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1 Introduction 

In this report, the results are given of the first phase of the development of 
knowledge retaining system for tunnels. The system captures and safeguards past 
knowledge and experiences aiming at an effective planning and scoping of tunnel 
maintenance and renovations. Moreover the system accumulates the knowledge 
over time in flexible, adaptable, user-friendly and future-robust way. 
 
The necessity of a knowledge retaining system stemmed from recurring problems 
seen in the practice: Tunnel renovations have become notoriously expensive and 
delaying projects. The largest uncertainties for scoping tunnel renovations are given 
by the expected behaviour and performance in the next decades. Two main drivers 
play a role; incomplete and fragmented information on tunnels prior to renovation 
scope1 and being unable to retrieve the knowledge and experiences posterior to 
tunnel renovations for new projects, leaving us with a lack of a complete and 
retrievable tunnel history file that is easy to find, access and reused by multiple 
stakeholders. 
 
The work package Instrumentation within the COB Tunnel Research Program, aims 
to embed such experiences gained within the tunnel projects and in the expert 
teams in a set of instruments, so that the data can be used in future practical 
projects and the results of Structural Health Analyses (SHA) become increasingly 
more accurate (See Appendix A). 
 
For the development of the knowledge retaining system, several steps are 
distinguished and planned: 

2020 Defining the Program of Requirements, including a first draft of a 
demonstrator (mock-up) 

2021 Making a test version 
2022 Filling it in with all available information, including the roll-out 
2023 Improvements in the implementation 
2024-2030 Maintenance and Durability of the Tool 

 
Defining the program of requirements is the first step towards a successful 
development of a knowledge retaining system. The user requirements deal with 
expectations of the end-users in terms of functionality (user-experience) and its 
content. The outcome consists of end user requirements, a knowledge model, the 
demonstrator of the model (mock-up) and the feedback with respect to the mock-
up. 
 
This report provides the most relevant background information to the first phase of 
the development of the knowledge retaining system. Moreover, the report provides 
information on the research approach that consists of the main goal, research 

 
1  Past experiences have shown that one of the issues is not being able to be fully identify the 

actual state of the structure and consequently not to be able to define the full extent of their 
renovation scopes. There has been many problems experienced and unanticipated risks 
occurred during the construction process. 
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question and the research methodology (chapter 2). It introduces the project results 
as the end user requirements, the knowledge model and the preliminary 
demonstrator (mock-up) as well as the feedback received (chapter 3). To navigate 
the reader with a clear view, the full details of the project deliverables are positioned 
in the annexes to the report (appendix B to appendix H). The report lastly provides 
follow-up to the reader (chapter 4). 
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2 Research aim and approach 

This research aims to understand the needs of users, define functionality and 
demonstrate the process of using and connecting available data. The program of 
requirements and mock-up are to verify the possible end result and to balance 
between stakeholders and developers for selecting the suitable technology. The 
user demands are obtained, among others, via reflections and visualizations of the 
knowledge concepts, thereby avoiding a technology-push. For achieving the final 
goal, the following research questions have been formulated: 
 

1. What are the experiences and lessons-learnt on past tunnel renovations and 
what knowledge is needed to better define the scope of tunnel renovations in 
the future?  

a. What caused the experienced problems in current tunnel renovations, and 
how did they become known and are handled? 

b. To what extent and in what form (called knowledge formats) these 
knowledge and experiences already available? 

2. By which means knowledge and experiences arising from tunnel renovations 
can be structured and safeguarded for an effective planning and scoping?  

3. How can we make tunnel knowledge continuously accumulated over time in 
flexible, adaptable, user-friendly and future-robust way? 

 
The research is divided into 5 steps in order to answer the research question 
addressed above and to meet the final goal (Figure 1). 
 

 

Figure 1  The research design and the workflow among the 5 steps. 
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First, we start with answering the research question 1 (a) by the help of expert 
interview method. Second, we obtained information on where such knowledge and 
essential information reside in (so-called knowledge formats) to answer research 
question 1(b). This is done with qualitative data collection (part of the desk-study). 
Third, we analyse the information to structure and come up with a knowledge model 
to answer the research question 2. Fourth, we use this model and a suitable 
platform to illustrate the information structure and required user experiences. By this 
we aim to answer research question 3. The last step is the evaluation moment. This 
is performed to verify the functionality of the system with tunnel managers, directors 
and other possible users and domain experts. Figure 2 illustrates and elaborate 
each step consisting of sub-activities and outcomes that lead us to a successful 
requirements and mock-up design. 
 

 

Figure 2  The 5-step plan to achieve the Mock-up Knowledge System. 
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3 Main Results 

This section reports the results regarding the first phase of the knowledge retaining 
system for tunnels. In total three deliverables are distinguished and they are related 
to the three research questions. Each result include their goal, method and 
outcome. The detailed information is positioned in the appendices of this report. 
 

 

Figure 3 The overview of the main results presented in this chapter. 

 
3.1 End-user requirements of the knowledge retaining system 

The first result reported here contains the end-user requirements of the knowledge 
retaining system. It was derived from the outcomes of the activities under Step 1: 
Identifying Tunnel Knowledge and Step 2: Inventorying data and information 
specifications as seen in Figure 3. The outcomes of both were combined and are 
presented in Appendix E too. 

3.1.1 Method 

In total eleven interviews with tunnel experts and managers have been carried out. 
An overview of the interviewed persons is given in Table 1. A questionnaire was 
prepared for structuring the interviews with respect to: 

A. Identifying tunnel knowledge (object and project) via the case. This is to 
understand what knowledge is important to retain and reuse for tunnel 
experts and managers. 

B. Inventory data, information requirements and existing systems used in tunnel 
manager’s processes. 

C. Identify the needs of tunnel managers for a knowledge system. This is to 
define functionality and connect to the existing IT systems. 

 
The findings were prepared in form of a memo, the questionnaire can be found in 
appendix C. 
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Table 1 The list of interviews conducted for this step 

 Organization Role in the Organization  Date  Location 

1 Kil Tunnel Directeur Wegschap Tunnel Dordtse Kil  15-06-20 Kiltunnel 

2 Kil Tunnel Vice Directeur Tunnel Dordtse Kil 15-06-20 Kiltunnel 

3 RWS Expert Vastgoed en Infrastructuur  02-07-20 Delft 

4 RWS Expert Vastgoed en Infrastructuur 02-07-20 Delft 

5 RWS Assetmanager tunnels  02-07-20 Delft 

6 RWS Expert Vastgoed en Infrastructuur 16-07-20 Zwijndrecht 

7 RWS Expert Vastgoed en Infrastructuur 16-07-20 Zwijndrecht 

8 RWS Senior Adviseur  16-07-20 Zwijndrecht 

9 RWS Configuration Manager 05-11-20 Online 

10 RWS Configuration Manager 22-10-20 Online 

11 RWS Configuration Manager 01-10-20 Online 

 
The interviews have been transcribed into notes that structures the findings such as 
identification of tunnel knowledge (the scope of the system) and identification of the 
needs in terms of functionality and the architecture of the system. Appendix D 
presents these results to a detailed extent. 

