
 
 

Delft University of Technology

Advancing probabilistic design of submerged floating tunnels

't Hart, C.M.P.

DOI
10.4233/uuid:bc042ade-4e5c-41e2-8f72-1259a4da01f7
Publication date
2025
Document Version
Final published version
Citation (APA)
't Hart, C. M. P. (2025). Advancing probabilistic design of submerged floating tunnels. [Dissertation (TU
Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:bc042ade-4e5c-41e2-8f72-
1259a4da01f7

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:bc042ade-4e5c-41e2-8f72-1259a4da01f7
https://doi.org/10.4233/uuid:bc042ade-4e5c-41e2-8f72-1259a4da01f7
https://doi.org/10.4233/uuid:bc042ade-4e5c-41e2-8f72-1259a4da01f7


Advancing probabilistic design of subm
erged floating tunnels

C.M
.P. 't H

art

Advancing 
probabilistic design 

of submerged 
floating tunnels

C.M.P. 't Hart





Advancing probabilistic design of submerged
floating tunnels

Dissertation

for the purpose of obtaining the degree of doctor
at Delft University of Technology,

by the authority of Rector Magnificus Prof.dr.ir. T.H.J.J. van der Hagen,
chair of the Board of Doctorates,

to be defended publicly on
Thursday 12 June 2025 at 15:00 o’clock

by

Cornelis Marcel Pieter ’T HART

Civiel Ingenieur, Technische Universiteit Delft, Nederland

geboren te Maassluis, Nederland.



This thesis has been approved by the promotors:

Promotor: Prof.dr.ir. S.N. Jonkman
Promotor: Dr.ir. O. Morales-Nápoles
Copromotor: Dr.ir. D.J. Peters

Composition of the doctoral committee:

Rector Magnificus chairman
Prof.dr.ir. S.N. Jonkman Delft University of Technology
Dr.ir. O. Morales-Nápoles Delft University of Technology
Dr.ir. D.J. Peters Delft University of Technology

Independent members:
Dr.ir. W. Broere Delft University of Technology
Prof.dr. T. Bedford University of Strathclyde Glasgow
Dr. E. Ragno Delft University of Technology
Prof.dr.ir. M.A.N. Hendriks Delft University of Technology
Prof.dr.ir. P.H.A.J.M. van Gelder Delft University of Technology (reserve)

This research was funded by:

Keywords: Submerged Floating Tunnels; Probabilistic analy-
sis; High Performance Computing; Tunnels; Gaus-
sian Random Fields; Bayesian Networks; Vine Cop-
ulas

Printed by: ProefschriftMaken
Cover: C.M.P. ’t Hart

Copyright © 2025 by C.M.P. ’t Hart

ISBN 978-94-6510-640-3

An electronic version of this dissertation is available at
http://repository.tudelft.nl



In loving memory of

Joke ’t Hart-van der Gaag





Contents

Summary ix

Samenvatting xiii

1 Introduction 1
1.1 Historical perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 River crossings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Knowledge gaps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.5 Research approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.6 Dissertation outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.7 Research programme . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Theoretical background 11
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Submerged floating tunnels . . . . . . . . . . . . . . . . . . . . . . . 11
2.3 Immersed tunnels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4 Bivariate copulas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5 Non parametric Bayesian Networks . . . . . . . . . . . . . . . . . . . 19
2.6 Vine copula . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.7 Gaussian random fields . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Target reliability of submerged floating tunnels 25
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Review of different fields of application . . . . . . . . . . . . . . . . . 28
3.3 Target reliability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.4 Risks in tunnel structures . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.5 Reliability approaches. . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.6 Limit states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.7 Other topics of influence . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.8 Target reliability framework for Submerged Floating Tunnels . . . . . . 42

4 Spatial variation in tunnel foundations 47
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2 Model and analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.3 Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.3.1 Spatial variability . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.3.2 Probabilistic analysis . . . . . . . . . . . . . . . . . . . . . . . 57

4.4 Relation to traditional design . . . . . . . . . . . . . . . . . . . . . . . 62
4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

v



vi Contents

5 Reliability analysis of traffic in submerged floating tunnels 65
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.2 Modelling Approach. . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.2.1 General Overview . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.2.2 Copulas for inter-vehicle distance. . . . . . . . . . . . . . . . . 69
5.2.3 Simulating traffic . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.2.4 Structural model . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.2.5 Limit state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.3 Traffic Data and simulation . . . . . . . . . . . . . . . . . . . . . . . . 78
5.3.1 Data Processing . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.4 Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.4.1 Copula-based model for inter-vehicle distances . . . . . . . . . 82
5.4.2 Structural Model . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.4.3 Reliability Analysis . . . . . . . . . . . . . . . . . . . . . . . . 86

5.5 Discussion, conclusions and recommendations . . . . . . . . . . . . . 90

6 Vine Copulas for Dynamic Response of Submerged Floating Tunnels 93
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
6.2 Methodologies and components . . . . . . . . . . . . . . . . . . . . . 94

6.2.1 Dynamic Mooring Analysis . . . . . . . . . . . . . . . . . . . . 94
6.2.2 High performance computing . . . . . . . . . . . . . . . . . . 95

6.3 Dynamic response model . . . . . . . . . . . . . . . . . . . . . . . . . 96
6.4 Regular Vine selection. . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.5 Sampling and conditioning . . . . . . . . . . . . . . . . . . . . . . . . 102
6.6 Discussion, conclusions and recommendations . . . . . . . . . . . . . 104

7 Conclusions and recommendations 107
7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
7.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

Acknowledgements 117

A Spatial variation in tunnel foundations - results 133
A.1 Densities for different segment lengths . . . . . . . . . . . . . . . . . 133
A.2 Non Parametric Bayesian Network . . . . . . . . . . . . . . . . . . . . 135

A.2.1 Part 1: Network setup . . . . . . . . . . . . . . . . . . . . . . . 135
A.2.2 Part 1: Conditioning . . . . . . . . . . . . . . . . . . . . . . . . 137
A.2.3 Part 2: Network setup. . . . . . . . . . . . . . . . . . . . . . . 139
A.2.4 Part 2: Conditioning. . . . . . . . . . . . . . . . . . . . . . . . 141

A.3 Vine Copulas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
A.3.1 Part 1: Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
A.3.2 Part 1: Conditioning - Vines . . . . . . . . . . . . . . . . . . . . 146
A.3.3 Part 2: Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
A.3.4 Part 2: Conditioning - Vines . . . . . . . . . . . . . . . . . . . . 151



Contents vii

B Traffic - results 153
B.1 Vehicle categories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
B.2 Daily proportion of vehicles’ categories . . . . . . . . . . . . . . . . . 156
B.3 Monthly proportion of vehicles’ categories . . . . . . . . . . . . . . . . 157
B.4 Copula Results-April 2013 . . . . . . . . . . . . . . . . . . . . . . . . . 158
B.5 Structural model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

B.5.1 Direct Stiffness Method . . . . . . . . . . . . . . . . . . . . . . 159
B.5.2 Differential Equation Method. . . . . . . . . . . . . . . . . . . 161
B.5.3 Discrete loads . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

C Dynamic Mooring analysis - results 165
C.1 Dataset run 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
C.2 Copulas run 6 max . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

C.2.1 Bruteforce copulas run 6 - max . . . . . . . . . . . . . . . . . . 168
C.2.2 Algorithm copulas run 6 - max: . . . . . . . . . . . . . . . . . . 168
C.2.3 Regular Vines run 6 - max: . . . . . . . . . . . . . . . . . . . . 169

C.3 percentile estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
C.3.1 Second variable - maximum values . . . . . . . . . . . . . . . . 170
C.3.2 Third variable - maximum values . . . . . . . . . . . . . . . . . 170

Curriculum Vitæ 171

List of Publications 173





Summary

Tunnels can be constructed using different techniques, such as immersion of ele-
ments or as a boretunnel. In some circumstances, these techniques are not suitable
for connecting two shores. In case the water to cross is deep and wide, such as fjords
or deep sea straits, the traditional tunnels would lead to too deep tunnels as slopes
for traffic are limited to reach the surface andwould result in very long tunnels. Spans
can be too long for fixed bridges to accommodate traffic. In such cases, a Submerged
Floating Tunnel (SFT) can be considered. An SFT is a tube structure that floats below
the water surface and relies on the balance between (self-)weight and dead load and
the buoyancy force (Archimedes’ law). SFTs are novel structures that have not been
built on an operational scale.

The primary objective of this study is to develop comprehensive approaches for
designing SFTs that can accurately assess uncertainties in loads, actions, and resis-
tancewhileminimizing the risk of structural failure. The study aims to bridge the gap
in existing design practices by developing advancing probabilistic analysis methods
based ondesign challenges for SFTs butwhich can also beused in other fields of appli-
cations. Specifically, this research seeks to explore and validate alternative design ap-
proaches using Vine Copulas, Bayesian Networks, and bivariate copulas. By achieving
this objective, the study contribute significantly to the advancement of probabilistic
design methods, specifically in the field of SFT design.

In contrast to other civil structures, dedicated codes and standards for designing
SFTs are not available. Normally, codes and standards for civil structures are devel-
oped and validated by the fact that these structures are actually being built and op-
erated. So, the design of SFT is beyond the current scope of design practices. In order
to design safe SFTs, similar to other structures, a target reliability or a target reliability
framework is needed which is calibrated and usable. Unlike other types of civil struc-
tures, the conditional probability of death is different given the structural failure. As
a consequence, the requirement on the probability of structural failure will be more
stringent. For civil structures, inmany codes such as Eurocode [1], the Load Resistance
Factor Method (LRFM) is used for the design. In this approach, partial factors related
to the probability of exceedance are used. As the requirement for structural failure of
an SFTwill differ, standard values of partial factorsmay not be applied . The LRFM can
still be used, though, if the partial factorswould specifically be derived for an SFT. The
Eurocode specifies methods for deriving these partial factors using reliability based
methods. The consequence of these reliabilitymethods is that each individual failure
mode and limit state need to be evaluated, whichmakes the process computationally
intensive. It is proposed to select the most important failures modes and limit states
with highest risks and derive the partial factors for these and use them for design
with a validation afterwards of the partial factors on different limit states.

Alternatively, the economical risk approach could be used. This approach relates

ix
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investments to the total coast of safety for a decision parameter, such as material,
sectional property, load, etc. The optimal value of a decision parameter that influ-
ences safety is found when the additional costs of the decision parameter are equal
to the reduction of the total consequence costs. This approach needs to be conducted
for each limit state, while the target reliability requirement still needs to bemet. The
estimation of failure costs is complex and consists of many elements and is themost
challenging step as it needs to contain all direct and indirect consequences expressed
in a monetary value.

Probabilistic designmethods can be considered for the structural design of struc-
tures, including SFTs. For example, immersed tunnels are civil structures that are im-
mersed using elements in a pre-dredged trench, coupling the elements results in a
tunnel. The structural system in longitudinal direction can be identified as a flexible
beam on a bedding. The flexibility is found in the segmentation of the tunnel. In
order to have a continuous structure, the segments are coupled in the joints using
physical interlocking in the vertical tunnel walls, called shear keys. The envelope of
the forces in these keys is found by using an alternating bedding approach without
a relation to the spatial variability of the dredging depth or subsoil stiffness, as re-
quired by [2]. In chapter 4, a relation between spatial variation of dredging depth and
subsoil stiffness, using Gaussian random fields, and shear forces is derived. A proba-
bilistic analysis is conducted by using a Non-Parametric Bayesian Network and a Vine
Copula approach. The exceedance probabilities, with and without conditioning, are
calculated. Using the Gaussian Random Fields, combined with the probabilistic ap-
proach, this results in amore realistic, and inmost cases less conservative, estimation
of forces in the shear keys.

The SFT concept is based on the balance of buoyancy and the permanent load. The
response of SFTs supported by pontoons subjected to traffic loads leads to increase
of pontoon draught, whilst this load will lead to a reduction of tether force in tether
supported SFTs. An SFT is a civil structure that is designed for a service life of 100 years
ormore. The structural design should accommodate all possible traffic scenarios. The
design of the structure relies on the amount of post-tensioning and its location in the
cross section. In Chapter 5, aweight-in-motionmodel dependingon combined copula
models is used to compile a sequence of vehicles that is loaded to the structure, as
the sequence progresses through the SFT it will result in cross-sectional forces and
with the results exceedance probabilities can be found, as the failure is defined by
the ability of ingress of water due to cracking of concrete. With this information a
designer can adjust the amount of post-tensioning but also a change of the buoyancy
weight ratio can be considered to optimise the design.

Waves cause hydrodynamic loads on an SFT. In order to calculate the motion re-
sponse and/or the reaction forces of the structure, a dynamicmooring analysis (DMA)
can be performed. DMAanalyses are commonly used formoored ships andpontoons.
Using these techniques on SFTs is a novelty. DMAs are computationally expensive in
time. There are many different scenarios of wave heights, wave lengths and direc-
tion of impact which cannot all be evaluated with individual DMAs. In Chapter 6 a
DMA is conducted on a hypothetical tunnel model followed by a probabilistic anal-
ysis. A Monte Carlo approach was used to limit the computational effort for DMAs.
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The approach results in a dataset that can be used in this probabilistic analysis.
Vine copulas are commonly used in probabilistic analyses, but rare in the design of

civil structures. A Vine Copula is a multivariate model that relates variables to each
other. The base of the vine copulas consists of bivariate copulas and a regular vine
(graphical representation of nested connected trees). The number of possible Regular
Vines for a given number of variables increases drastically with the number of vari-
ables. Typically, the fitting of a vine copula model for a given dataset is performed
using an algorithm based on the dependency between variables. The regular vine
found by the algorithm is not necessarily the best fit in terms of the Akaike Informa-
tion Criterium. A brute-force method was used in order to test all possible regular
vines with 8 variables. The compilation of Chimera [3], a database of regular vines
up to eight nodes, provides the opportunity to use a brute force method to find the
best regular vine. However, 8 variable regular vines have 660,602,880 possibilities
to consider and urges to use high performance computing to evaluate all. Consid-
erable differences were found in the 14 different datasets from the DMA analyses,
which leads to the conclusion that the use of an algorithm based on dependency to
determine a regular vine is too simplistic.

In summary, the design of tunnels in general but specifically SFTswill benefit from
advanced probabilistic analyses to analyse uncertainties in loads, actions and resis-
tance. The common approach of the LRFM simplifies the correlation and dependency
between the parameters, for example, the all partial material factors are considered
to be on the lower bound and the partial load factors are for permanent loads always
considered as constant and for variable loads these factors can differ based on the
distinction between leading and accompanying values of the loads. If the variation
of the parameters is considered, more sophisticated exceedance probabilities can be
identified and used in the validation of the design structures.

The use of Vine Copulas, but also other probabilistic methods such as Bayesian
Networks and bivariate copulas, will improve and support the design process, opti-
mise structures, and avoid significant failure or the loss of structures.





Samenvatting

Tunnels kunnenwordengebouwdmetbehulp vanverschillende technieken, zoals het
afzinken van geprefabriceerde elementen of als een boortunnel. In sommige geval-
len zijn deze technieken niet geschikt om twee oeversmet elkaar te verbinden. In het
geval dat het water dat moet worden overgestoken diep en breed is, zoals fjorden of
diepe zeestraten, zouden de traditionele tunnels leiden tot te diepe tunnels omdat
hellingen voor verkeer beperkt zijn om het oppervlak te bereiken en zouden resulte-
ren in zeer lange tunnels. Overspanningen kunnen te lang zijn voor vaste bruggen om
verkeer te accommoderen. In dergelijke gevallen kan een drijvende Tunnel (SFT) wor-
den overwogen. Een SFT is een buisconstructie die onder het wateroppervlak drijft
en waarbij gebruik gemaakt wordt van de balans tussen permanente belasting, en
de opwaartse kracht (Wet van Archimedes). SFT’s zijn een nieuwe type constructies
die niet op operationele schaal zijn gebouwd.

Het primaire doel van deze studie is omuitgebreide benaderingen te ontwikkelen
voor het ontwerpen van SFT’s die nauwkeurig onzekerheden in belastingen, acties
en capaciteit kunnen beoordelen en tegelijkertijd het risico op structureel falen mi-
nimaliseren. De studie heeft als doel om de kloof in bestaande ontwerppraktijken te
dichten door geavanceerde probabilistische analysemethoden te ontwikkelen op ba-
sis van ontwerpuitdagingen voor SFT’s, maar die ook kunnen worden gebruikt in an-
dere toepassingsgebieden. Dit onderzoek probeert met name alternatieve ontwerp-
benaderingen te verkennen en valideren met behulp van Vine Copula’s, Bayesiaanse
netwerken en bivariate copula’s. Door dit doel te bereiken, draagt de studie aanzien-
lijk bij aan de vooruitgang van probabilistische methodes, met name op het gebied
van het ontwerpen van SFT’s.

In tegenstelling tot andere civiele constructies zijn er geen specifieke richtlijnen
en normen voor het ontwerpen van SFT’s beschikbaar. Normaal gesproken worden
codes en normen voor civiele constructies ontwikkeld en gevalideerd door het feit
dat deze constructies daadwerkelijk worden gebouwd en gebruikt. Het ontwerp van
SFT’s valt dus buiten het huidige bereik van huidige ontwerppraktijken. Om veilige
SFT’s te ontwerpen, vergelijkbaar met andere constructies, is een betrouwbaarheids-
kader nodig dat gekalibreerd en bruikbaar is. In tegenstelling tot andere typen ci-
viele constructies is de voorwaardelijke kans op overlijden door het constructief falen
groter. Als gevolg hiervan zal de eis aan de kans op constructief falen strenger zijn.
Voor civiele constructies wordt in veel codes, zoals Eurocode [1], de Load Resistance
Factor Method (LRFM) gebruikt voor het ontwerp. In deze benadering worden parti-
ële factoren gebruikt die gerelateerd zijn aan de kans op overschrijding. Omdat de
eis voor constructief falen zal verschillen, kunnen traditionele partiële factoren niet
rechtstreeks worden toegepast. De LRFM kan echter nog steeds worden gebruikt als
de partiële factoren specifiek zoudenworden afgeleid voor een SFT. De Eurocode spe-
cificeert methoden voor het afleiden van deze partiële factoren met behulp van be-
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trouwbaarheidsmethodes. Het gevolg van deze betrouwbaarheidsmethodes is dat
elke individueel faal mechanisme en grenstoestand moet worden geëvalueerd, wat
het proces rekenintensief maakt. Er wordt daarom voorgesteld om de belangrijkste
faalmodi en grenstoestandenmet de hoogste risico’s te selecteren en de partiële fac-
toren hiervan af te leiden en deze te gebruiken voor het ontwerp, met een latere ka-
libratie van de partiele factoren op andere grenstoestanden.

Daarnaast kan de economische risicobenadering worden gebruikt. Deze benade-
ring relateert investeringen aan de totale veiligheidskosten voor een specifieke be-
slissingsparameter, zoals een materiaal parameter, een sectie-eigenschap, een be-
lasting, enz. De optimale waarde van een beslissingsparameter die de veiligheid be-
ïnvloedt, wordt gevonden wanneer de extra kosten van deze beslissingsparameter
gelijk zijn aan de vermindering van de totale kosten als gevolg van falen. Deze bena-
dering moet worden uitgevoerd voor elke grenstoestand, terwijl nog steeds aan de
beoogde betrouwbaarheidseis moet worden voldaan. Echter, de inschatting van de
totale kosten als gevolg van falen is complex en bestaat uit veel directe en indirecte
elementen die in een monetaire waarde moeten worden uitgedrukt.

Probabilistische ontwerpmethoden kunnen ookworden overwogen voor het con-
structief ontwerp van constructies, inclusief drijvende tunnels. Bijvoorbeeld, afge-
zonken tunnels zijn civiele constructies die worden afgezonken met behulp van ele-
menten in een vooraf gebaggerde sleuf, het koppelen van de elementen resulteert in
een tunnel. Het constructieve systeem in longitudinale richting kan beschouwdwor-
den als een flexibele balk op een bedding. De flexibiliteit is te vinden in de segmen-
tering van de tunnel. Om een continue constructie te hebben, worden de segmenten
gekoppeld in de voegen met behulp van fysieke vergrendeling in de verticale tunnel-
wanden, zogenaamde tand verbindingen. De omhulling van de krachten in deze sleu-
tels wordt gevonden door een afwisselende beddingbenadering te gebruiken zonder
een relatie met de ruimtelijke variabiliteit van de baggerdiepte of de stijfheid van
de ondergrond, zoals vereist door [2]. In hoofdstuk 4 wordt een relatie afgeleid tus-
sen ruimtelijke variatie van de baggerdiepte en de stijfheid van de ondergrond, met
behulp van Gaussische random fields, en dwarskrachten in de tandverbindingen tus-
sen tunnelsegmenten. Eenprobabilistischeanalysewordtuitgevoerdmetbehulp van
een niet-parametrisch Bayesiaans netwerk en een Vine Copula-benadering. De over-
schrijdingskansen, met en zonder conditionering, worden berekend. Met behulp van
de Gaussische random fields, gecombineerd met de probabilistische benadering, re-
sulteert dit in een realistischere en in demeeste gevallenminder conservatieve schat-
ting van krachten in de tandverbindingen.

Het SFT-concept is gebaseerd op de balans tussen drijfvermogen en de perma-
nente belasting. De respons van SFT’s ondersteund door pontons die worden bloot-
gesteld aan verkeersbelastingen leidt tot een toename van de pontonbelasting, ter-
wijl deze belasting zal leiden tot een vermindering van de kabelkracht in kabelonder-
steunde SFT’s. Een SFT is een civiele constructie die is ontworpen voor een levensduur
van 100 jaar of meer. Het constructieve ontwerp moet alle mogelijke verkeersscena-
rio’s accommoderen. Het ontwerp van de constructie is afhankelijk van de hoeveel-
heid naspanning en de locatie ervan in de dwarsdoorsnede. In hoofdstuk 5 wordt
een weight-in-motion-model dat afhankelijk is van gecombineerde copula-modellen
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gebruikt om een reeks voertuigen samen te stellen die de constructie belasten, naar-
mate de reeks door de SFT vordert, zal dit resulteren in doorsnedekrachten enmet de
resultaten kunnen overschrijdingskansenworden gevonden, aangezien het falen van
de constructie wordt gedefinieerd door het vermogen van binnendringend water als
gevolg van scheuren in beton. Met deze informatie kan een ontwerper de hoeveel-
heid voorspanning aanpassen, maar ook een verandering van de verhouding tussen
de opdrijvende kracht op de tunnel en de permanente belasting kanworden overwo-
gen om het ontwerp te optimaliseren.

Golven veroorzaken hydrodynamische belastingen op een SFT. Omde bewegings-
respons en/of de reactiekrachten van de constructie te berekenen, kan een dynami-
sche afmeeranalyse (DMA) worden uitgevoerd. DMA-analyses worden vaak gebruikt
voor afgemeerde schepen en pontons. Het gebruik van deze technieken op SFT’s is
een noviteit. DMA’s zijn rekenkundig duur in de tijd. Er zijn veel verschillende scena-
rio’s van golfhoogten, golflengten en impactrichting die niet allemaal kunnen wor-
den geëvalueerd met individuele DMA’s. In hoofdstuk 6 wordt een DMA uitgevoerd
op een hypothetisch tunnelmodel gevolgd door een probabilistische analyse. Een
Monte Carlo-benadering werd gebruikt om de rekeninspanning voor DMA’s te be-
perken. Deze benadering resulteert in een dataset die kan worden gebruikt in deze
probabilistische analyse.

Vine copula’s worden vaak gebruikt in probabilistische analyses, maar zelden in
het ontwerp van civiele constructies. Een Vine Copula is een multivariabel model
dat variabelen aan elkaar relateert. De basis van de vine copula’s bestaat uit biva-
riate copula’s en een regular vine (graphische representatie hierarchische structuur
van afhankelijkheden tussen variabelen). Het aantalmogelijke regular vines voor een
gegeven aantal variabelen neemt drastisch toe met het aantal variabelen. Normaal
gesprokenwordt de regular vine van een vine copulamodel voor een gegeven dataset
bepaaldmet behulp van een algoritme gebaseerd op de afhankelijkheid tussen varia-
belen. De regular vine die door het algoritme wordt gevonden, is niet per se de beste
fit op basis van het Akaike Information Criterium. Een brute-force methode werd ge-
bruikt om alle mogelijke regular vines met 8 variabelen te testen. De compilatie van
Chimera [3], eendatabase van regular vines tot acht variabelen, biedt demogelijkheid
om een brute-forcemethode te gebruiken omde beste regular vine te vinden. Echter,
regular vines met 8 variabelen hebben 660.602.880mogelijkheden en is het gebruik
van high performance computing methodes nodig om alle mogelijkheden te evalue-
ren. Er werden aanzienlijke verschillen gevonden in de 14 verschillende datasets van
de DMA-analyses, wat leidt tot de conclusie dat het gebruik van een algoritme op ba-
sis van afhankelijkheid om een regular vine te bepalen te simplistisch is.

Samenvattend, het ontwerp van tunnels in het algemeen, maar specifiek SFT’s,
zal profiteren van geavanceerdere probabilistische analyses om onzekerheid onze-
kerheden in belastingen, sceanrios en capaciteit te analyseren. De aanpak van de
LRFM versimpeld de correlatie en onafhankelijkheid van de parameters, bijvoorbeeld,
alle gedeeltelijke materiële factoren worden beschouwd als op de ondergrens en de
partiele belastingfactoren worden voor permanente belastingen altijd als constant
beschouwd en voor variabele belastingen kunnen deze verschillen op basis van de
momentane factoren van de belastingen. Als de variatie van de parameters wordt
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beschouwd, kunnen geavanceerdere overschrijdingskansen worden geïdentificeerd
en gebruikt bij de validatie van de ontwerpmethodieken en toetsingen.

Het gebruik van Vine Copulas, maar ook anderemethoden zoals Bayesiaanse net-
werkenenbivariate copulas, zal het ontwerpproces verbeterenenondersteunen, con-
structies optimaliserenenaanzienlijk falenofhet verlies van constructies voorkomen.
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Introduction

1.1. Historical perspective
Over time, water served humanity not only as one of the basic sources of life but also
in many other ways. Over centuries, transportation developed, whilst in the early
days, no highways as we know them today were part of the transportation system.
In the early days, for ease of transportation, people used water. Not specifically wa-
ter but the natural elements that kept the watermoving. In prehistoric times, people
used canoes and started developing better ship designswhen their tools advanced as
well. Usingmovingwater, due towind, tidal effects, and natural currents, waterways,
and seas, became important parts of human development. Not surprising, early set-
tlements of groups of peoplewere close to the shore or along the rivers. In these early
cities, which are still existing, businesses developed, fish was caught on the sea, and
crops were gathered around the fertile area around the deltas. The only option to ex-
change goodswith people in other areaswas to usewater as a transportation system.
People started to discover other parts of their close surroundings and further around
the world. They travelled and started trading with other cultures. For a bright future,
living in a river delta would make your life easier, no wonder these settlements grew
over time. However, living in the river deltas also camewith challenges. For example,
living close to the coast in a river delta also comeswith the probability of flooding the
area. Polder structures behind dikes and dunes lowered these probabilities. These
probabilities by itself are low; however, a day-to-day challenge is travelling within
the river delta. Move to the other side of the city and avoid going through the entire
delta area of the river. Soon the need for water crossings came together with the de-
velopment of the river delta, with an important requirement, the transportation and
navigation on thewater could not be blocked as thatwas essential for the settlement
and the expanding city around the river delta. Starting with bridges of small spans
in the early days to replace ferries and other small boats, over time the need for large
spans for wider shore connections developed. In the last century, the rate of devel-
opment increased several large bridges and both bored and immersed tunnels were
realised.

1
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1.2. River crossings
Traditionally, moving from one shore to another, a boat or ferry connection was the
most obvious solution. But a ferry involves a ship, people that operate and there is a
dependency on weather, and the need to deal with other ships navigating along the
river. Secondly, a connection with a ferry involves time. A bridge is traditionally the
easiest option to replace a ferry connection. But a bridge comes with penalties, as
there is a limitation on navigating ships crossing the bridge. A fixed link has a certain
height under the bridge and can act as a barrier to the accessibility of the ports behind
the bridge. Of course, bridges can be built higher, but transition structures involve a
maximum slope for traffic. Increasing the height of the bridge structure will increase
the length of the approaches. As the height requirement became critical, another
option could be to realise amovable bridge,which serves navigationof high ships, but
comes with the penalty to the traffic crossing the bridge. Over time, traffic increases,
and especially on highways it is undesirable to have a temporary obstruction in the
traffic flow that causes large traffic jams.

In order to avoid the problems caused by the height of ships, tunnels are consid-
ered. Several types of tunnel can be made. Two main types are Immersed Tunnels
(IMT) and Bored Tunnels. Bored tunnels come in a variety as they are also applied in
other areas and do not cross only waterways. Long metro networks are constructed
using this technique, which can be applied in both (rather) hard soil types and in soft
soil. Depending on the soil layout, hard or soft, the soil cover above the tunnel must
be respected to have a stable tunnel construction.

In river deltas, typical soft soil, a cover of 1 to 1.5 times the diameter of the bored
tunnel needs to be maintained. A limitation of bore tunnels is the circular cross sec-
tion, so currently only amaximumdiameter up to 17.6meter (TuenMun-Chek Lap Kok
Link) is applied, serving directions with multiple lanes will cause at least two tubes
separated from each other. Concerning the depth and the cover requirement, the
start and arrival shaft of the boringmachine will be deep, and consequently account-
ing for themaximum slope for traffic, the bore tunnel will be equivalently long as the
high bridge option.

Immersed tunnels are based on a different construction. Traditionally, these tun-
nels are constructed using pre-fabricated buoyant elements which are immersed in
a dredged trench and then covered. While the bored tunnels have a cover of 1 to 1.5
times the diameter, the top of an IMT can be placed about two meter below the cur-
rent depth of thewaterway. In addition, the cross section is rectangular and split into
different tubes separated by walls, and an escape gallery can also be created. The
realisation of this type of structures, of course, is only possible if the navigation of
elements is possible, in which the required depth and width of the navigation chan-
nel needs to be considered. However, compared to the higher bridge and the bored
tunnel the length of the total crossing is shorter. Important to mention is that in-
creasing the depth of the navigation channel after realisation is limited in thismatter.
The length of the tunnel is defined by the vertical alignment. The combination of the
depth and the maximum slopes allowed for traffic defined the minimum length of
either crossing. It is obvious that the length of a tunnel will increase by larger depths.

Either solution, bridge, IMT or bored tunnel is not feasible for deep and long cross-
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ings such as Fjords and deep seas. Fjords can have shore distances of kilometres and
depths of several hundreds of metres. For these particular crossings, a Submerged
Floating Tunnel (SFT) may be a solution. This type of structure floats at a certain
depth and is tethered to the sea bottom or hanging on floaters at the surface. Af-
ter construction of an SFT navigation is unhindered and the slopes in the tunnel are
limited, so the length of the tunnel is slightly larger than the water to be crossed. A
schematic overview of different crossings is presented in Figure 1.1

Bridge

Submerged
floating tunnel

Bored tunnel
Immersed tunnel

Figure 1.1: Schematic of different types of crossings

Although the construction of an SFT was already conceived at the end of the 19𝑡ℎ
century, an SFT has not yet been built for several reasons, in the early years mainly
due to a lack of technology. In recent years, the development of other fields of ap-
plication has brought the feasibility of an SFT closer. Closer considerations of an SFT
show that it has the underwater environment of a submarine vessel, the fixed po-
sitioning of off-shore platforms in marine environments, the dynamic behaviour of
floating breakwaterswhile itwill be used, loaded as a civil structurewith an expected
lifetime of 120 years. Whilemost civil structures such as large bridges and tunnels are
unique structures, an SFT is a superlative, as it not only is a unique structure, but it
has never been built in any large operation-scaled situation. The design of traditional
structures relies on codes and standards, which, in itself, are validated by the fact that
these structures are actually built, and codes and standards are adjusted to new sit-
uations. SFTs can be considered as special structures to which no dedicated code or
standard is applicable. One could state to use the conservative approach and use the
upper bound of all standards of the fields of applications above when designing an
SFT.

However, all these objects not only have different design methods, but also dif-
ferent target reliabilities and different expected lifetimes, togetherwith different risk
profiles. For example, this can be identified by comparing the failure of a bridge with
the failure of a submarine vessel. The failure of a bridge, as recently in Baltimore,
can lead not only to fatalities but also to significant economic damage. If a subma-
rine by itself fails, considering the nuclear power facility within, the risk profile and
consequences on the number of fatalities (the crew) are limited in comparison to the
bridge, but the long-term effect on the environment will be large. In addition, these
objects also rely on different properties to avoid structural failure. Watertightness is
not a particular structural issue for a bridge, but it is an issue for a tunnel and a serious
issue for an SFT.

Just adding the different requirements would probably lead to a conservative ap-
proach in terms of a feasible design, but whether the structure is economically feasi-
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ble would be questionable and might result in a ”more safe than needed” structure.
In order to design SFTs, not only do advanced analysismethods need to be developed,
but also probabilistic analyses can be used to estimate probabilities of failure related
the consequences of failure. The consequences of failure are for civil structures cou-
pled with the target reliability, which sets the safety and reliability requirements for
structural safety.

Consequently, the design can be adjusted to change the risk profile by applying
mitigation matters and applying robustness to reduce probabilities, in general. This
approach is not limited to SFTs but to all structures that are outside the boundaries
set by codes and standards. For example, the design of specific structures, such as
high-rise buildings, to which the wind load definitions are not sufficient, large span
bridges or wide immersed tunnels could benefit from probabilistic methods.

1.3. Knowledge gaps
SFTs are unique and special structures that are designed for a marine environment
and have never been built on an operational scale to date. The development of ten-
sion leg platforms in the oil & gas industry in the 1980s of the last century brought
the promising application of it back to the discussion tables, and SFT structures have
been considered at several crossings such as the Sognefjord in Norway [4], and even a
prototype is realised at the Qiandao lake [5, 6]. Until now, confidence in a successful
construction has delayed a realisation. In addition, developments on other types of
crossings, such as floating or long-span bridges, are also ongoing, the development
of these alternatives also competes with a solution of an SFTs. SFTs may become a
reality in the coming years. However, SFTs are impacted by both hydrodynamic and
structural loads and need to be evaluated for both in design. The combination of the
natural environment of an SFT and the usage by traffic identifies the uniqueness of
the structure.

The responses are influenced by a variety of circumstances that cannot all be anal-
ysed by individual impact scenarios of load combinations. To predict the probability
of exceeding the limits, such as forces, displacements, and accelerations, probabilistic
methods can be used in combination with numerical simulations.

Probabilistic methods in structural design and specifically tunnels are rare, al-
though Yu (2017) [7] shows a probabilistic risk analysis in simulations of the construc-
tion of a diversion tunnel, Liu (2024) [8] shows a probabilistic seismic hazard analysis
which is based on an enhanced Bayesian network in which information about fre-
quency is used in inferencing, and Pan (2024) [9] shows a method to reduce costs
and excavation-induced risks by proposing a probabilistic deep reinforcement learn-
ing framework to optimise monitoring plans.

Traditional tunnels, not limited to IMT, are based on geotechnical and structural
analysis. Soil properties vary spatially, and this variability should be considered in the
design of tunnels. A way to incorporate this variability are random fields. Random
fields for geotechnical loads have been applied in a comparison study by Cheng (2019)
[10] of a pressurised tunnel face of a bored tunnel and provide a practical design tool.
Gong (2018) [11] presents a probabilistic analysis based on random field generation
for a longitudinal analysis of a bored tunnel. For a bored tunnel section, Yu (2019)
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[12] presents a 2D plain strain approach that includes random field generation, which
confirms the reliability of the tunnel lining.

The application of spatial variability or (Gaussian) randomfields is still uncommon
in designs of IMT foundations. Random fields are stochastic processes in space, or in
other words, random functions over a given domain [13], [14]. Randomfields are used
in many research areas, such as environmental engineering, social sciences, finance,
astronomy, and many others. Liu (2019) [15] shows the development in the research
of these random fields. Within research in the field of civil engineering, the applica-
tion of GRF is frequently observed in geotechnical analysis, for example, for levees
and embankments by Hicks et al. (2018) [16] and Li et al. (2017) [17] . The spatial
variability of a soil continuum can be described using this method; see, for example,
Papaioannou et al. (2015) [18], Soubra et al. (2008) [19] and Kasama et al. (2011) [20].
In addition to geotechnical applications, randomfields are also used in structuralme-
chanical cases. Bucher (2006) [21] shows its application in material properties, such
as the calculation of the modulus of elasticity or strength, as well as in geometri-
cal properties, such as thickness in shell models. The application of random fields to
trusses was researched by Bocchini (2008) [22] and discusses the application in the
reliability analysis of cable-stayed bridges. In these examples the concept of random
fields in Finite Element analysis is used. A description of this approach is given by van
Marcke et al. (1986) [23]. The combination of spatial variability and a probabilistic
approach to estimate the shear key forces in immersed tunnels is a topic that is not
yet addressed in the literature.

The fact that an SFT has not been realised yet is the lack of experience and re-
search regarding possible SFT’s structural responses to the different load actions, and
there is no clear insight in its safety or structural reliability. Since an SFT is located in
a marine environment, the loads on an SFT can be divided into environmental loads,
permanent loads, operational loads, deformation loads, and accidental loads. The ef-
fect of the aforementioned loads on the structure can be very complex as described
by Shengzhong et al. (2016) [24]. Generally, the reliability assessment of structures
is carried out by applying variables as deterministic values. In addition, insight is re-
quired into the structural reliability and risk levels associated with a certain design
and loading conditions. Using an advanced traffic load simulation as developed by
Mendoza et al. (2020, 2019) [25, 26] that impacts the SFT will lead to cross-sectional
results, such as bending moments. Excessive bending moments lead to cracking of
concrete and ingress of water. If an SFT suffers from the ingress of water and floods,
the balance of the structure is lost, and ultimately the structure is lost. The relation of
the traffic load simulation resulting in flooding as a scenario is not reported as such
in literature as such and can be identified as a knowledge gap.

SFT structuresare loadedbyhydrodynamic forces. The responseof amoored struc-
ture as a consequence of hydrodynamic loads can be found by a dynamic mooring
analysis (DMA). DMA has been used for other moored floating structures, such as
ships and pontoons as presented in different publications [27–31]. More detailed in-
formation on both tools can be found in [32].

The application of a DMA on SFT is a novelty, as SFTs are novel and have not yet
been built. The impact ofwaves, defined bywave height, period, and angle of impact,



1

6 1. Introduction

are continuous stochastic variables. In order to find exceedance probabilities of the
response, series of DMA are used to find data sets of 8 variables which are used to
createmultivariate models based on Vine Copulas (VC) to calculate exceeding proba-
bilities.

Regarding VC, the fitting of RV structures to the data is done primarily with a pop-
ular algorithm based onmaximising a function of the correlation matrix of variables
or with ad hoc approaches. The fitting of all possible regular vines to the data has not
been documented for multivariate probability distributions with 8 or more variables.

Fitting data sets using an algorithm like presented by Dissmann (2012) [33] is a
common probabilistic method, but using brute-forcing using high performance com-
puting [34] tofitdata sets toRegularVineswith8variables is anovelty, as theChimera
[35] database containing RV up to 8 variables has recently been released. Due to the
amount of RV possible with eight variables, HPC has been used, which is uncommon
in combination with VC and structural assessment of structural designs.

1.4. Research objectives
Present practice with known types of civil engineering structures is that the design
and the design analysis aremainly performed using the load-resistance factor design
method. Probabilistic methods are used to establish or calibrate the partial factors.
It is observed that probabilistic designmethods are not often used directly and could
be used more widely.

For specific risks, semi-probabilistic methods are too general, and probabilistic
methods are recommended to achieve safe and economic designs.

Specific for new types of structure that cannot be verified using calibrated semi-
probabilistic methods, probabilistic design methods are the only possible option.

The novelty and the risk profile of submerged floating tunnels is an example for
which probabilistic design is indispensable. Probabilistic design methods can be im-
proved to accommodate the evaluation of specific risks and to improve their applica-
bility in structural design of complex civil structures such as SFTs.

The main objective of this research is to advance probabilistic methods for the
design of immersed and submerged floating tunnels. The research is divided into the
following parts:

1. Civil engineering structures are designed to face known and common threats.
The reliability of the structure and the risk to the general public associatedwith
its functions and use are defined in codes and standards. The question is how
the reliability could be defined for a fundamentally new type of structure, such
as SFTs. The safe use of infrastructure has many aspects, as commonly allowed
under the traffic and tunnel safety regulations. This thesis focusses mainly on
risks that threaten structural integrity. Given the risk profile, the question at
stake is ”how structurally safe should an SFT be?” Themethodology for answer-
ing this question should be improved. The sub-question can hence be reformu-
lated as: How can the (target) reliability of an SFT be defined based on existing
risk and reliability frameworks?
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2. As SFTsare closely related toother tunnels, theapplicationofprobabilisticmeth-
ods in e.g. IMT structures can be an important step towards the application of
probabilistic methods in SFT design. In IMT design, addressing the uncertainty
in the foundation is important. Specifically, the sub-question can be raised:
How can Gaussian Random Fields for the modelling of the foundation proper-
ties be used in combinationwith other probabilisticmethods to estimate forces
in IMT shear connections?

3. SFTs are designed using their buoyancy to balance permanent loads. The envi-
ronmental condition, common service loads, and hazardous scenarios are ad-
dressed in the design. The most common load is road traffic. Increasing road
traffic on bridges ismonitored to support probabilistic evaluation of structures,
as published by Mendosa et al. (2019) [25]. For SFTs, extreme traffic loads can
potentially affect the exceedance of stress limits and, consequently, watertight-
ness criteria, and ultimately loss of its floating equilibrium. How can structural
failure of an SFT initiated by leakage caused by time-dependent traffic loads be
evaluated using probabilistic methods?

4. SFTs are planned to be realised in hydrodynamic environments. Waves and cur-
rents that impact the SFT will cause responses, such as forces, displacements,
and foundation loads. Dynamic responseanalyses are rare for submerged struc-
tures and expensive in terms of elapsed time, so not every single hydraulic cir-
cumstance of wave height, wave length, and angle of impact on the structure
can be individually evaluated. For design analyses, probabilistic methods can
be applied to compute exceedance probabilities. It is of specific interest to find
multivariate distributions describing the data to cover the entire set of com-
binations of hydraulic situations. Currently, an algorithm-based fitting proce-
dure is usually used to find the best regular vine structure. It is of interest to
answer the sub-question: How can selection of regular vines be advancedwith
a brute force method and what are the advantages and disadvantages of such
a method?

1.5. Research approach
The research approach to answer the questions raised in the research objectives is
presented in Figure 1.2. The approach is divided into three parts; first common over-
arching topics are addressed, to introduce the subject, but also to introduce common
theoretical methods and target reliability concepts for structures and specifically for
SFT.

The target reliability research starts with an overview of the different safety con-
siderations of different types of similar structures. Based on this overview, headings
to come to a target reliability are specified, as the question for an SFT will be about
how safe and structurally reliable the structure needs to be. In the continuation of
this part,more focus in this research is givenon the relationbetween structural safety
and uncertainty and how to apply probabilistic methods and even how to extend
methods to apply them in design.
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Introduction
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Figure 1.2: Research approach

In the second part of the approach, the focus is shifted to specific research topics.
Starting with a study on the spatial variation of soil and dredging and the influence
on the shear key forces. As an SFT is a civil structure closely related to other tunnels
and specifically to IMT, the focus of the first study is the application of probabilistic
design and the use of uncertainty in IMT tunnel foundations, but also to relate bed-
ding uncertainty to shear key forces. In current IMT designs, the design of the shear
keys is based on a Dutch design guide by Rijkswaterstaat Centre for Infrastructure
[2], in which variations in the support conditions of the bedding are strictly based on
the geometry of the tunnel, specific to the length of the tunnel segments. Using an
approach with spatial variations for both the bedding and depth of dredging, multi-
ple situations can be considered and combined. Additionally, coupling this method
with probabilistic design will give designers the option to relate the uncertainty of
the bedding to the shear key requirements.

The second study concerns the effect of traffic load on SFT structures that are
supported by pontoons. The traffic load on pontoon supported SFTs is delicate, as
the resulting load of buoyancy loads and permanent loads acts in the same vertical
downward direction as the traffic loads. SFTswill be particularly vulnerable to vertical
unbalance,which could result in loss of the structure, and these loads donot compen-
sate but intensify each other and result in larger stress distributions and sequentially
to possible damage such as cracking. Therefore, leakage due to structural cracking is
of interest as a potential risk. In a study in which traffic simulations based on copulas
are applied to a hypothetical SFT a relation for different buoyancy weight ratios are
evaluated. Althoughmore impacts on SFT need to be evaluated in design, specifically,
this method relates the probability of failure to traffic for different buoyancy weight
ratios.

In the final study, a dynamic mooring analysis (DMA) is used on a hypothetical
SFT. Although DMA are already conducted on mooring ships and barges, it has not
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been applied to submerged structures. That is a knowledge gap, but not themain fo-
cus of the last study. In the DMA only one specific combination of wave height, wave
length, andangle impact could be analysed and related responses could be found. Us-
ing a selection of situations found in monitoring data, multiple datasets were found
in which input and output were combined together. These data sets are the basis for
further probabilistic research. The method of Vine Copulas is used. Using Vine Cop-
ulas, Multivariate models are constructed based on data to calculate probabilities.
In Vine Copulas the regular vine structure is of interest, and the number of possi-
ble regular vine structures increases drastically with the number of variables in the
given dataset. Typically, the regular vine structure is found based on the largest de-
pendency between variableswithout considering all possible Regular Vine structures.
Evaluation of all possible Regular Vines for datasets is intensive in terms of computer
resources. With the release of Chimera, a database with all Regular Vines up to eight
nodes, togetherwith the possibilities of a high-performance computer, an alternative
is shaped to use a brute-force method.

1.6. Dissertation outline
The dissertation is split into different parts, also presented in 1.2; after this introduc-
tion, the theoretical background of the different aspects and tools used is explained.
The target reliability of general structures and SFT specific andhowSFT relate to other
structures are discussed in chapter 3. Three chapters with different demonstrations
contain, respectively, the use of spatial variability of immersed tunnel foundations
and the application of both non-parametric BayesianNetworks andVine Copulas, the
analysis of traffic loads on an SFT and the quantification of the probability of failure
due to bendingmoments, and the application of regular vines on a dynamicmooring
analysis of a hypothetical SFT model. A specific extension regular vines using brute
force techniques and assessed to the mostly used algorithm in selecting RV. The the-
sis closed with conclusions and recommendations.
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1.7. Research programme
This dissertation is part of a larger research programme on SFTs. In this programme,
the expertise of Delft University of Technology, CCCC and TEC has been combined.
The three research groups in the programme are internationally recognised and ex-
perienced in applied research with practical relevance. The results of the research
programme will be utilised to translate them into procedures to design and assess
SFT in the first place, but also to use them in other fields of application within the
industry. Based on a market and literature survey, in the research program scientific
challenges have been initially identified:

■ Reliability and risk assessment of an SFT. It requires new methodologies since
the risk to an SFT is not simply the sumof the risk to each SFT component in the
life cycle.

■ The behaviour of (e.g. concrete and steel) tubular structure in water has not
yet been well investigated. We will apply modern numerical modelling tools in
combination with experimental work (e.g., laboratory experiments to validate
these models) to assess the structural behaviour;

■ Construction and installation
■ Integration of SFTs into water landscape. The SFT is now often seen as a poten-

tial alternative water crossing measure for wide and deep-water environment,
and the challenge is to find ways to design and construct it economically and
reliably;

■ The flexibility and ability to adapt to SFT to accommodate large uncertainty
in future safety standards (due to changing hydrological conditions or socio-
economic evolution);

■ The integration of the challenges above into design and construction of SFT

Within the researchprogramme, threePh.D. researchers conducted theirworkatDelft
University of Technology. Pengxu Zou researched the dynamic response of an SFT
subjected to hydraulic loading [36], Gina Torres researched the risk and reliability of
SFTs [37] and had a equal topic as presented in this thesis, resulting in a collaboration
article [38] to which both contributed equally.
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2.1. Introduction
This thesis focusses on the application of probabilisticmethods on SFT and IMT struc-
tures. Tunnels are civil structures; however, SFTs are novice structures that have never
been built on an operational scale. In the following two sections, they are the back-
bone of the research presented. Chapter 4 contains research on the foundation of an
IMT and Chapters 5 and 6 contain research on a SFT structure.

All the research presented uses different probabilistic and statistical methods.
Since both SFT combined with advanced probabilistic methods are novices, an inter-
mediate research step has been conducted, and probabilistic methods have been ap-
plied on a known and already constructed type of construction, IMT.

In Chapters 4, 5, and 6, the different probabilistic methods and terminology re-
peat, but the application to specific research differs. First, the bivariate copulas are
discussed in this chapter. In the non-parametric Bayesian networks (used in Chapter
5), theGuassian copulas are applied,while in theVineCopulas (used inChapters 4 and
6) different copulas can be applied, which are explained in the following sections.

Finally, Gaussian Random Fields are introduced as these are used in Chapter 4 for
the spatial variation of soil stiffness and dredging depths.

2.2. Submerged floating tunnels
If a water crossing needs to be crossed with a fixed connection, traditionally bridges
were built. Later, bored and immersed tunnels were constructed. However, these
types of structures do not serve as a solution in the case of long and deep crossings.
The bridge spans would be too large without an intermediate support and, if such a
support was considered, it would require a foundation deep in the water. Bored and
immersed tunnels would be unpractical because in case of the maximum slope that
would be required for traffic and trains, it would lead to very long approach struc-
tures. An SFT is a solution for these specific types of situation. An SFT is a structure
that “floats” below thewater surface and in which traffic can cross the water at large

11
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depths. An SFT construction is also known as ’Archimedes bridge’, literally a bridge
underwater. The different concepts of crossing are shown in Figure 1.1.

Taking into account SFTs, four different concepts are identified and schematically
presented in Figure 2.1. If the distance between the shores and the hydraulic loads on
the structure is limited, a fixed connection between the shores can be applied. In this
case, the Bouyancy Weight Ratio (BWR), which is the ratio between the self-weight
and the dead load of the structure and the Archimedes force, is close to neutral. In
the second option (b), the SFT is supported by piers, in this concept, the structure
is heavier than the Archimedes force. The concept requires a less deep crossing, as
the piers require a fixed and robust foundation. This concept has been used for the
Citybanan in the Söderströmtunneln in Stockholm, Sweden, and was considered for
the Golden Horn crossing in Istanbul, Turkey. Both concepts rely on the BWR of the
structure, but are not suitable for long and deep crossings.

For long and deep crossings, SFT supported by tethers or pontoons can be con-
sidered. In the tether supported SFT (c), the SFT structure the self-weight and dead
load is lower than the Archimedes force and have an upward resulting force. The SFT
structure is stabilised using tension tethers that are anchored at the sea bed. Another
option is to stabilise the structure using pontoons (d). In this option, the self-weight
and dead load are larger than the Archimedes forces and have a downward result-
ing force. The buoyancy of the structure is facilitated by the pontoons at the water
level. Current feasibility designs such as Bjornafjorden 2016 [39] show both options
(see Figure 2.2).

(a) (b)

(c) (d)

Figure 2.1: Schematic of different types of SFTs; shore (a), pier (b), tether (c) and pontoon (d) supported

In this research, an SFT supportedbypontoonshasbeenused in the trafficanalysis
in Chapter 5 and the SFT supported by tethers has been used in the DynamicMooring
Analysis (DMA) in Chapter 6.
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(a) Pontoon supported (b) Tether supported

Figure 2.2: Rendering of SFT (source: NPRA)

2.3. Immersed tunnels
Immersed tunnels (IMT) are tunnels supported by soft soil and a foundation layer that
acts as a bedding. Most of these types of tunnel are constructed using pre-fabricated
elements immersed in a trench in the seabed. After immersion and finalisation, the
structure behaves as a segmented lining with segments of a length of about 20 to
25m that are connectedwith joints. Using this approach, the tunnel is less vulnerable
to differential settlements as the segment joints transfer only shear forces through
shear key constructions and large bending moments are avoided over the length of
the structure. Different typesof immersed tunnels (IMT) and their constructionmeth-
ods are discussed by Rasmussen (1997) [40]. A general description of the IMT con-
struction technique and a historical perspective is given by de Wit (2014) in [41] and
the design principles are described by Grantz (1997) [42]. Glerum (1992) gives a de-
scription of the development over the years [43]. IMTs traditionally have a foundation
of a gravel or a sand-flow foundation, both have their advantages and disadvantages,
but the differences betweenbothmethodswere already described in 1978 by van Ton-
geren [44] and scale model tests on sand-flow were performed and researched by Li
et al. (2014) [45]. Sand-jetting or sand-flow is highlighted by Glerum (1995) [46]. This
techniquewas applied, for example, on theMaastunnel in 1942which is described by
Gravesen and Rasmussen (1993) ([47]. The gravel foundation was applied to the Øre-
sund link between Copenhagen andMalmö. Currently, most IMTs are constructed us-
ing prefabricated elements of 100 to 150metres in a dry dock situation. The elements
consist of segments of 20 to 25mwhich are compressed to each other for transporta-
tion by a post-tensioning system. After casting and post-tensioning the element, it is
towed to the tunnel location and immersed in a dredged trench and laterally locked in
its horizontal position using a backfill and a protection layer (see Figure 2.3). After im-
mersion, temporary post-tension is deactivated by cutting the tendons at the joints.
As a result, a continuous flexible system is created and at the joints shear forcesmust
be transferred between segments (see Figure 2.4).

The shear keys that connect the segments provide a vertical shear capacity. The
capacity depends on the size and material of the key. In this research, a traditional
reinforced concrete shear key is assumed (see Figures 2.5 and 2.6). The adjustment
of the key has limitations. For example, as mentioned before, the tunnel needs to be
buoyant in the construction phase, adding material like thickening the key will influ-
ence this process. Furthermore, the key itself is limited by the height of the tunnel.
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Considerations of othermaterials have financial consequences. At the location of the
shear key, a flexible joint is constructed. Flexible joints are ”weak” points in terms of
thewater tightness of the tunnel and its amount should be limited. In the current de-
sign approach of alternating bedding scenarios, longer distances between joints will
increase the forces in the shear key. An optimal designwouldmeet a segment length
in which the shear key is loaded to its maximum capacity. The research presented in
Chapter 4 focusses on the spatial variability of the tunnel foundation and its relation
to the forces in the shear keys. The analysis is based on an analysis of a rectangular
tunnel section using a gravel foundation, although the same approach as presented
here can be used for a sand flow foundation.

Tunnel section

Soil

Foundation Back-fill

Protection layer

Figure 2.3: Typical cross section of an immersed tunnel section

JointSegment

Shearkey

Figure 2.4: Typical longitudinal section of an immersed tunnel section - side view
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Segment i Segment i+1

Wall

Floor

Deck

Support pads

Shear-key

Shear-key reinforcement

Figure 2.5: Joint layout - cross section

Figure 2.6: Concrete shear key in IMT
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2.4. Bivariate copulas
A copula is a multivariate cumulative distribution function with uniform margins
[0,1]. Sklar’s theorem (Sklar 1959) [48] states that amultivariate distribution function
of a random vector is expressible by the marginals of the individual variables and a
copula function 𝐶. For a 2 dimensional case see eq. 2.1.

𝐻𝑋𝑌(𝑥, 𝑦) = 𝐶(𝐹𝑋(𝑥), 𝐺𝑌(𝑦)) (2.1)

The function 𝐻𝑋𝑌(𝑥, 𝑦) represents the joint distribution of the continuous random
variables (𝑥, 𝑦) ∈ ℝ, with individual marginal distributions 𝐹𝑋(𝑥) and 𝐺𝑌(𝑦) both
using the range [0, 1]. The copula is defined on the unit square 𝐼2 = ([0, 1] × [0, 1]),
ensuring compliance with eq. 2.1. When 𝐹𝑋 and 𝐺𝑌 are continuous, the copula 𝐶 is
unique.

In order to use copulas successfully, variables must be transferred from marginal
distributions to the uniform distribution [0,1]. Figure 2.7 shows a hypothetical joint
distribution of the variables 𝑈1 and 𝑈2 with a respective Guassian (𝜇 = 10, 𝜎 = 5)
and Gumbel distribution (𝜇 = 7, 𝜎 = 15). Individual variables are transferred to the
uniform distribution, described by 𝑦, using a quantile transformation. On the right
side in the figure the joint copula distribution is presented. The data show a larger
dependency on the lower values of both variables. This dataset with tail dependency
in the lower left corner can be described using the Clayton copula with parameter.
𝜃 ≈ 3.

Figure 2.7: Data and copula representation

For different datasets, different copulas can be applied to describe the bivariate
distributions of the data. The research conducted using VC uses PyVineCopulib
[49]. In this package a large variety of the most used copulas and their rotated ver-
sions are used. In this thesis, only parametric copulas have been used. Parametric
copulas describe the bivariate distribution using a function defined by parameters.
The copulas available in PyVineCopulib using one parameter are:
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■ Guassian
■ Clayton
■ Gumbel
■ Frank
■ Joe

In Figure 2.8 samples from the 5 five bivariate distributions are shown. In this exam-
ple, the marginal distributions of the variables are the same as those presented in
Figure 2.7. The two parameter copulas are the student-t and the BB family copulas.
In the research presented, one-parameter copulas are used in VC in Chapters 4 and 6.
In Chapter 5 mainly one-parameter vine copulas are used and some two-parameter
copulas are used. The non-parametric Bayesian network approaches rely only on the
Gaussian copula.

The used datasets are fitted to parametric bivariate copulas by maximum likeli-
hood, while the allowed copula family is restricted to one-parameter copulas includ-
ing their rotated versions. More information and aspects on copulas are published by
Nelsen (2006) and Joe (1997) [50, 51] for example.
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Data Copula representation

Gaussian Copula
ρ = 0.8

Clayton Copula
θ = 3.0

Joe Copula
θ = 5.0

Gumbel Copula
θ = 4.0

Frank Copula
θ = 10.0

Figure 2.8: Data and copula representation - different used copulas - one parameter
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2.5. Non parametric Bayesian Networks
A Bayesian Network (BN) is a graphical model that represents a joint distribution in
a compact way. A BN consists of a directed a-cyclic graph (DAG) whose nodes rep-
resent random variables and arcs represent probabilistic dependence between the
nodes. This research is restricted to the class of NPBNs which are well described by
Hanea et al. (2015) [52]. NPBN in this research is implementedusing the toolboxBAN-
SHEEwhich is available in Python and MATLAB ([53, 54]). NPBNs have been used in
different fields of application such as hydrology (Paprotny, 2017 [55]) and flood risk
(Paprotny et al., 2017 [56] and Couasnon et al., 2018 [57]). In order to assess the civil
structures, NPBN are applied in [26, 58, 59] to model the weight in motion data as
a result of traffic load. An application of this weight-in-motion model is used in the
reliability assessment of an SFT, published by Torres et al. (2022) [38] and presented
in 5, and by Mendoza-Lugo et al. (2019) [25] to assess the reliability of bridges.

This specific class of BNs, NPBNs, is based on copulas, which are briefly explained
in Section 2.4. One attractive feature of copulas is that they allow one to separate
the dependence from the influence of the margins. Many types of copulas are avail-
able and are described in detail by Joe (2014) [60] and in Section 2.4. In the NPBN
framework, bivariate Gaussian copulas are used to assemble the joint distribution.
The bivariate Gaussian copula is 𝐶𝜌(𝑢, 𝑣) = Φ𝜌 (𝜙−1(𝑢), 𝜙−1(𝑣)) where (𝑢, 𝑣) ∈ ℝ2,
𝜙−1 is the inverse standard normal distribution andΦ𝜌 is the bivariate Gaussian dis-
tribution with correlation coefficient 𝜌. An NPBN is an BN where the nodes are asso-
ciated with a (typically) continuous random variable (𝑋𝑖) with an invertible distribu-
tion function. Discrete random variables which preserve order may also be used in
some cases. The direct predecessors of a particular node in the DAG are the ”parents”
of the ”child” node. Arcs are directed from parents to children. The arcs of the BN
are associated with (conditional) Gaussian copulas which are parameterised by (con-
ditional) Spearman’s rank correlations. The Spearman’s rank correlation coefficient
is the usual Pearson correlation coefficient computed with the ranks of the variates
(instead of the original units). For every node𝑋𝑖 with a non-empty ordered set of par-
ents 𝑝𝑎(𝑋𝑖) = {𝑖1, … , 𝑖𝑝}, conditional rank correlations are assigned according to the
following equation 2.2.

{𝑟𝑖,𝑖𝑝−𝑘 if , 𝑘 = 0
𝑟𝑖,𝑖𝑝−𝑘|𝑖𝑝 ,…,𝑖𝑝−𝑘+1 for , 1 ≤ 𝑘 ≤ 𝑝 − 1 (2.2)

Due to its construction, a rank correlation in [-1,1] can be assigned to any of the arcs of
a NPBN. This assignment will lead to a valid rank correlation matrix. Once the NPBN
has been configured, a unique joint distribution is determined. Using this joint distri-
bution, efficient sampling is possible. In addition, exact inference or conditioning (an-
alytical updating of the joint distribution) is also possible given the copula assump-
tion.
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2.6. Vine copula
Similarly to a NPBN, a Vine copula (VC) is also a graphical probabilisticmodel. VC con-
sists of a vine structure, Regular Vine (RV) and bivariate copulas tomodelmultivariate
distributions. In many fields of applications where complex probabilistic dependen-
cies occur, VCs are used in many publications [61–66]. It is essential to select an RV
structure that represents the dependencies in the data set. In this research, the selec-
tion of the RV that best represents the dependencies is based on Akaike Information
Criteria scores, which is explained later in this section by Equation 2.3. The number of
variables dictates the number of possible unique RV structures, Morales (2010) [67]
presents the relation between the number of variables and possible RV structures:

#𝑅𝑉 = 𝑑!
2 2
(𝑑−22 ), in which 𝑑 is the number of variables. To use brute force to test all

RVs for the given dataset, the Atlas Chimera containing all RV up to eight variables, in-
cluding their permutations, has been compiled and presented byMorales et al. (2023)
[35]. By itself, an RV structure𝑉 on𝑑 elements (variables or edges) is built up out of d-1
sequential trees(𝑇1, … , 𝑇𝑑−1). Each tree is built up out of 𝑑 variables and 𝑑 − 1 edges,
with the sequence between the trees arranged by:

1. 𝑇1 is a tree with the initial variables set 𝑁1 = {1,… , 𝑑} and edge set 𝐸1 =
{1,… , 𝑑 − 1},

2. For sequential trees: 𝑗 ≥ 2, 𝑇𝑗 is a tree with variable set 𝑁𝑗 = 𝐸𝑗−1 and edge set
𝐸𝑗 is defined,

3. For the edges in the sequential trees: 𝑗 = 2,… , 𝑑−1 and {𝑎, 𝑏} ∈ 𝐸𝑗 it must hold
that |𝑎 ∩ 𝑏| = 1.

Property 3 ensures that if there is an edge 𝑒 connecting variables 𝑎 and 𝑏 in tree 𝑇𝑗 ,
𝑗 ≥ 2, then 𝑎 and 𝑏 (edges in 𝑇𝑗−1) must share a common variable in 𝑇𝑗−1, this can be
referenced as the proximity condition. As a consequence, an RV on 𝑑 elements is only
valid if an edge in tree 𝑗 + 1 shares a common node in tree 𝑗. For 𝑒 ∈ 𝐸𝑗 , the subset of
𝑁1 = {1,… , 𝑑} reachable from 𝑒 by themembership relation can be considered as the
constraint set associated with 𝑒 and is the complete union𝑈∗𝑒 of 𝑒. For 𝑗 = 1,… , 𝑑 −1
, 𝑒 ∈ 𝐸 if 𝑒 = {𝑖, 𝑘} then the conditioning set associated with 𝑒 is 𝐷𝑒 = {𝑈∗𝑖 ∩ 𝑈∗𝑘} and
the conditioned set associated with 𝑒 = {𝐶𝑒,𝑖 , 𝐶𝑒,𝑘} = {𝑈∗𝑖 ⧵ 𝐷𝑒 , 𝑈∗𝑘 ⧵ 𝐷𝑒}. Note that
for 𝑒 ∈ 𝐸1, which is the edge set for the first tree, the conditioning set is empty. Note
also that the order of an edge is the cardinality of its conditioning set. For 𝑒 ∈ 𝐸𝑗 ,
𝑗 ≤ 𝑑 − 1, 𝑒 = {𝑖, 𝑘} 𝑈∗𝑒 = 𝑈𝑖 ∪ 𝑈∗𝑘 is found. In summary, the variables of 𝑇1 reachable
from a given edge through the membership relation are elements of the constraint
set of that edge. When two edges in sequential tree 𝑇𝑗 for 𝑗 = 2,… , 𝑑 − 1 are joined
by an edge in 𝑇𝑗+1, the intersection of the respective constraint sets forms the condi-
tioning set. The symmetric difference of the constraint sets is the conditioned set of
this edge. Figure 2.9 shows a graphical representation of an RVwith 5 variables as an
example. Individual RV are represented by upper triangular matrices. The database
Chimera contains all RVup to8 variables. Thematrix representing theRV is thematrix
representation of a regular vine and can be called regular vine matrix. As mentioned
above, PyVineCopulib is used and between different packages the notation of the
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Figure 2.9: Regular Vine with 5 nodes

matrix varies in orientation. The matrix𝑀 represents the RV of Figure 2.9.

𝑀 =
⎡
⎢
⎢
⎢
⎣

2 3 4 5 5
3 4 5 4 0
4 5 3 0 0
5 2 0 0 0
1 0 0 0 0

⎤
⎥
⎥
⎥
⎦

RVs are categorised in a systematic way and are classified according to their tree
equivalent class. As each regular vine structure is built out of trees, the trees itself
have a shape. This principle is used to categorise the RV.Morales (2010) [68] shows in
Appendix A a catalogue of trees and tree-equivalent regular vines up to 8 variables.
A regular vine on 8 variables is built up by a tree of 8 nodes in the first tree, 7 nodes
in the second, and up to 2 nodes in the last tree. The sequence of sequential trees
results in equivalent vines and uses the naming convention of Tx + Tx + Tx + Tx + T3 +
T2, inwhich x refers to the shape of the tree. All tree equivalent regular vines differ up
to the fifth tree, which has four nodes, because all vines with three and two variables
are equally shaped, respectively, T3 and T2. For regular vines with 8 variables, 1464
different tree equivalent vines can be defined. A more detailed description of the RV
structure is published by Morales et al. (2023) and Cooke et al. [35, 69].

Selection of Regular Vine
As presented in Section 2.6, an RV consists of subsequent trees built out of copulas.
More precisely, a RV consists of 3 elements:

■ RV structure, consisting out of the sub-sequential trees
■ Bi-variate copulas for each of the edges in the RV structure
■ Estimation of the parameters of the bi-variate copulas

The RV that performs ”best” in describing the data is measured by the Aikaiki Infor-
mation Criterium (AIC) score as presented by Akaike (1998) [70]. The AIC score is cal-
culated by the number of parameters in the model and the maximum likelihood of
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themodel, as presented in 2.3. In which 𝑘 is the total number of parameters and ln(�̂�
the log-likelihood of the model. The model is considered by the lowest (most nega-
tive) AIC. If a model uses copulas with more parameters, it will result in a penalty in
the AIC score (less negative).

AIC = 2𝑘 − 2 ln(�̂�) (2.3)

As the number of possible structures increases extremely quickly with the num-
ber of variables, algorithms have been developed to estimate an RV structure. The
most widely used method, which has also been implemented in PyVineCopulib
and used in this research, is known as the sequential method and is presented by
Dissmann et al. (2012) [33]. In this method, the first tree is selected by considering
data-pairs with the strongest dependencies. For all pairs, empirically the absolute
Kendall 𝜏 values are used. From this information a spanning tree is obtained inwhich
the sum of the absolute values of Kendall’s 𝜏 is maximised. For the next tree, the
same sequence is used in which Kendall’s 𝜏 is conditionally calculated. After finding
the complete RV structure, the bivariate copulas are fitted to the pairs, completing
the definition of the RV. For the first tree, the copulas are fitted and for the next tree
the conditional observations are calculated using the conditional distribution func-
tions of the parents of the previous tree. Sequentially, all other vines are fitted for
the higher trees. This procedure is presented by [61]. Due to the independence be-
tween trees in this method, it is not guaranteed that the best RV is found in terms of
AIC, this is already concluded by Dissmann et al. (2012) [33], stating that the lowest
trees have the greatest influence on the overall fit and thus it is important to have
the largest dependency early in the RV. In addition to this method, alternative meth-
ods, which are less commonly applied, have been developed. Csazo et al. (2013) [71]
uses fitted pair copulas based on the highest p-value¹ of a goodness-of-fit test; in this
method, first all copulas between the variables must be estimated. The p-values are
used as edgeweights for the sequential R-Vine selection procedure. Kurowicka (2010)
[72] uses an opposite approach to the common algorithm, starting with the highest
tree with the lowest dependency and sequentially working to the first tree. In this
research, to find the RV that fits best with the data in terms of the AIC score, a brute-
force approach is used. The RV atlas for up to eight variables is presented by Morales
et al. (2023) [35]. The database is made publicly available for Python, Mathlab and
R [3]. In 6, data sets of eight variables are fitted and compared with the most widely
used method. Both methods have in common that after an RV is found the bivariate
copulas are fit. Themain difference is that using the algorithm, only one RV structure
is tested based on dependency, while in the BF approach all RV structures are tested.

¹Thep-value indicates thedifferencebetween the empirical datadistributionanda theoretical distribution.
Lower p-values indicate a low fit, and higher values closer to 1.0 indicate a well fit
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2.7. Gaussian random fields
Spatial covariance indicates that a local value of a particular parameter is correlated
with neighbouring values of the same parameter depending on the spatial distance
between locations. The distance between two points dictates towhat extent the val-
ues at the two locations will vary. Abrahamsen (1997) [73] gives an overview of the
properties of Gaussian Random Field (GRF) properties, which is based on Vanmarcke
(2010) [74]. Recent developments and advances are presented by Liu et al. [15]. In
this research, GRFs are applied to simulate spatial variability in tunnel foundation of
immersed tunnels. If the distance between two points increases, the covariance (sta-
tistical correlation) decreases exponentially. The covariance between two points in
a grid is defined by the covariance length (𝐿𝑐𝑜𝑣) as expressed in equation 2.4, in the
example with 0.5, 1 and 2, which shows these different covariances over the distance
between points. To illustrate this dependency, for 3 hypothetical situations, three co-
variance length functions over distance have been plotted in Figure 2.10.

𝑐𝑜𝑣((𝑥1, 𝑦1), (𝑥2, 𝑦2)) = 𝑒
−√𝜋/2

√(𝑥2−𝑥1)2+(𝑦2−𝑦1)2

𝐿𝑐𝑜𝑣 (2.4)

𝑓𝑋(𝑥1, ..., 𝑥𝑛) =
𝑒−

1
2 (𝑥−𝜇)

𝑇Σ−1(𝑥−𝜇)

√(2𝜋)𝑛 |Σ|
(2.5)
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Figure 2.10: Covariance based on covariance length

The actual covariance between individual locations is dictated by 𝐿𝑐𝑜𝑣 . If the co-
variance length is halved, the covariance between two points decreases faster; in
contrast, if the covariance length is doubled, the covariance between two points de-
creases more slowly.

For a hypothetical surface, which is discretised to 𝑛𝑥 times 𝑛𝑦 in which 𝑛𝑥 is the
number of points in the longitudinal direction and 𝑛𝑦 in the lateral direction, the to-
tal number of points 𝑛 is defined as 𝑛 = 𝑛𝑥 ⋅ 𝑛𝑦. The covariance matrix Σ contains
information on the covariance between all points within the grid defined by 𝑛𝑥 and
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𝑛𝑦. The factor
1
2√𝜋 in the equation 2.4 is the scaling factor that can be adjusted for

the representation of the model.
If all distances betweenall points are available in a distancematrix, the covariance

matrix Σ can be found in which the covariance is defined for each connection. Using
eq. 2.5 a multivariate Gaussian distribution can be found and samples can be gener-
atedgiven𝐿𝑐𝑜𝑣 . A sample of thefield can thenbe transferred to anyother distribution
using a quantile transformation in which the quantiles of the normalised Gaussian
distribution map to the quantiles of the target distribution. For a 100x100 grid, four
different GRFs (𝜇 = 30, 𝜎 = 10) have been generated (𝐿𝑐𝑜𝑣 ∈ [1, 10, 10, 1000]), and
is presented in Figure 2.11. If 𝐿𝑐𝑜𝑣 is small compared to the dimensions, a spike pat-
tern can be observed, if 𝐿𝑐𝑜𝑣 is large compared to the dimensions a low variation over
the area can be observed. For the generation of GRF in this research, the GSTools, a
toolbox for geostatistical modelling in Python is used [75].
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Figure 2.11: Hypothetical Gaussian Random Fields

The application of GRF is still uncommon in the designs of tunnel foundations.
By nature, the soil parameters will develop continuously throughout the area. Spe-
cial circumstances like faults and other exceptionswill give rise to discrete transitions
but are not considered in this research. The trench is dredged to immerse the tunnel
in it, and by itself the dredging process has a tolerance. After dredging, a gravel layer
is applied to the required level or a sand foundation is applied using a sand-flow op-
eration. In Chapter 4, a gravel layer is used, while the method can be adopted, with
other requirements and specific installation issues, for sand-flow foundations. Soil
variables, such as stiffness and level of dredging, which are directly related to the
thickness of the foundation layer, are spatially correlated and can be described using
GRF.
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floating tunnels

3.1. Introduction
In this chapter, an outline of the reliability of SFT structures is presented and the con-
trasting elements that can be found in defining requirements. SFTs have not been
built on a functional scale yet, let alone a relatively small demonstration project at
Qingdao Lake with a length of 100 m [6]. Obviously, this structure is a new kind of
structure, but it has elements of other types of long term existing structure types:

■ Road bridge
■ Road tunnel (land or river crossings)
■ Fixed off-shore platforms
■ Floating off-shore structure (platform or bridge)
■ Passenger ship
■ Submarine
■ Dike ring

All of these applications have different types of load, consider failure in different
ways, and in some cases use different types of buoyancy balance. Typical loads which
will act on the structure are:

■ Dead and live loads
■ Hydrostatic and hydrodynamic loads
■ Static buoyancy
■ Responsive buoyancy
■ Active (de)ballasting

25
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Table 3.1 gives a brief overview of these structural types and their mutual differ-
ences. The structures face different risks and for reliability analysis the following risks
might become relevant, but are not applicable to all of them:

■ Structural failure
■ Flooding
■ Fire
■ Explosion
■ Collision inside and outside the structure

Table 3.1: Type of structures and their differences
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Road bridge x x x
Road tunnel (land) x x x x x
Fixed off-shore x x x
Floating off-shore x x x
Passenger ship x x x x
Submarine x x x x x
Dike ring x x x x x
SFT tethered x x x x x x ? x x
SFT pontoon x x x x x x ? x x

The risks of an SFT structure can be seen in parallel with a regular tunnel. PIARC
[76] published a road tunnel manual and gives an overview of safety principles, haz-
ards, measures, and tools for safety management. Figure 3.1 shows an overview of
typical incidents, which affect the tunnel and tunnel users, and the relationship with
failure. In this figure, all incidents are considered, even incidents that are not sig-
nificant. Significant incidents are categorised as events that have the potential to
develop into events with serious consequences to the health, life of people, the envi-
ronment, or the tunnel. In the figure, fires and collisions are specifically highlighted
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and get also specific attendance in the manual of PIARC. The definition of significant
incidents differs globally from country to country. The failure of the tunnel can be
identified as the non-availability for a certain period of the tunnel for the public. For
example, in the case of fire or collision, traffic would be temporarily blocked, and af-
ter resolving the blockage, the tunnel is reopened for traffic. In specific cases, the
tunnel could also fail structurally, for example, due to an external collision, failure of
the support system, or an internal cause such as an explosion causing mayor leak-
age. Additionally, incidents which are significant but do not lead directly to a failure
(small collisions, for example) could evolve to a failure as non-availability. In addition,
smaller significant incidents can even lead to structural failure; for example, a vehi-
cle fire could result in a structural failure, as high-temperature load influences the
structural behaviour (expansion) and the material behaviour of the tunnel (splash).

All incidents

Significant
incidents

Collisions

Fire

Structural failure

All failure

Figure 3.1: Schematic incident and failure overview

In general, non-structural risks can be more easily mitigated during lifetime, e.g.,
just by installing new Mechanical and Electrical systems (M& E) like ventilation and
sprinklers for fire, but also trafficpolicies like platooning (driving in a convoy of trucks)
withhazardous goods or evenprohibiting certain traffic topass the structure. Regular
tunnels are currently designed and constructed for decades or more than a century,
especially tunnels under water (immersed) or in soil (bored). The options to improve
structural reliability during their service life are limited; for example, thickening the
structure, adding reinforcement, or even repairing the structure is a complicated or
even impossible task. When designing a structure, all future developments concern-
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ing structural reliability over the lifetime should therefore be considered. Currently,
in Europe, most structures in the infrastructure system have been built in the period
afterWorldWar II with an intended lifetime of 50 years. These structures have, in the
meantime, exceeded their expected lifetime and assessment programmes are con-
ducted throughout Europe. In this assessment, not only the original capacity is con-
sidered, but also changes in terms of magnitude and frequency of the loads, and the
development of the traffic over time.

In this chapter, first, the distinction between the different types of structure with
similar behaviour or applications is described. Sequentially, the deduction of the
target reliability for these structures is explained followed by current reliability ap-
proaches. Finally, the different limit states and other relevant aspects in relation to
the target reliability are presented. The chapter ends with a conclusion and an ap-
proach to derive the target reliability for an SFT.

3.2. Review of different fields of application
Road infrastructure
Road bridges and tunnels are infrastructure objects. The expected lifetime for these
structures is currently 100 years ormore andonce they are part of thenetwork the im-
pact of a potential non-availability of failurewill cause large economic consequences.
In terms of standards, such as the Eurocode [1], the consequence class for this type
structure is set to the highest class. Obviously, this kind of structure is subject to
loads as defined, for example, by self-weight, other permanent loads, and variable
loads fromtraffic. Immersed tunnels are experiencingpermanent soil andwater pres-
sures, as well as deformations due to settlement. All loads are predominantly static
and can be treated as static. Immersed tunnels are loaded with dynamic hydraulic
loads only in the construction phase.

The ’failure’ of road structures is strongly related to structural failure; on the other
hand, a temporary non-availability of the structure can also be considered as fail-
ure. Non-availability is generally not considered in the structural reliability of tunnels.
However, non-availability can be an important aspect in the total reliability of a road
structure.

For immersed tunnels within the road structures, buoyancy loads are taken into
account in equilibrium limit states (EQU). Road structures like bridges and tunnels
can have a considerable system length; however, in current engineering practice, this
length effect is not considered in the reliability analysis other than in longitudinal
force distribution such as span lengths. The failure of a cross section must meet the
target reliability criterion. The fact that there aremany cross sections is not explicitly
counted for in the target reliability definition.

The risk and reliability of road structures are prescribed by codes and standards,
as in [77]. Depending on the consequences, a target reliability is set to the structure
which corresponds to the probability of failure of the structure. Formally, the defined
target reliability has no relation with other threats, leading to non-availability, but
not leading to structural failure. The design of such structures is generally carried out
using a Load Resistance Factor Method (LRFM), which is a basic approach in several
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codes and standards such as in [1, 78].

Off-shore structures
Offshore structures serve various purposes and can be fixed to the bottom in shal-
low areas or can be floating. Oil and gas depletion can be carried out at large depths.
In these circumstances tether systems can be applied, or the structure can be struc-
turally fixed to the sea bed with column structures. Off-shore constructions will ex-
perience hydraulic loads such as waves and tidal effects. For certain, this will have
different effects on floating offshore structures than on fixed offshore structures.

The failure of offshore structures can be considered a structural failure. The con-
sequences are different; environmental damage can be severe. The life-time of these
structures is usually shorter than that of road structures. The risk related to a large
number of direct fatalities is smaller. On the offshore structure, less people will be
present than in or on a road structure and they are voluntary and economical depen-
dent on it. The risk and reliability approach is similar to road structures, based on
a consequence class, a target reliability is set, and it is found in different standards,
such as [79].

Ships
Ships have been used over the ages to transport people and goods, not only in the
inland, but also across the seas and oceans. The external loads on the structure are
related to the weather and wave loads. Internally, ships are loaded with self-weight
and cargo loads. The initial buoyancy is passive, the weight of the ship together with
all vertical loads equalise theweight of the displacedwater (Archimedes force). If the
ship is loaded or unloaded, the buoyancy force will increase or decrease (responsive
buoyancy). Ships can be equipped with ballast tanks to ensure equilibrium and for
stabilising matters. By actively adjusting the contents of the ballast tanks, the buoy-
ancy is changed reactively.

The risk acceptance criteria are established by the decision makers. The Marine
Safety Committee of the InternationalMaritimeOrganisation has published a Formal
Safety Assessment (FSA) in [80]. In this assessment, the risk on ships in maritime
circumstances can be objectified into twomain parts;

■ the risk of accidents with fatalities

■ cost benefit optimisation

The risk of accidents is based on operations, weather, technical, and human er-
rors, and other circumstances. Different kinds of hazardous and acceptable risks can
be assessed. The acceptance of risk of a fatality is described by the so-called F-N
curves. Conventionally in a Cost-Benefit Assessment (CBA), the benefits should be
larger than the costs. In a CBA, all risks are described in monetary units. Often, also
a Cost-Effectiveness Analysis (CEA) is conducted. A CEA describes the relationship be-
tween costs and benefits and does not quantify the benefit. The value judgment is up
to the decision maker by implementing mitigation measures or risk control options
(RCO).
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One could argue the Cost Benefit Assessment, because of the question ”how to
value a fatality?”. If that is related to age, for example, a child or an elderly person
would be worth nothing (low replacement costs) related to someone just starting
working after finishing his or her education (prepared to contribute to society). In
CEA the Implied Costs of Averting a Fatality (ICAF) can be proposed, as presented in
3.1.

𝐼𝐶𝐴𝐹 = Δ𝐶𝑜𝑠𝑡
Δ𝑅𝑖𝑠𝑘 (3.1)

WithΔ𝐶𝑜𝑠𝑡 as the additional costs of themitigationmatter andΔ𝑅𝑖𝑠𝑘 as the reduced
risk in terms of the number of fatalities. For this thesis the structural reliability of
ships would be of interest. In ship designs strength of component is verified, includ-
ing the strength of the complete hull. Apart from that the stability of ships is an
important element in the design. Ships shall be able to righten themselves in severe
dynamic sea states. Stability codes indicated that the stability of a ship is never suffi-
ciently guaranteed by the properties of the ’structure’. The propulsion and navigation
systems and a trained crew are indispensable to avoid loss (or failure).

Submarine vessels
Naval submarine vessels are designed to sail underwater and actively regulate buoy-
ancy. People within the submarine will be in the vessel for a longer period than a
vehicle on or in the road structure. Failure is considered if the structure fails, when it
floods, for example, because of a failing buoyancy system.

The environmental damage might be severe in the event of failure in the case of
the use of nuclear power resources within the vessel. Safety measures to mitigate
risks and therefore influence the risks and reliability of the structure might be appli-
cable to other types of structures. Incidents and vulnerabilities related to war and
armed operations are excluded in this summary.

For security reasons, it was not possible to find any risk approach on these types
of structure or vessels. In DNV’s naval vessel classification [81], it is mentioned that
an adequate risk analysis should be provided and sets the probability of failure or fa-
talities only qualitatively in terms of minimisation and leaves the decision to society.
The use of mitigationmeasures used in naval submarines could be used in the safety
design of SFT, but that is beyond the scope of this research.

Flood defences
A dike ring or a flood defence, in general, is a passive system that protects against
floods of the area behind it. These structures can fail in several ways, such as hy-
draulic overload beyond the defined hydraulic limiting conditions, or geohydrologic,
geotechnical causes. Over-topping of a gate is a failure mode that does not have a
structural cause (but could lead to structural failure though), but the dike ring fails in
its function.

The dikes are geotechnical structures that experience hydraulic loads. The dike
structures are stretched over a certain length. Their structural safety is considered
in cross sections. However, along the dike structure, a variation of different parame-
ters can be expected. The soil conditions will vary over length and the load will differ
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over length. Therefore, spatial variation is relevant and is accounted for in the target
reliability of the structure.

Damage caused by a failure of a dike could be large, because dike rings protect
large areas and a lot of people behind it. The probability of failure for overtopping is
related to water levels and their probability of exceeding during events with certain
recurring times. The probability of failure in relation to the consequences defined as
the number of fatalities is described by an FN-curve. With an increasing number of
fatalities, theprobability of failure shoulddecrease, as presented infigure 3.2. For spa-
tial variability, the reader is referred to Schweckendiek et al. (2017) [82] and Jongejan
et al. (2020) [83].
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Figure 3.2: FN-Curve

Submerged Floating Tunnels
As for the structuresmentioned above, the SFT structure is loaded by structural loads
and by static and dynamic hydraulic loads. The tethered SFT only has a passive buoy-
ancy by itself, and the underwater volume does not change when the structure is
loaded. The buoyancy of the pontoon-supported system is responsive. Both systems
could be usedwith an active buoyancy systemwithwhich the buoyancy could be reg-
ulated. Compared to a traditional immersed tunnel, the structural failure of a section
of an SFT threatens the equilibrium of the structure, as it will influence the buoyancy
weight ratio. All objects in the structure that contribute to this equilibrium and pre-
vent leakage into the structure or threats to the support systems are potential haz-
ards to the total failure of the structure. Considering leakage and ultimately flooding
of the structure, typical threats are, but are not limited to, damage to the section such
as cracking caused by overloading, collisions, earthquakes, and tsunamis. It is recom-
mended to equip SFTs with responsive buoyancy systems to anticipate these events
andmitigate the risks related to meeting the target reliability requirement. The sup-
port system is threatened by external hazards. Similarly, overloading the supporting
structure due to collisions, waves, and currents, tidal effects, could hazard the sys-
tem and ultimately result in total system failure. Considering the support system,
redundancy will improve the robustness of the structure.
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In the context of the Bjørnafjord feasibility study [39], the risk and reliability of
SFT have been calibrated by Baravalle (2016, 2019) [84, 85]. The calibrations show
that the results, which are based on optimisation, do not contradict [77], however,
the acceptance criteria for fatalities are not covered.

Having presented the list of structure types as in Table 3.1, it is obvious that SFT
structures in general are comparable in various aspects to the other types of struc-
tures. However, none of the other common types of structures is completely equal
in terms of loading, buoyancy, structural failure, and considering the effect of length.
Therefore, an SFT can be identified as a special structure that does notmeet the stan-
dards specifically meant for any of the application fields. The usual approach pre-
scribed by these standards is based on the Load Resistance Factor Method (LRFM). If
the codes could be made applicable to SFT’s, different boundary conditions could be
used to determine safety or material factors. However, it is questionable whether an
LRFM approach is achievable for the SFT structure.

In cases inwhich regular standards such as [1, 78], which usually uses the LFRMde-
fined by [86], are not easily applicable, a different andmore fundamental approach is
needed for the design of such a structure. From a structural reliability point of view,
the probability of failure for SFTs must match the probability of failure of structures
that have a comparable user population and the same kind of service application. An
SFT that serves as an infrastructure and is in that sense comparable to a regular bridge
or tunnel. However, just applying the regular standards on SFT can be argued, the
current standards are validated and calibrated for traditional wind and traffic-loaded
structures. An SFT structure is a one-of-a-kind structure and will require a separate
and dedicated validation of the reliability of the structure. This can be accomplished
by using different approaches as described in ISO 2395 [86] and JCSS probabilistic
model code [77], this will be further specified in the following paragraphs.

3.3. Target reliability
The reliability of a structuremay vary in time but shall at all times be higher than the
target reliability, this reliability is established by the reliability index (𝛽) as a statistical
measure. The reliability index is defined by the cumulative Gaussian distribution 𝜙,
which relates 𝛽 to the probability of survival (1 − 𝑃𝑓) (Equation 3.2 and Figure 3.3). In
order to translate the reliability index to different reference periods, equation 3.3 is
applicable in which 𝛽1 and 𝛽𝑛 the reliability indices are for respectively 1 year and n
years.

𝑃𝑓 = 𝜙 (−𝛽) (3.2)

𝜙(𝛽𝑛) = [𝜙 (𝛽1)]
𝑛 (3.3)

The target reliability is the desired minimum reliability level, which can be deter-
mined on the basis of several considerations. For different applications, according to
consequences, the target reliability differs. For different fields of applications, the dif-
ferent aspects are considered. For civil structures, the target reliability is prescribed
by different codes and standards and varies for different geolocations and applica-
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tions; a more detailed view of the target reliabilities is given by Schweckendiek et al.
(2018) [87].
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Figure 3.3: Reliability index in the cumulative distribution function for the probability of survival

A possible analysis for a choice of a target reliability is an economic analysis of risk
of damage and/or failure and cost of repair and/or replacement. The target reliability
based on this analysis is dependent on interest rates and inflation ofmonetary value.
This method is a straightforward analysis if no large amount of injuries or fatalities
are to be expected. As a result, building cheap structures deliberately not designed
against high rare loads can be economically justified. When loss of a structure would
impose the risk of a large number of fatalities, thismust also be considered. Although
this approach is debatable as the value of human life need to be quantified in amon-
etary value.

The risks themselves can be categorised by the economical risk, the personal risk,
and the societal risk; these risks in relation to tunnels are discussed in Section 3.4.

For primary dikes in the Netherlands, the target reliability is regulated by law and
is based on risk, costs, and societal acceptances. In high-risk areas (such as highly
densely populated and important economic areas), the annual probability of failure
(total failure leading to inundation) is set to 10−4, for less vulnerable areas, this is set
to 3.3−4, and for low-vulnerable areas the probability is set to 1−3. For buildings and
infrastructure in Europe, the same kind of consideration is applicable. In Eurocode
EN 1990 [1], there is a distinction in consequence classes 1 to 3, in which consequence
class 1 has low consequences for the safety of people, class 2 considers normal risks
for people, and class 3 considers a high impact on society in the case of failure. The
deduction of the target reliability is based on the annual probability of failure, which
are respectively for consequence classes 1 to 3, 4.2, 4.7 and 5.2.

As a base case for civil structures in general, consequence class 2 for a reference
period of 50 years is used, a minimum target reliability of 3.8 is required. This cor-
responds to a probability of failure of 7.2−5 in 50 years. For class 1 and class 3, the
required target reliabilities are 3.3 (𝑃𝑓 = 10−3) and 4.3 (𝑃𝑓 = 10−5) respectively. How-
ever, in the table, the required reliability indices are set for 50 years, while tunnels
and bridges currently have a expected lifetime of 100 to 120 years. Today, tunnels in
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Europe require a reliability index of 4.8 (𝑃𝑓 = 10−6) for structural failure, as it is usu-
ally part of vital infrastructure with a long estimated lifetime of 120 years. Currently
a new version of EN1990 is being developed, in this document there is a distinction
into 5 consequence classes (CC0 to CC4). CC0 considers a very low probability of loss
of life or personal injury or an insignificant economic, social, or environmental conse-
quence. In contrast, CC4 considers an extreme qualification in fatalities and in juries
and huge consequences for the economy, society, or environment. In the concept ver-
sion, no quantification of the reliability index is given for CC0 and CC4. For CC1 to CC3,
the quantification is similar in both versions. However, for the load factors for CC3,
a distinction is made. CC3 is divided into CC3a and CC3b for bridges and associated
geotechnical structures. CC3b is meant for situations where an increased level of re-
liability is needed, and CC3a is meant for bridges on and over railways and over and
under major roads. Structures in consequence class CC4 are not covered, and addi-
tional provisions to those given by Eurocode may be needed. There is no specific dis-
tinction for tunnels in both EN1990 versions, but tunnels can be categorised equally
as bridges, as they are part of the infrastructure system.

Table 3.2: Relation between target reliability and probability

𝑃𝑓 10−1 10−2 10−3 10−4 10−5 10−6 10−7
𝛽 1.28 2.32 3.09 3.72 4.27 4.75 5.2

An overview of the reliability indices (annual and lifetime) for the ultimate limit
states is presented in Table 3.3. In relation to these reliability indices, the require-
ments for the design of structures are specified in the applicable codes and standards.
In the Eurocode standard, the Load Factor Resistance Factor method (LRFM, see also
Section 3.5) is used and the different consequence classes are used to define load fac-
tors in the ultimate limit states, which are increased with the reliability index with
multiplication factor 𝐾𝑓𝑖 (CC1: 𝐾𝑓𝑖 =0.9, CC2: 𝐾𝑓𝑖 =1.0, CC3: 𝐾𝑓𝑖 =1.1) . For specific
circumstances, this method does not suffice, for example, if a structure has a con-
sequence class larger than level 3. In addition, structures that do not fit within the
boundaries set by actual codes and standards might require a different probabilistic
approach than the LRFM. For example, high-rise buildings that have a length higher
than heights covered by wind tables, but also structures to which unusual loads or
load combinations apply, such as SFT structures.

3.4. Risks in tunnel structures
Arends et al. (2005) [88], Geyer et al. (1995) [89], Mashimo (2002) [90] and Diaman-
tidis et al. (2000) discuss risks in tunnel structures. Typically, three types of risk can
be identified; the personal risk, the societal risk, and the economic risk that can be
related to the incidents shown in Figure 3.1. In current tunnel structures, risks can
be identified internally and externally. Internal hazard refers to events in the tun-
nel, such as fire, terrorist attacks, etc. External hazards concern external loads on the
tunnel, such as soil and water loads. Both might lead to identified risks. If related to
failure, for example, a fire in the tunnelmight lead to a large number of fatalities, but
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Table 3.3: Lifetime target reliability indices for the ultimate limit state from literature

Source Application Consequence classes
A B C D E
Low Some Considerable High Very High

ISO 2394 (1998) All Small Some Moderate Great
ISO 23822 (2010) All 2.3 3.1 3.8 4.3
EN 1990 (2002) All RC1 RC2 RC3

3.3 3.8 4.3
SANS 10160 (2010) All RC1 RC2 RC3 RC4

2.5 3 3.5 4
NEN 6700 (2005) All Class 1 Class 2 Class 3

3.2 3.4 3.6
ASCE (2010) All I II, III, I IV, II, I III IV, II, III IV, II, III IV

2.5 3.0/3.25/3.0 3.5/3.5/3.5 3.75 4.04/4.0/4.25/4.5
NBCC (2010) Buildings Low Typical High
CDHBDC (2014) Bridges 3.1 3.5 3.7
STOWA (2011) Hydraulic QC I QC II QC III QC iV QC V

2.3 2.7/3.1 3.4 3.7
TAW (2003) Hydraulic River dike Sea dike

3.8 4.3
ROM 0.5-0.5 (2008) Geotechnical Minor Low High/Very high

2.33 3.09 3.72
CUR 166 (2012) Sheetpiles Class I Class II Class III

2.5 3.4 4.2
OCDI (2009) Marine Normal Intermediate High

2.19/2.67 2.67 3.65
CUR (2003) Quay walls Class 1 Class 2 Class 3

CUR (2013) Quay walls RC1 RC2 RC3
3.3 3.8 4.3

might not lead to structural failure. On the other hand, if a joint leaks and the tunnel
slowly begins to flood but all people could escape, but the fully flooded tunnel could
lead to collapse and structural failure of the tunnel, the failure is identified. Both sit-
uations consider failure, but only one of the concerns concerns structural failure. Of
course, there are many scenarios that can be identified in all types of combinations
of number of casualties and structural failure.

In regular codes and standards for building structures, such as Eurocode, struc-
tural integrity is themain focus. There is a difference in the approach considering the
failure of the structure (structural reliability) and the acceptable personal risk. Thus,
in the latter objective, the structure can still be reliable, but it cannot be safe. Man
could think of situations such as fire, collision, or other types of failure.

Personal risk
The personal or individual risk is concernedwith the probability of mortality of an in-
dividual. In case of tunnels, two different types of individuals can be identified; peo-
ple who are voluntary using the tunnel (passengers, employees) and external people,
people living in the surrounding of the tunnel facing consequences of a hazardous
event. The acceptable probability of death differs depending on the location, but
in the Netherlands the acceptable individual risk for a tunnel can be expressed as
in equation 3.4. In this formula 𝛽 indicates the degree of voluntariness (employees
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𝛽 = 1.0, passengers or users 𝛽 = 0.1, and external people 𝛽 = 0.01).

IR < 𝛽10−4 (𝑦𝑒𝑎𝑟−1) (3.4)

The personal risk can be based on a significant incident like a collision or a fire, but
does not necessarily cause a structural threat and consequently structural failure.

Societal risk
In the consideration of societal risk, the probability is related to the amount of casu-
alties caused in the case of a hazardous event. Usually hazardous events to be con-
cerned for societal risks can be categories as ”high impact with low probability”. The
F-N curve as presented in figure 3.2 gives an indication of the probability of this kind
of events. The figure indicates all types of failure as presented in figure 3.1, the area
on the lower left part of the graph can be identified as acceptable risks and the upper
right part as non-acceptable. Combinations of probability and number of fatalities
can be identified as to whether they are acceptable or not. However, in some cases,
it can be discussed and the risk level can only be as As Low As Reasonably Possible
(ALARP). For societal risks in this tolerable region, the decision maker must consider
whether risks have been reduced by ALARP, taking into account public concerns. Con-
cerning (large) tunnels, the societal risk criteria based on ALARP are often referenced
for new tunnels.

Societal risk can be based on a large and significant incident or event, such as a
large fire or a flood by leakage. These incidents can be fatal to users and have a large
effect on society. However, it does not necessarily develop to structural failure. But
while an incident on a personal level or risk is usually small, these incidents are large
and could eventually develop to structural failure if the risks are not mitigated prop-
erly, like fire protection or (redundant) pumping facilities.

Economical risk
The last risk criterion is the economic risk criterion, which focusses on the optimisa-
tion of the risk level based on economic considerations. Risk and consequences are
quantified in monetary units. In this consideration, the optimal probability of failure
is found when the incremental investment becomes larger than the reduction in the
costs of the consequences of failure. It is obvious that this concerns the fact that all
elements considered such as structural damage and closure costs, see also 3.5

While personal and societal risk focus on people, resulting in death or major in-
juries, economic risk is focused on property. As indicated, both personal and societal
risk (for example, as a result of incidents as shown in Figure 3.1) could develop to a
situation in which the structure is lost or the other way around; the personal risk or
societal risk are conditioned by structural failure.
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3.5. Reliability approaches
Different approaches for the analysis of the risk and reliability of structures can be
found in literature [77, 86]. Structural design and design decisions can be approached
with the following methods:

■ Semi-probabilistic
■ Reliability based
■ Risk informed

Semi-probabilistic - Level I
The semi-probabilistic method is a simplification of the other methods and is vali-
dated by the higher level methods. It is also known as the LRFM (Load-Resistance-
Factor-Method). It is applied to categorised and standard consequences, failure mo-
des, and uncertainty representation. This approach is used in most codes and stan-
dards suchas Eurocode [1]. In case structures are comparable, likebuildingsor bridges,
the semi-probabilistic approach can be used conveniently. The codes are valid for this
kind of structure based because they are calibrated and validated for these and com-
patible structures. The LRFM is used mainly and is practical for ordinary structures.
In case structures do not fit within the application scope on which the probabilistic
approach is based, more sophisticated methods need to be applied.

In the LRFM,neither the consequencesnor theprobability of failure are considered
directly. The designer selects a design parameter by satisfying a design equation. In
practice, the resistance must be larger than (all) the loading actions and combina-
tions. The parameters are selected such that if the requirement set by the equation
is met, the design will fulfil the requirement set by the target reliability. In practice,
resistanceparameters𝑅 are reducedbya resistance factor𝛾𝑟 and loads𝐿 are increased
by a loading factor 𝛾𝑙 (Equation 3.5).

𝑅
𝛾𝑟
≥ 𝐿𝛾𝑙 (3.5)

By optimising the resistance, the structure is optimised for this method and ac-
cording to the same type of structures for which this method is calibrated. The struc-
ture itself with respect to the risks or the probability of failure is not optimised. The
partial factors are validated by reliability based approaches.
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Reliability based - Level II and III
The reliability approach is a simplification of the risk-informed method and can be
used if the consequences of damage and failure are clear and understood. Reliability-
based assessments are based on reliability theory and a probabilistic approach of ran-
dom variables and stochastic processes. The Probabilistic Model Code [77] describes
and standardises the approach. In this method the consequences of failure or non
availability are not directly considered in the design. The probability of failure is spec-
ified directly or chosen based on the application. The probability of failure or target
reliability is addressed with 𝛽𝑡 = 𝜙−1(𝑃𝑓), which is the standard normal cumulative
probability distribution function. In thismethod, the target reliability is not varied for
different engineering problems; the designer in practicewill choose a design that sat-
isfies the requirements set by the target reliability or a lower probability of failure set
the requirements provided by or with the (future) owner. With the method a unique
𝑃𝑓 is used and calibrated for a class of similar structures. Therefore, the structural
design is not optimised but 𝑃𝑓 will regulate the reliability-based approach.

Level III is a comprehensive method. Uncertain quantities are modelled by joint
distribution functions. The probability is then calculated exactly by, for example, nu-
merical integration. Thismethod can effectively only be appliedwhen a limited num-
ber of variables is used.

Level II is an approximation method. The uncertain design parameters or loading
parameters are modelled by distributions based on a mean value and a standard de-
viation together with the correlation coefficients between the stochastic variables.
The joint probability density is simplified and by linearising the limit state function
(First Order Reliability Method), the computational effort is reduced. The reliability
index for this methodwas defined by Cornell (1969) [91] as presented in Equation 3.6.

𝛽𝑡 =
𝜇𝑍
𝜎𝑍
= 1
𝑉𝑧

(3.6)

In which 𝑍 is the joint distribution function and 𝑉𝑧 is the coefficient of variation of 𝑍.
To have a design that fully meets the reliability requirements, the reliability index 𝛽
must be larger than the target reliability index 𝛽𝑡 .

Risk informed - Level IV
The risk informed method is an intensive approach. In this method, described in
ISO 2394 [86], decisions are made based on full risk analyses. In the risk-informed
method, also known as the level IVmethod, decisions aremade based onminimising
the risks. For this, the decision parameter 𝑝 is introduced in Equation 3.7.

𝑅(𝑝) = 𝐶𝑐(𝑝) + 𝐸(𝐻) ∗ 𝑃𝑓(𝑝) (3.7)

In which 𝐶𝑐 is the cost of safety measures, if 𝑝 increases, it reduces the likelihood of
structural failure. 𝐸(𝐻) are the expected consequences in the event that a failure
occurs. 𝑃𝑓(𝑝) is the probability of failure, which depends on the decision parameter.
The product of 𝐸(𝐻) and 𝑃𝑓 represents the risk. For example, a concrete beam in a
structure is dependent on its capacity on the amount of reinforcement. If the amount



3.6. Limit states

3

39

of reinforcement increases, the costs will increase, but the probability of failure will
decrease. 𝑅(𝑝) is the total risk related to the design parameter in monetary units.
With this method, an optimised design can be achieved based on the consequences
in case the derivative of 𝑅(𝑝) is zero.

The risk-informed approach is rarely used in engineering practice. Although it is
the only method that relates the decision parameters to the consequences, from a
reliability point of view, an optimal design can be achieved. But every individual limit
state needs to be considered. Secondly, threats and related consequences are often
not known or specified in advance during the design process. The lower-level meth-
ods can be standardised and lead to reasonable results close to the optimum formost
cases.

3.6. Limit states
Various limit states need to be considered, some of these limit states are beyond the
scope of design standards for some types of structures. Three types of limit states
can be distinguished; Ultimate Limit State (ULS), Service Limit State (SLS), and the
Accidental Limit State (ALS).

Ultimate Limit State
A Ultimate Limit State (ULS) is a situation in which the structure will physically fail
and collapse as a result of excessive displacement damage. In the case of structures,
menmust think of plastic deformation or heavy cracking of the structure, which will
ultimately lead to total failure of the structure. In case of an SFT, failure might occur
when the displacement of the structure is excessive and the joints fail and the tunnel
floods. This will have a massive influence on the buoyancy of the structure and will
cause failure and even loss of the structure permanently. Every structure must meet
the following Ultimate Limit States;

Equilibrium (EQU)
In this case, the structure fails tomaintain static equilibrium. In this case, the strength
of the structure of the foundation of the structure is not governing. In relation to the
SFT structure, if the unbalance of the buoyancy of the system is associated, it does
not meet the EQU limit state.

Structural (STR)
In this case, the structure fails due to a (local) structural failure, caused by the exces-
sive strength of the materials used or large displacements, including the foundation
and other directly related substructures. Component failure is generally considered
as a limit state. STR failure may cause progressive failure of the SFT.

Geotechnical (GEO)
In this case, a structure fails due to geotechnical failure or large soil deformations. An
SFT structure is either tethered to the seabed or hanging on pontoons. For pontoon
SFT, GEO failure is inapplicable. For the tethered structure, geotechnical failure of the
anchor point of the tether or the weight structures on the seabed could lead to the
loss of a substructure (tether) and subsequently to the loss of the total structure.

Fatigue (FAT)
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In this case, the structure fails due to (local) structural failure due to fatigue loads.
During the lifetime of the SFT, the structure is cyclically loaded with hydraulic loads.
The load interval and the expected number of cycles will define the fatigue load. Fail-
ing by fatigue will therefore occur after a (longer) period after the start of use.

For each of the ultimate limit states, the requirements will differ.
For regular civil structures, these ultimate limit states suffice. The stability of SFTs

is based on the balance between permanent loads and buoyancy forces and will be
vulnerable if the balance of the structure is lost. Tunnel leakage is usually classified
as a service limit state, but for SFT-specific leakage it should be considered as an ulti-
mate limit state. As a consequence, higher impacts need to be considered, while for
the service limit state, representative loads are usually applied. Leakage itself can be
related not only to the cracking of the concrete lining but also to all watertightness
provisions such as gaskets.

Service Limit State
A Service Limit State (SLS) is a situation that could cause temporary unavailability of
the structure. Large accelerations or deflections of the structure, which make the
structure inappropriate to drive through. Also, situations which might threaten the
structure on the long term are also considered to be an SLS situation. Service limit
states can be set by codes and standards, for example, on specific criteria (such as
cracking, displacements, maximum stresses, and strains) are set by applicable (mate-
rial-specific) standards. In terms of usability, the limits can be set by standards, but
could also be agreed upon with clients, (future) owners, or user(groups).

Accidental Limit State
An Accidental Limit State (ALS) is a situation caused by an ”accidental” action, but
the ALS could be considered as a special ULS. Actions thatmight only occur rarely dur-
ing the lifetime of the structure, while in regular ULS cases the actions are common.
In the case of SFT structures, loads such as explosions in the tunnel, sunken ships,
or earthquakes are typical examples of these loads. Special requirements related to
these situations might be set. For example, the structure might fail structurally, but
it must be possible to repair the structure to its original state. On the other hand, a
probability approach can also be used on the frequency of the load over the lifetime
of the structure. If the probability of such a load is of a very lowmagnitude, then the
load could be neglected. However, this must be agreed upon between the (future)
owner and the authorities.
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3.7. Other topics of influence
Apart from the items addressed in the previous sections, other parameters also influ-
ence the reliability of the target or have a different objective. In this section, some of
the topics and parameters are mentioned and discussed.

Economical lifetime
Structures are built with an intended service lifetime (buildings: 30 to 50 years, tun-
nels and other infrastructural works: 100 years or more). The intended lifetime is a
given, based on technical feasibility and an assessment of the time that a structure
can be useful in its initial form. If this lifetime is set, the economical value will indi-
cate whether it is sensible to include the probability of failure during the service life.
This deviates from economic analyses to optimise the economical lifetime of a struc-
ture. For example, a wooden house and a masonry house will have the same target
reliability, while the intended lifetime of a wooden housewill be less than that of the
masonry house. For the renovation of civil structures, a lower reliability index can be
applied because the economic value decreases over time. A discussion on the eco-
nomic value of a structure in the infrastructure can be held. Normally, the economic
value of the structure is actually greater than the redemption and interest costs. It
will also represent the economic value of the physical link that has been constructed
and, in many cases, cannot be easily replaced by a new structure. In the next para-
graph, the influence of time in the different methods is presented.

Risk informed approach
In the risk informed approach, an optimising approach is needed for all different limit
states. In this method, the time effect can obviously be inserted. Based on the devel-
opment over the damage costs related to the failure can vary. The economical value
might increase, and replacement costs can be reduced by the redemption costs. How-
ever, many parameters need to be derived and estimated over a longer period, which
might introduce a large scatter on the outcome. As a base case, one could assume
that the economic value will increase according to different scenarios. However, the
assumption will be based on processes which might be unknown at the moment of
design and/or construction and would be largely influenced by the global economic
growth.

Reliability approach
The target reliability is based on the probability of failure with the distributions for
both the resistance elements and the actions. In this approach, the two terms, the re-
sistance and the loads, in the equation could be time dependent. The loading might
increase over time, for example, by increasing traffic intensity or higher hydrody-
namic loads, and the resistancemight decrease over time, processes of corrosion and
fatigue, or increase as concrete strength increases over strength, which makes the
reliability approach time dependent.
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Spatial variability
A continuous structure is as weak as its weakest link. The dike structures, as well as
the SFT structures, span large lengths. If a dike fails at a cross section, the complete
structure will fail because the threat of water will have a negative influence on the
complete area behind it. In addition to the distribution of the actions and resistance,
a continuous structure will have an increasing probability of failure with increasing
length.

3.8. Target reliability framework for Submerged Floating
Tunnels

The methods used for assessing risk and reliability in structural design vary depend-
ing on the type of object, such as fixed bottom structures, flood control systems, or
vessels. It appears that the SFT has unique characteristics. It can be identified as a
civil structure that facilitates traffic of all types in a hydrodynamic environment dur-
ing its full service life. Civil structures rely on codes and standards for their design.
These are developed and validated because civil structures are actually built. When
the various structures are compared to SFT in Table 3.1, none of the structures has the
same set of characteristics as an SFT and none of the current codes and standardswill
cover all the risks and design aspects of an SFT. However, the reliability assessment
approach described in ISO2394 [86], could be used. Section 3.5 explains the differ-
ent approaches. The lower levels can be validated by the higher level approaches. It
will take time for the civil engineering community to build up design experience in
SFTs before cross-validation could lead to a design practice that comprises, for exam-
ple, the commonly used calibrated LRFMmethods (level I), as presently used for other
structures. Specifically for SFTs a proposed framework is given in this section.

Overview
For regular civil structures, the target reliability levels have been defined and can be
found in several codes and standards around the world. Concerning SFTs, the ques-
tion can be raised as to how the target reliability can be defined. Pandey et al. (2025)
[92] discuss life safety in the reliability-based design of structures. In general, a civil
structure needs to be designed and realised for a purpose. For SFTs, it would serve
traffic passing a long, wide waterway. Structures cannot be built with the guaran-
tee of absolute safety. Building a structure will come with a cost and construction
budgets are never unlimited. Taking these elements into account, there is a balance
between life safety and the societal affordability for the realisation of civil structures.
Realisation of an SFT is in this matter not an exception.

The most common approach for life safety is the As-Low-As-Reasonably-Possible
(ALARP) framework, which is typically used as a framework when it comes to life
safety in design of structures. Within this framework, the acceptable risk is classi-
fied as intolerable, tolerable, or an area in which safety measures should be consid-
ered; see Figure 3.4. The intolerable risks need to bemitigated despite the associated
costs as the risk is unacceptable. However, the tolerable risk can also be mitigated or
reduced, and the mitigation should be based on the effectiveness of the measures.
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Figure 3.4: Risk categorisation, originated from Liu (2021) [93]

However, the majority of civil structures can be found in the category between the
two extremes of this categorisation with moderate to high risks. In this categorisa-
tion, risks are only allowed if they are ALARP and in other words if the costs which are
related to reduction of risks are out of balance with the risk reduction benefits.

Life safety in structural design can be distinguished as the individual risk and the
societal risk and approached from an economical perspective. The individual risk is
defined as a risk of death (𝑃𝑑). For civil structures, the probability of death as a con-
sequence of structural failure per year is expressed in Equation 3.8 if an annual value¹
of 10−5. The probability of death related to the failure risk 𝑃𝑓,𝐼𝑅 can be found when
the conditional probability 𝑃𝑑|𝑓 is known (Equation 3.9). However, this probability
is complex to derive and in [94] proposals can be found between 0.01 and 0.20 for
buildings dependent on the consequence classes (where low classes consider low us-
age and high classes high usage). The question can be raised whether these values
are applicable to SFT, as the probability of survival froman SFT in full structural failure
is smaller than for buildings and 𝑃𝑑|𝑓 will be closer to 1.0. ¹

𝑃𝑑 = 𝑃𝑓,𝐼𝑅 ⋅ 𝑃𝑑|𝑓 < 10−5 (3.8)

𝑃𝑓,𝐼𝑅 ≤
10−5
𝑃𝑑|𝑓

(3.9)

The societal risk definition is found in the F-N curve, see Figure 3.2, in which the
size of the group at risk is related to the probability of loss of life. The underlying the-
ory is that societies are less tolerant to events inwhich large groups are involved than
to cumulative consequences to events with the same probability. Basically, the soci-
ety will respond differently to an event with 100 casualties compared to 100 events
with 1 casualty. The F-N curve contains the probabilities of possible events and the
allowable number of people involved. The requirement is set to a minimum relation
between the probability of and the number of people involved, but the requirements
couldbeunfeasible as indicated. TheALARPprinciple couldbeadopted in this relation
as well.
¹Value is used as an example. The concept of “acceptable” risk of human death resulting from structural
failure varies in literature for different hazards and are subject of continuous discussions, for example by
Reid (1999) [95] and Menzis (1995[96]
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In general, individual and societal risks are considered the lower bounds for the
exposure of unacceptable risks to individuals. The target reliability of structures is
also governed by economical considerations and usually requires higher levels of re-
liability than life safety requirements.

Target reliability index 𝛽
Up to the 1970s, the common approach in designs was to use a global safety factor
requirement given the ratio of the resistance and the loads or load combinations on a
structure. Later, the concept of the target reliability index 𝛽 was introduced. The tar-
get reliability index 𝛽 is linked to the probability of failure of an object or a part of the
structure. The limit state function defines when a (part of the) structure fails based
on a given design. The target reliability sets the requirement for this limit function.
Most modern codes and standard use a semi-probabilistic approach, known as the
Load-Resistance-Factor-Method (LRFM) as presented in Section 3.5, in which a partial
factor is defined for the actions or loads on the structure and thematerial definitions.
However, the partial factors in the LRFMmethod are related to a specific 𝛽 that is re-
lated to the probability of failure of the structure. As the safety of life for SFT will
depend on a different conditional probability of death given structural failure than
for other structures, this could influence the partial factors in this method. However,
𝛽s are commonly specified from a combination of an economical perspective and in-
dividual and societal risk requirements.

Reliability based design by economic optimisation
For SFTs, this approach of the LFRM could lead to uneconomical designs and the ques-
tion can be raised if an SFT can be achieved with respect to the desired target relia-
bility as specified by current codes and standards. The answer to this question can be
foundby relating design to economic design and life safety. The approach focusses on
an economical optimum for the design of the structure. In other words, the optimal
amount of investments is found if the additional investment on a specific part equals
the reduction of the monetised risk of the structure. Figure 3.5 schematically shows
this optimum. The decision parameter is the parameter that influences the design
capacity or the resistance to failure. Examples of the decision parameters can be a
material, a geometrical section parameter, a typical allowable loading scheme, etc. In
Figure 3.5, the safety cost increases with increasing decision parameter (magenta). In
this hypothetical example, a linear relation is assumed between the decision param-
eter and the safety costs influenced by it. For example, if a section is enlarged, more
material is needed and requires an additional budget. In reality, this can be different,
but the relation is positive. With an increase in the decision parameter, the structure
will be more safe and the capitalised risk will be reduced (blue). The total cost (blue)
is the summation of the capitalised risk and the safety cost, and the optimum for the
decision parameter can be found at the lowest value (the derivative of the function is
zero). The graph presented in Figure 3.5 is simplified, and the total cost consists not
only of the initial building costs but also of multiple different aspects related to the
structure, such as interest, maintenance, demolition costs and economical damage
due to non-availability, for example. This approach focusses directly on costs and ne-
glects the incorporation of life safety in the design. Discussions about the value of
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life have been conducted on several platforms. Life safety could be incorporated into
reliability-based design and can be translated, considering the ALARP principle, as the
amount of money a society is willing to spend to save an anonymous human.

Figure 3.5: Cost optimisation in economical risk approach

The target reliability indicates the optimal relationship between costs and safety.
For civil structures, this is found in codesand standardsand involves calculationmeth-
ods, characteristic material parameters, loading schemes, and different conditions
and limit states. As mentioned, most recent codes use semi-probabilistic methods;
however, many codes, such as Eurocode [1], also contain methods to recalculate this
method using reliability-basedmethods with both linear (level II) or non-linear (level
III) limit state functions.

Addressing the required safety in the design of SFT is challenging, as the classi-
fication of structures (consequence classes) is explicit in codes and standards, while
failure consequences are only implicitly considered, such as the number of fatalities
and non-availability of the structure. Implicit failure consequences are dependent on
the utility rate of usage, but also on the exposure (with return time), warning, and
self-rescue measure. The failure consequence in the economic risk approach is from
amathematical object far from complex, however, this contrasts with the estimation
of failure consequences, which is a gathering of direct (building, maintenance, etc.)
and indirect costs (non-availability, human life). As a recommendation, a guideline or
method could be compiled to estimate these costs.

Obviously, to construct an SFT, a design must be made and should be based on a
safety level. A civil structure is constructed out of different parts or components, and
the design of the structure distinguishes different parts. For example, different 2 di-
mensional approaches can be considered instead of a large 3 dimensional approach.
In addition, support systems can be evaluated separately and in parallel with struc-
tural approaches. In other words, the design of civil structures will be split up into
different parts and elements and the target reliability is applied to each individual
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part, where there could be a distinction between the system and component level,
and by using redundancy a lower reliability could be requested to components as the
systemwould provide alternative safety measures such as an extra support facilitat-
ing a secondary bearing.

Framework
In summary, an initial framework as presented below can be used to arrive at a safe
but also economical design for SFTs.

■ Define an acceptable individual and societal risk to derive the maximum prob-
ability of structural failure. This must be assessed using the conditional proba-
bility of death ormajor injury given structural failure. For SFTs, it is important to
note that the conditional probability of death given structural component fail-
ure could be higher than for other civil structures, which will lead to a stronger
requirement on the probability of structural failure (larger 𝛽 or lower 𝑃𝑓) than
for other civil structures such as bridges.

■ In codes and standards, the parameters belonging to LRFM are related to the
required 𝛽, which is for SFTs expected to be higher due to conditional proba-
bility. In the Eurocode standard [1] and in other codes and standards available,
methods are included to derive partial factors.

■ Although this approach to derive partial factors is intensive and, even with in-
creasing computer resources, it will be impossible to conduct all design calcu-
lations on a higher level, so a sophisticated selection based on the highest risks
and most important failure modes is recommended.

■ Basedon thedefined requirement (𝛽 or𝑃𝑓), evaluate thedesignof the SFT struc-
ture using LRFM (level I) with common design practices, using the derived par-
tial factors.

■ Calibrate the design for different limit states than used to determine the partial
factors and adjust the factors if needed.

■ In addition, the design of the SFT can be further optimised with respect to in-
vestments safety using the economic risk evaluation, but should never be lower
than the acceptable individual and societal risk.
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Spatial variation in tunnel

foundations

4.1. Introduction¹
As expressed in Section 2.3, IMTs are structures that cross water and are immersed in
a dredged trench and covered afterwards to protect the structure. IMTs are supported
by a bedding which stiffness is dictated by the soil stiffness below the structure and
a foundation layer of gravel or sand. Typically, an IMT is constructed as a segmented
structure which can adopt settlements along the length of the structure. As the lon-
gitudinal alignment of the IMT needs to be ensured, the different parts, segments,
are connected using shear keys. The research presented in this chapter focusses on
an alternative method to estimate the design shear key force.

The most common current design approach is an alternating bedding scenario
(reduction of stiffness in a single segment using a prescribed factor. This is defined
by Dutch requirements [2] and is adopted for many tunnels worldwide; see Figure
4.1), along the tunnel axis is used as a conservative approach. However, it does not
account for spatial variability in both the subsoil and the foundation of the tunnel.
Instead, the current design approach is geometrically orientated, using the length of
a segment in an alternating bedding, in the tunnel to find the largest possible shear
forces and not in the variability of the bedding support.

In this research, a method to find the variability of forces in the shear key is pre-
sented. In the method Gaussian Random Fields (GRF), which are parametrised by a
covariance length, are used. Next, the probability distribution of the force in the shear
key is found by using two different probabilistic methods, Vine Copulas (VC) and Non
Parametric BayesianNetworks (NPBN), inwhich the covariance lengths for the subsoil
anddredging tolerances are related to the shear forces. Bothmethods differ but allow
both for conditioning. These probabilisticmethods are valuable and can be identified

¹This chapter has been published as journal paper: The influence of spatial variation on the design of foun-
dations of immersed tunnels: advanced probabilistic analysis ’t Hart et al. (2024) [97]
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Figure 4.1: Bedding variation according [2]

as scientific engineering, because they connect variability in the subsoil and construc-
tion to estimate the forces in the shear key in both conditioned and unconditioned
situations. Using these methods, both the GRF as well as a multivariate probability
distribution for covariance lengths for (spatial variability of soil properties) and shear
forces will result in a complete characterisation of the probabilistic relation between
support conditions and the shear forces in the tunnel to be used in design. Secondly,
more efficient and robust designs can be developed for immersed tunnels and can be
identified as an alternative to the current design approach, which focusses on vari-
ability only depending on the length of the segments and can be considered as less
close to the actual situation of the bedding variability.

The models and methods in this research also have limitations. For example, it
assumes that the loads are uniform throughout the tunnel. Additionally, only two
keys are considered per joint to transfer the shear forces, while in practice there could
be more. On the other hand, only three variables are considered in the probabilistic
methods. This can be extended by other variables, such as spatial variability of the
sediment height on top of the tunnel site. Furthermore, this method clearly differs
from the current design approach. To use this method in design practice, engineers
should have a more than basic understanding of the probabilistic tools employed.

Tunnels, not limited to IMT, are based on geotechnical and structural analysis.
Randomfields have been applied in a comparison study byCheng (2019) [10] of a pres-
surised tunnel face of a bored tunnel and provides a practical design tool. Gong (2018)
[11] presents a probabilistic analysis based on random field generation for a longitu-
dinal analysis of a bored tunnel. For a bored tunnel section, Yu (2019) [12] presents a
2D plain strain approach that includes random field generation, which confirms the
reliability of the tunnel lining. The application of spatial variability or (Gaussian) ran-
dom fields is yet to be uncommon in designs of IMT foundations. Random fields are
stochastic processes in space, or in other words, random functions over a given do-
main as described by Adler (2009) [13] and Hristopulos (2020) [14]. Random fields are
used in many research areas, such as environmental engineering, social sciences, fi-
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nance, astronomy, and many others. Liu (2019) [15] shows the development in the
research of these random fields. Within research in the field of civil engineering, the
application of GRF is frequently observed in geotechnical analysis, for example, for
levees and embankments as described by Hicks and li (2018)[16] and Li et al. (2017)
[17] . The spatial variability of a soil continuum can be described using this method
and is observed in literature; see, for example, [18–20]. In addition to geotechnical ap-
plications, random fields are also used in structural mechanical cases. Bucher (2006)
[21] shows its application inmaterial properties, such as the calculation of themodu-
lus of elasticity or strength, as well as for geometrical properties, such as thickness in
shell models. The application of random fields to trusses was researched by Bocchini
(2008) [22] and discusses the application in the reliability analysis of cable-stayed
bridges. In these examples the concept of random fields in Finite Element analysis
is used. A description of this approach is given by vanMarcke et al. (1986) [23]. In this
research, twodifferent probabilisticmethods are used, Non-Parametric BayesianNet-
works (NPBN) and Vine Copula (VC). Both are graphical models and represent proba-
bilistic dependence between nodes and are explained in more detail in 2. The com-
bination of spatial variability and a probabilistic approach to estimate the shear key
forces in immersed tunnels is a topic that is not yet addressed in the literature.

4.2. Model and analysis
In order to research the influence of the covariance length of both the subsoil and the
depth of the trench as a result of dredging operations, a hypothetical representative
model is constructed. An IMT is supported by a bedding, consisting of a subsoil and
the foundation, and loaded with various loads acting on the tunnel. These loads will
result in a bedding reaction under the IMT. The IMT is a concrete structure and has a
significantly higher stiffness than the soil bedding. As a result, the force distribution
within the tunnel segment itself will be insensitive to bedding variations. The flexi-
bility is induced into the tunnel in the longitudinal direction by the segments and the
immersion or element joints.

A base model of a part of an IMT is used. The model has a length of 120m and a
width of 30m. The segments are equally distributed over the length of the element
and have individual segment lengths of 20m (𝐿𝑠). A schematic overview is presented
in Figure 4.2.

Width = 30m
Length = 120m

6 segmentsx

y

Figure 4.2: Covariance length validation model - top view

The six segments of the IMT are assumed to have a constant vertical displacement
throughout the length of the tunnel part considered. Segments are considered rigid
bodies, and joints are flexible. Figure 4.4 shows the loading principle of the tunnel in



4

50 4. Spatial variation in tunnel foundations

the longitudinal direction.
The bedding is assumed to be elastic, but due to the spatial variability not con-

stant over the contact area of the tunnel. The linear stiffness of the subsoil is derived
by a geotechnical¹ analysis and the bedding stiffness is based on the following pa-
rameters (see Figure 4.3 and Equation 4.1):

■ Thickness of the foundation material (ℎ𝑓 in m)

■ Stiffness of the foundation material (𝑘𝑓 in
N
m3

)

■ Dredging tolerance (Δ𝑡𝑑 in m)

■ Placement tolerance (Δ𝑡𝑝 in m)

■ Subsoil stiffness (𝑘𝑠 in
N
m2

)

Tunnelfloor

Foundation material

Soil

Dredging surface

ℎ𝑓 𝑘𝑓

𝑘𝑠
Δ𝑡𝑑

Δ𝑡𝑝

x,y

z

Figure 4.3: Bedding definition (cross-section)

𝑘𝑏 =
1

1
𝑘𝑠
+ ℎ𝑓

𝑘𝑓

(4.1)

An IMT is loaded by distributed loads, inside and outside of the tunnel. The total
load is adjustable by adding ballast weight and is based on the vertical stability re-
quirement. This requirement specifies theminimal total downward force that results
from preventing the tunnel from floating due to the buoyancy force. In the final sit-
uation, after immersion and after the ballast concrete, the protection layer and soil
cover are applied to ensure the downward force. The resulting force acts on the tun-
nel and in case there is no variation in the load, an average compressing pressure is
supplied to the foundation beneath the tunnel (𝜎𝑎, see Figure 4.4).

Because the stiffness of the bedding varies underneath the tunnel, the response
of the bedding (𝜎𝑏 , see Figure 4.5) and therefore the load on the tunnel will vary. In
this study, the vertical position of the tunnel is prescribed and adjusted in an iterative
process until the total response force on the contact area 𝐴𝑏 is equal to the total load
(both 𝜎𝑎 and 𝜎𝑏 integrated over the area) as described by Equation 4.2.
¹A separate geotechnical analysis is required to derive the subsoil stiffness based on the geological layers,
the soil characteristics and the influence depth of the tunnel
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It is assumed that the total element will have the same vertical displacement and
remain undeformed, as this is a conservative approach. In reality, the tunnel will
deform slightly by small rotations of the segment and in the joints, and as a conse-
quence, stresses will distribute between the segments. If stresses are redistributed,
the shear forces will reduce accordingly.

𝑞𝑙𝑜𝑎𝑑 = 𝜎𝑎

Figure 4.4: Structural tunnel system

∫∫𝜎𝑎𝑑𝑥𝑑𝑦 = ∫∫𝜎𝑏(𝑥, 𝑦)𝑑𝑥𝑑𝑦 (4.2)

Enforced Displacement

Bedding response

Load on tunnel 𝜎𝑏(𝑥, 𝑦)

Tunnel

Bedding

Joints
Segment

Figure 4.5: Tunnel and bedding response

The variation in the bedding response leads to different stress distributions in the
different segments. A shear force in a joint can be derived between two segments.
Using a stiff IMT, the stresses will not be redistributed between the segments under-
neath the IMT, and the maximum shear forces between segments will be found. In
this research, an IMT with a two-shear key layout in the outer walls is assumed, and
therefore each segment has four shear keys. The sequence to derive the shear forces
at a shear key after finding the equilibrium of the bedding response is presented in
Figure 4.6 and is obtained by:

■ Integration of stresses underneath each segment to get the total force on a seg-
ment (𝐹𝑖)

■ Find the centre of gravity of the total force (red dots)
■ Distribute the force to the shear key locations linearly (green dots)
■ Define the shear key force as the absolute difference in forces between seg-

ments at the shear key locations (𝐹𝑘,2−3 and 𝐹𝑘,1−4)
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■ Find the maximum shear key force of all shear keys

1

2

4

3

1

2

4

3
𝐹𝑖 𝐹𝑖+1

Segment i Segment i+1

𝐹𝑘,2−3 = |𝐹𝑖,3 − 𝐹𝑖+1,2|

𝐹𝑘,1−4 = |𝐹𝑖,4 − 𝐹𝑖+1,1|

Figure 4.6: Force at shear-keys, shearkeys located at the corners 1 to 4 - Top view

In design, themaximum shear key force is used to compile a reinforcement layout
for the shear key. In Section 4.3, this sequence is repeated for both different covari-
ance lengths and different geometrical tunnel layouts and is the covariance length
related to the shear key force. With this method, spatial variability of the rigidity of
the bedding is considered beneath the tunnel. The variability differs not only in the
longitudinal direction of the tunnel, but also in the lateral direction. In the presented
model, only a spatial variation in subsoil stiffness and dredging depth are considered,
besides that, the model also considers non spatial correlated variations such as vari-
ations in the top surface of the gravel and in the gravel stiffness. More parameters,
spatial or non-spatial variated, can be considered in the model, such as settlements
over time and gravel placement equipment.

The model serves 2 different goals, the first (Section 4.3.1) is to present the in-
fluence of the covariance length on the shear forces for different segment lengths.
Secondly in section 4.3.2, the structural model is used to gather a dataset to create
a NPBN and VC. With these probabilistic models, multivariate probabilistic analyses
can be conducted and interactions between variables can be found. As a result, prob-
ability distributions of variables, in this case the shear force, can be found to conduct
extreme value analyses.
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4.3. Results
4.3.1. Spatial variability
In this section,MonteCarlo analyses (n = 1000) are performed inwhich the covariance
lengths for both soil stiffness and trench dredging are considered equal and fixed in
each analysis. The generation of the variability of the subsoil stiffness and dredging
depth is independent. An even stronger effect would have been found if the same
generated GRF had been used for both parameters, but this was considered less real-
istic as an independent generation and having two different GRFs based on the same
covariance length. In reality, not only will the variability be independent, but also the
covariance lengths of both parameters will be independent. However, to find a rela-
tion between covariance lengths and the shear key force, both are kept equal. Using
this approach, the distribution of the shear force is given the covariance length.

In Section 4.3.2, the covariance lengths are considered independently. For bedding
variations, the variable distributions as described in table 4.1 are used. These param-
eters are hypothetical and are based on experience in several designs of various tun-
nels. In order to demonstrate the method, the quantity of parameters is important,
as long as they are representative. For each sample, GRF are generated for both the
subsoil stiffness and the thickness of the foundation layer based on the considered
covariance length. The size of the GRF corresponds to the dimensions of the base
model as shown in Figure 4.2. As an illustration, for soil stiffness, the generated spa-
tial distributions after the quantile transformation for different covariant lengths are
presented in Figure 4.7.

Item 𝜇 𝜎 Distribution Remarks
Gravel stiffness [kPa] 2000 300 Truncated Gaussian uncorrelated

min = 1000
max = 3000

Soil stiffness [kPa] 5000 1600 Truncated Gaussian min = 1800
max = 8200
𝐿𝑐𝑜𝑣 = varies

Trench dredging / Gravel thickness [m] 0.7 0.15 Truncated Gaussian min = 0.35
max = 1.05
𝐿𝑐𝑜𝑣 = varies

Gravel placement tolerance [mm] 0 Triangular uncorrelated
min = -10.0
max = 15.0

Table 4.1: Parameters and distributions

Using the sequence specified in Section 4.2, the maximum shear key force can be
found in each sample of the analysis and the total set results in a distribution of the
maximum shear key force for a specific covariance length. The results are presented
in Figures 4.8, 4.9, and 4.10. The following trends can be identified:

■ The maximum shear key forces (up to 4.8MN) can be found if the covariance
length is similar to the segment dimensions and the variation is greater.

■ If the covariance length is small or large compared to the segment length, the
maximum shear key force is small (with 1 to 1.5MN) and shows a low variation.
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Figure 4.7: Contour plots of soil stiffness for different covariance lengths

In Figure 4.10 the relation between the shear key force at the 95𝑡ℎ percentile of
the distribution and the covariance length is shown. The 95𝑡ℎ percentile is chosen
as the characteristic design force (in design considerations for the evaluation of the
ultimate limit state, this value is multiplied by a partial factor [1]).
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Figure 4.8: Distributions of the maximum shear key force for different covariance lengths
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Figure 4.9: Exceedance probabilities of the maximum shear key force for different covariance lengths
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Figure 4.10: Shear key force at 95𝑡ℎ percentile as function of the covariance length
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In Figure 4.8 the number of segments and the width of the tunnel are considered
constant. In Figure 4.11 the length of the segment 𝐿𝑠 is varied from 10 to 60 metres,
while the number of segments is kept equal to 6 (which changes the total length
of the element), so the total contact area under the tunnel varies with the different
length of the segment. On the horizontal axis the covariance length is divided by
the segment length for comparison. The results are plotted for the covariance length
over the segment length and the shear key force found at the maximum density as
presented in Figure 4.8. Figure 4.12 shows the same figure as Figure 4.11, but for com-
parison, 𝐹𝑘 is divided by the contact area under the segment. All individual graphs
are presented in Appendix A.1.

The following observations can be identified from Figure 4.11:

■ 𝐹𝑘 increases with the segment length 𝐿𝑠. Larger integration areas, due to the
increase of 𝐿𝑠, underneath a segment will cause higher shear forces, which can
exceed the capacity of a shear key.

■ The maximum 𝐹𝑘 is found if the segment dimensions (length and width) and
𝐿𝑐𝑜𝑣 are similar.

■ If 𝐿𝑐𝑜𝑣 increases to larger values compared to 𝐿𝑠, the 𝐹𝑘 decreases.

There appears a strong relation between the covariance length and the shear key
force. Secondly, as a geometrical consequence of a lower area below the segment,
lower segment lengths show lower shear key forces. An optimisation of the segment
length could be discussed, as joints are weaker spots in terms of water tightness. But
in reality, the segment length depends on other factors as well, such as the casting
sequence, seasonal temperature loads introducing longitudinal effects, and so on.
However, the conclusion gives useful information in the early stage of the design of
the geometry and structural solutions.
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Figure 4.11: Shear key force at 95𝑡ℎ percentile as a function of the covariance length for different segment
lengths
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Figure 4.12: Relative shear key force at 95𝑡ℎ percentile as a function of the covariance length for different
segment lengths

4.3.2. Probabilistic analysis
Probabilistic models
Using the physicalmodel and the finding presented in Sections 4.2 and 4.3.1 a relation
between the shear key force and the covariance lengths. In case covariance lengths
are unknown, exceedance probabilities can be found for shear forces using proba-
bilistic models such as NPBN and VC. With the application of Gaussian copulas only
in NPBN while different copulas can be used in VC, tail dependency can only be con-
sidered in VC. Both models are used in this section. Both methods also allow for con-
ditioning, so conditional probabilities can be derived to simulate different possible
scenarios.

Figure 4.10 shows this relation for a model with a segment length of 20𝑚. The
maximum shear key force is found at a covariance length of about 15 m. From the
figure, it can be concluded that there is a positive relation between the covariance
length and the shear key force up to a covariance length of about 15m and a negative
relation for covariance lengths larger than 15 m. Rank correlations, which are often
used to parameterise multidimensional models in statistical analysis, do not capture
non-monotonic behaviour such as the one described in Figure 4.10. Therefore, the
model is split into two parts.

The correlation length on which the model is split is found by additional analy-
ses between the interval of 10m to 24m with an increment of 2m. For this interval a
quadratic interpolation is derived to find the maximum value, which appears to be
16.3𝑚, as presented in Figure 4.13. The dataset is divided into two parts at this value
and results in two separate datasets at the split value, the lower part (part 1) that
contains covariance lengths of up to 16.3𝑚, and the upper part (part 2) that contains
covariance lengths of 16.3𝑚 and larger. Both parts show similar exceedance proba-
bility distributions. As this probabilistic approach focusses on the maximum shear
key force, it can be conducted from parts 1 and 2. In Appendix A.2 and A.3 contain the
results for both parts, in this chapter only part 1 is presented as themethods are equal
for both parts.
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Figure 4.13: shear key force at 95𝑡ℎ percentile as a function of the covariance length - splitted

Data for probabilistic analysis are generated using the base model in a Monte
Carlo simulation (n=3000). The covariance lengths were independent uniformly dis-
tributed between 0𝑚 and 16.3𝑚, and the total data contains 3 variables: both the
covariance lengths and the maximum shear key force. The fitting is conducted by a
Python package SciPy ([98]) using the most common distributions. The best-fit
distributions are selected on the basis of the lowest sum of the square error between
the observed value and the value based on the distribution. For this analysis, the area
of interest is in the tail of the data and it appears that the log-normal distribution fits
best for part 1 (and the gamma distribution for part 2), as presented in Figure 4.14.
The parametric distribution for the shear force will be used together with uniform
distributions for the covariance lengths in the simulations using the NPBN approach
to find probability distributions.

0.2 0.4 0.6 0.8 1.0 1.2
Fkey, 95th%[N] 1e7

10−6

10−5

10−4

10−3

10−2

10−1

100

P f

data - part 1
lognorm
data - part 2
gamma

Fitting Force distributions - Non-conditioned

Figure 4.14: Cumulative distribution function of shear key force at 95𝑡ℎ with the best fit for both parts

A unique joint distribution is determined between the lengths of the covariances
(𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 and 𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ) and the shear force. In table 4.2 the empirical rank correla-



4.3. Results

4

59

tion matrix is presented. The matrix shows only a small correlation between covari-
ance lengths as these are considered independent. The correlationbetween the shear
key force and the shear key force is 0.36 to 0.43.

𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ 𝐹𝑘𝑒𝑦
𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 1 0.006 0.355
𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ 0.006 1 0.426
𝐹𝑘𝑒𝑦 0.355 0.426 1

Table 4.2: Empirical rank correlation matrix for part 1 (lower)

Using the rank correlations, an NPBN is constructed with 3 nodes, representing
both covariance lengths and the shear force, and 2 arcs, representing the correlation
between the force to each of the correlation length. The NPBN is presented in Figure
4.15 and the conditional rank correlationmatrix is presented in table A.2. In order the

Figure 4.15: NPBN - part 1

validate whether the Gaussian copula represents the bi-variate pairs closely, a diag-
nostic tool is used. Appendix A.2 contains the validation of theNPBN. The Cramèr-von
Moses statistic (CVM), which is related to the sum of square differences between the
empirical copulas and the parametric copulas, is used. Figure A.8 shows the results
of this validation. The graphs indicate, by the relatively small differences, that the
Gaussian copula (maximal 0.2) is a fair representation of the bi-variate distribution.

Figure A.9 presents the empirical cumulative density of the d-calibration scores,
based on the Helliger distance as described by Morales and Steenbergen (2014) [99].
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Thed-calculation scores are the distance between the empirical and empirical normal
rank correlation and the empirical normal and normal rank correlation matrices. If
these matrices are equal, the d-calibration score is 1. For both parts, the d-calibration
score is within the uncertainty bounds if, respectively, 5000 and 25000 samples are
drawn.

The complete output for the probabilistic approach using VC is presented in the
appendix A.3. For 3 nodes, only 3 different RVs are applicable. The differences in AIC
between the three possible VC are small, less than 5. The best fitted VC for part 1 is
presented in 4.3 and has an AIC score of −1261. In the overview in A.24, a small tail
dependency can be observed.

As stated above, the VC approach uses different copulas and is able to account
for tail dependency. In Figure A.24, the joint plot of the results is presented. In this
graph, tail dependency is visible. In the VC with the smallest AIC score for both parts,
although the correlation is not strong with 0.35 to 0.43, tail-dependent copulas are
found. Compared to the NPBN approach, in which it is concluded that the Gaus-
sian copula give confident predictions of the dependencies, it is also seen in the CVM
scores that the Gaussian copulas can be used, but that in some cases the tail-depen-
dent copulas show a slightly better score. Based on these findings and assumptions
for both approaches, the VC approach is better while the results are still comparable.

Tree 1: Copula Parameter
𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 - 𝐹𝑜𝑟𝑐𝑒 Gaussian 0.37
𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 - 𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ Joe 1.01
Tree 2:
𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ - 𝐹𝑜𝑟𝑐𝑒 | 𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 Gumbel 180∘ 1.46

Table 4.3: Best fitted VC

Conditioning
With the best models found for both NPBN and VC, simulations are possible. The
next step in the process is to condition the simulations. If inference or conditioning
is applied to the models, uncertainty distributions of the remaining unknown nodes
can be determined given a condition on one ormore of the remaining nodes. In prac-
tice, this is valuable; If a certain variable is deduced from field research such as CPTs
or by applying measures to reduce the tolerance on dredging, the influence on the
shear key force can be found and accounted for in the design, or the design can be
optimised based on these findings or measures. It is also possible to use an opposite
objective. So, conditioning on the shear force in this matter is also possible. That will
give the engineer the distribution of the covariance lengths of the soil stiffness and
the dredging depth given a certain shear force.

In this research, the distributions are compared between the non-conditional dis-
tribution anddifferent conditional situations. For bothmodels, the lengths havebeen
conditioned on different lengths. In addition to the conditioning of the lengths, the
shear force has also been conditioned, giving the following scenarios:

■ Both covariance lengths conditioned on 16.2𝑚, 0.1𝑚 from the split value



4.3. Results

4

61

O
riginaldataset

Conditioned
on

2
lengthsL=

16.2[m
]

Conditioned
on

2
lengthsL=

8.15[m
]

Conditioned
on
𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 =

16.2[m
]

Conditioned
on
𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 =

8.15[m
]

Conditioned
on
𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ

=
16.2[m

]

Conditioned
on
𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ

=
8.15[m

]

NPBN VC NPBN VC NPBN VC NPBN VC NPBN VC NPBN VC
1.00E-02 4.70 7.35 6.90 4.14 4.05 6.07 5.93 4.32 4.45 5.73 5.67 4.47 4.40
1.00E-03 5.89 8.73 8.05 4.98 4.84 7.34 7.12 5.24 5.49 6.92 6.83 5.46 5.35
1.00E-04 7.03 10.02 9.09 5.73 5.56 8.53 8.20 6.07 6.48 8.00 7.87 6.37 6.22
1.00E-05 8.15 11.27 10.06 6.43 6.23 9.69 9.21 6.85 7.45 9.01 8.84 7.22 7.04
1.00E-06 9.27 12.49 10.98 7.09 6.87 10.84 10.17 7.59 8.41 9.98 9.77 8.03 7.82

Table 4.4: Shear forces in [MN] for different conditions

■ Both covariance lengths conditioned on 8.15𝑚
■ Only one covariance length conditioned on 16.2𝑚, the other covariance length

unconditioned
■ Only one covariance length conditioned on 8.15𝑚, the other covariance length

unconditioned

The outcome of the maximum shear force of the VC simulations is limited to the
maximum value of the original dataset, as a result of the reverse quantile transfor-
mation. However, a difference betweenNPBN and VC is that in NPBN the fitted distri-
bution functions have been applied, while in the VC simulation, the outcome is based
on the simulation data. As a consequence, a dataset is created using the best fit VC (n
= 1E7) and a conditional dataset for VC is created by specifying a small interval around
the conditioned variable (in this case 0.2𝑚) and selecting a sub-dataset from the to-
tal simulation data based on this interval (or intervals if applicable, if conditioned on
more variables).

InAppendixA.2.2 andA.2.4 the conditional exceedanceprobabilities arepresented
togetherwith the unconditioned results for theNPBNand in Appendix A.3.2 andA.3.4
the equivalent results for VC are presented.

In general, the results differ slightly between the NPBN and the VC. The main dif-
ferences in the approaches of bothmethods are already specified in the previous sec-
tions. In table 4.4 the uncertainty distribution for the forces have been derived based
on fitted distributions. If the conditioning of one of the covariance lengths is 16.2𝑚,
the shear forces increase compared to the original dataset and when the lengths are
conditioned to 8.15𝑚, the forces decrease. If the conditioning for the 16.2m cases are
compared, it can be observed that in case both lengths are conditioned, the forces are
larger than when only one length is conditioned. Both observations are validated by
the findings in 4.3.1. The difference between the covariance length for the subsoil and
for the trench are compared, the forces are higher in case the covariance length for
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the subsoil is conditioned. It can be concluded that the influence of the stiffness of
the soil on the bedding is larger than the depth of the trench (and the related thick-
ness of the foundation layer). However, this is case specific; if the thickness of the
layer differs and the stiffness of the subsoil stiffness differs, the conclusion can be
otherwise.

Additionally, for NPBN also conditioning have been conducted on the forces. Us-
ing the approach, the probability distributions for the covariance lengths can be de-
rived. The method is the same as for the conditioning on the covariance lengths, as
described previously. Figure A.13 shows the probability diagram for the covariance
lengths when the shear force is conditioned. The black line in the diagrams shows
the distribution of the original sample, and the other lines show the distributions
for a conditioned shear force of 2.0𝑀𝑁 (blue), 5.0𝑀𝑁 (green), and 7.0𝑀𝑁 (red). In all
graphs, the blue line is below the black line, which indicates that the probability of
the covariance length is not close to the split value. In contrast, the green and red
lines are above the black line. The probability that the covariance length is closer to
the split value is higher than in the original sample. The red lines indicate that when
a shear force of 7.0MN is conditioned, a covariance length closer to the split length is
more probable than in the case of a shear force of 5.0MN (green line). With this per-
spective, the designer has the option of a different objective and to use the capacity
of the shear key as a starting point. If the covariance lengths of the subsoil can be
derived, the design can be adjusted to the circumstances.

4.4. Relation to traditional design
In the more traditional design approach with an alternating bedding, the stiffness
is considered uniform underneath a segment and a segmented beam on an elastic
foundation is used to describe the behaviour of the model in a 2 dimensional space.
Using this approach, torsional effects cannot be found; to account for torsional ef-
fects and, consequently, varying shear forces in the keys in one joint, a factor is used,
which is usually taken as 20% to 25%, which is based on experience. The variation
of the bedding along the tunnel is accounted for by an alternating bedding, which is
specified by a factor depending on the foundation method. In the alternating bed-
ding approach, spatial variation in the subsoil is not considered and is independent
of the dredging method. In reality, this will vary by method and consequently by the
marine environment and depth.

The method presented in this research varies substantially from the current de-
sign approach. In that approach, the tunnel is modelled in a 2D space. Both meth-
ods require soil investigation and interpretation of these results. If the soil investiga-
tion is intensified, both models will have increased accuracy, but only in terms of the
stiffness of the subsoil. However, if a covariance length or an interval of covariance
lengths can be derived, subsequently a distribution of shear forces can be derived us-
ing conditioningon this extendedknowledge. In case the covariance length cannotbe
derived based on the available soil investigations, an upper bound for the covariance
lengths can be found in estimation of the split value of the covariance length. Con-
ditioning on an interval on this value will give an upper bound distribution of shear
forces.
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In Eurocode [1] and ROK [2], the design is based on the Load Resistance Factor
Method (LRFM).In short, in this method, the probability of both forces and resistance
are accounted for by partial factors. For the service limit state (SLS), the loads are ap-
plied in frequent combinations, and for the ultimate limit state (ULS), the loads are
combined and multiplied by a partial load factor. These load factors differ for dif-
ferent load cases. The limits states together will result in a ”frequent” load and a
maximum considered load. These are in fact 2 quantiles in a load distribution. Here,
the SLS can be considered as the mean value and a characteristic value at the tail of
the distribution. In the presented method using representative loading, a distribu-
tion of the shear force is found, which can be considered equivalently. For SLS, which
focusses on durability in design, themean or 50𝑡ℎ quantile of the distribution can be
used. In ULS design, which focusses on structural capacity, the force can be found by
selecting the quantile relating to the required reliability index for the tunnel.

4.5. Discussion
In this research, only covariance lengths for soil stiffness and dredging depth are con-
sidered, and both lengths are considered independent parameters. The latter could
be the topic of discussion, if the top part of the soil influences the dredging process, a
correlation between both could appear. However, if the soil consists of a multi-layer
profile, this influence of the top layer on the total stiffness of the soil will reduce. In
order to use this method in the tunnel design process, even parts of the method can
be used. The GRF model can be used to derive bedding stiffness to adopt in longitu-
dinal and transverse analyses. Using the derived subsoil stiffness and the designed
thickness of the foundation layer, including their covariance lengths or themost con-
servative covariance lengths (close to a derived split value), distributions of average
bedding stiffness per segment can be derived. Using 5% and 95% of these distribu-
tions as design values for the stiffness for an alternating bedding approach. More ad-
vanced would be the derivation of themaximum shear force using the total method.
When the covariance lengths are unknown or only known as bandwidths, probabilis-
tic methods will be valuable, as conditioning can decrease the variation on the shear
forces.

In reality, the soil will also vary in the support area of the tunnel. The application
of themethodneeds adjustment,where the applicable distribution of the soil param-
eters develop over the area. Usually, different CPTS are taken over the area. Different
stiffness subsoil characterisations can be found in the support area. It is up to the
designer how to account for these differences as the characterisation of the subsoil
stiffness can be assumed to be continuous or with discrete transitions. Both options
can be served using the quantile transformation to the quantiles of the local subsoil
distribution.
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Summary
Summarising, in order to apply the method in design, if no covariance is known, first
the split value needs to be found using aMonte Carlo approach, as the approach only
captures monotonic behaviour in the distributions. With the split value found, mul-
tivariate distributions with NPBN or VC can be found for the interval below the split
value and above the split value. Conditioning the multivariate distribution models
can be applied either below the split value or above close to the split value. This will
result in a conditional probability distribution for the shear key forces to be used in
design.

A design can be optimised in terms of reduction of the number of joints as it will
directly effect the shear key force, although the lengths of the segments are depen-
dent onmore circumstances than the shear key force. If field research results inmore
information on the actual covariance length of the subsoil stiffness or if the dredging
process is supplied with quality measures to have a very large covariance length, a
better understanding of the shear key force can be obtained than by application of
the alternating bedding approach.



5
Reliability analysis of traffic in
submerged floating tunnels

5.1. Introduction¹
As mentioned in Section 2, an SFT is a buoyant structure that can be stabilised differ-
ently. In this chapter a reliability analysis is conducted on an SFT that is stabilised by
floating pontoons at the surface.

200m
600m

Figure 5.1: SFT supported by floating pontoons

An SFT is similar to an IMT. For example, both depend on gravity-induced vertical
loads such as dead weight, vehicle weight, the self-weight of the structure, and its
buoyancy. However, an IMT is supported on the seabed, whereas an SFT is floating.
This makes an SFT a structure in a dynamic hydraulic environment and will thus be
differently (externally) loaded than an IMT. An IMT is usually covered with a protec-
tive layer of soil and is continuously supported by soil bedding. An SFT structure is

¹This chapter is based on journal paper: Structural reliability analysis of a submerged floating tunnel under
copula-based traffic load simulations - Torres et al. (2022) [38]
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floating during its lifetime and relies on the balance between the up and down-ward
vertical forces and is discretely supported along the alignment by pontoons or teth-
ers. Flooding due to leakage of both types of tunnels will result in a significant loss.
In case an IMTfloods, it will get a larger vertical load andwould under go settlements.
However, after sealing the leakage and emptying the IMT, it is still in place and could
still be an option to recover the structure although massive repair operations might
be required as described by Tveit (2010) [100]. In case an SFT floods, the buoyancy bal-
ance is lost and large displacements could lead to a progressive behaviour ofmultiple
leaks along the alignment. In case of flooding, the risk of losing the structure with-
out an option to repair is significantly high. Therefore, it is essential to avoid large
leakage of SFTs. It can be discussed that tether supported SFTs are more vulnerable,
but Grantz (2010) [101] also concludes that pontoon structures are vulnerable to to-
tal destruction by flooding. In this chapter is focused on flooding by leakage of the
tunnel lining, worth to mention is that flooding of the hinterland might be a conse-
quence if the hinterland’s elevation is lower than the tunnel’s entrance as described
by Luniss (2013) [102], so the risk might also relate to consequences outside the tun-
nel structure; this is not limited to the SFT structures but also to IMT and bore tunnel
structures.

An SFT will be subjected to several different loads over time, such as wind and
wave loads, the risk of collisions, tidal loads, and internal loads. Together with these
loads, other failuremechanisms canalso be considered. Themethodpresented in this
chapter is based on a hypothetical single tube tunnel supported by pontoons with
an outer radius of 5𝑚, a wall thickness of 1𝑚, and spans of equal size of 200𝑚 (see
Figure 5.1. The focus in this chapter is on the relationship between traffic load over
time and resistance to leakage due to cross-sectional failure. A first design guide for
SFT structures was published recently [103]. This guide describes several other design
and loading situations in addition to the one considered in this chapter. The method
presented here focusses on traffic-induced bending failure and static buoyancy loads
(resulting forces from self-weight and dead load and the Archimedes forces), other
loads and failure mechanisms are beyond the scope of this research.

The traffic load is defined as afluctuating load in bothmagnitude, occurrence, and
position over the structure. A traffic model based on Weight-In-Motion (WIM) data
of heavy vehicles (heavier than 3.5 tons) is used to represent traffic at the tunnel. This
data containsmeasurements for vehicle types, lane, speed vehicle length andweight,
individual axle weight, and inter-axle distances. In a pontoon-type SFT, the weight
loads are larger than the buoyancy load of the structure, and the traffic loads act in
the same vertical downward direction as the resulting forces of the permanent loads.
Thus, traffic loadswill add to the resulting forces caused by permanent and buoyancy
loads. An SFT must have sufficient reserve capacity to be able to carry the traffic load
as described by Ingerslev (2010) [104]. However, in a tethered-type SFT, permanent
loads act in the opposite direction. The traffic loads and the resulting forces of the
permanent loads compensate for each other. A schematic overview of the loading on
a pontoon-type SFT is presented in 5.7.

The methodology presented in this chapter is based on probabilistic modelling
(copula-based models) of input parameters, mathematical calculation methods, and
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structural designprinciples. The approach results in amore realistic approximation of
the structural response of the SFT. The SFT is tested for one failure mechanism: leak-
age failure due to longitudinal bending of the SFT tube. Approximately, this method-
ology consists of:

i. simulating the traffic passing through the SFT using a copula-based model in
whichWIM data are the input,

ii. computing the resulting bendingmoments, shear forces, and displacements of
the SFT through a finite element method (FEM) model,

iii. performing a reliability analysis on the bending moments obtained in the pre-
vious step.

Traditionally, the requirements on structures are based on the target reliability,
which is related to the consequences. The target reliability requirements increase if
the consequences become larger; see also 3. This chapter presents a design adaption
related to uncertainty and less predictable loading over time that is independent of
the required target reliability. The method presented in this chapter results in relia-
bility in terms of the return period of a design. It is up to the designer to validate the
reliability requirements, and if it fails, the design needs to be adapted.

A similar approach to the one presented in this chapter was used to investigate
bridges under traffic and earthquake loads by Medoza-Lugo et al. (2019) [26], where
only heavy vehicles are investigated. The methodology presented by Tabatabai et al.
(2017) [105] uses empirical copulas to characterise the WIM data to assess the load
effect of heavy trucks on bridges. Copula models have been used in the past in trans-
portation studies. Spissu et al. (2009) [106] proposed a copula-based model to study
the relationship between vehicle type choice and usage (miles travelled). In Bhat and
Eluru (2009) [107] analyses the effects on travel behaviour by studying the depen-
dence between residential neighbourhood choice and daily vehicle miles of use by
the household (VMT). In relation to traffic variables, Zou & Zhang (2016) [108] used
a copula-based model to characterise the dependence between vehicle speed, head-
way and length.

Industry can benefit from this research to better understand the response of SFT
to traffic loads. The flexibility of this methodology also allows them to study dif-
ferent configurations of SFT (pontoon, tethered, or supported by underwater piers).
Moreover, this methodology can be applied to other variables of interest that may
affect the structure under investigation, such as metocean loads (waves and cur-
rents), among others. Finally, this research can be used as a reference when data
is scarce, since copula models can produce simulations that retain the probabilistic
dependence between the variables.

This chapter starts by describing themodelling approach in Section 5.2. A brief de-
scription of the trafficdata and simulation is presented in Section 5.3. After the results
in 5.4, the chapter is closed with conclusions, discussions, and recommendations.
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5.2. Modelling Approach
5.2.1. General Overview
In this section, the methodology is presented to perform a SFT reliability analysis us-
ing a combination of copula-basedmodels and structural FEMmodels. The reliability
analysis is conducted by the definition of the Limit State Function. An SFT structure
is a buoyant structure where leakage will cause imbalance of the structure and could
initiate progressive collapse. In this research, the limit state function is based on leak-
age caused by bending moments as a result of traffic loads. SFT structures can be af-
fected by different types of load, and leakage due to bending failure is just one of the
many failure modes. However, other failure modes or the influence of other load-
ing variables are considered beyond the scope of this investigation. The modelling
approach used in this chapter consists of the following steps (Figure 5.3):

■ First, simulation of traffic passing through the SFT is carried out by using a
copula-based model that characterises the distance between vehicles (inter-
vehicle distance).

■ Simulation of traffic is carried out for a determined ”period of time” based on an
average number of vehicles per unit time (i.e. one year). The result is a ”train”
of vehicles that will include the number of axles, axle weights, inter-axle dis-
tances, and inter-vehicle distances, see Figure 5.2.

■ Then, the resulting time series of traffic are used as input in a FEMmodel, based
on the Direct Stiffness Method (DSM) and the Differential Equation Method
(DEM), to test its effect on the structure of the SFT in terms of cross-section
results, like bending moments, shear forces, and displacements.

■ From the bendingmoments, a stress distribution can be derived in order to val-
idate the compression zone of the section.

■ Finally, a reliability assessment is performed on the limit state (leakage failure
mechanism due to bending moments in the longitudinal direction). The find-
ings of the assessment can lead to adjustment or optimisation of the water-
tightness of the SFT section.

𝐷𝑡1 𝐷𝑡2 𝐷𝑡3

Figure 5.2: Train of vehicles, 𝐷𝑡𝑖 refers to the intervehicle distance [m]
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Figure 5.3: Modelling overview flowchart

5.2.2. Copulas for inter-vehicle distance
The traffic load passing through the tunnel is defined by four main variables (Figure
5.4),

■ axle weight (𝐴𝑋1, 𝐴𝑋2),
■ distance between axles, (𝐷𝑇𝐹1, 𝐷𝑇12, 𝐷𝑇𝐿𝐴𝐸),
■ inter-vehicle distance (𝑋𝑡)
■ number of axles per vehicle

In this research, a copula-basedmodel is used to characterise the inter-vehicle dis-
tance by estimating the autocorrelation of this variable. The bivariate copulas were
explained in 2.4. This allows us to create amore realisticmodelling of the traffic pass-
ing through the SFT. The distinction between inside and outside congestion hours is
also considered for this analysis.

1AX2AX

1DTF12DTDTLAE

t
X

Figure 5.4: Traffic variables

𝐻𝑋𝑌(𝑥, 𝑦) = 𝐶{𝐹𝑋(𝑥), 𝐺𝑌(𝑦)} (5.1)
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Here, 𝐻𝑋𝑌(𝑥, 𝑦) is the joint distribution of the two continuous random variables
(𝑥, 𝑦) ∈ ℝwithmarginal distribution 𝐹𝑋(𝑥) and 𝐺𝑌(𝑦) in the interval [0, 1] and a cop-
ula taking values from the unit square 𝐼2 = ([0, 1] × [0, 1]), so that for all (𝑥1, 𝑥2)
Equations 5.1 are satisfied. If 𝐹 and 𝐺 are continuous, then 𝐶 is unique. For a com-
plete treatment of copulamodelling, the reader is referred to Joe (2014) [109] and the
references therein.

In order to estimate the parameters, select the model and simulate the bivariate
copula models, the VineCopula package [110] is used. This tool is developed in R, a
free software environment for statistical computing and graphics [111]. The package
includes copulas such as Gaussian, Gumbel, Clayton, t, Joe, BB1, BB6, BB7, BB8, as
well as their rotated versions. The parameters are estimated by pseudomaximum
likelihood, and the copula families were selected on the basis of Akaike’s information
criterion (AIC). Let 𝑋 denote a random variable (for example, the distance between
vehicles) with distribution 𝐺𝑋. The time series of interest is {𝑋𝑡}, 𝑡 ∈ ℕ. The transition
distribution is givenby Equation 5.2. where𝐶𝜃𝑋 (𝑢|𝑣) is the conditional copula. Notice
that the parameter 𝜃𝑋 would model autocorrelation of order 1 for the time series of
interest. In this study, for a sequence of intervehicular distances, the formulation in
Equation 5.2 is used to simulate the values of the distance between vehicles. The
graphical representation of this process is presented in Figure5.5.

𝐻(𝑥𝑡|𝑥𝑡−𝑙) = 𝑃(𝑋𝑡 ≤ 𝑥𝑡|𝑋𝑡−1 = 𝑥𝑡−1) = 𝐶𝜃𝑋 (𝐺(𝑥𝑡)|𝐺(𝑥𝑡−1)) (5.2)

… 𝑋𝑡−1 // 𝑋𝑡 // 𝑋𝑡+1 …

Figure 5.5: Graphical representation of the process for inter-vehicle distance.

Thismodel has beenproposedbefore byMorales and Steenbergen (2014,2015) [59,
112] for themodelling of traffic loads in bridge reliability and for themodelling of time
series of hydrological variables by Torres and Morales (2020) [113].

5.2.3. Simulating traffic
An algorithmwas developed to simulate traffic through the SFT. Themain goal of this
algorithm is to capture the daily characteristics of different traffic scenarios, which
will be explained in Section 5.3.1, while maintaining the proportion of vehicles per
traffic scenario and category. The main steps are the following.

i. simulating the number of vehicles (per day, lane, traffic scenario and vehicle
category),

ii. simulationof inter-vehicle distances (𝑋𝑡) usinga copula-basedmodel (per traffic
scenario),

iii. random sampling of axleweights and respective inter-axle distances froma ve-
hicle data base (VH),
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iv. combining the results from the previous steps to form a ”train” of vehicles

The algorithm starts by loading the required variables and the fitted copulas cor-
responding to each traffic scenario. The simulation is performed daily, where the
number of vehicles per lane is randomly sampled from its corresponding empirical
cumulative distribution function (ecdf). Then, the number of vehicles per traffic sce-
nario and category is obtained by multiplying the total number of vehicles per lane
by its corresponding vehicle proportion. This operation is carried out until the desired
number of days is reached.

Next, for each traffic type, the simulation of inter-vehicle distances is executed
from its corresponding fitted copula. And, since the vehicle category proportion per
traffic type is known, the random extraction of axle weights and inter-axle distances
from the VH data set is carried out.

Finally, the inter-vehicle distances (𝑋𝑡), axle weights, and inter-axle distances are
put together in a vector to form a ”train” of vehicles (Figure 5.4) that is used as input
for the structural model. A simplified flow chart of the traffic simulation algorithm
can be found in 5.6.

Start

■ WH Data
■ ECDF of daily number of vehicles (per

lane)
■ Proportion of vehicles per traffic

scenario
■ Ideal day data:

– Copula fit
– Daily proportion of vehicle
categories

– Proportion of vehicles per traffic
scenario per lane, per traffic type

𝑖 ≤ 𝑛𝑑𝑎𝑦𝑠
𝑗 ≤

𝑛𝑡𝑟𝑎𝑓𝑓𝑖𝑐𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜𝑠 𝑗 ≤ 𝑛𝑙𝑎𝑛𝑒𝑠 # vehicles per lane (𝑛𝑣𝑒ℎ) from random sampling from
daily distribution (ECDF)

# vehicles per traffic scenario per lane
(𝑛𝑣𝑒ℎ.𝑠𝑐𝑒𝑛 = 𝑛𝑣𝑒ℎ)⋅ proportional traffic scenario
# vehicles per traffic scenario per category
(𝑛𝑣𝑒ℎ.𝑠𝑐𝑒𝑛.𝑐𝑎𝑡) = 𝑛𝑣𝑒ℎ.𝑠𝑐𝑒𝑛⋅ proportional of vehicles per
traffic scenario
per category

- Simulation of inter-vehicle distances from respective
copula
- Random sampling of axle weights and inter-axle dis-
tances from BN data

Putting together the axle
weights, inter-axle distances and
inter-vehicle distances in one vec-
tor

End

Figure 5.6: Traffic simulation model
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5.2.4. Structural model
The structural system of the SFT is characterised by beams supported by pontoons.
The methodology for the structural model is based on the Direct Stiffness Method
(DSM) and theDifferential EquationMethod (DEM). Thismethodology is used to anal-
yse the structure and determine the structural response in terms of cross-sectional
results, such as bending moments. The application of these methods is focused on
computational efficiency. The selected structural system of beams that suffices for
this analysis. However, if the structure is loaded by 3D and dynamic loading, such
as wave loads, impact loads, and others, a different modelling approach is required,
using shell or solid models. With this slender implementation, the same geometri-
cal model can be used for multiple load cases with arbitrarily located discrete loads
without the need to split the model into many elements. In this way, a performance
penalty is avoided. The SFTmodel has spans of equal size (200𝑚) and the stiffness of
the tethers is the same for all pontoon connections. The pontoons by themselves are
considered hinged supports. A graphical representation of this model is presented in
Figure 5.7. The model is simplified by considering only two full spans and two half
side spans with symmetry supports (fixed rotations, free vertical translations). The
system has a total length of 600𝑚 and is considered a monolithic structure without
flexible joints or hinges. In total, the structural system consists of eight nodes and
seven beams.

The system is loaded with traffic loads that represent the axle weights of vehi-
cles driving through the SFT. These traffic loads are the result of the methodology
presented in Section 5.2.2. The loading is defined as axles with an intermediate dis-
tance (inter-vehicle distance). More details on loading characterisation are given in
Sections 5.3 and 5.4.

Since the load represents the axles of moving vehicles, the single axle load can
therefore be positioned anywhere on the structure. For this reason, a grid is defined
throughout the structure with a grid size of 1 m, resulting in a total of 600 individual
positions along the structure. For each of the 600 individual positions, a unified axle
load can be used to calculate the individual influence on the system cross sectional
results (bending moments, shear forces) as presented in Figures 5.7b and 5.7c.

In general, in global design analyses, linear structural behaviour is used to find
the global response of the structure. Nonlinear effects such as cracking or plasticity
are considered in local cross-sectional analyses to design reinforcement or validation
of the section. In this research, leakage of the SFT is considered as the limit state
function. For simplicity, unfactored loads are considered. Partial load factors could be
applied, but they will differ for different standards and different scenarios.

Due to the assumption of an elastic response of the global structure, the super-
position principle can be used. Therefore, a discrete unit load is applied at each point
in the grid along the structure to gather the results of a single-point load, resulting
in 600 individual unit load cases. These cross-sectional results and displacements for
each unit load case are gathered in matrix 𝑅𝑢 that represents a point load at each
point in the grid along the SFT model. Then, this resulting matrix is multiplied by
each vector subtrain of vehicles �⃗�𝑡 using the superposition principle, which contains
the factors related to the axle weight.



5.2. Modelling Approach

5

73

a
x

y

b

c

d

Figure 5.7: From top to bottom: (a) SFT scheme, (b) Structural system, (c) Bending moments due to a unit
force load, (d) Bending moments due to buoyancy weight ratio (BWR) load.

In this way, the axle loads can act in any of the 600 grid points, and if for each sit-
uation a FEM analysis was performed, the analysis time would increase significantly.
For each situation, the unit loads are multiplied by factors based on the axle weights
and can be considered as the axle loads. The sum of all axle loads for the situation
leads to the cross-sectional results for the situation.

The structural response due to each situation is obtained and added to the re-
sponse caused by the BWR (𝑅𝐵𝑊𝑅), as presented in Equation 5.3. By applying the sub-
train vector �⃗�𝑡 , the loads on the end fields are excluded from the vector �⃗�𝑡 due to
symmetry. This symmetry acts as a mirror for the loads in the support condition. A
single load on an end field will then be considered as a double load butmirrored over
the support condition. The envelope of all situations including the results from the
BWR will present the maximum cross-sectional forces.
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For the case of a pontoon-SFT, the total bending moments are the result of the
upward buoyancy force and the permanent loads acting on the structure (self-weight
and dead weight). The relationship between permanent loads and buoyancy load is
described as the BuoyancyWeight Ratio (BWR) and can be influenced by changing the
ballast of the structure. The resulting distributed force (BWR load) has a downward
direction that coincides with the traffic load. For simplicity, the BWR is considered
constant over the length of the system. For example, for a BWR of 1.1, the perma-
nent load acting on the structure is 10% higher than the upward buoyancy force. The
bending moments caused by the BWR are presented in Figure 5.7d.

The axle loads (or axleweights) and their corresponding inter-vehicle distance are
treated as a long train of axle loads. Each axle load has a different magnitude. ’Sub-
trains’ (situations, smaller portions of the axle load train) can be derived by moving
the 600m model over the vehicle train. All ”subtrains” of loads are combined in a
matrix 𝐹𝑡 on a grid position. However, the number of subtrains (�⃗�𝑡) is substantial and
the use of DSM and DEM for each subtrain leads to a time-consuming process.

[𝑅𝑡] = [𝑅𝑢] ⋅ �⃗�𝑡 + [𝑅𝐵𝑊𝑅] (5.3)

From the cross-sectional results and displacements for each subtrain in (𝑅𝑡), the
envelope of the results (𝑅𝑒) is found. The minimum and maximum values of the re-
sults, such as bending moments and shear forces, can be distinguished along the
structure. The resulting envelopes of the bendingmoments and shear forces are pre-
sented in Figures 5.8 and 5.9. If the traffic model (Section 5.2.2) generates a longer
data set, then different distributions for 𝑅𝑒 are found. For each data set generated by
the traffic model, a different 𝑅𝑒 is found.

Figure 5.8: Envelope of bending moments
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Figure 5.9: Envelope of shear forces

5.2.5. Limit state
The cross section of an SFT can be of different shapes; in this chapter, a tubular cross
section is used (Figure 5.10). If necessary, this cross section may be post-tensioned in
an asymmetrical manner.

One of themain threats of an SFT is the large ingress ofwater (leakage). This could
lead to changes in the BWR. Should this be the case, the loads acting on the structure
will be larger, i.e. the structure becomes heavier due to the presence of water. As a
consequence, the distributed load (𝑞𝐵𝑊𝑅) and𝑅𝐵𝑊𝑅 will increase significantly. Conse-
quently, the design might not meet the requirements in terms of bending moments,
forces, and displacements. In a worst-case scenario, this may even cause a progres-
sive collapse of the SFT, because leakage can lead to the appearance of other failure
mechanisms (whose investigations are out of the scope of this research).

Figure 5.10: Tubular section with post-tensioning and regular reinforcement
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Concrete is considered to be watertight when it is in compression; therefore, ten-
sile stresses could lead to cracking that could facilitate leakage. If the concrete is in
compression, leakage cannot occur. In Eurocode 1992 [114], there are requirements for
liquid-retaining and containing structures that are based on liquid passing through
cracks. Different classes of liquid tightness are defined. In classes 2 and 3 (which are
the highest requirements), it is required that cracks do not reach the full thickness of
the structure. The requirement is set as a minimum compression zone in a section.
For the SFT, this is the thickness of the tubular cross section. If part of the thickness
remains in compression (the compression zone), the tightness of the liquid is guar-
anteed. The minimum value required for this compression zone is the maximum of
50mm or 0.2ℎ, where ