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1. Basis information and routing 
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2. Project information 

 

2.1 Project type1  

Industrial research (max. 50% PPP allowance) 
 

2.2 Start and end date 

December 1st, 2022 - December 31st, 2027 
 

2.3 Summary 

Tunnels face a considerable replacement and renovation task, with estimated costs of around € 4.5 
billion over the next ten years. Moreover, infrastructure represents huge economic and social value. 
In 2016, Statistics Netherlands (CBS) estimated that value at 73 billion euros, of which 69 billion 
originates from the operation of existing infrastructure.  Tunnel closures lead to huge indirect costs. 
Asset owners therefore face the challenge of executing renovation work as smartly and quickly as 
possible. These efforts are hindered by the absence of fundamental knowledge about the ageing 
process of tunnels and tunnel components. The aim of this project is to fundamentally advance 
knowledge of deformation and degradation of immersed tunnels. The focus will be on the 
development of new monitoring methods and 3D models. 
 
The project comprises five subprojects, focused on the following study questions: 

• How can tunnel deformation and all individual environmental factors be continuously 
monitored? 

• Which environmental factors play a (critical) role in deformation? 

• How are deformation and residual lifespan of segment joints (with collar construction) influenced 
by interactions with the subsurface? 

• How can all tunnel environment interactions be combined in a 3D model? 

• What is the process of material degradation in tunnels? 
 
This project is focused on immersed tunnels, but the results are valuable for tunnels and civil 
engineering structures of all kinds. 
 

2.4 Suitability within MMIPs of TKI Deltatechnologie  

This study is appropriate to Mission F ‘The Netherlands is and remains the best protected delta in the 
world, also beyond 2100’. More specifically, the project ties in closely with MMIP F1 ‘Sustainability 
and cost control of water management implementation projects’. The focus of both the MMIP and of 
this project is on the future replacement of the water infrastructure, in this case immersed tunnels. 
The newly developed insights and models will be aimed at explaining and predicting ageing 
behaviour and in that way will contribute to the responsible and cost-efficient renovation and 
replacement of tunnels and tunnel components. This ties in fully with the Mission objective, which is 
focused on taking future proof and integrated measures in a timely manner, at an affordable cost.  
The overarching research programme Future proof tunnels focuses on tunnels and crossings of 
primary waterways. This project, COB-FPT1, represents phase one of this programme. The suitability 
for Future proof tunnels will be coordinated with TKI Deltatechnologie. 
 

2.5 Crossovers with other TKIs, NKWK, living labs (see website TKI Deltatechnologie) 

COB-FPT will make a contribution to the study line for ‘Future proof wet engineering structures’ of the National 
water and climate knowledge and innovation programme (NKWK): the primary objective of both is to ensure 
that the replacement task is tackled efficiently and cost effectively.  

 
1 www.rvo.nl/subsidie-en-financieringswijzer/pps-toeslag-onderzoek-en-innovatie/definities/definities-pps-toeslag-onderzoek-en-innovatie  

https://www.cob.nl/futureproof
http://www.rvo.nl/subsidie-en-financieringswijzer/pps-toeslag-onderzoek-en-innovatie/definities/definities-pps-toeslag-onderzoek-en-innovatie


   

Page 6 of 32   

 

 
The project also shares interfaces with the TKI Hightech systems and materials, Digital technologies, in 
particular in relation to the innovative use of sensors for monitoring the technical and functional condition and 
the development of a database and data analysis techniques. COB-FPT will contribute to fundamental 
knowledge development for adaptive and smart design, the management and replacement of (immersed) 
tunnels and the combination of the growing volume of data and numerical models for investigating, designing 

and optimising safety and maintenance strategies for infrastructure. 
 

3. Consortium 

 

 
 
  

Contact details project manager 

Name Karin de Haas 

Organisation Centrum Ondergronds Bouwen (COB) 

Visitors’ address Van der Burghweg 2, 2628 CS Delft 

Telephone 0031 85 4862 410 

Email karin.dehaas@cob.nl 

Contact details project partner 

Organisation Delft University of Technology (TUD) 

Chamber of Commerce no. 27364265 

Visitors’ address Stevinweg 1, 2628 CN Delft 

Telephone 0031 15 278 9111 

Email info@tudelft.nl 

Name of contact person Dr.ir. Wout Broere 

Telephone Contact person 015 278 1545 

Email contact person w.broere@tudelft.nl 
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4. Project financing 

 Organisatie Type 2022 2023 2024 2025 2026 Totaal 

Contribution 
knowledge 
institutions2 

TUD In kind 3 147 147 147 147 591 

Private 
contribution3 4 

COB In kind 800 800 700 500 400 3200 

Cash 35 305 155 155 155 805 

PPP 
allowance 
awarded 

 45 105 175 175 500 

Public contribution         

Subsidy applied for PPS allowance Subsidy 10.5 91.5 46.5 46.5 46.5 214.5 

Total        5337.5 

• Amounts in €K 

• Maximum permitted subsidy as a percentage of the total budget: 45% 

• Maximum payment percentage estimated on the basis of the information under ‘Planned actions’: 20% 

• PPP allowance as a percentage of the total budget5: 20% 

 
Maximum permitted subsidy 
The estimate is that 80% of the research consists of industrial research (maximum 50% support) and 
20% experimental development (maximum 25% support); the experimental development relates to 
sensor development as part of multiple subprojects. This results in a maximum permitted subsidy of 
45%. In the project, use is made of the PPP allowance already awarded to COB for 2021 and 2022 
(completion in 2020 and 2021); this amounts to 9% of the budget (€500K). In addition, this project 
generates a total of €214.5K PPP allowance, which is calculated as 30% of the in-cash contribution by 
COB (4% of the budget). 
 

Project costs (€K) Project financing (€K) 

PhDs, PDEngs 890 In cash COB 390 

PPP allowance 2021 and 2022 500 

Overall costs PhDs, spring model (DP3) 591 In kind TUD 591 

Toolbox, equipment 275 In cash COB 275 

Joint research COB participants 3200 In kind COB 3200 

Total 4956 Total 4956 

 
Cost breakdown 

 
2 Although a party is permitted to bear the entire costs of a project, for the overall picture of the cooperation, it is more convincing if the 
knowledge institutions also invest. 

3 Private contribution: funds not directly or indirectly originating from: a) a research organisation including the Dutch organisation for 
scientific research and the Koninklijke Nederlandse Academie van Wetenschappen, b) a public body; (Regulation national economic affairs 
subsidies, applicable from 22-11-2017 to present day). 

4 Contributions in kind from industry are permitted but do not have to be included in the budget. Inclusion of the in-kind contribution has 
consequences for the maximum amount of the TKI allowance and the TKI base amount. In-kind contributions support the picture of the 
cooperation. 

5 Although the scheme is open for full fundamental research, the TKI only invests in exceptional cases in projects in which more than 75% 
of the TKI contribution is applied for. The board decides on such exceptions. 
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The costs for PhDs and PDEngs are covered by COB in cash and by means of an already awarded PPP 
allowance. The budget also includes €275K for material costs (e.g. sensors and IT hardware) and 
third-party costs (insourcing of programmers by TUD) 
 
Explanatory notes to in-kind contributions 

• TUD: €3K for the spring model (DP3 in 2022) and €49K per year per PhD, i.e. the difference 
between overall costs and the costs charged to the COB. 

• COB: the €3200K consists of hours from COB for joint research, including the drawing up of 
schedule of requirements (PvEs), conducting field tests and other research activities. Each 
participant of the COB Tunnel programme contributes a maximum of 500 hours per year at a rate 
of 60 euro/hour, of which not more than €20K (per chamber of commerce number) is accounted 
for as an in-kind contribution. 

 
Explanatory notes to cash contributions 
The total cash contribution from the COB amounts to €665K from own funds. Of this amount, €275K 
is intended for the purchase of sensors and the development of a toolbox. The toolbox consists of 
software for the structured data analysis, developed externally or purchased. This is a knowledge 
system for safeguarding, accessing and combining (monitoring) data and knowledge for multiple 
interpretation, as a workshop for TUD researchers. 
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5. Project description 

5.1 Background 

The Netherlands faces a major renovation task for its tunnels. To limit direct and indirect social costs, 
prediction of the technical condition (deformation and degradation) of tunnels and tunnel components 
is crucial. There is huge urgency in drastically improving monitoring and models.  
 