3.1.2 The Outcome 

The interviews were conducted with two different kinds of asset managers:  
 Operational asset manager that manages one tunnel. 
 Public asset manager that manages multiple assets simultaneously. 

The first one represented a unique case in terms of knowledge management. The 
expert knowledge is owned by one top expert. He transfers his knowledge to his 
future successor by conventional methods: Teaching & Learning on the job. There 
is a small team that monitors the tunnel periodically and report findings to each 
other on an ad hoc base. The team constantly interacts and is able to spot issues 
on time. On the public manager’s side, the situation is different. There are multiple 
objects to be managed and maintained simultaneously. The task division is done by 
disciplines (e.g. installations, civil parts). This creates more risks to overlook the 
problems at the interfaces. Yet the technical problems on the tunnels were 
observed similar (See Appendix E for the examples). Below, the findings mainly 
focused on the public asset manager. 

Identifying knowledge challenges (Summary) 
 Knowledge and technical know-how are dispersing since the experts are retiring 

or leaving the organization. 
 The know-how is also diminishing due to reorganizations and changes of 

functions over time. 
  (Technical) Knowledge is more and more being outsourced. That results in 

acquiring more process and less technical knowledge. 
 Top experts are occasionally asked to work on book-assignments, where a 

particular structural phenomenon and the problem solving are elaborated with 
the help of cases (e.g. leakage series). That becomes their technical memoire 
yet it still remains in repositories. When there is that particular expertise is 
needed, it works old-school where top-experts are reached by their network. 

 Information that accommodates technical knowledge do exist but are scattered 
across different systems. This creates a lengthy process to obtain complete or 
desired information. 



 

 

TNO report | TNO 2021 R10373  9 / 54

 There is also an inefficiency in exploitation to reuse data sources e.g. digital 
twins of contractors or technology to control and manage knowledge loss at 
RWS. 

Requirements in terms of knowledge needs and functionality (Summary) 
 The system should help experts to spot a problem and offer techniques to 

investigate when experts observe something yet cannot justify immediately. 
 The system can make standard solutions (e.g. repair actions, measurements, 

research techniques) accessible. 
 The system should establish relationships based on measurement methods 

(techniques), applicability to the tunnel components and typical anomalies. 
 The system should help tunnel managers in defining which problem to 

outsource for being analysed or solved. 
 The system should unite the interest areas help tunnel managers in managing 

interfaces of responsibilities and of the tunnels and relevant surrounding 
structures. 

 The system should make a distinction in assessments types and make 
information needs per assessment type explicit and accessible. 

 The system should also be used for training of new people for transferring the 
knowledge. 

Requirements for the form and the architecture of the tool (Summary) 
 The system and model should be expandable in future to add more tunnel 

types or structures. 
 The system must fit to the existing systems, complement or is made compatible 

to them such as Ultimo, Meridian, Kern GIS (“van veel naar 3”). 
 The system should start with unlocking information and be accessed via 

hyperlinks. 
 The system should be user friendly. 
 The system could be function as a search engine that connects with Ultimo and 

Meridian. 
 The system should have a dashboard that makes established relationships 

clear. The end-users should obtain more by combining information. 
 
The detailed information can be found in Appendix D. This problem definition and 
requirements led to the second result. 
 

3.2 Knowledge model 

The second main result contains the knowledge model as a basis for the knowledge 
retaining system. This adopted method and the model are elucidated below. 

3.2.1 Method 

While processing the requirements of the end-users in terms of content, 
functionality and user-experience, information on tunnels is obtained. This 
information varied from specific tunnel inspections to generic risk management 
methods. It included documentation from COB commissions, TNO reports, scientific 
papers, measurement data, inspection reports etc. Moreover, standards such as 
NEN 2767-4, SATO_Specifieke aspecten tunnelontwerp2, NEN 2660-2_(upcoming) 
have been taken into account. By using information tagging (based on sets of 
keywords), the available information is analyzed and decomposed into main 
categories. This methodic helped to understand an abstract construct i.e. the 

 
2 Zie https://www.cob.nl/kennisbank/sato/ 
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“tunnel knowledge” and describe that with concrete components. Examples to a 
construct would be: expansion joints between tunnel segments of a tunnel element 
of the immersed part of the tunnel and relaxation of the rubber part of the joint. The 
keywords of the tagging of that construct would be: tunnel object, tunnel 
components, risks, damage types, degradation mechanisms, measures, inspection 
techniques etc. See Figure 20 in appendix F for the identification of the all keywords 
in the tagging process. 
 
While analyzing available information, information was compiled to a mini-database. 
This database helps to identify classes of the knowledge model, properties and 
semantic relationships among these classes. And they stem from the tagging 
process. Figure 4 provides a snapshot of that mini-data base and illustrates how 
such a table is used for preparing the knowledge model. This process of creating 
classes, relationships and properties were iterative and were discussed with a TNO 
domain expert experienced on tunnels. The feedback was reflected to the end-
product. In appendix E the full list is presented. This process resulted in a 
knowledge model. 
 

 

Figure 4 The ground work for the knowledge model. 

3.2.2 The Result (Summary) 

The process mentioned above have resulted in a top-level model as shown in 
Figure 6. As illustrated, civil structures like tunnels comprise four knowledge realms: 
 Decomposition realm (description of physical objects within its surroundings); 
 Problem realm (starting from material degradation, damage types, failure 

events and their effects), 
 Investigation realm (inspection and monitoring techniques dealing with 

material degradation or damage, assessment methods including calculations, 
information use); 

 Solution realm (encompassing measures controlling degradation mechanisms 
or damages and/or mitigate failure events). 
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Figure 5  Visualization of the relevant domain concepts of the knowledge model. 

Once the top-level is set, relations are identified among such classes and the 
corresponding properties of them. These relationships are such as “is derived from, 
consists of, applies to etc. Appendix F presents the breakdown of the knowledge 
model. It details the domain concepts (classes) per realm and the relationships 
within the classes of each realm as well as across realms. 
 

 

Figure 6  Top-level knowledge model (classes). 

3.3 The mock-up 

For demonstrating the knowledge retaining system at an early stage, a mock-up 
was designed. This mock-up aimed to demonstrate the desired functionality via the 
knowledge model. After the conceptually design of the knowledge model, the 
system was detailed with the properties, the following aspects of the mock-up were 
considered: 1) Demonstration mean and 2) Demonstration route. Both aspects are 
elucidated below. 
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3.3.1 Demonstration mean 

Demonstration mean refers to a choice of existing and suitable platforms that can 
be used to create the experience of the end-user based on the knowledge model 
implemented. This was to give a look & feel of the knowledge retaining system that 
could be developed in the next phase. The focus is thus the representation of 
functionality of the desired system. This is elaborated in the following section. 
 
