learned to properly manage these 
patterns were identified. 

Table 1. Identified system integration patterns and their respective lessons learned. 

System integration pattern Respective lesson learned 
Subsystems are not managed in an integrated way (i.e., 
as part of overall systems management) 

Develop an integral approach to 
systems management 

Nobody has an overview of the whole system (i.e., the 
entire railway system) and there is a need for collective 
wisdom  
Funding is fragmented so that solutions in other parts of 
the system cannot be financed from other parts  

Manage the technical, 
operational and tactical system 
integration Many decisions are taken using a top-down approach 

without involving the work floor  
Problems with legislation and safety standards at the 
European and Dutch level 

Manage the paradox of 
contracting for system integration 

Shifting risks (due to changes in technology, policy, or 
regulations amongst others) 
Different (development and test) life cycles of 
components in the system 

Have an integrated testing plan 

Solutions are found or fixed too quickly without proper 
analysis of underlying causes 
Cooperation deteriorates as soon as it gets tense  Invest in knowledge management 
Lack of trust 

 

After identifying five lessons learned from system integration, the subsequent research focused 
on prescribing ways and methods to integrate and embed them properly into organisational 
processes. The research questions were discussed next in chronological order. This implies that 
the identified lessons were addressed in different chapters. Specifically, in Chapter 6, fourteen 
principles of effective system management were identified to elaborate on the first lesson. 
Similarly, the second lesson was elaborated by identifying the predominant state (tacit versus 
explicit) and focus (process versus content) of knowledge sharing for key knowledge domains of 
NRS/ERTMS implementation in Chapter 3 by highlighting the importance of functional and 

 
7 The original figures in the graphical overviews presented in this chapter are available in the respective 
chapters. 
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operational aspects for system integration in Chapter 5 and by outlining explicit 
recommendations for policy-makers and railway organisations for improving organisational 
learning and system integration in Chapter 6. To embed the third lesson, the study called for the 
appointment of an independent system integrator in Chapter 6 to bridge the communication 
gap between policy-makers and railway organisations, and a virtual reality-based adaptive 
learning system for train conductors to train them for multiple departure procedures and 
manage potential irregularities was presented in Chapter 8. In addition, a workforce training 
programme to train staff in time for shifting risks in technology, policy and regulation was also 
proposed in Chapter 6. To facilitate the embedding of the fourth lesson, the study proposed the 
development of a collaborative knowledge management platform between the infrastructure 
manager's system integration test labs in Chapter 7. Finally, the LEAF framework was presented 
in Chapters 3 & 4, the conceptual framework for tacit knowledge management was proposed in 
Chapter 5, a knowledge management platform for improving collaboration was introduced in 
Chapter 7, and a blockchain-based knowledge sharing platform for improving trust to embed 
the final lessons into the organisational processes was presented in Chapter 9. 

• RQ1b: What are the main issues with the knowledge sharing of lessons learned in the 
railway sector? 

This research question was answered in Chapter 3. As shown in Figure 1, the case for tacit 
knowledge sharing for system integration projects was presented first. This was followed by an 
in-depth investigation within the Netherlands Railways, where fourteen qualitative interviews 
were conducted to identify the underlying reasons for the lack of utilisation of the shared lessons 
learned database. These interviews were conducted in an open format in which issues 
concerning the sharing of lessons learned were discussed. Post-analysis and clustering of the 
identified issues led to the identification of four key issues with respect to the knowledge sharing 
of lessons learned in the railway sector. These issues formed the basis for the development of 
the proposed LEAF framework. 

 

Fig. 1. Graphical overview of Chapter 3. 

By specifying four features, namely, learnability, embraceability, applicability and findability 
(hence, the acronym LEAF), the study captured the essence of the improvements needed in the 
management of tacit and explicit lessons learned from system integration. The features clarified 
the key challenges in current knowledge sharing and the management of lessons learned and 
laid the groundwork for further describing and prescribing ways to promote these features to 
the aim of improving organisational learning and, thereby, system performance. 

• RQ2a: How can the lessons learned from large-scale changes in the railway sector be 
shared using the LEAF framework? RQ2b: What are the variables that influence the 
sharing of lessons learned within each LEAF feature? RQ2c: How can the 
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interdependencies between the LEAF features be analysed to facilitate the development 
of knowledge sharing strategies for lessons learned? 

The following three research questions (RQ2a, RQ2b, RQ2c) were addressed in Chapter 4 and 
helped to describe the research problem more thoroughly and expand the proposed LEAF 
framework. It is worth mentioning that the four features of the LEAF framework were identified 
as a result of an in-depth investigation into the underlying issues of sharing lessons learned 
within the Netherlands Railways. Having established the practical relevance of the four features 
of the LEAF framework in Chapter 3, Chapter 4 built on these concepts and extended the 
framework by first defining two variables for each of the four LEAF features based on theoretical 
insight and literature, followed by a practical testing of the relevance of these variables using a 
descriptive study. More specifically, two variables were identified for each feature of the LEAF 
framework, as shown in Figure 2. This was followed by designing a descriptive survey to 
thoroughly examine each of these variables and assess their influence on knowledge sharing of 
lessons learned from large-scale changes in the railway sector. Based on the responses collected, 
the interdependencies between the LEAF features were identified. 
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Fig. 2. Graphical overview of Chapter 4. 

The results showed that in terms of learnability variables, most respondents preferred to learn 
through discussion with their colleagues and to share their personal experiences and lessons 
learned by telling specific stories. In terms of embraceability variables, trust was the most 
frequently reported enabler at the individual level of the learning culture at the organisational 
level. In terms of applicability variables, the study showed that respondents preferred a process-
related focus of knowledge sharing for intra-organisational knowledge domains and a content-
related focus for inter-organisational domains. By highlighting the dominant status (tacit versus 
explicit) of the key knowledge domains, the study paved the way for the development of 
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different knowledge sharing strategies for these domains. Regarding the nature of task 
responsibilities, most respondents reported that they used their expertise and acted in 
accordance with their understanding of the situation (and, thus, worked in a knowable domain, 
based on the Snowden (2002) framework). Finally, in terms of findability variables, high source 
findability was observed, while technological findability could be improved.  

Given the need to improve technological findability and the importance of trust for 
embraceability, these issues were examined in detail in later research in Chapters 7 and 9, 
respectively. Finally, based on the results collected, a significant dependency was identified 
between learnability and findability and between findability and applicability. Given these 
dependencies, the improvement in technological findability demonstrated in Chapter 7 also 
improved the learnability and applicability of shared lessons. 

• RQ2d: What are the main characteristics of adequate tacit knowledge management in 
the railway sector? 

This research question was answered in Chapter 5. The research question is aimed at gaining 
insight into the significance of tacit knowledge for railway operations and KPIs. It contributes to 
the thesis topic by not only presenting a conceptual framework for tacit knowledge 
management in the railway sector, but also by highlighting that operational and functional 
aspects need more attention in the railway sector from the point of view of tacit knowledge 
management. These insights are later used in particular in Chapters 8 and 9, where the focus on 
the operational training of train conductors and the improvement of maintenance activities 
have led to increased motivation and trust among employees, resulting in better system 
performance.  

By combining a literature review and seven semi-structured qualitative interviews, this research 
identified four key characteristics required for adequate tacit knowledge management, as 
shown in Figure 3.  

 

Fig. 3. Graphical overview of Chapter 5. 

The research showed that within the context of system integration, the focus of tacit knowledge 
for railways should be on functional and operational aspects. The need to develop appropriate 
TK constructs that can be embedded in ongoing knowledge management platforms within the 
organisations studied, such as the lessons learned management platform at one of the transport 
service providers, was also highlighted. 

Taking these insights into account, conceptual and technological artefacts were developed in 
subsequent research. As such, a knowledge management platform was developed for the 
members of the infrastructure manager's system integration test labs to improve collaboration 
among the members and facilitate the sharing of lessons learned in an efficient and collaborative 



 

p168 
  

manner. Similarly, a virtual reality-based adaptive learning system was developed for training 
train conductors on departure procedures and managing possible irregularities. 

• RQ3a: How can the lessons from large-scale projects such as ERTMS be better managed 
using the LEAF framework? 

To prescribe detailed methods for applying the proposed LEAF framework and to find ways to 
better manage lessons learned from large-scale projects, a practical case of ERTMS 
implementation on the Amsterdam-Utrecht line of the Dutch railway network was investigated 
in Chapter 6. In this context, seven research questions inspired by the LEAF features were 
formulated, as shown in Figure 4, based on which twenty-four structured qualitative interviews 
were conducted with stakeholders from different organisations. As a result, several themes 
were identified for the three research focus points established, namely, relevance of the LEAF 
features, learnings from the pilot, and future roadmap. 

 

Fig. 4. Graphical overview of Chapter 6. 

As indicated, the study resulted in the identification of several principles for promoting LEAF 
features. By properly integrating these principles, the management of lessons learned from 
large-scale projects can be considerably improved. In addition, a number of learnings from the 
pilot study have also been identified. These include a deeper understanding of the knowledge-
sharing culture of the rail sector, the identification of key lessons learned from the pilot case 
and the extent to which these have been implemented. In addition, a number of barriers to and 
incentives for knowledge sharing were identified, and different approaches to improving the 
management of lessons learned were outlined. The future roadmap led to the identification of 
fourteen principles of effective systems management, as shown below: 

• Optimising lessons-learned management 
• Adopt value-driven approach 
• Invest in competence management 
• Invest in improving the reliability of the overall system 
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• Learn from international experiences 
• Ensure coherent and robust specification 
• Have a lean approach for system architecture 
• Embrace and facilitate digitalisation 
• Drive innovation 
• Ensure an integral approach 
• Build trust in people and the system 
• Build embraceability for knowledge utilisation 
• Invest in training the workforce 
• Formalise knowledge-sharing 

A detailed description of these principles, together with best practices for classifying railway 
knowledge, is given in Chapter 6. By applying these insights, railway organisations can improve 
not only systems management but also systems performance. Finally, the study also provides a 
number of explicit and comprehensive recommendations for policy-makers and railway 
organisations to improve organisational learning and system performance. These include 
appointing an independent, empowered and competent system integrator who can represent 
the interests of the entire Dutch railway system and, among other things, set up and maintain a 
factbook, facilitate the integration of organisational culture, and develop an interactive learning 
programme for lessons learned. 