The Netherlands is unique for its large number of tunnels, all of which are important transport hubs in 
the national road and rail network. However, many of the tunnels were built pre-1980, and are over 
half of their expected hundred year lifespan. As a consequence, there is a huge replacement and 
renovation task, with no less than 28 tunnels that are on the nomination list for renovation over the 
next ten years. In addition to the considerable direct costs for renovation and replacement, this will 
also result in considerable social costs and nuisance due to long-term closures. Direct costs for all 
tunnel renovations are estimated at €4.5 billion by 2030, but are expected to in fact be higher: in the 
period 2022-2035, Rijkswaterstaat expects that the infrastructure managed by them will require one 
billion euros more per year than budgeted . The indirect economic losses of tunnel renovations are 
estimated at no less than two million euros per day.   
 
Long-term maintenance results in huge nuisance and if possible should be restricted as far as possible. 
The important is therefore whether and when which maintenance is essential or desirable. By having 
the clearest possible picture of the scope of the renovation available, in advance, asset owners are 
able to make smart and cost-effective maintenance plans. Determining the (future) technical condition 
of tunnels is however made more difficult by the absence of fundamental knowledge about the ageing 
process of tunnels. Both the deformation and degradation develop differently and often faster than 
expected during the design phase.  
 
In respect of deformation, knowledge is lacking about:  

• The underlying causes of unexplained tunnel deformations in all directions. 

• The resistance of the tunnel and tunnel components subject to these loads.  
Tunnels experience far greater and more irregular vertical deformations than predicted. Unexplained 
torsions and horizontal deformations also occur regularly. It is generally assumed that tunnel 
deformation is caused by the surrounding subsurface and environment. However, precisely which 
environmental factors play a role and which of these factors is most important is unknown.  
 
In addition to the lack of knowledge about tunnel subsurface interactions, the deformation and 
degradation resistance of tunnels under actual circumstances is unknown. Design limits are regularly 
exceeded, but there is no insight into the influence of these situations on the structural limits of the 
tunnel.  
 
Due to the lack of lack of knowledge about tunnel subsurface interactions and resistance, the scope of 
tunnel renovations cannot be reliably estimated in advance. In the renovation work on the Velser 
Tunnel and the Maas Tunnel Rotterdam, this resulted in a multiplicity of technical problems and huge 
consequences for traffic flows in the area. Almost all completed tunnel renovations have been 
executed over budget and over schedule. This makes it clear that before any tunnel renovation is 
started, the current structural status and (future) influencing factors must be known in order to be 
able to conduct smart maintenance and limit nuisance.  
 
COB-FPT1 is the first and largest supported project from the overarching COB-FPT research 
programme. Pages 1-17 of this application discuss COB-FPT, while appendix 1 discusses in detail the 
specific activities and intended results of COB-FPT1. COB-FPT is part of the COB tunnel programme - 
‘Cooperation on research for civil, digital and sustainability issues’. 
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COB-FPT is focused on acquiring fundamental knowledge of tunnel deformation and degradation, with 
a specific focus on immersed tunnels. In total, the Netherlands has 37 immersed tunnels (more than 
half of the 72 tunnels), and worldwide there are around 150 immersed tunnels. The knowledge 
acquired in this project can therefore be used in the export of services by Dutch companies. 
 

5.2 Aim 

The aim of the overarching project COB-FPT is to fundamentally advance our knowledge of the 
ageing of tunnels, and to establish a solid basis for an optimum renovation strategy. COB-FPT is 
aimed at filling the knowledge gaps on three themes, that are most important for the 
development of the strategy:  

• Gathering better information: the development of deformation monitoring methods with 
higher frequencies and for more degrees of freedom, and developing reliable monitoring of 
material degradation. 

• Improved insight into interactions between tunnel and environment: the use of advanced 
data analysis, the development of models for degradation of tunnel materials, the 
development of realistic 3D models for tunnels, tunnel components, the subsurface and their 
mutual interaction. 

• Improved insight into residual lifespan: model calculations for segment joints. 
 
In the figure below (figure 1) the steps are outlined that will be taken in COB-FPT towards and 
optimum renovation strategy, which eventually will result in high reliability and availability of tunnels, 
at minimum cost. The development of a 3D interaction model for a complete immersed tunnel (DP4) is 
a vital building block for the eventual prediction of the residual lifespan of complete tunnels, including 
all components. The development of prediction models, however, is too complex to be conducted 
within COB-FPT and will take place in a follow-up study.  
 
The results of the planned subprojects will already provide important tools for asset owners (see 
section about expected products/results). The knowledge and methods developed in this project apply 
to all 37 immersed tunnels in the Netherlands, and the 150 immersed tunnels worldwide. Given the 
very high indirect economic costs of tunnel renovations, the results will bring about huge savings 
through optimum maintenance. The expected indirect saving per tunnel project is in the order of 
magnitude of tens of millions of euros. The developed knowledge and systems will also be usable in 
international projects and as a result will be valuable export products for Dutch companies.  
 

 
Figure 1. Overview of subprojects (DPs) in the overarching COB-FPT in relation to follow-up research. 

 

5.3 Innovative content (intended innovation, showing what is new) 

The innovation in this project is based around three central themes: 

• New monitoring methods for gathering better information. 
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• Advanced data analysis and realistic 3D models for improved insights into interactions between 
tunnel and environment. 

• Reliable model calculations for residual lifespan of segment joints. 
  
These developments are supported by the development of a central database and data analysis 
techniques. 
 
State of the art 
Monitoring 
Deformation monitoring is limited to measuring bolts in the tunnel wall with which the vertical 
deformation of tunnel elements is measured at multiyear intervals (resolution of +/- 1 mm or more). 
Due to the low measuring frequency and limited spatial information, there is no detailed information 
about tunnel behaviour over time. The current lack of monitoring and monitoring methods is based 
on the historical assumption that no noteworthy deformations occur during the use phase of tunnels. 
However, the data available reveal that tunnels continuously experience deformations in all 
directions, sometimes far beyond the design limits. With the existing monitoring methods, it is not 
possible to distinguish which different factors influence the deformation (e.g. soil conditions, tidal 
movement, temperature changes) and the relationship between these factors. 
 
At present, degradation monitoring consists in particular of visual inspection prior to planned 
renovations.  Real-time monitoring with remote sensors is only conducted to a limited extent. 
Although many different types of sensors are available, there is a lack of fundamental knowledge 
about the correlation between monitoring data and the (indirect) degradation processes to be 
monitored. It is also unknown which processes are most critical for the functioning of the tunnel. 
 
Modelling and model calculations 
In the existing deformation models, the subsurface is often modelled separately from the tunnel. 
However, not including the transfer of forces between tunnel and environment results in an 
unrealistic picture of the deformation resistance of immersed tunnels and their components. 
Moreover, use is in particular made of 1D/2D models, while deformation takes place in all directions. 
As a result, the necessary spatial insight is lacking. An additional problem is that models are often 
developed for a specific situation (e.g. a specific joint) in a specific tunnel, as a result of which models 
are not transferable to other tunnels and load scenarios.   
 
In summary, the current state of the art of modelling is characterised by: 

• Absence of interactions with the environment 

• Non-transferability 

• Insufficient spatial detail 
 
Innovation 
Monitoring 
In this project, for the first time, high resolution, continuous remote monitoring will take place, of 3D 
deformation and degradation in multiple tunnels.  
 
The aim of deformation monitoring is to develop a strategy according to which all phenomena that 
influence tunnel deformation are monitored and identified. To make this possible, innovation will be 
achieved as follows:  
i) Expansion to more degrees of freedom, i.e. in addition to vertical deformation also horizontal 

deformation and torsion.  
ii) Expansion to include the monitoring of segments and joints instead of only tunnel elements.  
iii) Expansion of monitoring frequency to several times a day.  
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To facilitate these innovations, existing sensor technologies from other specialisations will be further 
developed for tunnel monitoring, including optic fibre. 
 
The monitoring of degradation will also be conducted using automated methods, by means of 
sensors that remotely pass on the material properties of the tunnel. The innovation lies in the study 
of the precise relationship between the measured parameters and the indirect degradation 
processes that are derived on that basis. Using this knowledge, a reliable and optimised monitoring 
strategy can be developed. 
 
The monitoring datasets gathered and analysed in COB-FPT are unique in scope and detail, and will 
therefore result in ground-breaking new insights into all determining factors of degradation and 
deformation.  
 
Modelling and model calculations 
Innovation within the modelling of deformation will take place in relation to multiple aspects:  
i) Development of 3D models for both segment joints (with and without collar construction), 

subsurface models and complete immersed tunnels. These models are characterised by 
modelling environmental interactions and describe the interplay of transfer of forces between 
tunnel elements in combination with the environment. To make this possible, use will be made 
of 3D Finite Element Method (FEM) analyses which, due to their increased complexity, are at 
present only used in tunnel models to a limited extent. The scientific and technical challenge lies 
in the necessary abstraction of models, in which the balance must be achieved between the 
necessary complexity and calculability. 

ii) Models are parametric and as such can be widely used for all immersed tunnels and scenarios. 
iii) The 3D models for segment joints will be used for probability calculations whereby on the basis 

of maximum load-bearing capacity and environmental scenarios, estimates can be made of the 
possibilities of failure or expected residual lifespan. 

 
In summary, the innovation in modelling is characterised by: 

• Modelling of interactions with the environment. 

• Parametric and probabilistic methods. 
 
Project structure 
Within COB-FPT, for the first time, multiple structural aspects of immersed tunnels will be collectively 
investigated, in a multidisciplinary cooperative venture. The renovation task for tunnels is a very 
complex problem that requires contributions from various scientific disciplines: Geo-engineering 
(subsurface engineering, subsurface space technology, geotechnical engineering), Railway 
engineering and Structural mechanics (concrete engineering). Bringing these various disciplines 
together in an integrated approach, as in this supported project, is crucial in taking real steps forward 
in relation to the prediction of the residual lifespan of tunnels and tunnel components. 
 
By combining these disciplines, the necessary expertise and technology will be brought together, to 
find solutions to the major questions surrounding the interactions between constructions and the 
environment. 
 
COB-FPT comprises five subprojects (fig. 2, appendix 1). The subprojects have been prepared in close 
consultation with the COB expert committees and asset owners, and will be linked to actual tunnel 
projects. This will enable the interim testing, demonstration and practical application of the study 
results. Wherever possible, the project results will be used directly by tunnel managers, engineering 
firms and consultants. With the new scientific knowledge, models and insights, the foundations will 
be laid for the optimum approach to immersed tunnel renovation. 
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Figure 2. Relationship between the subprojects in COB-FPT. 
 
The overarching COB-FPT project consists of the following five subprojects:  

• Subproject 1 - Deformation monitoring and database: aimed at enabling continuous 
monitoring of all individual factors that influence tunnel deformation and movement. A 
standard monitoring strategy will be developed for deformation, validated using large-
scale field trials for data gathering. In addition, a database and toolbox will be developed 
for structured data analysis, both within this project and for future research. 

• Subproject 2 - Geotechnical data analysis: uses already available and new monitoring data 
to determine which subsurface/environmental factors are the leading cause for 
deformation, in which scenarios. New realistic 3D soil (interaction) models will be 
developed. 

• Subproject 3 - Segment joints: focuses on acquiring new insights regarding deformation of 
segment joints, a critical element of immersed tunnels. The primary aim of this subproject 
is to develop a method according to which the influence of bedding variation is predicted. 
More specifically, research is being undertaken into how segment joints with a so-called 
collar construction behave under deformation, and how this influences the reliability of 
tunnel structures.  

• Subproject 4 - 3D interaction model: the aim of this project is to develop a 3D model 
according to which all interactions between the environment, tunnel and tunnel 
components are explained. Use is made of the knowledge, models and data developed in 
subprojects 1, 2 and 3.  

• Subproject 5 - Degradation: this subproject focuses on gathering new, reliable monitoring 
data, used for research into the degradation behaviour of tunnels, and the further 
development of degradation models. 

 

5.4 Technology readiness level (TRL) 

At start project: TRL 2-4 
Intended TRL at end of project6: TRL 5-6 
 

 
6 Here and in the subsequent lines, we discuss KPIs which will be measured at the end of the project. By considering these points at the 
submission phase, it is possible to reinforce the proposals. 
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5.5 Planned actions/indicative work schedule 

Within COB-FPT1, the majority of the overarching COB-FPT programme will be implemented. Even if 
the implementation of COB-FPT remains limited to COB-FPT1, important new insights and 
deliverables will be developed. The table below lists the subprojects and activities within the 
complete COB-FPT programme. COB-FPT1 is limited to: 
• Subproject 1: PhD project, field trial 
• Subproject 2: PhD project, PDEng project (2x) 
• Subproject 3: PhD project (partial), PDEng project 
• Subproject 4: PDEng project 
• Subproject 5: PhD project 
 
For detailed information see Appendix 1: Subproject descriptions and COB-FPT1. 
 

Activity Type of activity Role of parties 

Subproject 1 - Deformation 
monitoring and database 

PhD project, PDEng 
projects, field trial 

Subproject manager TUD: Ken Gavin (Geo-engineering) 
Cooperation: COB 

Subproject 2 - Geotechnical 
data analysis 

PDEng projects,               
PhD project 

Subproject manager TUD: Rolf Dollevoet (Railway engineering) 
Cooperation: COB 

Subproject 3 - Segment 
joints 

PhD project (partial), 
PDEng project, PhD 
project 

Subproject manager TUD: Bas Jonkman (Hydraulic 
engineering) 
Cooperation: COB 

Subproject 4 - 3D 
interaction model 

PhD project, PDEng 
projects 

Subproject manager TUD: Max Hendriks (Concrete structures) 
Cooperation: COB 

Subproject 5 - Degradation 
PhD project, field 
trial 

Subproject manager TUD: Erik Schlangen (3Md)  
Cooperation: COB 

 
 

5.6 Explanatory notes cooperation and organisation   

 

 
 
Figure 3. Organisation structure of COB-FPT and FPT1. The coloured areas show the relationship between the supported 
project and the expert committees (working groups) of the COB active within COB-FPT and FPT1.  
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Project management team 
Wout Broere (TUD, Civil engineering and geosciences - CiTG) is the overall project manager for COB-
FPT. The project is divided into five subprojects, each with their own subproject manager. The project 
manager and subproject managers together form the project management team, that meets once 
every six weeks. The project management team has a mandate to implement the project in 
accordance with the predetermined project plan and is directly responsible for the quality and 
progress of the project activities.  
 
COB director 
The COB Director has final operational responsibility for COB-FPT1. Twice a year, the project manager 
presents progress for evaluation to the COB director, the scientific advisory board and the 
supervisory committee. Changes to the project plan will only be implemented following approval by 
the COB director, in consultation with the scientific advisory board and the supervisory committee, 
who advise the COB director. The COB director will also consult at least twice a year with the chair of 
the scientific advisory board and the chair of the supervisory committee (and possibly the project 
manager) to ensure that lines of communication within the organisation structure are kept short. 
 
Scientific advisory board 
Chair: Jenne van der Velde (project director NGInfra, strategic advisor Rijkswaterstaat) 
 
The members of the scientific advisory board are experts in the most important scientific disciplines 
within COB-FPT1. They are independent, respected and nationally recognised experts in their fields. 
The Scientific advisory board advises the COB director. The board meets twice a year and can also 
meet on an ad hoc basis.  
 
Tasks: 

• Issuing advice on maintaining and improving the scientific quality of the project activities and 
publications. 

• Monitoring project progress on the basis of six-monthly reports and advising on the possible 
implementation of change proposals from the perspective of the effects on the scientific quality 
and intended project objectives. Wherever relevant, this will be carried out in collaboration with 
the supervisory committee. 

• Advising on scientific issues relating to the sharing of data and privacy, optimum knowledge 
valorisation and application of project deliverables. 

 
Supervisory committee 
Chair: Remco Verschoor (manager Datalab Rijkswaterstaat) 
 
The supervisory committee has comparable tasks to the scientific advisory board, but concentrates 
on issuing advice from the point of view of public and private stakeholders. The supervisory 
committee advises the COB director and consists of representatives of the owners of the tunnels in 
the Netherlands and Flanders and financial backers of the practical programme: 

• Michiel Berkheij (asset manager ProRail) 

• Edwin Westerduijn (coordinating tunnel manager ProRail) 

• Kris van Boven (director Tunnels, roads and traffic agency Flanders) 

• Harry Dekker (coordinator COB for Rijkswaterstaat GPO) 

• Dick van Klaveren (portfolio director Impulse programme VenR and Rijkswaterstaat GPO) 

• Ron van den Ende (national tunnel manager Rijkswaterstaat) 

• Hans Janssens (chairman platform tunnel managers of road tunnels) 
 
The mission of the COB is to bring science and practice together. The direct cooperation between 
researchers, asset owners, tunnel managers and engineering firms make this project both unique and 
widely supported. The fundamental research work undertaken by TUD is based on the practical 
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demand for knowledge. Through co-design and co-creation, the study results tie in with the wishes 
from practice, enabling them to be tested, validated and applied in practical situations as quickly as 
possible. To promote this collaboration and knowledge exchange, use will be made of the existing 
COB structure of expert committees. The committee members participate actively in the activities of 
the subprojects from drafting schedules of requirements through to the joint execution of field trials.  
Subprojects will be implemented by PhDs and PDEngs appointed by the CiTG faculty (TUD). 
 

5.7 Expected products/results 

The table below shows the expected products and results of COB-FPT. The products and results of 
COB-FPT1 are marked with an asterisk. 
 

Serial number What When 

1* 
Database with toolbox for tunnel data (M20) including monitoring datasets for 
deformation and degradation of multiple tunnels (M42). 

2023-2025 

2* 
Standard monitoring strategy for tunnel deformation (minimum standard for all 
Dutch/European immersed tunnels) 

2023 

3* Report on monitoring strategies for degradation mechanisms in tunnels 2023 

4* Report of field trial of deformation measurements 2025 

5* Analysis method for construction subsurface interactions  2024 

6* Interpretation method for cone test data 2024 

7* 3D soil (interaction) models 2025 

8* Method for joint deformation due to bedding variation 2023 

9* Method for reliability and lifespan of segment joints with collar construction 2024 

10 3D environment tunnel interaction model 2026 

11* Schedule of Requirements for civil engineering aspects of the Digital Tunnel Twin 2024 

12* Degradation models 2025 

13* Scientific publications (approx. 12) 2023-2026 

 
Spin-offs in follow-up research 
The results of this project will also contribute to the digital tunnel twin due to be developed over the 
next 8-10 years within the broader COB tunnel programme. The aim of the digital tunnel twin is to 
make tunnels ‘intelligent’ using real-time sensing and self-learning models. This will enable real-time 
updates regarding status and performance of components and will allow reliable predictions on 
safety and residual lifespan to be implemented, in the long term. In this supported project, major 
steps forward will be taken towards the digital tunnel twin with the development of the toolbox, the 
3D interaction model and the plan of requirements for civil engineering aspects. 
 

5.8 Valorisation of results 

The results of this supported project and of the overarching COB-FTP will be applicable to multiple 
stakeholders:  

• Asset owners and tunnel managers. 

• Engineering firms and contractors. 

• The scientific community. 
 
For engineering firms and asset owners, workshops and related e-learning models will be organised 
to encourage direct application of the results. Interactive presentations will also be provided at 
national (e.g. COB conference) and international conferences (e.g. ITA WTC), while informative 
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articles and attractive blogs will be regularly published in professional journals and on specialist 
websites. The database will be made accessible to the public. For the management and further 
development beyond the project, agreements will be reached with knowledge institutions.  
 

Party Product 
(see above) 

Application and valorisation 

Initially COB, then 
possibly TNO or 
Deltares 

1 The general information in a public access database For 
confidential information (specific measurements, information on 
the performance of installations), a still-to-be-developed access 
check will be implemented, possibly for each organisation (or 
tunnels of the owner) or specific to each tunnel. 
 
Valorisation through presentation for COB committees, and other 
general publications and presentations. 

COB 2, 11 Application by asset owners and tunnel managers. 
 
Presentations to COB expert committees, (inter)national 
conferences. 

RWS, ProRail, COB, TUD 4 Presentation to COB Deformation committee. 
 
Application in other subprojects, scientific research and for 
engineering firms for the design of monitoring in tunnels. 

TUD, COB 5, 6, 7, 8, 9 Application for scientific research followed by engineering firms 
and consultants. 
 
Valorisation through presentations at scientific and professional 
conferences and via COB expert committees. 

TUD 10 Application in scientific research. 
 
Valorisation via scientific conferences and publications 

TUD 13 Possible application by all stakeholders in science and industry. 
 
Valorisation by means of presentations at (inter)national 
conferences and via COB expert committees.  
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6. Obligations arising from the PPP allowance 

6.1 IP and accessibility 

How will the participants in the project deal with intellectual property resulting from these projects? 
How will products be made accessible? 
 
Basic philosophy within the project is that the results should be freely accessible to all stakeholders 
and interested parties. 
 

Which ‘product’ 
(see above)? 

IP with which 
partner(s) 

How will this product be made accessible?  

1* COB Format and structure of database made public via open access publications 

2 TU Delft Placement in COB knowledge base (public), placement in publication 
database TUD (Pure) 

3-12 TU Delft COB knowledge base 

13 TU Delft Open access publications in (inter)national journals 

* Access to the database and measurement data (1) can be restricted by Rijkswaterstaat and ProRail in connection with 
security concerns. Derived data as used for analyses will be freely accessible. 

 

6.2 Communication 

What simple method will be used for presenting information about this project to the general public 
(description of the research, participants and planning and progress)? 
 
The progress of the project will be communicated via the COB website, COB social media and in COB 
newsletters, and on the TKI website. For the general public, scientific insights and results will be 
converted into attractive infographics and blogs and where applicable short, attractive and 
informative videos.  
 

6.3 Required cooperation agreement 

The consortium will enter into a cooperation agreement that satisfies the requirements of the 
allowance scheme. 
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Appendix 1: Subproject descriptions and COB-FTP1 

The COB-FPT programme consists of five subprojects (Dutch: deelproject, DP), that together will 
develop fundamental knowledge on the ageing behaviour of immersed tunnels. DP1 will develop a 
standard method for the individual monitoring of all environmental factors that influence tunnel 
deformation. Field trials in multiple tunnels based on this strategy will generate unique data that will 
allow the analysis of precisely how tunnels move and which deformation is caused by which 
environment factor (DP1, DP2). Insights from the monitoring data will be used for the development 
and validation of 3D models (DP2, DP3, DP4). DP2 will focus on soil (interaction) models. DP3 will 
concentrate on the deformation of segment joints and their consequences for the residual lifespan of 
immersed tunnels. The developed models/methods will then be used in DP4, in which a 3D 
interaction model of a complete immersed tunnel will be developed. The unique aspect of this model 
is the realistic modelling of all transfers of forces with the surrounding environment. This is the first 
step towards a digital tunnel twin. In DP4, civil engineering requirements for a digital tunnel twin will 
therefore be investigated. Finally, DP5 will focus on the degradation of tunnel materials, in particular 
the development of reliable monitoring methods and models. 
 

 
 Figure 4. Relationship between the various subprojects in COB-FPT. 

 

Subproject 1 – Deformation monitoring of immersed tunnels 

Start date M7 

Eind date M54 

Subproject manager Ken Gavin (TU Delft) 

 PhD supervisor Wout Broere (Geo-engineering) 

PhD promotor Ken Gavin (Geo-engineering) 

PDEng supervisor Wout Broere (Geo-engineering) 

Dedicated partners COB 

 
Background 
Data gathering is a major problem within tunnel research. The current method of monitoring 
provides insufficient information to analyse all the aspects of deformation of immersed tunnels. This 
problem is a result of the historical assumption that deformation in the use phase would be 
restricted to small-scale vertical deformation due to settlement. However, the limited data available 
demonstrates that tunnels experience large-scale deformations in multiple degrees of freedom, both 
vertical, horizontal and torsional. To gain insights into precisely how tunnels deform and which 
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(environmental) factors play a role, accurate and continuous monitoring of tunnels is essential. This 
project is focused on the challenge of monitoring all (un)known factors of deformation, and 
distinguishing between their separate/individual effects. 
 
Objective 
In this subproject, a monitoring method will be developed according to which all possible factors that 
influence tunnel deformation can be continuously monitored, without hindering tunnel users. The 
subproject will start with the development of a monitoring strategy, based on the information 
currently known about the deformation along multiple degrees of freedom. By subsequently 
implementing this strategy in multiple immersed tunnels, matching output will be generated for 
multiple tunnels. In follow-up studies this will generated extremely valuable insights. In this 
subproject, a database and toolbox will also be developed, in which gathered and historical 
monitoring data will be stored for structured data analysis. 
 
State-of-the-art and innovation 
The current monitoring of immersed tunnels is limited to the (multi)year measurement of the 
relative vertical deformation (+/- 1 mm or less resolution) using measuring bolts in elements, for 
which the tunnel has to be closed. The innovation is: 

• High-resolution monitoring in all directions (vertical, horizontal, torsional). 

• Continuous and high-frequency monitoring on a daily and seasonal basis without tunnel closures. 

• Extension of monitoring of elements to segments and joints. 
 
The technical challenge lies in the separate monitoring of all possible phenomena (e.g. geotechnical 
conditions, seasonal temperature fluctuations, tidal movement), which themselves can vary widely in 
terms of transfer of forces: from small loads to major local deformations. To make this technically 
viable, this subproject will investigate which sensors (from other fields) are suitable for which 
phenomena. One promising option for vertical deformation and torsion is optic fibre sensors. Optic 
fibre was developed in the past by TUD, tested in the lab and used in the first practical test in the 
Heinenoordtunnel. Based on this experience, optic fibre sensors will be further developed to a 
workable technology. 
 
Project activities and results 
A1.1 - Development of standard monitoring strategy for tunnel deformation (PhD, COB; M7-M15).  

• Inventory of measurement techniques developed for deformation monitoring in immersed 
tunnels (COB, PhD). 

• Development of standard monitoring strategy for tunnel deformation (PhD, COB). COB (working 
group Monitoring strategy) will deliver a basic strategy that will be further developed by a PhD, 
on a scientific basis and subsequently validated in A1.3/A1.4. The purpose of the monitoring 
strategy is to gather full coverage datasets for recognising all deformation phenomena. 

Result: D1.1 - Standardised monitoring strategy for tunnel deformation (M15). Following validation in 
A1.3/A1.4, the monitoring strategy will first be used by ProRail and Rijkswaterstaat, and 
subsequently introduced as a minimum monitoring standard for all Dutch tunnels. 
 
A.1.2 - Development of database and toolbox (PhD, COB, M7-M20).  

• Establishing a database and toolbox for data storage and structured data analysis (COB, PhD; M6-
M20). COB will develop a database format and toolbox for tunnel data (including monitoring 
data) in close collaboration with the PhD and PDEng researchers. 

• Compiling an overview of historical deformation measurements and input in a database (PhD; 
M6-M15). 

Result: D1.2 - Database with toolbox (M20) for monitoring data from A1.3 and A5.3 and other 
historical and future tunnel information. The initial management of the database will be the 
responsibility of COB. The general information in the database will be open access via the COB, with 
access control for sensitive information. 
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A1.3 - Design, planning and execution of field trials for continuous deformation measurements 
(PhD, COB; M10-M42). 

• Design layout of field trials on the basis of the monitoring strategy (D1.1) by PhD, who will also 
supervise the field trials. PhD will be closely involved in the installation of sensors and the 
starting of the field trials.  

• COB will be responsible for purchasing and installing sensors and tunnel access. 

• Implementation of continuous measurements (M18-M42) jointly by PhD and COB.  

• Data acquisition and storage in standardised database (D1.1) by PhD. 
Result: D1.3 - Final dataset of deformation measurements (M42). 
 
A1.4 - Data analysis of field trials (PhD, COB; M24-M54). 

• Data analysis of the dataset of deformation measurements (D1.3) by PhD. 

• Correlation of deformation in different tunnels by PhD. 

• Validation of monitoring data through comparison with traditional measuring bolts (vertical 
deformation) and developed 3D models in other subprojects. 

Result: D1.4 - Report of analysis of field trial and observed phenomena (M48) for COB Deformation 
committee. Previous versions (D.1.4a) and gathered data (D1.3) will be used as input for DP2 and DP4. 
 

Subproject 2 – Geotechnical data analysis 

Start date M1 

Eind date M48 

Subproject manager Rolf Dollevoet (TU Delft) 

 PDEng supervisors Rolf Dollevoet (Railway Engineering), Zili Li (Railway Engineering) 

PhD supervisor and 
promotor 

Ken Gavin (Geo-engineering) 

Dedicated partners COB 

 
Background 
It is generally assumed that observed deformation of (immersed) tunnels is caused by the 
surrounding subsurface and environment. However, fundamental knowledge is lacking on how the 
subsurface and tunnels influence each other: which subsurface construction interactions take place, 
in which scenarios and with which consequences? What are critical environmental and subsurface 
parameters for deformation? This uncertainty is in particular the consequence of the huge 
complexity and heterogeneity of the natural subsurface and the lack of detailed subsurface data 
(limited to a number of vertical bored drillings and cone penetration tests). Advanced data analysis 
and 3D soil modelling are essential to arrive at explanatory insights. This is also vital input for the 3D 
interaction model (DP4).  
 
Objective 
The objective of this subproject is to identify the key environmental causes of deformation (in 
different tunnels and scenarios) and to develop realistic 3D subsurface models. This will result in new 
insights into the interactions between tunnel structure and environment, and explanations for 
observed tunnel behaviour. Which factors exercise a critical influence is crucial information for 
determining suitable interventions and solutions for tunnel maintenance and renovation. 
 
State-of-the art and innovation 
Study A 
There is relatively little data available for research into the interactions between the subsurface and 
civil engineering structures. As a result, dealing with data variation and data correlation form a major 
challenge. 
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In the initial activity of this subproject, a new data analysis method will be developed for civil 
engineering structure subsurface interactions using already available data (e.g. height data, soil 
drillings). Existing data analysis models are too complex and multidimensional, leading to a lack of 
correlation between data. For that reason, a simpler model is proposed, in which data points are 
clustered in sections of common characteristics. This will make it possible to identify the most 
important causes of tunnel behaviour and deformation for different (combined) sections. Use is 
expected to be made of probabilistic (decision tree algorithms) and/or artificial intelligence methods 
(artificial neural networks). The additional advantage of probabilistic methods is that the risk of 
failure is delivered as an output.  
 
Study B 
In the second activity, a new method will be developed for gathering reliable soil data using cone 
penetration testing, as an extension of the above described method. Cone tests have the potential to 
deliver critical input data for understanding modelling and predicting subsurface construction 
interaction. However, the current methods for the interpretation of cone test data are unsuitable for 
the uniquely complex Dutch soils. In particular the high organic matter content represents a 
challenge. With that in mind, a new model will be developed that correlates quantitative cone test 
data with traditional, costly soil drilling and the related laboratory studies. 
 
Study C 
The other activities are focused on modelling. At present, soil modelling is largely restricted to one-
dimensional settlement models. In this subproject, new 3D FEM soil (interaction) models will be 
developed in PLAXIS, using monitoring data (DP1) and open source data. All observed effects 
(settlement measurements, water level, temperature, geotechnical properties) will be combined for 
application in FEM. Advanced methodologies, algorithms and machine learning models will be 
developed for modelling realistic and reliable system dynamics. In the analyses, a probabilistic 
approach will be used due to uncertainty about subsurface properties. 
 
Project activities and results 
Study A 
A2.1 - Advanced data analysis with existing data (PDEng 1, Fugro, COB; M1-M24).  
A new analysis method will be developed for correlating subsurface and environmental properties 
with geophysical and geotechnical data. This will make use of already available tunnel data from COB 
in combination with monitoring data from DP1.  
Result: D2.1 - Analysis method for construction subsurface interactions with existing data (M24). 
New insights into tunnel subsurface behaviour through application of the method will be included in 
D2.4.  
 
Study B 
A2.2 - Advanced data analysis with cone test data (PDEng 2, ProRail, COB; M1-M24). 
A method will be developed for the quantitative correlation of cone test data with traditional 
geotechnical methods. In this way, cone tests can deliver the necessary input for clarifying and 
modelling construction subsurface behaviour. 
Result: D2.2 - Interpretation method for cone test data (M24). New insights into tunnel subsurface 
behaviour through application of the method will be included in D2.4. 
 
Study C (start 2023) 
A2.3 - Development of 3D soil (interaction) models (PhD, COB; M7-M18).  
Development of constitutive soil models for use in 3D FEM and updating geological models based on 
drawings, surveys, soil condition, monitoring data (DP1) and insights from activity 2.1 and 2.2.  
Result: D2.3 - 3D soil (interaction) models (M18).  
 



   

Page 23 of 32   

 

A2.4 - Integration of subsurface tunnel interaction behaviour for monitored tunnels (PhD, COB; 
M18-M36).  
Using the soil models, FEM analyses will be conducted to demonstrate the subsurface tunnel 
behaviour and mutual effects. Specific account will be taken of the cyclic load and creep on soft soil.  
Result: D2.4 - Report of tunnel subsurface interaction behaviour and tunnel deformation (M32). 
 
A2.5 - Validation of models and interaction behaviour with monitoring data (PhD, COB; M36-M54). 
Developed models will be validated and where necessary adjusted, based on newly gathered 
monitoring data. 
 

Subproject 3 – Deformation of segment joints 

Start date M1 

Eind date M24 

Subproject manager Bas Jonkman (TUD) 

 PhD supervisor and promotor  Bas Jonkman (Hydraulic Engineering) 

PDEng supervisor Max Hendriks (Concrete Structures) 

Dedicated partners COB 

 
Background 
Immersed tunnels consist of a number of elements (100-200m) linked via immersion joints, and each 
element comprises multiple segments (18-25m). Segments are linked by means of segment joints 
which give freedom of movement in all directions, as a flexible coupling. The most important 
functions of segment joints are: i) absorbing lateral forces, ii) permitting minimal torsion, iii) 
watertightness of the tunnel.  
 
Segment joints have shear keys in the outside walls, roof and floor (see fig. 2). In the event of vertical 
deformation, shear keys prevent vertical differential displacements between segments and absorb 
lateral forces.  
 

 
Figure 2. Joint with shear key (Source: M. ’t Hart) 
 
The collar construction is the most common shear key in Dutch tunnels (fig. 3). In total, there are 
around fifteen tunnels in the Netherlands whereby the collar construction acts as shear key. 
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Figure 3: Segment joint as a collar construction (Source: Schols, 2012) 
 
The assumption when designing immersed tunnels was that only small-scale settlements would take 
place, whereby the tunnel segments would adopt the shape of a chain line. However, measurements 
have shown that there are greater and more unequal settlements than predicted, and segment joints 
experience the greatest deformations within the immersed tunnel. In the event of settlement 
differences between segments, the forces are redistributed, whereby the load from multiple 
segments can be applied to a single shear key or collar. Segment joints were not designed for these 
high loads, and therefore have an increased risk of failure. Various tunnel leaks would appear to have 
been caused by damage to the segment joints.  
 
Given the high risk of segment joints, insights into the technical status represent essential knowledge 
for tunnel renovations. However, segment joints are very difficult to inspect, resulting in 
considerable uncertainty about the deformation behaviour. For that reason, new methods will have 
to be developed to determine load-bearing capacity and technical residual lifespan of segment joints 
in relation to the tunnel. This knowledge can also be used to optimise the design of shear keys for 
future tunnels, thereby reducing the risk of deformation and failure. 
 
This subproject consists of two studies: one study will focus on the deformation of segment joints 
with collar construction, the other will focus on the influence of bedding variation on segment joints 
in general. 
 
The bedding of immersed tunnels consists of the subsurface on which the tunnel elements are 
immersed, in the dredged trench, in combination with the foundation. The most commonly used 
foundation technique in the Netherlands is the sand flow method whereby sand is sprayed beneath 
and next to the tunnel. As well as sand, gravel can be used as a foundation, deposited in the trench 
before the placement of the tunnel.  
 
The bedding can vary along the length of the tunnel (see fig. 4), as a result of:  
i) variation in foundation material, foundation thickness, foundation tolerance (placement 

tolerance) or underlying original soil layers, or  
ii) dredging tolerance, due to the fact that dredging at greater depth is less accurate (dredging 

tolerance). 
 

 
Figure 4. Definition of bedding beneath immersed tunnels (Source: Marcel ’t Hart) 
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Objective 
Study A - Influence of bedding variation on segment joints 
In this study, a method will be developed to calculate the loads on shear keys due to bedding 
variation, and to calculate the maximum load of shear keys and the risk of exceeding the 
maximum load. In the case of observed damage to shear keys, this method (based on known soil 
data) can be used to calculate which possible scenarios have occurred. The method can also be 
used to optimise the design of immersed tunnels, e.g. the length of segments or the use of quality 
measures to reduce dredging tolerance. 
 
Study B - Segment joints with collar construction 
A method will be developed for predicting the technical residual lifespan of segment joints with 
collar construction. Using this method, the residual lifespan of the immersed tunnel construction 
can then be predicted on the basis of the deformation resistance of segment joints, the desired 
reliability and the known environmental parameters (e.g. settlement data, tunnel geometry and 
geotechnical conditions). 
 
State-of-the-art and innovation 
Study A - Influence of bedding variation on segment joints 
Existing models are simplified and based only on the type (homogeneous) of foundation material, 
and not also on the spatial bedding variations (non-homogeneities) between locations where soil 
surveys were conducted. 
 
In the method to be developed, for the first time, the interaction between bedding variation and 
segment length will be included, both of which are determining factors for the transfer of forces at 
the shear keys. To calculate the parametric ratios between all model components, a simplified 3D 
model (sheet-spring model of segmented tunnel element with underlying bedding) will be used as 
the basis for probabilistic probability calculations (non-parametric Bayesian networks). This 
methodology has to date barely been used in civil engineering. It offers the advantage that on the 
basis of a known value for a parameter, a probability calculation can be conducted, because the 
model represents a number of different dependent variables.  
 
Study B - Segment joints with collar construction 
Immersed tunnels with collar constructions are a typical Dutch development, on which only limited 
research has been conducted. In studies conducted to date, use was made of 2D/3D FEM techniques 
and analytical calculations. However, these methods have primarily been used on a single specific 
segment joint of a single specific tunnel, under known settlement conditions.  
 
The aim of this study is to develop a generally applicable method (framework) for all immersed 
tunnels with collar construction. A 3D FEM model will be developed with a parametric approach that 
will include the influence of the subsurface and deformation in all directions. Based on the 
parametric input, future changes can be made to the parameters. For analytical calculations with the 
3D FEM model, use will be made of a bar-spring model in Python. This makes it possible to carry out 
a large number of calculations with different parameters, including joint stiffness and bedding 
stiffness. Both 3D FEM models and parametric methods are only used for tunnels to a limited extent. 
The development of the model is technically very challenging, because the right balance must be 
found between the required complexity and calculability.  
 
Project activities and results 
Study A - Influence of bedding variation on segment joints 
A3.1 - Modelling of tunnel element and bedding (PhD, TEC, COB, M1-M3).  
Modelling a segmented tunnel element as a 3D sheet spring model, whereby the influence of 
parametric variations in the bedding is included. Because the various soil parameters are spatially 
correlated, use is made of Gaussian random fields for the modelling of bedding variation. 
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A3.2 - Probabilistic probability calculation using the developed model (PhD, TEC, COB; M4-M12).  
The probability that specific forces will occur at shear keys, and the probability of exceeding the 
maximum load-bearing capacity will be calculated. Use will be made of non-parametric Bayesian 
networks. 
Result: D3.1 - Method for joint deformation due to bedding variation (M12). This method can be 
used by design and engineering firms to make calculations relating to the influence of bedding 
variation on immersed tunnel constructions.  
 
Study B - Segment joints with collar construction 
A3.4 - Development of a model for maximum load-bearing capacity of segment joints (PDEng, 
Rijkswaterstaat, COB; M1-M12). 
In this activity, the maximum 3D load-bearing capacity of segment joints with collar construction will 
be determined. The segment joints will be 3D modelled in Finite Element Method (FEM) software 
DIANA, after which FEM analyses will be conducted to calculate the maximum load-bearing capacity 
and influencing parameters such as bedding stiffness and tunnel geometry. Validation will take place 
using 2 FEM. 
 
A3.5 - Model calculations of influence on residual lifespan of tunnel structure (PDEng, 
Rijkswaterstaat, COB; M12-M24).  

• On the basis of the modelled maximum load-bearing capacity of segment joints (A6.1), an 
investigation will be conducted into what settlement (differences) and torsions the entire tunnel 
structure can withstand. The tunnel elements and segments (bars) are linked to the subsurface 
via immersion and segment joints (springs) on the subsurface in a bar-spring model programmed 
in Python.  Validation will take place using 1D or 2D FEM analyses. 

• Predicting future settlement developments is achieved by quantifying geotechnical mechanisms 
(on the basis of solutions from literature) and analysing historical data. By comparing the 
predicted settlement with maximum load-bearing capacity, the (residual) reliability of the 
segment joint in the tunnel structure can be determined, as can the relationship between 
predicted settlements and the technical residual lifespan of the segment joint.  

• The developed method will be partially validated by comparing the model results with 
information about leaks that have occurred in the past. 

Result: D3.2 - Method for reliability and residual lifespan of segment joints with collar construction 
(M24). This model will initially be suitable for scientific applications, and subsequently to engineers 
and consultants to give asset owners an insight into the potential risks of settlements and settlement 
differences. 
 

Subproject 4 –3D interaction for immersed tunnels 

Start date M1 

Eind date M48 

Subproject manager Max Hendriks (TUD) 

 PhD supervisor Wout Broere (Geo-engineering) 

PhD promotor Max Hendriks (Concrete Structures) 

PDEng supervisor Wout Broere 

Dedicated partners COB 

 
Background 
The loads and deformations occurring in immersed tunnels are greater than predicted in the 
design phase. The (limited) available data reveals that deformations can be up to one order of 
magnitude greater than expected, and as a consequence exceed the design limits of the tunnels. 
Examples are the Heinenoordtunnel and Kiltunnel, whereby settlements of 60-70 mm have been 
measured, while the designs were calculated for 6 mm. The consequences of these limits being 
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exceeded for the technical status and residual lifespan of immersed tunnels are however 
unknown. This is essential knowledge in determining the scope of tunnel renovations. For that 
reason, a new 3D interaction model must be developed, to understand the deformation 
behaviour of complete tunnels. 
 
The 3D interaction model is a building block for the future digital tunnel twin, in which the 
insights, methods and models from COB-FPT1 will be combined with safety aspects and 
maintenance strategies in a digital tunnel twin for predictive maintenance. This digital tunnel twin 
will be a framework for various asset management systems. In this subproject, by way of an 
additional building block, the appearance of the future digital tunnel twin in relation to civil 
engineering aspects will be investigated. 
 
Objective 
In this subproject, a 3D interaction model will be developed, for analysing the deformation 
behaviour of complete immersed tunnels in interaction with the environment (subsurface, water, 
traffic and other loads). This is a building block for future projects aimed at predicting the 
reliability and residual lifespan of complete immersed tunnels, which eventually will result in a 
digital tunnel twin. The second objective of this subproject is therefore to prepare a plan of 
requirements for the civil engineering element of the future digital tunnel twin. 
 
State-of-the-art and innovation 
At present, there is no realistic 3D interaction model for immersed tunnels. In the case of existing 
tunnel models, the transfer of forces to the environment is missing, while specifically these 
imposed forces can be of huge influence on tunnel deformation.  
 
To enable a 3D interaction model, existing and 3D (FEM) models developed in DP2 and DP3 will be 
combined to form a total solution, whereby both the interaction between tunnel components and 
subsequently the interaction with the environment are modelled. The most important scientific 
challenge is achieving the appropriate degree of complexity and abstraction, to enable a workable 
model to be developed. A complete 3D FEM interaction model is mathematically not efficient. For 
that reason, an iterative coupled model will be developed, consisting of multiple individual 3D 
FEM models (e.g. for joints), that (possibly in schematic form) will become part of the overarching 
model. Precisely which models, schematisation and tooling will be used will be part of the 
development process. One possible option is a Python framework that separately manages the 
models, and iteratively links them together.  
 
At present there is no digital tunnel twin. Existing asset management systems are for the most 
part limited to technical installations in tunnels, and that cannot communicate with each other. In 
this sub study, an overview will be prepared of available components that could be part of the 
digital tunnel twin, and components that are currently still missing. This will involve an 
investigation into which data are needed and available for the digital tunnel twin, with which 
systems these data can be gathered, how communication between systems should be achieved 
and what the optimum presentation of data in a dashboard will look like. The starting point for 
this study is a literature study and expert interviews. 
 
Project activities and results 
A3.1 - Study of civil engineering aspects of digital tunnel twin (PDEng, COB, Rijkswaterstaat; M1-
M24) 
In this activity, an overview will be prepared of existing and desired civil engineering components 
of the future digital tunnel twin. 
Result: D4.1 - Schedule of Requirements for civil engineering aspects of the digital tunnel twin 
(M24). 
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Subproject 5 – Degradation 

Start date M7 

Eind date M54 

Subproject manager Erik Schlangen (3Md) 

 PhD supervisor Mohammad Fotouhi (3Md) 

PhD promotor Erik Schlangen (3Md) 

Dedicated partners COB 

 
Background 
Degradation describes the loss of original properties of materials or structures. This is an 
ongoing process caused by thermal, chemical, physical or mechanical interaction with the 
environment, including deformation.  
 
Current knowledge of degradation of tunnel materials and the risks for tunnel constructions is 
insufficient. This is for example reflected in studies during renovation projects, in which 
observations show that degradation is developing faster, and due to other causes than 
previously estimated. Improved insights into the most important damage mechanisms and the 
progress of degradation under practical conditions are therefore essential.  
 
Objective 
The objective of this subproject is to monitor, to explain and to predict degradation in tunnels. 
With that in mind, monitoring strategies will be developed and sensors installed in tunnels. By 
combining the gathered monitoring data with existing degradation models, it should be 
possible to predict degradation and to provide reliable risk assessments. The focus of the study 
is on critical locations such as joints, transitions, splash zones, (old) repairs, locations where 
less good concrete quality was achieved during construction, and where in addition to 
concrete other materials are also exposed to more extreme loads and/or deformation. 
 
State-of-the-art and innovation 
The modelling of degradation is possible in the laboratory, using materials of excellent quality 
and where experiments are conducted involving single damage mechanisms under controlled 
conditions. In practice, however, there are complex combinations of damage mechanisms, 
which are very difficult to distinguish between. An additional challenge in practice is the 
heterogeneity of material, caused by varying environmental factors (temperature, humidity, 
chloride load) and production conditions. For example, concrete in the cover layer often has a 
different microstructure and porosity from concrete deeper in the structure. In particular 
around joints, material properties can deviate considerably from the ‘ideal’ controlled quality 
of lab samples. Around joints, different materials (concrete, steel and rubber for example) also 
come together. Each of these materials demonstrate different behaviour and at locations 
where they are combined, they influence each other. Damage may be initiated by one of the 
components, resulting in subsequent damage in the other materials. Identifying damage at the 
earliest possible stage makes it possible to intervene and carry out preventive maintenance. 
 
Key challenges in this subproject are: 
1. Developing a monitoring system for detecting, monitoring and distinguishing between 

damage mechanisms. Degradation monitoring is currently often restricted to periodic 
visual inspections and sensors have rarely been used until now. This subproject will 
therefore investigate how the various degradation processes can be remotely monitored. 
In many cases, this will involve indirect measurements. The coupling between sensor 
signal and damage mechanism will be investigated in the laboratory (using accelerated 
tests in which practical situations are simulated) and validated in practical conditions. 
Important study questions are: i) the precise parameters and indirect processes measured 
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by the sensors, ii) reliability, iii) the most suitable (combination of) sensors for the desired 
parameters, iv) optimum positioning of sensors for monitoring critical locations. Possible 
processes to be monitored include: local deformations and stretching, local tensions, 
changes to local stiffness, micro cracking, chloride penetration, carbonatation, moisture 
penetration, pH of concrete, steel potential, initiation of corrosion, corrosion speed. All 
these processes take place in concrete but also in the materials in contact with concrete. 
Damage can be initiated in all materials.  

2. In practice, multiple degradation mechanisms occur simultaneously. The challenge is to 
further develop the existing models (often based on FEM) and constitutive description of 
mechanisms for single damage mechanisms, in order to predict the influence of multiple 
mechanisms. Use will also be made of techniques for machine learning (AI).   

 
Project activities and results 
A5.1 - Developing a monitoring strategy and field trials for degradation measurements (PhD, 
COB; M7-M18) 

• Literature study into critical locations and key mechanisms for degradation in tunnels.  

• Inventory of existing sensors for tunnel materials, possibly with internal sensor 
development. 

• Evaluation of monitoring data in existing tunnels/engineering structures, where available. 

• Correlation of indirect sensor measurements with individual damage mechanisms using lab 
experiments. 

• Preparing a monitoring strategy based on completed lab tests. 

• Establishment of a field trial. 
Result: D5.1 - Report on monitoring strategies for degradation mechanisms in tunnels (M18) 
 
A5.2 - Field trials of degradation measurements (PhD, COB; M12-M42) 

• Coordination and supervision of field trial, data acquisition and storage in database (D1.1) 
by PhD. 

• COB is responsible for organising field trials (purchase and installation of sensors in existing 
tunnels, road blocks/restrictions and access). 

Result: D5.2 - Dataset degradation measurements (M42). 
 
A5.3 - Combining practical data with degradation models (PhD, COB; M24-M54) 

• Data analysis of field trial degradation monitoring, with a focus on identifying critical 
parameters for degradation at critical locations and common problems between tunnels.  

• Combining data with existing degradation models.  

• Combining degradation models with criteria for maintenance to create decision support 
tools. 

Result: D5.3 - Degradation models (M44) usable for smart asset management. Using the 
improved models, future degradation can be predicted and maintenance scheduled on the 
basis of objective criteria. 
 

Planning and relationship between subprojects 

The planning and relationship between subprojects is reproduced in the GANTT chart below. 
The Ms represent milestones: M1 - Start for deformation monitoring (M18); M2 - Start of 
degradation monitoring (M18); M3 - All monitoring data gathered (M42). 
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Figure 5: GANTT chart (in Dutch only) 
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Appendix 2: Elements from MMIPS LWV relevant for TKI 
Deltatechnologie 

The table below lists the subjects that are suitable for PPP allowance within TKI Deltatechnologie. 
 

Missie A Kringlooplandbouw 

MMIP A1 Reducing the use 
of fertilisers and water, and 
better use of nutrients, 
reducing nitrogen deposition 
in vulnerable nature 

• Better, circular, use of nutrients and water. 

MMIP A3 Reuse of organic 
side flows and residual flows 

• Reuse of side flows and residual flows within the cultivation system: in so far as 
relating to sludge and dredging spoils from the water system. 

MMIP A5 Biodiversity in 
circular agriculture 

• Developing indicators for integrated management for formulating and following 
(policy) objectives, for monitoring and as a basis for KPIs and a reward system for 
performance in biodiversity recovery. 

Mission B Climate neutral agriculture and food production 

MMIP B2 E11B Agricultural 
soils, reduction of laughing 
gas emission, increased 
carbon retention 

• Emission reduction of methane from surface waters by reducing formation of dredge 
spoils, limiting local/regional eutrophication through robust water systems. 

MMIP B4 E11D Increased 
capture of carbon in 
woodland and nature 

• Management of ecological systems in shellfish production in Wadden Sea and Zeeland 
waters with the extraction of biomass, and  

• Capture of CO2 in the coastal zone (blue carbon): salt marshes, mudflats, seagrass 
fields, tidal marshes, mangroves are very effective in capturing CO2 and can at the 
same time serve as (part of) coastal protection. Globally there is growing attention for 
combinations of sustainable agriculture/fish farming, coastal protection, nature 
recovery and CO2 capture (blue carbon solutions). 

Mission C Climate-resistant rural and urban area 

MMIP C1 Climate-resilient 
rural area: preventing water 
nuisance and water 
shortages 

• Climate-adaptive system knowledge soil - water - atmosphere. 

• Increasing regional water self-sufficiency. 

• Land use based on water and soil suitability. 

• Dealing with (extreme) drought. 

MMIP C3 Water-robust and 
climate-resilient urban area 

• Accelerating the adaptation task in urban areas (stakeholder selection and 
governance analysis). 

• System approach and completing the urban water cycle. 

• Added value of green and blue / greening the city. 

• Nature-inclusive, water-robust and climate-resilient urbanisation. 

• Prospects for response to drought and heat in the city. 

• Water and energy in the city (see also MMIP F4). 

MMIP C4 Improving water 
quality 

• Water quality - framework setting and monitoring. 

Mission E Sustainable and safe North Sea, oceans and inland waterways 

E1 Sustainable North Sea • Monitoring, modelling, data and information management and consideration 
frameworks for human combined use within the capacity of the North Sea ecosystem 
and the consequences of climate change. 

• Nature-friendly construction of large-scale structures for energy production and 
encouraging nature within these projects. 

• Multiple use of space by combinations of energy infrastructure with food production 
(fisheries and mariculture). 

• Reduction of waste in the sea. 
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MMIP E2 Nature-inclusive 
agriculture, fisheries and 
water management in the 
Caribbean Netherlands 

• Transition in agriculture: developing and implementing innovation (e.g. circular 
agriculture) in relation to water use, less pressure on nature and yield . 

• Nature management and recovery: determining the capacity of Caribbean nature is 
the central focus, including consequences of climate change on coral reefs. 

• Status of structural monitoring with smart innovative techniques (including DNA, 
remote sensing, etc.) offshore and onshore, and determining the effect relationships, 
developing suitable (recovery and restorative) measures and mitigations. Building 
with nature and sustainable tourism are examples.  

• Waste (water) management and pollution: water and waste (water) management, 
including treatment plants and accompanying infrastructure. 

MMIP E3 Sustainable rivers, 
lakes and intertidal areas 

• Research (knowledge development) into the system effect of water systems, with 
specific attention for the impact of use and impact of climate change and autonomous 
developments (e.g. river bed erosion or soil subsidence) on the functioning of these 
water systems.  

• Development of innovative (landscaping) concepts for the management and use of 
our water systems. 

Mission F The Netherlands is and remains the best protected delta in the world, also beyond 2100 

MMIP F1 Sustainability and 
cost management of 
implementation projects for 
water management 

• Earthmoving, the water infrastructure and the Dutch flood protection programme 
(HWBP). We see specific possibilities for sustainability and cost management. The 
implementation projects focused on preventing flooding, coastal erosion, freshwater 
shortages and dirty water (e.g. turbidity, warming and damage to ecosystems) should 
contribute to the overarching mission that the Netherlands is and remains the world’s 
best protected and liveable delta. The focus in future replacement and renovation of 
the water infrastructure will be on adaptive, energy neutral and circular. Wherever 
possible, responsible extension of the lifespan can make an important contribution to 
cost efficiency. 

MMIP F2 Adaptation to 
accelerated sea level rise and 
increased weather extremes 

• The goal of the MMIP is to acquire a clear picture on how we can build and design 
measures in such a way that we can once again rapidly adapt and replace. The 
building and design of measures is focused on the navigability of our rivers, safety in 
the face of flooding, accessibility of sea ports and the hinterland and salinisation, 
also in the event of (extremely) accelerated sea level rise and increased weather 
extremes (this MMIP is focused on extreme conditions, i.e. longer term than the 
previous MMIP). 

MMIP F3 Netherlands Digital 
Waterland 

• More precise, more frequent, cheaper and energy-efficient monitoring of the status 
of water systems (safety, availability and quality) and infrastructure (lifespan, safety, 
availability and quality) in 2030 (as compared with 2020) (link to mission F1) for 
example by using remote sensing, robotics, big data, artificial intelligence, open 
modelling, citizen science, etc. 

• Development and application of advanced simulation tools for optimising our water 
system (water quality, water safety, water treatment) and its use (operational water 
management, energy production and raw material production, traffic and transport, 
etc.) 

• integration of data and model results to support policy making, execution and 
testing. 

MMIP F4 Energy from Water • Hot and cold from surface water (TEO). 

• Predictable (unlike solar and wind) electricity generation with water as energy 
source. 

• Surface water offers space for renewable energy generation and storage of energy, 
PV systems (generation), wave energy and biomass. 

• Energy recovery and energy saving in water treatment and water management. 

 
 