Selection of the demonstration platform 
For the mock-up a test environment was created based on KeBo Tool. The KeBo 
tool was developed for RWS by TNO- and Archi XL in 2018 and focused on (N)DT3 
techniques for steel bridges. This test environment was created by ArchiXL that has 
a commercial product based an open platform, Open Media Wiki under Semantic 
Web Technologies. The platform of ArchiXL provides a module to implement and 
edit a knowledge model easily and user-friendly way. There are other available 
software e.g. Top Braid Composer’ EDG module, but KeBo environment promised 
better fit to the demonstration due to the project limitations (i.e. time and resource) 
and since it was already implemented at Rijkswaterstaat. Adding content (in various 
form of information and data types) is easier for end-users that are not familiar with 
information and knowledge modelling. Thus for a demonstration mean, this platform 
was efficient to implement the knowledge model, fill in small sets of data (as 
content) and illustrate the view of content according to some demo routes. The final 
choice for the environment in next steps is yet to be made in future. 
 
Implementation of the Knowledge Model  
The KeBo test environment enabled to incorporate real data and information 
collected on particular tunnels with a possibility for giving a live demo and obtaining 
effective feedback on the Mock-up. 
 
After implementing the knowledge model, several queries were defined based on 
the model and added information. In the demo it is demonstrated how information 
can be found and added semantically by using hyperlinks. This requires pre-
formulation of questions on which end-user want to get answers. Moreover, the 
mock up visualizes the results (as information brought together via the knowledge 
model). 
 
More specifically, it is demonstrated how various formats of information pdf’s, 
tables, text files is coordinated and how the search results are found in different 
visual formats too such as showing tunnels on map, linking different data sources 
(example is used as Geo-Json file of sample dikes, movable bridges, tunnel lines 
and shapes from Kern-GIS). 

3.3.2 Demonstration routes (Summary) 

A demonstration route refers to a pre-defined information flow that is to illustrate the 
use of knowledge model and content added to the system. It is to show a particular 
functionality of the desired knowledge retaining system. This functionality can be 
visualization of information, editing the content of the system, querying the content 
and displaying results etc. In the mock-up, these flows show the intended 

 
3  (Non)Destructive Test techniques. 
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knowledge retaining system as one single entry point of a tunnel information 
connecting to various information sources. 
 
Demonstration routes starts with what is known by the end-user and ends with what 
new information is. As an example: A route can start with an observed failure event, 
leakage and continue with associated components that are known already (e.g. 
expansion joints, tunnel segments, closed tunnel). It can optionally add a typical 
degradation process as differential settlements. A new information is provided to the 
end user through the results given by the system. A result would be a number of 
failure mechanisms that are linked to those input of the end-user. By clicking the 
results, the user can access to more detailed information (e.g. the causes and 
effects of the mechanisms; specific tunnels in which such mechanisms were 
detected or investigated; the techniques used to detect them or whether an 
assessment methods that took these failure events into account; and what 
measures were proposed and implemented). Figure 7 illustrates the design of the 
information flow. By this, the end-user is navigated through the knowledge model 
and unlocks information that often resides elsewhere. 

 

Figure 7  The demonstration route 1: Moving from a tunnel type to failure mechanisms. 

Demonstrated routes 
For the Mock-up demonstration, we incorporated real data and information 
associated to concepts of the route. The route started with a failure mechanism that 
was investigated in the Mock-up 2: leakage around the immersion joints through 
cracks in concrete. The route needed to continue to display linked information that 
potentially provided new insights to the end-user. For that the flow of information 
was designed in Figure 8 (as the next steps of Figure 7). This was a design of the 
information flow that assisted us to determine where to add content as the real data 
(red pages) to the model. 
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Figure 8  Demonstration route 1: Find failure mechanism and associated information under 
different classes. 

In the implementation platform, the first route thus started with a tunnel type 
selection (e.g. Immersed tunnel) and helped the user to enter few filtering concepts 
to limit the results. As mentioned earlier, these concepts were either observations of 
tunnel managers on what they detect on their structure or a potential tunnel 
phenomenon. The user was considered to enter key concepts namely differential 
settlements, expansion joints and tunnel segments that led him/her to arrive a 
failure mechanism encompassing the user input. This was leakage around the 
immersion joint through cracks in concrete as illustrated in Figure 9 The result 
page to start the information flow. 
 

 

Figure 9 The result page to start the information flow. 

 
From that result, the end-user starts to navigate through the system by clicking 
classes that are associated to the failure mechanism. By using hyperlinks the 
information added to the system becomes accessible and unlocked. In the 
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demonstrated route, this was Drecht Tunnel in which leakage around the 
immersion joint through cracks in concrete was observed. This led the user to 
move to the investigation realm as Data-Enhanced Reliability Assessment 
(Mock-up 2) was made accessible in this route as added content to the Reference 
Projects. 
 

 

Figure 10 The partial view of the Drecht Tunnel (where via hyperlinks other types of information 
of the tunnel can be unlocked). 

 
From the perspective of how knowledge model was used, the end-user provided 
input namely on element (component of interest); and/or failure event that 
eventually shows the failure mechanism consisting of those elements. The user was 
shown an experienced problem on a page and that became the user’s departure 
place to navigate. The user explored cause and effect relations behind the failure 
mechanism, to see in which tunnels that mechanism was experienced, and 
explored an assessment method via a reference project. This was the first designed 
route demonstrated. 
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Figure 11 Display of exemplary technical information. 

 
The second one was to show suitable inspection and monitoring techniques by 
filtering down options based on domain concepts of the problem realm (keywords 
consisting of material degradation, damage type, failure event, failure effect). 
 

 

Figure 12 The start of the second route to find inspection methods. 

 
The third route was to show tunnels based on their properties on the map and bring 
objects in its surroundings to the map view. 
 
We incorporated data of tunnel, selection of dikes, and movable bridges geo-json 
file format and visualized together with tunnels on the map (See appendix G for 
more details). 
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Figure 13  The map representation of immersed tunnels in the Netherlands. Each tunnel can be 
clicked through and more information can be found by navigation and through the 
knowledge model. 

 

Figure 14 The representation of the movable bridges (Blue rectangles as GeoJson file) in 
relation with the tunnel information. 

The highlights of the end-user requirements, the knowledge model and the 
demonstration of the three routes are presented in the Mock-up demonstration as 
an information package about the project. Appendix G provides more details. 
 

3.4 Feed-back 

As a final part of phase 1 of the project, feedback on the mock-up and the model 
was obtained. 

3.4.1 Method 

In the project plan, a stakeholder workshop was planned for obtaining the feedback. 
It was to gather reactions on the mock-up demonstration and to the knowledge 
model behind the information structure. The international conference called Beyond 
the Tunnel (organized by COB) was considered as an opportunity for that. Hence, 
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this conference was treated as the technical deadline for finalizing the mock-up. But 
this was not the only opportunity considered in getting feedback. There have been 
many meetings organized (hosted online vs. at location, audience type, its focus) 
and they provided different type of feedback. 
 
The feedback was obtained during: 
1. Direct and frequent contact with the chairman of the COB steering committee 

during the project duration. 
2. COB WP Instrumentation meeting held with the director of the replacement an 

renovation program of RWS and the program manager of the tunnels at RWS 
on 11th of November 2020. 

3. WP3 Instrumentation presentations given in the Beyond the Tunnel conference 
organized by COB on the 27th of November 2020 (by Willy Peelen) and the 
Tunnel Day on the 28th of January 2021. 

4. Meeting between COB Commission Degradation (represented by Stijn Biemans 
and Erik Schlangen) and WP 3 Instrumentation specifically on alignment 
between the Commission Degradation information structure with the Knowledge 
Model on 13th of January 2021. 

5. Various other: 
 Feedback from the end-users, the senior asset manager tunnels at RWS and 

the configuration manager of tunnels (who were interviewed for the definition 
of program of requirements) at RWS on 2nd of March 2021. 

a. External consults 
 
Below, we elaborated the content of the feedback. 

3.4.2 The Outcome 

1. During the execution of the project, there have been frequent meetings (each 4-6 
weeks) with the chairman of the supervisory committee of the WP3 Instrumentation, 
Alex Kirstein. These meetings were invaluable as it provided the check-balance 
between the research and expectations from the committee and from the user’s 
perspective. In each meeting, the progress concerning to the project step was 
presented and expectations from the committee were received as the feedback. 
This direct contact helped the mock-up to bring to a desired quality and it yielded an 
alignment between the scientific work and application in practice. 
 
2. The meeting at November 11th was focused on the outcome of the overall WP 
Instrumentation and relevance to RWS. The feedback concerned the 
interconnectedness among the different activities and tools within the 
Instrumentation work package. The use of information and data for monitoring 
decisions in relation to the knowledge system was discussed. Since both the 
knowledge retaining system and the monitoring template refer to similar concepts 
and types of information, the terminology between the two is a point of attention. 
 
In the knowledge model, several standards were processed i.e. NEN 2767-4, 
(upcoming) NEN 2660-1 for information modeling and SATO. This was to come up 
with a grounded definition for the object breakdown (classes within the 
decomposition realm). 
 
With respect to the data analyzed, the existing data structure in DISK (Data 
Informatie Systeem Kunstwerken) was reviewed. It included several Excel-based 
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tools for risk analyses too. These tools were found in the documentation of the COB 
SHA Analysis process. The databases were processed to define a common 
representative information structure for failure mechanisms and associated risks (as 
Realm 2 in Figure 5). Thus the knowledge model synthesized existing terminology 
already to develop an intuitive model for the terminology within the decomposition, 
failure mechanisms, investigation and solution realms. 
 
The take-away message was to connect the knowledge model and the knowledge 
retaining system to the different components of the Instrumentation work package 
to exploit the use of all components. 
 
3. Another presentation was given to more general public that consisted of 
organizations involved in the value chain of tunnel management and tunnel 
construction. It included the connection between different activities within the 
Instrumentation work package and was a summary of the research outcomes4. 
Moreover a call-for-action was proposed for participating in the program. The 
feedback obtained was limited because, which might be caused by the specific 
audience and by the fact that the meeting was more an informative session rather 
than interactive (due being hold online as a result of the COVID-19 restrictions). 
 
4.The fourth feedback had a very specific goal and focus and was also intended to 
create alignment between the domain experts and the knowledge model. As a 
result the feedback was dedicated to the content of the mock-up and the knowledge 
model. It served as a validation of the concepts modelled with the domain expert 
(the chair of the COB Commission Degradation). In the session, the knowledge 
produced by the commission degradation (domain side) was considered and it was 
envisioned to what extend and how this could be captured in the knowledge system 
in the future. The commission particularly focused on damage types and concerning 
causes, sensing techniques and possible interventions to correct or mitigate the 
damage, as seen in Figure 15. Those categories may be mapped easily with the 
knowledge model that eventually had already defined more detailed and clear 
semantics between cause and effect relations. Below, this mapping is identified. 
 

 
4  Online access to this: https://www.youtube.com/watch?v=TTQxanmG2Lk  
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Figure 15 The information structure prepared by the COB Commission Degradation. 

 
Figure 16 provides information how this mapping is achieved between knowledge 
model and the commission’s information structure. The blue boxes indicate that the 
information and the structure that is one to one covered in our knowledge model. 
Changes refer to terminology only. The green colour in the figure refers to detailing 
the knowledge model such that specific information ca be handled. These seem 
only minor adjustments since it is either defining a property to a class that already 
exists or transferring it to semantic relations. For both adjustments, an example is 
given below: 

1) Preventive measures are already captured in the measure class of the 
knowledge model. In the measure class there are different types as 
preventive and corrective, indicating that it is already covered. 

2) Where a damage is seen and when: The time dimension (“when”) is not yet 
included in the model specifically, except it was to be found in the 
description as a piece of text declaring it. The knowledge model can be 
adjusted easily to define this. Moreover “where” a damage occurs refers to 
a semantic relationship between a damage type (and degradation 
mechanism) to a component. In that sense it is also directly covered. 
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Figure 16  The mapping with the knowledge model. 

Concluding, the alignments described in the Figure 16 are easy to handle when the 
information structure is considered through terminology differences, making 
semantic relations, incorporating missing aspects or levels of details. This is also 
elaborated in Appendix H. Summarizing, some iterations between the knowledge 
model and the commission’s terminology have to be made to adjust the model for 
corresponding to the domain. Identification of such adjustments is the absolute 
purpose of the feedback. This adjustment was an activity in the long-term plan for 
the year 2. 
 
5. There are also various other moments that served us to have feedback. The 
knowledge model and the mock-up were also demonstrated the end-users and also 
to external consults. 
 

a. On 17th and 21st of December 2020, a demonstration was given to an 
international domain expert, a full professor in the department of structural 
engineering at Norwegian University of Science and Technology (NTNU). 
The domain representativeness of the model was found very positive so 
that the model was used immediately after as an input to determine data 
acquisition template. This template is a part of an on-going EU Project in 
which 50 best monitoring and inspection practices across Europe were 
analysed in relation with the assessing structural safety of transport 
infrastructures. 
 

b. On 2nd of March, an online meeting was organized with the tunnel experts 
at RWS to gather feedback from end-users. The experts were interviewed 
for the work in 3.1 (see Table 1). The aim was here two folded. It firstly was 
to check if interpretation of their wishes and expectations were well 
identified. And secondly it was to see if the knowledge model is intuitive and 
the mock-up fulfilled to their expectation. 
The feedback from the end-users were highly positive: The mock-up was 
perceived as one single point of entry to its users and can unlock all 
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relevant information through the knowledge model via demonstrated links 
towards the systems. Thus, the connection to the existing systems, in-use 
at RWS e.g. Ultimo/ Kern-GIS, were found back in the mock-up (“van veel 
naar 3” criteria fulfilled among others). Moreover, based on the known 
tunnel properties, the model can display other tunnels that have similarities 
but not yet known failure mechanisms. By this way, tunnel owners are 
enabled to prevent risks. 
 