• RQ3b: How can tacit knowledge management be facilitated through digital means? RQ3c: 
How can current knowledge management platforms be (re)designed to improve the 
findability and learnability of shared lessons? 

The following two research questions (RQ3b, RQ3c) were addressed in Chapter 7. The need to 
improve technological findability and the significant dependency between findability and 
learnability were already identified in Chapter 4. This combined with the controversial views in 
the literature on the feasibility and effectiveness of managing tacit knowledge through digital 
means laid the foundation for investigating RQ3b and RQ3c. A case study of principal railway 
infrastructure manager in the Netherlands was conducted, where the current knowledge 
management practices among the infrastructure manager's system integration test labs were 
studied. It was noted that the heterogeneity between the test labs in terms of maturity and 
development cycle, as shown in Figure 5, implied that the adequate sharing of lessons learned 
and expertise could facilitate the smooth integration of products and services into the 
operational world. The preliminary investigation showed that the currently used knowledge 
management platforms resulted in longer file search times due to a poor file structure and a lack 
of understanding of how to use the platforms. Moreover, research showed that there was no 
unified knowledge management platform for the members of the test lab and that they did not 
know how to use the currently available platforms to share personal experiences and lessons 
learned. Therefore, to facilitate collaboration among test lab members, improve the findability 
of stored information and knowledge experts, and enhance the sharing and learning of 
consolidated lessons and experiences, a knowledge management platform was developed 
according to the design science approach outlined by Peffers et al. (2007).  

The focus of the design was set on two labs, namely, PREI and PTC, and a number of functions 
for the desired knowledge management platform were defined by conducting semi-structured 
interviews with the key stakeholders of these labs. Market research was then conducted to 
identify the most suitable platform for the defined functions and the given organisational 
context. Together with the IT employees and key stakeholders of the two test labs, Microsoft 
SharePoint was selected using a four-parameter decision matrix as a suitable platform for 
designing and developing the desired solution. Consequently, the holistic architecture design 
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shown in Figure 5 was designed and later deployed in the Microsoft SharePoint environment. 
The developed solution was tested with seventeen experts from the infrastructure manager. 

 

Fig. 5. Graphical overview of Chapter 7. 

The results showed that the developed knowledge management platform significantly improved 
the file search time compared to the existing solution. They also showed that the embedded 
lessons learned site component improved the learnability of shared lessons and that the 
platform was generally considered to be an enabler of collaboration between the members of 
the test labs. Finally, the evaluation revealed that the additional usability of the designed lessons 
learned site component required further attention to individual, organisational and cultural 
aspects in addition to the technological (design) aspect. 

• RQ3d: How can we develop virtual reality based industrial training to (re)instruct 
operators in an adaptive and flexible manner? 

This research question was answered in Chapter 8. The need to invest in technological solutions 
for knowledge management and employee training has already been identified in Chapters 2 
and 6, respectively. In addition, the call for more attention to operational and functional aspects 
in the railway sector for tacit knowledge management in Chapter 5 provided a solid basis for 
investigating the usefulness of new technologies such as virtual reality in educating and training 
railway personnel. Consequently, a case study was conducted to develop and evaluate the 
performance and usefulness of a virtual reality-based adaptive learning system for training train 
conductors on departure procedures and managing potential irregularities. 
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The currently used physical door simulator, which is shown in Figure 6, was not only costly and 
product-specific but also heavily occupied and lacked versatility. The development of a VR-based 
adaptive learning system could help railway organisations provide industrial training to their 
staff in a more adaptive and flexible manner. Consequently, as a possible alternative to the 
currently used physical door simulator for the training of train conductors, a VR-based adaptive 
learning system was developed following the design science approach outlined by Peffers et al. 
(2007).  

To design and develop the desired solution, six solution objectives were outlined, covering topics 
such as learning preferences, learning outcomes and adaptive learning experiences. A co-design 
approach was followed, and workshops were held with the train conductors to identify the 
strengths and weaknesses of different hardware and software solutions. The standalone 
hardware concept was chosen based on eight-point criteria, together with the railway 
company's experts. In addition, an iterative co-design approach was followed for the detailing 
of the prototype concept, as shown in Figure 6. Activity and functional block diagrams were 
constructed, and an adaptive base test was designed to provide insight into the adaptive 
learning environment. The final prototype was tested with ten conductors to evaluate the 
performance of the developed system. 

 

Fig. 6. Graphical overview of Chapter 8. 
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The purpose of the evaluation was to determine the effect measurement of the learning 
outcome and the learning preference of the train conductors. The results showed that in terms 
of learning outcomes, the developed system resulted in an increase in conductor knowledge in 
two of the six main knowledge topics of conductor education. Learning preference was 
measured using the five parameters of individual motivation defined by Owen (2017) and by 
directly measuring perceived usefulness. The results for learning preference showed a positive 
increase in four of the five parameters of individual motivation by Owen (2017) and a higher 
perceived usefulness of the VR-based system compared to the physical door simulator. A slightly 
higher increase in anxiety for the VR-based system was also observed, which may be due to the 
conductors having little or no previous experience with virtual reality. 

These results demonstrate the value of well-developed technological solutions for training 
personnel and motivating them to embrace shared knowledge in an affordable, adaptive and 
flexible manner to manage changing operational procedures, system changes and system 
upgrades. 

• RQ3e: How can blockchain technology be used to enhance trust in the quality of 
performed maintenance among stakeholders? 

This research question was answered in Chapter 9. The need to enhance trust to promote 
individual embraceability and to focus more on operational and functional aspects for tacit 
knowledge management was already identified in Chapter 4 and Chapter 5, respectively. New 
technologies such as blockchain seem to offer a unique opportunity to increase trust between 
stakeholders with different interests. To test the usefulness of blockchain technology for 
increasing trust in the multistakeholder setting of the railway sector, a practical case of asset 
maintenance information management was selected. 

The reported failure frequency for one of the train series in a three month period was analysed, 
and after proper consultation with the stakeholder involved, the "sliding step not moving 
backwards" failure was chosen for further analysis to enhance trust in the quality of the 
maintenance performed. As a proof of concept, a blockchain-based knowledge sharing platform 
was developed following the design science approach outlined by Peffers et al. (2007).  

The objectives of the desired solution were identified by constructing a story board, as shown 
in Figure 7, and using persona templates and user stories. This was followed by creating an 
information architecture design of the desired solution and developing business logic, which was 
then deployed on the Hyperledger Fabric platform. Based on the developed business logic, each 
registered maintenance event was analysed by the quality controller and the warranty manager 
for the quality of the maintenance performed based on predefined transaction data and 
approved and rejected accordingly. These responses by the quality controller and warranty 
manager were then stored in Hyperledger Fabric and an immutable hash was generated 
ensuring the indelibility of each transaction. By building consensus on the quality of 
maintenance performed through establishing a predefined transactional record for approving 
and rejecting maintenance events and recording the responses to the quality of each 
maintenance event, trust between quality controllers and warranty managers can be improved. 
The developed solution was demonstrated in a workshop where the attendees used the 
developed platform for several hours to register, analyse and then approve or reject registered 
maintenance events based on their roles and responsibilities. The solution was then evaluated 
using an online survey. 

The objectives of the desired solution were identified by constructing a story board, as shown 
in Figure 7, and with the use of persona templates and user stories. An information architecture 
design of the desired solution was also constructed, and the developed business logic was 
deployed on the Hyperledger Fabric platform. Based on the developed business logic, every 
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registered maintenance event was analysed for the quality of performed maintenance, based 
on predefined transactional data, by the quality controller and warranty manager and approved 
or rejected accordingly. These responses by the quality controller and warranty manager were 
then stored in the Hyperledger Fabric, and an immutable hash was generated to ensure the 
indelibility of every transaction. Building consensus on the quality of maintenance performed 
through the introduction of predefined transaction data for the approval and rejection of 
maintenance events and the recording of responses for each maintenance event can increase 
trust between quality controllers and warranty managers. The developed solution was 
demonstrated in a workshop where the attendees used the developed platform for several 
hours to register, analyse and then approve or reject registered maintenance events based on 
their roles and responsibilities. The solution was then evaluated using an online survey to test 
the usefulness of blockchain technology for improving trust in the quality of maintenance 
performed. 

 

Fig. 7. Graphical overview of Chapter 9. 

The results showed that the developed blockchain-based knowledge-sharing platform can 
enhance trust between stakeholders regarding the quality of the maintenance performed. They 
also showed that the immutable validation of maintenance activities by relevant stakeholders 
was considered an improvement over currently used maintenance registration systems. This 
demonstrates the value of blockchain-based solutions in continuously improving business 
processes and supporting further innovation of physical assets due to their provenance and 
consensus-building properties. 

2. Research objectives, general conclusions and reflection 

The following three research objectives were outlined in Chapter 1: 

RO1     Explain the lessons learned from system integration and the current issues in managing 
them; 

RO2    Provide insights into ways of improving the management of lessons learned; 
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RO3   Support railway organisations in their efforts to embed the identified insights into their 
organisational processes. 

To achieve the first research objective, Chapter 2 presented five lessons learned from system 
integration in the railway sector, while Chapter 3 outlined key issues in managing lessons 
learned in the railway sector. Similarly, to meet the second research objective, insights into 
improving the management of explicit and tacit lessons were presented in Chapters 4 and 5. The 
third research objective was realised by outlining four cases to support railway organisations in 
embedding the identified insights into their organisational processes. First, Chapter 6 outlined 
fourteen principles of effective systems management and offered robust recommendations to 
policy-makers and railway organisations to better manage the lessons learned from ERTMS. 
Second, Chapter 7 offered concrete ways to improve the findability and learnability of shared 
knowledge by developing a collaborative knowledge management platform for the members of 
the system integration test labs of the principal Dutch railway infrastructure manager. Third, in 
Chapter 8, a VR-based adaptive learning system was developed to support transport service 
providers in training train conductors for departure procedures and possible irregularities. 
Fourth, in Chapter 9, a blockchain-based knowledge-sharing platform was developed to enhance 
trust between the maintenance staff of train service providers and train manufacturers. 

Three main conclusions can be drawn from this thesis. First, both conceptual and technological 
artefacts are needed to properly manage the lessons learned from system integration, as 
demonstrated in RQ1a,b and RQ2a,b,c. Second, tacit knowledge can be shared through digital 
means, as shown in RQ2b and RQ3a,b. Third, the system performance of the Dutch railway sector 
can be improved by improving organisational learning through the proper management of 
lessons learned. This is supported by findings presented for RQ3a,b,c,d,e. 

The thesis presented several cases in which the proposed conceptual and technological artefacts 
helped promote organisational learning and system performance, as well as the sharing of tacit 
knowledge in the studied context. The proposed LEAF approach to managing lessons learned 
and technological artefacts, namely, the collaborative knowledge management platform, the 
VR-based adaptive learning system and the blockchain-based knowledge sharing platform, when 
deployed in the railway sector, are likely to lead to improved performance at the whole railway 
system level. Together, these insights provide a comprehensive guide to managing the lessons 
learned from systems integration. Academics, policy-makers and railway organisations can use 
the insights presented to further stimulate organisational learning and improve the 
performance of the railway system.  

In reflection on the findings of the research conducted, it can be concluded that advancing 
knowledge management for system integration is a multifaceted task. This thesis has shown in 
Chapter 2 that although system integration is traditionally seen as a technical process in the V-
model of system engineering, in practice it is understood more broadly. In the railway sector, 
system integration is rather seen as a philosophy of working together with an integrated 
approach towards system development and realisation. In this context, one of the most 
important lessons to be learned at the strategic level from systems integration in the railway 
sector is to invest in knowledge management. However, a deeper look into the literature on 
knowledge management reveals the challenges of managing tacit knowledge in general and a 
lack of use of shared lessons in particular, as demonstrated in Chapters 3 and 4. To address these 
challenges, the LEAF framework was developed which emphasises the need to promote 
learnability, embraceability, applicability and findability to improve knowledge management of 
lessons learned. A conceptual framework for tacit knowledge management in railways was also 
developed. The preliminary investigation revealed the need to focus more on the operational 
and functional aspects from the perspective of tacit knowledge management, as the structural 
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aspects were quite extensively documented in explicit forms in the form of manuals and 
maintenance rules, as demonstrated in Chapter 5. 

Taking these insights into account, Chapters 6 to 9 focused on the further testing and 
implementation of LEAF concepts, paying close attention to the functional and operational 
aspects in the railway sector. In this context, a number of case studies were conducted, each 
focusing on one or more LEAF features, and several technological artefacts were developed and 
tested in different areas of the Dutch railway sector. In light of the collected results from these 
case studies, managerial implications and recommendations for railway organisations were 
formulated. In addition, future research areas were outlined to further extend the proposed 
artefacts. In conclusion, this thesis contributes to the topic of advancing knowledge 
management for system integration by firstly expanding the current prevailing understanding of 
system integration and emphasising the need to focus on functional and operational aspects for 
tacit knowledge management and secondly by presenting the LEAF framework whose 
characteristics are later used as a building block to develop various technological artefacts that 
contribute to improving organisational learning and system performance in the railway sector.  

3. Limitations 

The limitations of the thesis are divided into three areas. First, the limitations of the overall 
research conducted in this thesis are outlined. Second, the main limitations of the methodology 
followed to investigate the research questions are discussed. Finally, the limitations of the 
research in terms of the implementation of the presented conceptual and technological 
artefacts are provided. 

3.1. Limitations of the conducted research  

The major limitation of the study is that it mainly focuses on the Dutch railway sector. This limits 
the generalisability of the presented insights to other sectors and industries. In addition, the 
study mainly focused on the management of lessons learned at the overall rail system level and 
did not delve deeper into a specific part of the rail system. This may limit the effectiveness of 
the presented concepts in some specific cases and further elaboration and refinement of the 
presented concepts are required for those specific situations. 

3.2. Limitations of the methodology  

Although the research as a whole followed a mix of research methodologies that offered holistic 
research triangulation, the investigation of the individual research questions lacked research 
triangulation in many cases. This limits the reliability of the insights presented. Further validation 
of the proposed conceptual and technological artefacts is required through a mix of quantitative 
and qualitative methods to improve their reliability. 

Moreover, the choice of a design science research methodology to develop technological 
artefacts, namely, the collaborative knowledge management platform, the VR-based adaptive 
learning system and the BC-based knowledge sharing platform, limited the detailed evaluation 
of these artefacts. When focusing on the design and development of the desired artefacts based 
on the outlined research problem and solution objectives, providing a detailed evaluation of the 
developed artefacts becomes a challenge. The detailed evaluation of the proposed artefacts 
requires longitudinal studies that were not conducted in this research. 

The presented results of the pilot evaluation of the technological artefacts lack statistical 
significance. Further statistical analysis is needed to validate these results statistically and 
increase the generalisability of the presented insights. Finally, although statistically significant 
dependencies between the LEAF features were identified, explanatory research is needed to 
highlight the reasoning behind these dependencies, which was not carried out in this research. 
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3.3. Limitations of research implementation 

Several research findings were not thoroughly put into practice and their effectiveness in 
practice was therefore not studied in detail. These include the identified dependencies between 
the LEAF features, the fourteen principles of effective systems management and the final 
proposed designs of the developed technological artefacts.   

The identified dependencies between the LEAF features point to possible correlations and 
corresponding knowledge sharing strategies that may promote different LEAF features 
simultaneously. To elaborate further, the LEAF framework needs to be more widely applied in 
practice, and the correlations between the different features need to be studied. Similarly, the 
fourteen principles of effective systems management presented require longitudinal research 
to thoroughly establish their efficacy and to study their effectiveness in improving the system 
management of large-scale projects. Finally, the final proposed designs of the presented 
technological artefacts address only a part of the studied context. The proposed design logic for 
these artefacts should be tested on a larger scale to improve the effectiveness and 
generalisability of the presented results.  

4. Future research 

The potential future research stemming from the presented research is divided into three areas. 
First, some areas for the presented LEAF approach are outlined. Second, possible areas for 
further research and extension of the developed technological artefacts are mentioned. Finally, 
to test the performance of the presented artefacts in other industries, a number of suitable 
industrial areas for future research are mentioned. 

4.1. Future areas of research for LEAF 

On the basis of the research presented, a number of possible directions for expanding the LEAF 
approach can be considered. These include conducting an explanatory study to outline the 
rationale behind the identified dependencies of the LEAF features and identifying correlations 
between them. This can help develop appropriate knowledge management strategies to 
enhance organisational learning and better manage the lessons learned from system 
integration. Similarly, future research may also conduct targeted studies where the direct 
impact of promoting LEAF features for knowledge management of lessons learned in a project 
team can be examined based on individual project KPIs, such as project cost and system 
reliability. Finally, future research should also examine in particular the topic of knowledge 
embraceability. As indicated in chapter 6, embraceability focuses on the acceptability of shared 
knowledge at individual and organisational level. In this regard, Chapter 4 identified and tested 
the factors that enable knowledge sharing at individual and organisational levels and that 
influence the acceptability of shared knowledge. Future research could identify in particular the 
processes needed to share knowledge in such a way that it is accepted at individual and 
organisational level. 

4.2. Future areas of research for technological artefacts 

To obtain a detailed evaluation of the developed technological artefacts, future research may 
consider longitudinal and cross-sectional studies. It can also apply the presented design logic of 
the developed technological artefacts to other contexts to improve the generalisability of the 
presented results. Specifically, the proposed collaborative knowledge management platform 
can be tested for the management of large-scale projects such as ERTMS. Similarly, the proposed 
design logic for an adaptive VR-based learning system can be advanced to train railway sector 
train drivers and maintenance staff. Finally, blockchain-based knowledge-sharing platforms can 
also be used to create joint integrated test plans and to manage system integration contracts in 
a transparent and trustworthy manner. 
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4.3. Future research in other industrial areas 

To more broadly evaluate the efficiency and effectiveness of the proposed conceptual and 
technological artefacts, future research may test these artefacts in other industrial areas. A 
possible candidate in this regard is knowledge management of lessons learned at the interface 
of information technology and operational technology in different transportation sectors. 
Similar to system integration in large-scale projects, as demonstrated in this research, the 
information technology/operational technology interface may also benefit from adequate 
management of lessons learned and result in improved system performance. Finally, given the 
importance of organisational learning and lessons learned in the area of product development 
and manufacturing systems, the efficiency and effectiveness of the presented concepts and 
artefacts can also be tested in those areas. 
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Appendices  

Chapter 4 

Appendix A 

Designed survey questions designed for each of the identified aspects of LEAF features. 

Corresponding feature: Learnability 
Corresponding variable Designed survey question 
Optimal ways of learning Q5. What is your optimal way of learning? (You can choose multiple options) 

Options presented in Section 3.1 
Preferred levels of abstraction Q6. What do you prefer when you share your experience and knowledge 

with colleagues? 
Options presented in Section 3.1 

Corresponding feature: Embraceability 
Corresponding variable focus Designed survey question 

Knowledge sharing 
enablers/impeders at an 
individual level 

Q7. What are the most influential aspects of embraceability for knowledge 
sharing between two individuals? (You can choose several aspects) 
Options presented in Section 3.2 

Knowledge sharing 
enablers/impeders at an 
organizational level 

Q9. What are the most influential aspects of embraceability for knowledge 
sharing within an organization and processes? (You can choose multiple 
aspects) 
Options presented in Section 3.2__________ 

Corresponding feature: Applicability 

Corresponding variable focus Designed survey question 

Contextual knowledge domains: 
Predominant status of existence 
(tacit/explicit) 
Preferred focus for knowledge 
sharing (process/content) 

Q11a#1, Q11a#2. Choose the current status of existing knowledge and focus 
of knowledge sharing for following category within the context of New 
Rolling stock and ERTMS. 

 Current Knowledge 
exists more in 

Focus of knowledge 
sharing should be more 

on 

 Tacit/Implicit 
form 

Explicit 
form 

Process 
related 

knowledge 

Content 
related 

knowledge 

Realization of 
New Rolling stock     

Availability of 
rail-infrastructure     

Experiences of 
the end user     

Preparation of 
the transport 

organization for 
the 

implementation 
of New Rolling 

Stock and ERTMS 

    

Preparation of 
the maintenance 
organization for 

the 
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implementation 
of New Rolling 

Stock and ERTMS 

Knowledge of the 
rolling stock 

market 
    

Deployment of 
program 

management for 
successful 

implementation 

    

Other:     
 

Nature of current job 
responsibilities 

Q12. Which of the following statements best describes your current job 
responsibilities? 
Options presented in Section 3.3 

Corresponding feature: Findability 

Source findability Q13. How many times have you been able to find the right expert person 
when you are looking for experienced knowledge on a particular subject? 
Options presented in Section 3.4 

Technological findability Q14. How many times have you been able to find the right knowledge from 
the available knowledge-sharing platforms when looking for experienced 
knowledge about a particular subject? 
Options presented in Section 3.4 

Appendix B: Testing LEAF 

Q1 Welcome to the research study!  
By clicking the button below, you acknowledge that your participation in the study is 
voluntary, you are 18 years of age, and that you are aware that you may choose to terminate 
your participation in the study at any time and for any reason. 

I consent, begin the study 
 

I do not consent; I do not wish to participate 
 

Q2. How much work experience do you have in the railway sector? 

Less than 5 
years 
 

5 to 10 years 
  

10 to 15 years 
 

15 to 20 years 
 

20 to 25 years 
 

More than 25 
years 
 

Q3. For which NS department do you work for within the New Rolling Stock and/or ERTMS 
programs? 

Technology Operations Commerce & 
Development 

IT Corporate Other:  ____ 

Q4. Please choose the program you are currently working for. (You can choose multiple 
programs) 

New Rolling 
stock and 
ERTMS 
Department 

ERTMS SNG ICNG DDNG 

Q5 to Q14 are shown in Appendix A. 

Q15. To what extent do you depend on other parties to obtain the desired knowledge about 
NRS/ERTMS (e.g. ProRail, Ministry, etc.)? 
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Far too 
much 
 

Moderately 
too much 
 

Slightly too 
much 
 

Neither too 
much nor too 
little 
 

Slightly too 
little 
 

Moderately 
too little 
 

Far too little 
 

Q16. On a scale of 0-10, how likely are you going to recommend the LEAF framework to your 
colleagues to share knowledge? 

0 1 
 

2 
 

3 
 

4 
 

5 
 

6 
 

7 8 9 10 

Q17. What suggestions do you have based on your experience to enrich the LEAF 
approach?___________________________________________________________ 

Q18. Do you have any other comments or suggestions that you would like to share with the 
researcher of this 
questionnaire?___________________________________________________________ 

Appendix C: Descriptive survey results 

Q1. 

# 0 1 2 
Field Unanswered I consent, begin the study I do not consent; I do not wish to participate 
Choice 0.98% 99.02% 0% 
Count 1 101 0 

Q2. 

# 0 1 2 3 4 5 6 
Field Unanswered Less than 5 

years 
5 to 10 
years 

5 to 10 
years 

10 to 15 
years 

15 to 20 
years 

More than 25 
years 

Choice 
(%) 

1.96 16.67 18.63 14.71 11.76 13.73 22.55 

Count 2 17 19 15 12 14 23 
Q3. 

# 0 1 2 3 4 5 6 
Field Unanswered Technology Operations Commerce & 

Development 
IT Corporate Other: 

Choice 
(%) 

2.94 46.08 7.84 1.96 12.75 0.98 27.45 

Count 3 47 8 2 13 1 28 
Q4. 

# 0 1 2 3 4 5 
Field Unanswered New rolling stock and ERTMS department ERTMS SNG ICNG DDNG 
Choice (%) 2.94 12.75 46.08 22.55 40.20 19.61 
Count 3 13 47 23 41 20 
Choice Total 144 
Response Total 102 

 

Q5, Q6, Q7, Q9, Q11, Q12, Q13 & Q14 

Survey 
Q. no. 

Respective variable Chosen option Choice 
(%) 

Counts 

5 Optimal ways of learning Unanswered 

Reading an article 

Watching videos 

1.96 

58.82 

31.37 

2 

60 

32 
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Following a course 

A discussion with colleagues 

Other 
 

50.98 

79.41 

18.63 
 

52 

81 

19 
 

6 Preferred levels of abstraction Unanswered 
 
I prefer to share specific 
recommendations. 

 
I prefer to share general 
recommendations. 

 
I prefer to share a specific story about 
my experiences, so that others can make 
their own recommendations. 

 
I prefer to share a general story about 
my experiences, so that others can make 
their own recommendations. 

3.92 
 

22.55 
 

7.84 
 
 

52.94 
 
 
 

12.75 

4 
 

23 
 

8 
 
 

54 
 
 
 

13 

7 Knowledge sharing 
enablers/impeders at an individual 
level 

Unanswered 

Trust 

Motivation 

Transparency 

Independence 

Workload 

Personal circumstances 

Other: 

1.96 

85.29 

58.82 

45.10 

15.69 

10.78 
 

2.94 
 

13.73 
 

2 

87 

60 

46 

16 

11 
 

3 
 

14 
 

9 Knowledge sharing 
enablers/impeders at an 
organizational level 

Unanswered 
 
Management support 
 
 
Communication about shared vision, 
culture, and work methods 
 
A culture in which we learn from 
experiences 
 
Clear planning with room for research 
into previous learning experiences 
  
Providing good training for carrying out 
the function 
 
Providing clear instructions for carrying 
out the function 
  
Recognition and rewarding for the 
knowledge sharing application 
 
Other: 

0.98 
 

43.14 
 
 

38.24 
 
 

66.67 
 

26.47 
 
 

16.67 
 
 

10.78 
 
 

54.90 
 
 

10.78 

1 
 

44 
 
 

39 
 
 

68 
 

27 
 
 

17 
 
 

11 
 
 

56 
 
 

11 

11 Contextual knowledge domains: 
• Predominant status of 

existence (tacit/explicit) 

See Appendix C Q11 - - 
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• Preferred focus for 
knowledge sharing 
(process/content) 

12 Nature of current job responsibilities Unanswered 
 
I have to use best practices and respond 
in accordance with predefined 
procedures. 
 
I have to use my expertise and respond 
in accordance with my understanding of 
the situation. 
 
I have to investigate emerging patterns 
and to create the conditions for the 
desired patterns to emerge. 
 
I need to manage the crisis and to take 
action to understand the situation. 

2.94 
 

13.73 
 
 

61.76 
 
 
 

20.59 
 
 
 

0.98 

3 
 

14 
 
 

63 
 
 
 

21 
 
 
 

1 

13 Source findability Unanswered 
Always 
Most of the time 
About half the time 
Sometimes 
Never 

2.94 
11.76 
59.80 
13.73 
11.76 

0.00 

3 
12 
61 
14 
12 

0 
14 Technological findability Unanswered 

Always 
Most of the time 
About half the time 
Sometimes 
Never 

3.92 
0.98 

32.35 
12.75 
42.16 

7.84 

4 
1 

33 
13 
43 

8 
 

Q11. 

Knowledge 
domain 

Existence 
in Tacit 
form 

Existence 
in Explicit 
form 

  

Total 
counts 

Process-
related 
focus 

Content-
related 
focus 

  

Total 
counts 

counts counts Unanswered 
(count 
and % 
count) 

(count 
and % 
count) 

Unanswered 

Availability of 
rail-
infrastructure 

46 37 19 102 33 49 20 102 

Market 
knowledge 

49 36 17 102 19 63 20 102 

Experiences of 
the end user 

60 24 18 102 36 49 17 102 

Deployment of 
program 
management 

58 29 15 102 65 21 16 102 
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Realization of 
NRS/ERTMS 

46 43 13 102 45 42 15 102 

Preparation of 
maintenance 
organization 

48 34 20 102 48 33 21 102 

Preparation of 
transport 
organization 

48 36 18 102 57 25 20 102 

Other 1 0 101 102 3 3 96 102 

 

Q 15. 

# 0 1 2 3 4 5 6 7 
Field Unanswered Far 

too 
much 

Moderately 
too much 

Slightly 
too 
much 

Neither too 
much nor 
too little 

Slightly 
too little 

Moderately 
too little 

Far 
too 
little 

Choice 
(%) 

4.90 3.92 8.82 18.63 59.80 1.96 1.96 0.00 

Count 5 4 9 19 61 2 2 0 
Q16. 

# 0 1 
Field Unanswered On a scale of 0-10, how likely are you going to recommend the LEAF framework 

to your colleagues to share knowledge? 
Count 6 96 
Response 
Total 

102 

Mean 5.53 
Std. 
Deviation 

2.66 

Q17+ Q18. 

Cluster 1 

Link with OGSM/strategy 
 

It can be a nice base. It 
will only be live for me 
when I experience the 
application (examples, 
small and simple) 
 

Make it concrete. There are a 
lot of technicians walking 
around, who want to know 
how it is applied and what it 
means to him/her directly and 
concretely. 

Attract more 
program 
management 
experience not just 
on content 
 

Tea, cooperation, time for 
both giving and receiving, 
appreciation, continuity of 
human resources policy 

Setting up a process so 
that knowledge sharing 
is part of making 
products. 

Nice theory but try to turn this into a practice that 
works for everyone.  

Cluster 2 

At first sight, it looks like a logical model, but I do not know it and I have 
never done anything with it. So, I would not actively recommend it answer 
based on my unfamiliarity with the LEAF approach. 

Do not 
know 
LEAF 
 

More explanation 
about the LEAF 
principles 
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Cluster 3 

Pretty complicated 
questions. I filled in 
the piece about 
implicit and explicit 
knowledge of my gut 
feeling. 

Add leadership, visual 
in the office space, 
physical attractiveness 
of the space 

Bring a network of knowledge holders 
along 

More informal 
contacts with 
colleagues and 
taking the time 
to work 
together. 

Learnability is not only 
about how individuals 
learn, but also about 
how groups of 
individuals do so. 
Teams react differently 
than individuals. 
 

Linking with concrete 
case studies to increase 
the understanding of 
the 4 LEAF aspects, 
both positive and 
negative experiences. 

Think carefully about the aspect of 
applicability. When is sharing a piece of 
knowledge "finished", and how can it be 
traced? Now we sometimes have lists of 
hundreds of lines of shared lessons that 
partly originated 20 years ago and are 
no longer all relevant, but are dragged 
along, which makes the whole process 
longer and tougher. 

Split between 
(1) content-
product, (2) 
content-
process, (3) 
process-based 
 

Appendix D: R studio code for adjustment of p values for multiple comparisons for the 

presented hypotheses. 

HLE : > #Learnability and Embraceability > 
bonfadjLE=p.adjust(c(0.640,0.904,0.981,0.745,0.344,0.777,0.028,0.962,0.394,0.670,0.334,0.280,0.730,0.704,0.3
10,0.667,0.610,0.126,0.550,0.297,0.941,0.117,0.168,0.438,0.451,0.820,0.127,0.754,0.539,0.300,0.449,0.570,0.5
38,0.646,0.305,0.532,0.513,0.304,0.962,0.069,0.316,0.479,0.802,0.827,0.374,0.060,0.412,0.007,0.641,0.832,0.2
36,0.515,0.601,0.988,0.299,0.175,0.341,0.832,0.452,0.278,0.555,0.031,0.825,0.489,0.354,0.262,0.022,0.680,0.5
08,0.472,0.020,0.005,0.354,0.423,0.456,0.283,0.399,0.173,0.504,0.901,0.573,0.117,0.404,0.934,0.293,0.046,0.1
37,0.562,0.045,0.860),method="bonferroni") > any(bonfadjLE<0.05) [1] FALSE > length(bonfadjLE) [1] 90 
HEA: > #Embraceability and Applicability > 
bonfadjEA=p.adjust(c(0.031,0.189,0.220,0.222,0.302,0.129,0.026,0.572,0.087,0.158,0.032,0.390,0.452,0.173,0.0
30,0.373,0.055,0.435,0.243,0.336,0.444,0.393,0.261,0.484,0.181,0.798,0.018,0.851,0.723,0.494,0.345,0.190,0.6
44,0.702,0.155,0.157,0.406,0.084,0.005,0.358,0.299,0.205,0.161,0.348,0.303,0.128,0.172,0.096,0.144,0.584,0.3
29,0.190,0.711,0.830,0.841,0.732,0.642,0.546,0.558,0.527,0.547,0.313,0.764,0.559,0.071,0.798,0.451,0.815,0.2
69,0.140,0.682,0.666,0.708,0.578,0.189,0.632,0.359,0.514,0.615,0.757,0.527,0.086,0.394,0.493,0.333,0.572,0.3
92,0.544,0.387,0.141,0.544,0.178,0.806,0.712,0.330,0.106,0.511,0.140,0.600,0.171,0.831,0.863,0.784,0.388,0.3
36,0.449,0.121,0.819,0.049,0.586,0.252,0.945,0.559,0.833,0.632,0.425,0.143,0.400,0.779,0.383,0.474,0.650,0.2
97,0.414,0.081,0.314,0.286,0.847,0.751,0.748,0.708,0.862,0.697,0.430,0.670,0.263,0.338,0.667,0.186,0.583,0.5
82,0.341,0.290,0.164,0.687,0.960,0.550,0.784,0.816,0.708,0.481,0.143,0.737,0.160,0.214,0.522,0.238,0.405,0.5
78,0.950,0.366,0.495,0.287,0.337,0.365,0.093,0.424,0.925,0.289,0.337,0.851,0.208,0.638,0.768,0.626,0.771,0.4
86,0.432,0.866,0.702,0.902,0.453,0.284,0.921,0.155,0.381,0.385,0.204,0.106,0.542,0.247,0.166,0.780,0.426,0.5
45,0.101,0.567,0.524,0.078,0.532,0.372,0.294,0.452,0.227,0.917,0.620,0.562,0.356,0.090,0.738,0.516,0.632,0.8
35,0.602,0.366,0.602,0.235,0.314,0.404,0.493,0.183,0.025,0.506,0.915,0.837,0.257,0.341,0.777,0.205,0.189,0.5
42,0.436,0.023,0.551,0.192,0.084,0.690,0.073,0.042,0.008,0.076,0.640,0.708,0.240,0.305,0.033,0.041,0.107,0.8
34,0.386,0.731,0.362,0.959,0.303,0.010),method="bonferroni") > any(bonfadjEA<0.05) [1] FALSE > 
length(bonfadjEA) [1] 255 
HAF : > #Applicability and Findability > 
bonfadjAF=p.adjust(c(0.005,0.009,0.032,0.010,0.019,0.049,0.002,0.004,0.042,0.006,0.006,0.005,0.003,0.013,0.9
04,0.523,0.041,0.026,0.018,0.044,0.009,0.043,0.022,0.015,0.012,0.064,0.051,0.038,0.011,0.019,0.186,0.307,0.0
01,0.012),method="bonferroni") > any(bonfadjAF<0.05) [1] TRUE > length(bonfadjAF) [1] 34 
HFL : > #Findability and Learnability > 
bonfadjFL=p.adjust(c(0.004,0.008,0.362,0.608,0.101,0.312,0.537,0.014,0.291,0.646,0.934,0.553),method="bonfe
rroni") > any(bonfadjFL<0.05) [1] TRUE > length(bonfadjFL) [1] 12 
HLA : > #Learnability and Applicability > 
bonfadjLA=p.adjust(c(0.705,0.574,0.866,0.936,0.532,0.303,0.649,0.301,0.314,0.753,0.091,0.594,0.964,0.821,0.9
49,0.136,0.321,0.750,0.158,0.100,0.623,0.650,0.591,0.365,0.384,0.878,0.835,0.829,0.557,0.903,0.044,0.569,0.1
47,0.193,0.683,0.090,0.601,0.300,0.545,0.387,0.278,0.984,0.373,0.057,0.074,0.343,0.015,0.376,0.267,0.716,0.7
84,0.220,0.726,0.793,0.891,0.567,0.344,0.852,0.496,0.244,0.361,0.464,0.022,0.470,0.680,0.916,0.754,0.072,0.8
66,0.833,0.524,0.354,0.195,0.602,0.687,0.520,0.194,0.227,0.553,0.593,0.596,0.798,0.768,0.448,0.219,0.212,0.2
23,0.149,0.203,0.284,0.132,0.022,0.381,0.257,0.911,0.668,0.302,0.277,0.584,0.851,0.028,0.735),method="bonf
erroni") > any(bonfadjLA<0.05) [1] FALSE > length(bonfadjLA) [1] 102 
HEF : > #Embraceability and Findability > 
bonfadjEF=p.adjust(c(0.095,0.029,0.587,0.097,0.800,0.105,0.483,0.381,0.328,0.232,0.630,0.425,0.677,0.248,0.2



 

p204 
  

34,0.260,0.889,0.874,0.681,0.788,0.161,0.580,0.265,0.833,0.768,0.798,0.070,0.150,0.724,0.414),method="bonf
erroni") > any(bonfadjEF<0.05) [1] FALSE > length(bonfadjEF) [1] 30 
HWELEAF : > #Work experience and LEAF variables > 
bonfadjWELEAF=p.adjust(c(0.181,0.665,0.042,0.247,0.145,0.068,0.365,0.664,0.278,0.030,0.095,0.692,0.527,0.58
4,0.731,0.458,0.256,0.927,0.515,0.369,0.245,0.146,0.015,0.158,0.071,0.128,0.007,0.074,0.672,0.329,0.106,0.20
4,0.049,0.481,0.039,0.105,0.428,0.065,0.338,0.069),method="bonferroni") > any(bonfadjWELEAF<0.05) [1] 
FALSE > length(bonfadjWELEAF) [1] 40 
HDEPLEAF : > #Dependence on other parties and LEAF variables > 
bonfadjDepLEAF=p.adjust(c(0.142,0.279,0.843,0.724,0.473,0.141,0.006,0.937,0.340,0.283,0.058,0.790,0.656,0.3
93,0.750,0.681,0.247,0.333,0.898,0.236,0.478,0.016,0.020,0.056,0.004,0.025,0.013,0.002,0.757,0.079,0.070,0.0
36,0.161,0.041,0.205,0.007,0.031,0.027,0.000034,0.008),method="bonferroni") > any(bonfadjDepLEAF<0.05) [1] 
TRUE > length(bonfadjDepLEAF) [1] 40 
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Appendix A 

R studio code for calculation AC1 coefficients. R studio packages used DescTools and irrCAC 
(https://cran.r-project.org/web/packages/irrCAC/irrCAC.pdf).  

Codes 

> show(CodesAssessorstab) 
# A tibble: 514 x 3 
    CVA1  CVA2  CVA3 
   <dbl> <dbl> <dbl> 
 1     1     1     1 
 2     1     1     1 
 3     1     1     1 
 4     1     1     1 
 5     1     1     1 
 6     1     1     1 
 7     0     0     1 
 8     0     1     1 
 9     1     1     1 
10     1     1     1 
# ... with 504 more rows 
> gwet.ac1.raw(CodesAssessorstab) 
$est 
  coeff.name        pa         pe coeff.val coeff.se      conf.int p.value     w.name 
1        AC1 0.9092088 0.09488326   0.89969  0.01227 (0.876,0.924)       0 unweighted 
 
$weights 
     [,1] [,2] 
[1,]    1    0 
[2,]    0    1 
 
$categories 
[1] 0 1 
 
> landis.koch.bf(0.89969, 0.01227) 
                Landis-Koch CumProb 
(0.8 to 1)   Almost Perfect       1 
(0.6 to 0.8)    Substantial       1 
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(0.4 to 0.6)       Moderate       1 
(0.2 to 0.4)           Fair       1 
(0 to 0.2)           Slight       1 
(-1 to 0)              Poor       1 
 

Categories 

> show(CategoriesAssessorstab) 
# A tibble: 514 x 3 
   CGVA1 CGVA2 CGVA3 
   <dbl> <dbl> <dbl> 
 1     0     0     1 
 2     1     1     1 
 3     1     1     1 
 4     1     1     1 
 5     1     0     1 
 6     1     0     1 
 7     0     0     1 
 8     0     0     1 
 9     1     1     1 
10     1     1     1 
# ... with 504 more rows 
> gwet.ac1.raw(CategoriesAssessorstab) 
$est 
  coeff.name        pa        pe coeff.val coeff.se      conf.int p.value     w.name 
1        AC1 0.8249027 0.1941589   0.78271  0.01952 (0.744,0.821)       0 unweighted 
 
$weights 
     [,1] [,2] 
[1,]    1    0 
[2,]    0    1 
 
$categories 
[1] 0 1 
 
> landis.koch.bf(0.78271, 0.01952) 
                Landis-Koch CumProb 
(0.8 to 1)   Almost Perfect 0.18787 
(0.6 to 0.8)    Substantial       1 
(0.4 to 0.6)       Moderate       1 
(0.2 to 0.4)           Fair       1 
(0 to 0.2)           Slight       1 
(-1 to 0)              Poor       1 
 

Themes 

> show(ThemesAssessorstab) 
# A tibble: 61 x 3 
     TA1   TA2   TA3 
   <dbl> <dbl> <dbl> 
 1     1     1     1 
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 2     1     1     1 
 3     1     1     1 
 4     1     1     1 
 5     1     1     1 
 6     1     1     1 
 7     1     1     1 
 8     1     1     1 
 9     1     1     1 
10     1     1     1 
# ... with 51 more rows 
> gwet.ac1.raw(ThemesAssessorstab) 
$est 
  coeff.name        pa         pe coeff.val coeff.se     conf.int p.value     w.name 
1        AC1 0.9453552 0.05315178   0.94229  0.02629 (0.89,0.995)       0 unweighted 
 
$weights 
     [,1] [,2] 
[1,]    1    0 
[2,]    0    1 
 
$categories 
[1] 0 1 
> landis.koch.bf(0.94229, 0.02629) 
                Landis-Koch CumProb 
(0.8 to 1)   Almost Perfect       1 
(0.6 to 0.8)    Substantial       1 
(0.4 to 0.6)       Moderate       1 
(0.2 to 0.4)           Fair       1 
(0 to 0.2)           Slight       1 
(-1 to 0)              Poor       1 
 
Supplementary material  

Supplementary material to this paper can be found online at https://doi.org/10.1016/j.rtbm.20
22.100856. 
 

Chapter 7 

Appendix A: Characteristics of the respondents 

How long have you been 
working at Infrastructure 
manager? 

Are you involved in any 
test lab? 

If yes, what labs are you 
involved in? (More 
answers possible)* 

Do you know about the 
activities that happen in 
the test labs? 

Answer 
options 

Counts Answer options % Answer 
options 

% Answer options % 

Less than 5 
years 

2 I don’t know any 
test labs 

0 DAL 7.69 I certainly do 41.18 

5-9 years 1 No, not involved 
at all 

11.76 Railway Lab 15.38 Probably yes 41.18 

10-14 years 5 No, not really 
involved 

5.88 PREI 38.46 I do not know 5.88 

15-19 years 4 Yes, I am 
involved, but 
not very much 

23.53 Data Lab 7.69 Probably not 11.76 
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20 years or 
more 

5 Yes, I am 
directly involved 
in one or more 
labs 

58.82 PTC 26.92 Not at all 0 

*15 responses were received for this question. Moreover, one person mentioned that she/he is also involved in 
the Geo Lab (explain what it is) 

Appendix B: Time for lessons learned exercise 

Expert Assignment 3 
(sec) 

Hints 
(#) 
 

1 140 1 

2 30 0 
3 25 0 

4 118 0 
5 92 n.s. 
6 70 1 
7 20 0 
8 10 0 
9 84 0 
10 63 0 
11 38 0 
12 20 0 
13 25 0 
14 84 1 
15 42 0 
16 47 0 
17 54 0 
n.s.: not succeeded 

 

Online supplementary A: Interview questionnaire for relevant stakeholders from PREI 

and PTC test labs 

Semi-structured interviews were creased to get a better understanding of stakeholder needs, 
the underlying context of integration labs and identify the functions required for the desired 
solution. In this regard, the most important stakeholders from the chosen labs were 
interviewed. The interviews were conducted in a semi-structured manner. A general 
questionnaire was created to guide the interview and was meant to capture the most relevant 
information about the integration labs. 

Questionnaire 

1. Who are you? 

2. How are you related to the integration lab? 

3. Since when are you involved with the integration lab? 

4. What are the core activities within the integration lab? 

5. With what purpose was the integration lab established? 

6. For how many times is the lab already operational? 

7. What is the main goal of the integration lab? 

8. What are the future goals of the integration lab? 

9. Does the integration lab handle a certain strategy? If yes, what is this strategy? 

10. What are the strengths of the integration lab? 
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11. What are the weaknesses of the integration lab/ What could improve within the 
integration lab? 

12. How do you see the integration lab evolve? 

13. What are opportunities for the integration lab in time? 

14. What are the threats to the integration lab in time? 

15. How does the integration lab get its assignments/tests? 

16. Who executes these tests? 

17. What is the capacity of the integration lab? How does this change in time? 

18. How do tests get scheduled within the integration lab? 

19. How do results get registered/ monitored within the integration lab? 

20. Is there any kind of communication among other stakeholders about 
activities/opportunities/results of the integration labs? Could this be of additional value? 

21. What kind of assets does the integration lab have? 
22. Can these assets be used for other purposes? 
23. Does the lab need other assets in order to expand its activities? 

24. What does the organisational structure of the integration lab look like? 

25. How many people work at the integration lab? 

26. How does the integration lab gets its finances that are needed for doing tests/ remaining 
operational? 

27. Do you see overlap between this integration lab and other integration labs? 
28. Would, in your eyes, any kind of collaboration among another integration lab be of 
additional value? 
29. What is your idea on connecting all integration labs? 

30. Do you have any other additional thoughts/ suggestions/ ideas on this topic? 

Thank you for your information! 

Online supplementary B: Use case scenarios 

PREI perspective: User scenario 1 

XYZ – System specialist PREI 

The primary focus of PREI is on ERTMS infrastructural devices that are being tested in the lab 
and subsequent train devices of external suppliers. From the PREI perspective, the most 
important connection with other labs is the one with PTC. A physical connection is already 
present between these labs, through an internet connection between the control systems of the 
PTC and the ERTMS systems of PREI. However, communication still is a big issue among these 
labs and there is significant room for improvement in communication. Currently, PREI is asking 
for functionalities that the PTC can offer. The communication process has to be improved in 
order to make explicit the demands of both PTC and PREI labs from each other. 

In the opinion of XYZ, who is the system specialist in PREI, the organisation of the testing and all 
test programs on IT systems (that happens is PTC) are the responsibility of ABC, who is the test 
manager of PTC. All test plans and test trajectories are traced back to him. XYZ is unaware as to 
whether these files are currently saved in a central location. The role of PREI for such tests is to 
make the lab available for the test and help to establish a physical link between the labs. Results 
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and knowledge on the configurations within the PREI lab are currently not being archived in a 
central location. 

System documentation for current project is usually sent by the supplier of the system. 
Information, for instance on aspects such as the latest version of the system should be managed 
and stored in a central location. Currently, if a system undergoes a change, new documentation 
is sent by the supplier. This new documentation should then be uploaded to the same location 
where previous system-related information was stored so that the stakeholders can easily find 
the latest versions of system change-related documents. These documents should by design be 
uploaded on SharePoint. However, in XYZ opinion, this is not working well. He states that 
information is hard to find and the use of SharePoint is far from optimal. Accessibility is another 
keyword here and the focus of the designed solution should also be on creating a new structure 
to upload and access documents to make them more accessible and easily findable. 

User scenario 2 

DEF – Policy manager ERTMS 

“SharePoint for me is a non-understandable system where nothing can be found.” 

As a policy manager of PREI, there is an ever-changing team of test managers that come to PREI 
to test their systems. XYZ is facilitating these tests on his own. The test managers that come to 
test in the lab must bring their own test plans and create test reports. Imagine that there is a 
test going on that includes both PREI and PTC, DEF considers that it would be useful for this 
project to have a central location where all the information is stored and is easily accessible for 
the involved people within these projects. From the PREI perspective, there should be a central 
location of Lessons Learned for these test managers. This way, they are less reliant on XYZ. 

The platform could also be used as a logging system of past tests, like a logbook. It should contain 
information such as what tests are done within PREI? How long did they take? What test 
configuration did we offer? In this manner, it is easier to track the progress of the lab and to see 
what happened during a certain period. 

PREI currently doesn’t have any documentation at the moment, except on local discs. This needs 
to change in order to facilitate future innovations. A quality manual on how to manage a lab 
could be provided on the central platform. This will help the stakeholders in monitoring the 
performance of the lab and identifying improvements needed for fostering lab quality. 

Another key challenge is to identify means to get people for one lab to do something for their 
peers in other labs. Considering communication is lacking among these people and it is difficult 
to find the right persons, collaboration becomes difficult to achieve. Therefore, finding the right 
persons and open communication is very important. 

PTC perspective: User scenario 3 

GHI – Project manager Service Delivery PTC 

The most important customer of PTC is the Test Competence Centre (TCC). The administration 
part is currently managed through an ICT plaza site. Architecture designs, administration 
management is all on ICT plaza, which is part of SharePoint, however, only TCC members can 
access it. 

All Testers of TCC can claim environments for a certain period to do their tests. Claiming and 
planning of these tests is not part of the administration, Test managers of PTC are responsible 
for this and are accommodated at a Teams page of TCC. The testers that are working on their 
projects and writing test plans, test scenarios and so on. These documentations are being stored 
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within their project sites within SharePoint. These test plans are only shown to people from PTC 
when needed. Consequently, all documentation is not located at one central point. However, it 
is interesting to realise that TCC already makes use of a SharePoint site. Considering that there 
is no central location for storing information, also lessons learned are difficult to articulate since 
the lessons are mostly learned during the project testing phase and these documents are not 
easily findable for other projects of TCC or the administration of the PTC. 

“Within the communication between PREI and PTC, there currently is a lot of annoyance. So 
here is a lot to gain.” Also because more and more testing on the interface between these labs 
is coming. 

All projects that happen within ProRail ICT know that if some software is enrolled in the 
operational world, this new software should also be enrolled in the PTC. However, in the future, 
it should then also be enrolled in PREI, so the systems work together more smoothly. However, 
this is not common knowledge for these project groups. Also, this information is saved nowhere, 
so for many people, it is also not possible to learn this knowledge. A page that shows the changes 
in the policy of a lab would solve this problem. 

User scenario 4 

JKL – Process manager Test services PTC 

JKL is having the role of test manager of PTC. Currently, he is working on a project that involves 
ASTRIS. ASTRIS is an application within the Post 21 train systems. Furthermore, ASTRIS is a 
system very closely connected to train safety systems. These systems like ASTRIS needs to be 
coupled with the current safety systems that are an asset of PREI. These connections are 
present. However, from 

the PREI side, they also need to do tests, sometimes with different system configurations. This 
makes working together sometimes difficult to plan. 

A connection with PREI is currently set up. ESIC is the project domain that focusses on the system 
interface between PTC and PREI. Because the employees that work on ESIC are new in the test 
labs, it may be useful for them to be able to easily find information on both labs. For example, 
when they are both available for testing. How to plan a test environment what person is 
responsible for a certain task and more organisational questions. Maybe also logging of test 
results should be stored in a central library. Test documents are currently saved within projects, 
sometimes on SharePoint, but sometimes only internally within the project. Lessons Learned is 
an area PTC is not familiar with. 

Once tests become more frequent, there should also be a bit more management and facilitating 
so their organisation becomes more professional. Currently, PTC is a limited group of people 
that know what is going on, but this will not work in the long term when the organisation loses 
these experienced employees. 

Online supplementary C: Qualitative survey 

Introduction  
Welcome to the research!    
I am XYZ, I study at the University of ABC. I am doing my research at ProRail where I look at the 
collaboration between different test labs. Finding the right files and experts within the online 
environment of ProRail can be a problem. Therefore, I created a Knowledge Management 
Platform. The platform intends to improve findability of both files and its source. Moreover, 
the platform facilitates learnability by specifying what others can learn from stored Lessons 
Learned. Within this research we are interested in the added value, usefulness, and user-
friendliness of the platform.    
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The evaluation of the designed platform in total will take maximum 1 hour and is structured as 
follows: 

• First, 10 questions are asked as introduction. 
• Second, 3 short exercises are performed by you to get a feel with the platform. 
• Third, 14 questions are asked to evaluate the platform.  

    
By pressing the button below, you are saying that your participation is voluntary and you agree 
on giving permission to use your answers for research and store your answers anonymously 
for future research. You have the right to end the survey at any moment during the research. I, 
XYZ, am the main investigator of the research. You can reach me via xyz@xy.xx.   
  
 Thank you in advance for filling in the survey! 

- I agree to cooperate, Start the survey. 
- I don't agree to cooperate, I prefer to end the survey. 

Q1 - What is your function within ProRail? 

Q2 - How long have you been working in ProRail? 

- Less than 5 years 
- 5-9 years 
- 10-14 years 
- 15-19 years 
- 20 years or more 

Q3 - Are you involved in any test lab? 

- I don't know any test labs 
- no, not involved at all 
- no, not really involved 
- yes, I am involved, but only slightly 
- yes, directly involved in one or more labs 

Skip To: Q5 If Are you involved in any test lab?  = no, not involved at all 

Skip To: Q5 If Are you involved in any test lab?  = I don't know any test labs 
 
Q4 - If yes, what labs are you involved in? (More answers possible) 

- PREI 
- PTC 
- DAL (Digital Asset lab) 
- Railway lab 
- EULYNX lab 
- Other: 

Q5 - Do you know about the activities that happen in the test labs? 

Q6 - Are you satisfied with the communication among labs? 

Q7 - Can you easily find the right persons with the right knowledge when you are looking for 
information? 

Answer option Q5-Q7: 

- Definitely not 
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- Probably not 

- I don't know 

- Probably yes 

- Definitely yes 

Q8 - How often were you able to learn from previous projects/tests and use this in your own 
project/testing? 

- Not at all 
- Only a few times 
- On a monthly basis 
- On a weekly basis 
- On a daily basis 

Q9 - How often do you use SharePoint for storing and sharing your files? 

- Not at all 
- Only a few times 
- On a monthly basis 
- On a weekly basis 
- A couple of times per day 

Q10 - Are you experienced in navigating through SharePoint? 

- Definitely not 
- Probably not 
- I don't know 
- Probably yes 
- Definitely yes 

Exercise 1  
Current SharePoint findability and structuring.   
Within this exercise we are researching the current way of finding files within SharePoint.   
Wouter is a project manager within ProRail. For his project, Wouter needs to do integration 
testing between his designed systems in the track and the security systems on the train. 
Therefore, Wouter is looking for information on the available assets of PREI. Help Wouter find 
this information on SharePoint.    
After reading the file, Wouter is not satisfied and wants more information on PREI. Look up the 
person that is responsible for this file and send a message 'test email'. 

• look for information on available assets of PREI. 
• Look up the person responsible for this information on PREI. 

For this exercise go to SharePoint Homepage. 

Exercise 2  
File findability and source findability. 

Within this exercise, we are researching the findability within the created platform   
Two weeks later, Wouter needs to address the same file as he did 2 weeks before on available 
assets within PREI. During this time, ProRail introduced a new Knowledge Management 
Platform regarding test labs. Wouter is not yet familiar with is. Can you help Wouter again to 
find a file regarding available assets within PREI. Try to get to the file by using the search bar. 
Unfortunately, the search bar is not giving the right option. Therefore, Wouter needs to find 
the file using the search filter. Help Wouter to find the same file in but now by using the search 
filter.      
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Wouter wants to contact the person that is responsible for testing within PREI to start the 
testing. Look up the person responsible for this and contact this person. 

• Find information on available assets of PREI by using search filters. 
• Find the same information on available assets of PREI in a different way then you did 

before this.   
• Look up the person responsible for this information     

 For this exercise go to ProRail Test Drive. 
Exercise 3 

Learnability and Lessons Learned.  
In this exercise, we will be sharing gained experiences in form of Lessons Learned for future 
use.     
After a period of time doing integration testing in the PREI lab, Wouter has finished all testing. 
During his time in the lab, Wouter learned a couple of things that would be really interesting to 
know beforehand, to save a lot of time. In order for other projects to make it easier, Wouter 
wants to share this knowledge so that it takes less time for other people to start testing. Help 
Wouter to create a lesson learned on what he learned and tag Monique. 

• Create a lesson learned 
• Tag a person to inform them on your new lesson.         

To do this, go again to ProRail Test Drive. 
Q11 - Do you think the platform is easy to navigate? 

Q12 - Do you think information is well structured on the platform? 

Q13 - Do you think files are easy to find on the platform? 

Q14 - Do you find it useful to identify the people responsible for the stored information on 
the platform? 

Q15 - Do you think you will learn from the information available within the Lessons Learned 
function that is present on the platform 

Q16 - Do you think you will add your Lessons Learned within testing or projects to the 
platform so other people can learn from it? 

Answer options Q11-Q16: 

- Definitely not 
- Probably not 
- I don't know 
- Probably yes 
- Definitely yes 

Q17 - How user friendly do you think is the filter function in order to get to files that you are 
looking for? 

Q18 - How user friendly do you think is the search bar in order to find files of a certain test 
lab? 

Q19 - How user friendly do you think is the source findability on the platform? 

Q20 - How user friendly do you think is the Lessons Learned function that is introduced on 
the platform? 

Answer options Q17-20: 
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- 0 
- 1 
- 2 
- 3 
- 4 
- 5 
- 6 
- 7 
- 8 
- 9 
- 10 

Q21 - In conclusion, would you see this platform as an addition in regard to collaboration 
between the test labs? 

- Definitely not 
- Probably not 
- I don't know 
- Probably yes 
- Definitely yes 

Q22 - What do you like most about the platform? 

Q23 - What do you like least about the platform? 

Q24 - Do you have any final remarks? 

Chapter 8 

Appendix A: Specifications of the hardware concepts 

Standalone 

Price €449 (64GB) €549 (128GB) 
Field of view (horizontal) 90° 
Resolution 1440 x 1600 per eye 
Weight 570 g 
Battery time 2-3 hours 
Charging time 2 hours 
Speakers Built-in 
# controllers 2 

 

Mobile 

Price €120  
Field of view (horizontal) 100° 
Resolution Dependent on smartphone 
Weight 260 g + weight of smartphone (ca 150 gram) 
Smart phone size 4.7”-6’’  
Smartphone requirements 60 Hz refresh rate. Full HD display, dual core processor 
Speakers Smartphone 
# controllers 1 

 

Kinect 
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Price €1500-2500 (Kinect + PC)  
Resolution Preferably 4K 
Display size To be decided 
Sensor range 50cm – 450cm  
FOV horizontal 70° 
FOV vertical 60° 
Max. number of people 6 
Speech recognition Yes 

Appendix B: Activity and Functional block diagrams of the software concepts 

Activity block diagram basic functionality 

 

Functional block diagram basic functionality 

 

Activity block diagram multiplayer functionality 

 

Functional block diagram multiplayer functionality 
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Activity block diagram adaptive learning functionality 

 

Functional block diagram adaptive learning functionality 

 

Activity block diagram serious gaming functionality  
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Functional block diagram serious gaming functionality 

 

Appendix C: Expected benefits of VR 

Expected benefits of VR Number of responses (respondents could choose multiple benefits) N=10 

More realistic scenarios 9 

Not having to go to a training point 5 

More or flexible learning content 5 

Practice without instructor 4 

Practice quickly when you want 1 
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Appendix D: Scoring schema for each evaluation criteria point 

 

Appendix E: Received feedback on Iteration 1: Paper prototype 

Category Feedback 
Missing information 1. More explanation/instructions at:  

        Log in menu 
        Multiplayer 

2. Main menu should contain the title “main 
menu” for clarity purposes 

Incorrect sequence - 
Incorrect layout Backspace and proceed buttons in log in menu should 

be more distinct from other buttons 
Missing functionality  1. Instead of having predetermined roles that 

can only be switched, multiplayer should 
allow participants to choose themselves 

2. When making certain choices, confirmation 
should be asked 

3. There should be a home button in every 
menu that takes you to the main menu 

Appendix F: The departing procedures  

This appendix contains the steps a conductor should do during the three departing procedures 
featured in the VR training system of the physical door simulator. 

Regular departing procedure 

1. Step outside the train 
2. Look from the platform if the doors can be closed safely 

a. Has everyone gotten in and out? 
b. Is the departing signal on? 

3. Give the attention signal 
4. Use the key to close all other doors but your own 
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5. Step outside the train again to check if everything is still safe 
a. All doors have closed 
b. The departing signal is still on 

6. Step inside and close your own door 
Close door from outside 

1. Step outside the train 
2. Inform the train driver that you are closing your own door from the outside 
3. Look from the platform if the doors can be closed safely 

a. Has everyone gotten in and out? 
b. Is the departing signal on? 

4. Use the key to close all other doors but your own 
5. Step outside the train again to check if everything is still safe 

a. All doors have closed 
b. The departing signal is still on 

6. Close your own door and step outside again while the door closes 
7. Check if the door has closed properly 
8. Get in the train via the closest unmanned train cabin 
9. Inform the train driver that the train is ready to depart 

Own door malfunctions (VIRM) 

1. Perform the regular departing procedure as described earlier 
2. Upon discovering the door malfunction, pull the emergency brake 
3. Contact the train driver and make agreements 
4. Reset the emergency brake 
5. Open the cover above the door 
6. Use your key to release the air pressure 
7. Pull the doors inwards as far as you can 
8. Use your key to rebuild air pressure 
9. Push the “close door button,” the door will now be fully closed 
10. Release the air pressure again 
11. Ensure that the door is locked by pulling the door and pushing the “open doors button” 
12. Close the cover above the door 
13. Place defect stickers 
14. Notify the MBN about the door malfunction 
15. Notify the travellers about the delay 
16. Contact the train driver to confirm that the disturbance is solved 
17. Restart the departing procedure on a different door 

 

Appendix G: Comments made and observations from the first evaluation  

Scenario Comments Observations 
Regular 
departure 

It does feel a little bit like a game 
The environment is highly realistic 
Some people prefer sitting down because of 
fear of instability/nausea 

Turning the key can be troublesome 
They are primarily struggling with the 
controls/remembering which buttons to use 

Lock from 
outside 

They would like to practice communication 
using a transceiver too 
They have to walk too far to the train cabin. 
In reality, they would choose a different 
door to do this procedure on 

Using controllers is going significantly smoother. 
After having practiced the first scenario, this one 
poses little trouble 
Many still ask what steps to do, even though 
they know the procedure by heart 

Door 
malfunction 

Time pressure could be something to make 
this scenario more realistic 
The scenario represents the difficulties 
conductors face in this situation quite well 

Goes well except for using the key at heights 
There seem to be different opinions on how to 
solve a door malfunction: the goal of this 
scenario is not clear for some  
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Appendix A: The formulated user stories 

As Requirement Explanation Status 

Maintainer Request a transaction Ask my peers to validate that I performed my work according 
to the maintenance instructions 

MVP 

Maintainer Attach data (Work 
Order number,  
Instruction ID, Photo, 
QC status,  
WM status, comment) 
to the transaction 

Communicate to my peers’ what actions I performed and 
what the result was, so they can analyse if the preformed 
the right maintenance 

MVP 

Maintainer View if the transaction 
has been approved or 
disapproved 

Check the actual status of the transaction MVP 

Maintainer Be notified if the 
information has been 
sent to Maximo  

Know how this solution is positioned in the application 
landscape and not worry about updating status in Maximo 

Optional 

Maintainer Import the work order 
data from Maximo 

Get automatically notified about the tasks assigned to me Optional 

Maintainer Import the work 
instructions from DINO 

Automatically import the maintenance work instructions Optional 

QC/WM View a transaction (WO 
nr, Instruction ID, 
Photo) 

Validate the actions performed by the maintainer MVP 

QC/WM Leave a comment on 
the transaction  

Communicate why validated of did not validate the 
transaction 

Optional 

QC/WM Validate a transaction 
(Binary choice: 
Approved/ 
Disapproved) 

Let my peers know if I accept or reject the quality of 
performed maintenance 

MVP 

Maintainer 
QC/WM and ME 

View past transactions 
with their unique 
hashes (all data) 

Be sure that the provided history of the maintenance event 
is trustworthy  

MVP 

Maintainer 
QC/WM and ME 

Switch between 
languages (EN/NL) 

Understand the user interface MVP 

ME Export the data to CSV 
format 

Use the database for evaluating the asset's performance MVP 

 
 
Appendix B: Formulated survey layout 

Question no. Question  Available answers options provided 
1 What is your role? Technicians (Railway company) 

Warranty manager (Supplier) 
Quality manager (Railway company) 
Maintenance Engineer (Railway 
company) 
Maintenance Engineer (Supplier) 
Otherwise: Enter name 

2 In which age group do you fall? 18-24 
25-39 
40-60 
60+ 

3 Do you think that trust and transparency about the quality of 
work carried out on the sliding step has been improved?  

Yes 
No 

4 Does maintenance registration work better for you now that 
maintenance is being validated by all relevant people? 

Yes 
No 

5 Are the transaction data of the maintenance event (including 
maintenance type, photos of performed maintenance etc.) 

Yes 
No 
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sufficient to analyse the quality of the maintenance 
performed? 

6 What was your most positive experience when using the 
maintenance registration system? 

Provided text box to insert text 

7 On a scale of 0-10, based on your experience today, how likely 
are you to use this application for the maintenance 
registration and management of the sliding step? 

Provided a scale from 0 to 10 with 0 
representing the extremely unlikely 
state and extremely likely state.  

8 How willing are you to use such a system for maintenance 
registration in the future? 

I am sure to use such a system 
I will probably use such a system 
I might use such a system 
I will probably not use such a system 
I certainly will not use such a system 

9 Leave any additional comments on how we can improve this 
application in the space below. 

Provided a text box below the 
statement to insert text 
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