One point of attention was concerning the way to update and maintain the 
content of the system in future. This update is asked to be labour-friendly 
and have automatic content filling from other information sources. It 
requires solutions varying from scripts between two systems or Natural 
Language Processing (NLP) algorithms. Both can be applied in 
combination with the knowledge model in order to parse text-based 
information and feed the system. It depends on how (if) the content in 
original source is formatted. This desired functionality do highlight a specific 
implementation use-case for ML/AI techniques in the WPC instrumentation 
and can be further elaborated as a part of follow-up. 
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4 Follow-up 

In 2020, the work concentrated on identifying end-user requirements of the 
knowledge retaining system by demonstrating process of using and connecting 
available data. The next phase is to make the system based on what is required 
and demonstrated here (Appendix B). 
 
In the next phase, first aforementioned feedback needs to be incorporated. 
The feedback results in several adjustments on the knowledge model and on the 
expected functionality. 
 
On the knowledge model side, the classes should be reviewed to tackle the variety 
of several domain terminology. A synergy with the upcoming information modelling 
standard (NEN 2620-2) should also be search and this will particularly be for the 
classes in the decomposition realm (object breakdown). 
 
On the content side, filling and updating the system should be labour-friendly. 
Mapping the data from its original sources (as Ultimo, Meridian, Kern-GIS) to 
relevant classes in the knowledge model should be explored. This is needed to 
create an automatic link between the three systems at RWS and the filling the 
content of the knowledge system in future. For this matter, ML/AI algorithms 
(particularly for NLP) is a promising feature and should be added to the functionality 
requirements. But the feasibility of such desired functionality needs to be done in 
parallel as well. After all, technical requirements should be drawn that then will be 
the roadmap to develop and implement the test implementation. 
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A The COB tunnel program 

Two research domains are distinguished for which the level of knowledge will be 
increase threw activities undertaken in the work package instrumentation: 

 Knowledge retaining system. 
 Knowledge gaps with respect to the use of Structural Health Monitoring. 

 

Figure 17 illustrates the long term perspective for the Knowledge Retaining System 
(in blue) and filling the Knowledge Gaps with respect to use of SHM in tunnel 
management by deformations due to settlements (in green). 
 

 
 

Figure 17  The COB tunnel program flow and focus of the launching plan. 
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B Long-term Activities for Knowledge Retaining System 

1. Defining a Program of Requirements and Mock-up (2020 and 2021) 

 Make an inventory of the data, information available knowledge and 
system compatibility (desk research + interviews). 

 Making a knowledge model; making suitable semantic relationships (desk 
research) 

 Developing a Mock-up version 
 Feedback on PoR & Update 

 
2. Making a test version (2021 and 2022) 

 Selection of implementation platform (based on PoR/PvE) (Interview + 
desk research) 

 Creating and updating test version and extensive testing with 
stakeholders. (workshops + desk research) 

 Implementation activities (workshops) 
 Evaluation + feedback (workshops) as Go/No-Go 

 
3. Filling it in with all available information & The roll-out (2022-2023) 

 Updating the test version based on the evaluation  
 Obtain all information available and fill the final version with this tool for 

the roll-out (interviews + desk research) 
 Real implementation + Migration to the RWS system (desk research) 
 Draw up procedure for adding content to the tool (Interview + desk 

research) 
 Establish a roll-out plan (desk research) 

 
4. Improve the implementation (2023-2024) 

 Mobilize end-users to fill in the system continuously  
 
5. Maintenance and Durability of the Tool (2024-2030) 

 Keep updating the content of the system 
 Technical update (via RWS or third-party)  
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C Questionnaire: The Mock-up Knowledge System 

With the interviews with tunnel experts and managers, we aim to draw a program of 
requirements for the knowledge retaining system and the knowledge model behind 
it. In this interview, we therefore formulate questions to: 

A. Identify tunnel knowledge (object and project) via the case. 
This is to understand what knowledge is important to retain & reuse for 
tunnel experts and managers. 

B. Inventory data, information requirements and existing systems used in 
tunnel manager’s processes. 
This is to scan the IT landscape of tunnel managers and experts. 

C. Identify needs of tunnel managers from a knowledge system. 
This is to define functionality and connect to the existing IT systems. 

 
Introduction: Getting to know the interviewees 

What is your role in the organization? 
In which processes are you involved? 
Could you tell us about your (daily) work involving maintenance and renovation 

of tunnels?  

- Internal organisation 

- Frequency of activities 

- Parties involved 

 

C.1 Identifying tunnel knowledge 

1. Could you give a description of the tunnel? (by decomposing the 
tunnel) 

- General characteristics 

- The special characteristics (why it is ‘een tunnel als geen andere’?) 

- Technical problems encountered in this tunnel during operation 

(i.r.t. its decomposition) 
2. Could you describe the renovation project? 

- The technical scope 

- The deviations with underlying reasons. 
3. Could you give a top 5 of problems you have come across during the 

renovation project? 

- The nature of the problems and their specifics 

- The degradation mechanisms/phenomenon behind it 

- The degree of the problem 

- The problem owner 

- Its impact (occurred or controlled) 
4. Are these problems anticipated in the risk assessments earlier? 

7.1. If yes; what are the reasons that these problems are still 
experienced? 

7.2. If not; when, with what methods, by whom are these problems 
discovered? 

5. In what way the problems were resolved (e.g. technical solutions)? 
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6. How could these problems be anticipated on in a future project? 
7. What would you wish that you knew earlier in the entire process? 

- From operation to renovation, from renovation to the management 

8. Which expertise would you bring it accordingly, in which process and 
way? 

 

C.2 Inventory of data, information requirements and existing systems 

1. If you involved, could you describe the preparation process e.g. scope 
(concerning similar topics above)? 

2. If not, could you describe which data & information (set) you received 
when you start your process? 

3.1 What is a sufficient information? 
3.2 What did you miss? 
3.3 How/Where did you obtain information later? 

3. Which information, systems do you use for your work processes, 
what defines your IT landscape in relation with? 

- The work flow and decision making 

- Experts knowledge involved 

- Data and information used  

- Tools, systems or methods used 

- Coordinating the meaning of information 
4. What are your challenges with such tools or systems now? 

- Interoperability across systems 

- Interpretation of the meaning 

- Raw data storing & interpreting 

- Documents that is processed by experts only 

- Complexity of systems or their amount 

- Language 
5. What is your current practise when you look for expert knowledge on 

maintenance and/or renovation of tunnels and/or risk related 
knowledge? 

4.1  Is there an internal source containing this sort of knowledge in 
your organisation? 

- Bookshelf 

- Intranet/share 

- Colleague 

- Forum/ yammer group 
4.2 Is there an external source you would frequently visit to find this 
sort of info? 

- Internet page 

- Journal 

- Expert meeting 

- External expert  
6. A reverse question for the previous one: Who would ask you for info 

or expertise and how would they find this info, how would you provide 
it? 
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Form and architecture of knowledge system 
 

1. What do you think it should be retained, what a tunnel owner/manager 
needs? such as 

- being able to actively help you to identify risks (based on past 

experience) in a maintenance and renovation project, given certain 
set of minimum info required to feed the tool. 

- including checklists 

- including which systems are in use with what purposes 

- meaning of scattered data and information provided by various 
expert tools  

- on object specific knowledge  
2. How would you imagine the tool? 
3. Which processes could benefit from the use of the tool? 
4. What would be the start-page of the tool? 
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D Requirements of the Knowledge System 

This appendix presents the findings of the expert interviews and summarizes into 
three categories: 

1. Knowledge Problems (Particularly at public asset managers managing 
multiple tunnels). 

2. Requirements (knowledge needs and functionality). 
3. Requirements for the form and the architecture of the tool. 

 

D.1 Knowledge Challenges 

 The main challenges seem to stem from the two main reasons: 
1. Knowledge is dispersing due to retirements. 
2. Knowledge is more and more being outsourced. 

 Knowledge goes away with its retiree. And the best case it remains in 
books they are assigned to write. 

 Reorganization of large organization as RWS definitely has a negative 
effect on technical knowledge (growing and being specialized as old 
timers). Therefore it is a motivation to have a system. 

 The real expertise is diminishing due to changing organizations, functions. 
When there is a need for expert knowledge, it works old-school. Via-via 
reaching to an expert known in the field and often is retired or about to 
retire. 

 There are more processes, less technical knowledge and no technology to 
support technical knowledge needed. 

 There is insufficient exploitation to reuse data sources e.g. Digital twins of 
contractors or technology to control and manage knowledge loss at RWS. 

 Information is there but scattered that makes it very difficult to find. Crucial 
info can sometimes only be found on that ONE drawing. 

 The responsibilities about one tunnel is now divided into several functions 
or experts who often look at the problems through their own domain glass. 
Thus interfaces between these domains within one tunnel has been 
causing many problems. We do not even talk about network problems and 
disturbances at that level. [We are even not on tunnel level and far from 
being on network level.] 

 Every tunnel has very specific properties. It is important to capture specific 
things happened during construction or renovation of tunnels. 

 Information on the surrounding area is crucial for example the ground water 
level in the vicinity of the tunnel. Also the development of parameters in the 
surrounding of the tunnel over time (e.g. design groundwater level, current 
groundwater level). 

 
D.2 Requirements (knowledge needs and functionality) 

 The system should focus on making past experiences and learning from it 
in order to help experts to identify potential problems (risks) to mitigate 
earlier and also keep eye on monitoring results (simplifying whether 
measurements indicate a problem) on demand. 



 

 

TNO report | TNO 2021 R10373  31 / 54

 The system should contain standard solutions for details of constructions 
that cause problems, then it saves great time and helps experts. So they do 
differently next time. 

 Knowledge tool should be about technical knowledge not so much about 
procedural knowledge, which changes often in a large organization as 
RWS. 

 The system should help to tunnel managers in defining which problem to 
outsource for being analysed or solved. 

 Adding measures or knowing which actions have been taking are crucial. 
 The system should help experts to spot a problem and offer techniques to 

investigate when experts observe something yet cannot justify immediately 
(e.g. googling symptoms, trying to get a view of the extent of a problem, 
resonating where the roots of the problems could be). 

 The system should unite the interest areas (disciplines that are defined by 
different functions in the tunnel) such as: 

o demarcate and visualize varying responsibilities in tunnel 
management and indicate a problem occurring in one discipline 
that effects the other. 

o help in managing interfaces of responsibilities and of the tunnels 
and relevant surrounding structures. 

 The system should give an indication if some actions are taken in the 
objects in the same surrounding. 

 The system can make standard solutions (e.g. repair actions, 
measurements, research techniques) accessible. 

 The system should give an indication when an information is added to the 
area of interests (e.g. installations, asphalt construction vs. civil technique 
parts of the tunnels). 

 The system should make a distinction in assessments types as of costs, 
safety, availability of tunnels, etc. and make information needs per 
assessment type explicit and accessible. 

 The tool should also be used for training of new people for transferring the 
knowledge. 

 

D.3 Requirements for the form and the architecture of the tool 

 The system and model behind should be expandable in future to add more 
tunnel types, or structures. 

 The system should not be something completely new but be linked to 
existing data and systems. 

o In other words, the system must fit to the existing systems, 
complement or is made compatible to them such as Ultimo, 
Meridian, Kern GIS (“Veel naar 3”). 

 Knowledge within the documentations should be easily found and linked to 
other types of information. The system should start with unlocking 
information and be accessed via hyperlinks. 

o In other words, the tool should work as hyperlinks and by clicking 
through we should get information and walk through the system. 

 Data sources from the construction process should be used more efficiently 
in the regular maintenance phase. 

o There are currently BIM, FE Models or Digital Twins which are 
developed by market parties during renovation and construction but 
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they are discarded. The maintenance of the DT is not any more 
interesting when contractors are not involved in the maintenance. 
This is a missed potential. Velsertunnel, Heinenoord DTs are either 
never user or soon discarded. 

 The system should be user friendly. 
 The system should be also open to third parties such as contractors that 

they know a lot about risks and problems occurred during construction or 
maintenance. This could be filling the tool by focusing on object, the skills, 
costs, processes that they utilize and solve problems may remain within the 
contractors as it is their competitive advantage. 

 The system could be function as a search engine that connects with Ultimo 
and Meridian. 

 As well as establishing relationships between information, the system 
should have a dashboard that makes established relationships clear. We 
gain more by combining information. 

 The model should establish relationships based on measurement methods 
(techniques), applicability to the tunnel components and typical anomalies 
but also consequences to the tunnel manager’s concerns and their work 
processes (reliability, accuracy of technique as well cost, availability, 
maintainability aspects). 

 
D.4 Attention points: 

 A clarity between the system being short term (maintenance) vs. long term 
(renovation) purpose for tunnels. 

 RWS has 25 tunnels working 250 people. Is the system worth to invest in? 
What would be the gain for 1 risk mitigated? (structural by lessons-
learned)? 

 RWS Wiki is also there and KeBo is an exemplary module for being 
semantic and focusing on technical knowledge. 

 There is currently no structure for knowledge retention. 
 The model has a specific purpose and not to replace existing tools and 

software that are for daily management and predictive maintenance. But it 
needs to be compatible in terms of data use (input) and ICT-wise. 

 Stimulating, formalizing the task to fill the tool to tunnel managers, 
contractors are a way to go. but it requires clear agreements on what to fill 
in, which data to submit and quality control of the filled system. 

 BIM models or Digital Twin (FEM-based or AI-driven) can be used as as-
built information, and anything can be added up there as versions. Digital 
Twin itself does not become a knowledge repository but what it does is 
capture tunnel info on a particular time and moment. When we make these 
assessment results accessible and linking to risks/ problems, that would 
make the dt suitable and compatible with the knowledge retaining system. 
DT is to simulate scenarios and a system would capture which scenarios is 
chosen and actions are taken. Then it records in time (40 years over time). 

 Cyber security, risk of terrorism, data sensitivity, data ownership are topics 
that will need attention. 

 Planned measures (e.g. RUPS at RWS) includes budget for renovation. 
prior knowledge of contractors could be a base. 

 Programming inspections done 1 in each 6 years. 
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 Many structural parts are not replaceable and have an expected design life 
of 50-100 years, yet the joints connecting them are not. that is one of the 
main cause in tunnel structural problems. 
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E Knowledge needs & inventory on information, data sources and formats 

Knowledge needs Source of Knowledge Examples Tunnel Name (if 
applies) 

Knowledge Format  Knowledge Model Attributes 
& Relations 

Tunnel Civil Structure 

Typical structural details 
causing problems 

Experts 
COB Commission work 

Ramps, Access roads drifting away due to joints’ expansion, Immersion joints (9WUI)  
 
Life span and expectancy of components (embedded in civil structure) 

Metrotunnel Gem. 
R’dam - 2e 
Beneluxtunnel - 
Kiltunnel - 1e 
Coentunnel 

COB documentations 
(deformation and degradation 
commission) Hoe 
klemconstructie Omega (ppt 
van LL) 

Structural Risks 
Inspection and Measurement 
Techniques  
Interpretation of damage on 
structure 

Damaged components Experts  
Leo Leeuw  
 

Settlements 
Split anchors broken off; dynamic load on the channel; steel quality dubious; 
Tensioning Vibro poles did not go according to plan. 
 
De wapening rondom de rubber metaal voegstrook W9Ui 
Soil construction 
 

Kiltunnel  
Vlaketunnel: 

Interview notes  
Afgezonken tunnels 
(zettingen) by het onderzoek 
van GeoDelft 
 
Vervuurt, A. e.a. Vervormingen 
van afgezonken tunnels in 
Nederland - eindrapportage 
2011. InfraQuest, 

Structural risks 

Trappenhuis 
Voegovergangen;  
Middentunnelkanaal  
Joint transitions 
 

2e Benelux tunnel 
37G-301-02 

Arcadis’report PTZ tunnels  

Deformatie 2e Heinenoordtunnel  Structural risk 

RUBBERMETAAL PROFIEL W9Ui  
Nieuw rubberprofiel W9CU 

Rubberprofiel uit 
wand Vlaketunnel 
 Toelichting 
Trelleborg op test 
rubber Vlaketunnel 
Coentunnel 

2013 - Lekkage in tunnels 
(L.Leeuw RWS 01-09-
2008).pdf 

 

Design & 
Construction 
Considerations 

Experts  
Leo Leeuw 

Toeritten 
Tunnelmoten 
Dilatatievoegen 
Wapening rondom dilatatievoegen 

 2013 - Lekkage in tunnels 
(L.Leeuw RWS 01-09-
2008).pdf 

 

Damage Types Project Library  Collapsed construction pits  

 Cracks concrete walls  

 Floors / fire resistance concrete / leaky expansion joints / leaky underwater concrete  

 Sludge in zinc trench 

 Construction pits / running water  

 Breuk sluitvoeg 

 Lekkages in voegen- dak 

 Hulpdijken op bezwijken (GT) 

 Groutankers bezwijken (GT/ Heijnenoordtunnel 

 Duikwerk/ sonderingen – paalbreuk (Zeeburgertunnel) 

 Zettingen (Botlektunnel) 

(Drechttunnel; 
Uitvoering) (2e  
Coentunnel; 
LeidseRijntunnel)  
(Zeeburgertunnel; 
Onderhoud)  
 
(2BT)  
(GT) 
(2e Beneluxtunnel) 
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Knowledge needs Source of Knowledge Examples Tunnel Name (if 
applies) 

Knowledge Format  Knowledge Model Attributes 
& Relations 

 Scheepvaart in damwand (MK) 

 Paalbreuk (Vlake) 

 Zettingen (KRLT) 

 Losslaan zink TE (VT-HT) 

 Sluitvoeg NZL- voeg (Flnd)/ A28 / betonschade (HSL) 

 Tramt onder water/ lekkage Vorst (ST) 

Critical Components 
 
 

Experts 
COB Documentation  
Project Library 

Funderingsconstructies inclusief trekpalenonderzoek;  Rapportage PTZv2.pdf   

Tunnel bijzonderheden Experts, COB Ken je Tunnel Commission  
COB Tunnel deformations 
Project Library (Documentation of Adri) 

Steel cladding around tunnel tubes instead of joints 
Pioneering construction method  
uniek ventilatiesysteem 
Pioneering design of tunnel tubes 

Maastunnel Ken je Tunnel Handbook  
Onderzoek rapport 
VoelozeTunnels (RWS 2003) 
 
2016-7 Cement - Tweede 
leven maastunnel.pdf 

Object properties,  
Component properties, 
Surrounding properties 

Design or construction 
errors 

Experts 
COB Documentation  
Project Library  

Rudder tunnel (Besix): Rubber profiles do not continue in the roof. (Example of 
inexperienced execution for new tunnels) 
 
Toepassen van alternatieven in bouwwijze doorvoeren tijdens de uitvoering 

  Damage Types 
Component properties 
Material properties 

Inspection/Measurement Techniques    

Inspection Methods (In-
use) 

Inspection reports, and Further research reports Showing different measurements for specific purposes such as height detection, water 
level 

 Endoscopie 

 Duikers 

 Ervaren toezichthouders 

 Sensoren 

 Total station 

 Water level measurement 

 Settlement measurement 

Kil Tunnel Kiltunnel zinkvoeg inspectie 
bouten klemlijsten met 
endoscopie 

KeBo Model attributes 

Periodieke inspectie 
Metingen voegbreedten open toeritten 
Metingen verticale verplaatsingen tunnelelementen 

 2013 - Lekkage in tunnels 
(L.Leeuw RWS 01-09-
2008).pdf 

 

COB documentation Arcadis PTZ tunnel report Steel thickness measurement on Damwanden (remaining same no measures needed) Noordtunnel   

 Measurement 
Interpretation 

Experts 
COB Documentation 

Design codes, changing demands or loads, expert judgement (equal settlement of 
tunnel elements vs. differing settlements) 

 Relating load measurement to 
settlements pdf. GeoDelft 

 

Experimental Methods  TNO AI/ML for damage detection  
Whatever the AI case is for COB? 

 COB Instrumentarium  

Damage, Degradation or Structural Failure Mechanisms    

Failure Mechanisms RWS Documentation 
Project Library (Adri’s documents) 
COB Library 

 Bezwijken van trekpalen door horizontaal verplaatsen van toeritmoten; 

 Bezwijken van de trekpalen van toeritmoten; 

 Instabiliteit van de tunnel – opdrijven; 

 Opbarsten folieconstructies 
 Opbarsten waterdichte grondlaag; 

 Rapportage PTZv2.pdf 
(SCOPE-INVENTARISATIE 
PLANVORMING 
TUNNELRENOVATIES ZUID-
HOLLAND Rijkswaterstaat  
 OKTOBER 2019 Arcadis) 

 



 

 

TNO report | TNO-2021-R10373TNO 2021 R10373  36 / 54

Knowledge needs Source of Knowledge Examples Tunnel Name (if 
applies) 

Knowledge Format  Knowledge Model Attributes 
& Relations 

 Instabiliteit van de tunnel – horizontaal evenwicht; 
 Instabiliteit van op staal gefundeerde moten – verticaal 

evenwicht; 
 Kraag-/tandbreuk bij afgezonken tunnels; 

 Bezwijken door overbelasten; 

 Ernstige waterlekkage, wateroverlast, verdwijnen funderingsmateriaal; 

 Lekkage van grondwater naar polderconstructie (grotendeels via de wanden) 

Damage Type & 
Properties 

 Plastic settlement (A, B, C) 
Plastic shrinkage (D, E, F) 
Early thermal contraction (G, H) 
Long term drying shrinkage (I) 
 
For Plastic Settlement:  

 Excess bleeding 

 Rapid early drying 

 10 minutes to 3 hours 
Reduce bleeding (air entrainer or revribate) 

   

Tunnel Objects      

Construction Types Experts  
 
Predrag Jovanovic (Movares), Frank Kaalberg 
(Witteveen+Bos) en Bart Hendrix (Rijkswaterstaat). 
COB Commissions 
TNO own 

Afgezonken tunnelelementen 
In situ gebouwde tunnelmoten 
Geboorde tunnel 
Kunstmatige polder 

 2017-5 Cement - Specials 
tunnels.pdf 

 

Tunnel Decomposition   The boundary conditions of tunnel object, process and event statuses, such as 
monitoring standard, tunnelling parameters standard. 

   

Assessment Method & 
Purpose 

 Code checking 
SHA Process  
Risico Check List  
Reliability Analysis 
FEM analysis  
Risk Analysis 

   

Measures      

Repair Strategies  Oude methode injecteren  
Nieuwe methode injecteren  
Plan van aanpak nieuwe methode injecteren 

 2013 - Lekkage in tunnels 
(L.Leeuw RWS 01-09-
2008).pdf 

 

Preventive measures COB Deformatie commission  Applying to Chloride-induced uniform corrosion: 
Have proper design of amount of reinforcement, cover depth and concrete quality in 
cover-zone. 
Provide appropriate concrete casting and curing in order to be able to provide long-
term concrete durability performance 
Avoid early age and load-induced cracks 
Chloride extraction if necessary 
Cathodic protection 

 Hans Mortier COB 
presentation 
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Knowledge needs Source of Knowledge Examples Tunnel Name (if 
applies) 

Knowledge Format  Knowledge Model Attributes 
& Relations 

Risk type  COB RIK Comission 
DISK 
Inspection Reports 
 COB Library  
Project Library 

Technical risk (e.g., risks of sand boiling in the bottom of the pit and ground heave of 
the pit bottom): 
 
Risks caused by the self-characteristics of a project (e.g., the complexity of a 
construction method). 
 
Geological risk (e.g., risks of water gushing and mud gushing owing to water capsules 
and water gushing and mud gushing owing to caves): Risks caused by adverse 
geological conditions (e.g., caves, water capsules, and poisonous gases). 
 
Environmental risk (e.g., risks of cracking, slopping or collapsing of surrounding 
buildings/structures, and leakage or fracture of underground pipelines): Risks that are 
related to the surroundings, which cause the damages to surrounding environment 
within the scope of construction influence (e.g., the condition of hydrogeology, 
surrounding building/structure, and underground pipeline). 

 
 

Totaal Tunnelareaal informatie 
werkdoc score EdR.XLSX 

Structural Risks  

Risk factor (probability)  Risk factor is a core concept in expressing risk knowledge, which indicates 
comprehensive description of the causes leading to a potential risk. A risk scenario is 
the combined result of logical and chronological risk factor values. These risk factor 
values are mainly taken from the failures of operation or component, such as 
equipment, procedure, environmental, or human action failures 

 Totaal Tunnelareaal informatie 
werkdoc score EdR.XLSX 
 

Societal Risks 

Risk Indicator  B/M/E/ZE/C (Begin, Matige, Ernstig, Zeer Ernstig, Calamiteit)  DISK Environmental Risks 

Tunnel Expertise 

Demarcation of 
responsibilities of actors 

Experts  TTI, Tunnel Safety, Road Structure, Access Roads? [by RWS] Kil Tunnel: 1 for all  
RWS 25 people 
responsible for 250 
tunnels (1 expertise 
covering multiple 
tunnels) 

Interview memo 
RWS function description 
Raakvlakken matrix 2020 
V0.1.xlsx 

Area of Interest 

Tunnel Surrounding  

Objects within the 
surrounding 

Experiences of Experts  Windmills; Shipping Ways; Dikes leading to problems with the ground cover, 
foundation, deformation of tunnels, piping, changes in ‘bestemmingsplan’, building 
activities within area that influences the tunnel 

Kiltunnel Onderzoeksrapporten (Pdf) “Tunnel Area”, “Object Type”, 
“Tunnel Components”  
Object Functions  

Changes in the 
surrounding 

Experiences of Experts Changes of ship sizes over time (Mobility), Needs for green energy (Sustainability); 
Increased loads; Water level changes (e.g. ground), Climate Change effects, 
ontgronding 

Almost all Interview memo Environmental Risks 
(in relation to Objects in the 
surroundings) 

Maintenance Strategies 
(executed on objects 
within the surroundings) 

Experiences of Experts Renovation or repair actions on these objects (e.g. Water Safety), (both changes to 
these objects as well as equipment needed to make the changes?) 

   

Undesired effects of 
measures implemented 
in surrounding objects  

Experiences of Experts Deformation of the tunnel tubes 
Ground cover loss ?? 

Kiltunnel  Structural risks  

Demarcation of 
Interfaces between 
objects 

Experiences of Experts Ground Cover damaged by larger ships passing by 
Tunnel deformation causing soccer field dysfunctional (impact on other objects, 
liability risk) 

  Structural risks  
Liability Risks  
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F Knowledge Model break-down (Top-level) 

 

Figure 18  The top level knowledge model (domain concepts, semantic relationships). 

 

Figure 19  The knowledge model (simplified). 
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Figure 20 An illustration of the methodology to process information. 

 

 

Figure 21  Semantic relations between problem and investigation realms. 
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Figure 22  Semantic relationships between problem and solution realms. 

 

Figure 23  Relationships between investigation and decomposition realms. 
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Figure 24 Relationships within solution realm. 

 

Figure 25 Relationships between solution and problem realms. 
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Figure 26 Relationships among solution and investigation realm. 

 

 
Figure 27 Relationships between solution and decomposition realms. 
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G The Mock-up of the Knowledge System 

G.1 Demo route 1 
Finding a suitable technique by filtering down options based on domain concepts of 
the problem realm (keywords consisting of material degradation, damage type, 
failure event, failure effect). 
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G.2 Demo route 2 

Finding Failure Mechanisms by using concepts of the problem realm. 
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G.1 Demo route 3 

Finding tunnels on map based on characteristics and visualization of objects that 
are in the proximity of the tunnels on map. 
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H Feedback on the knowledge model 
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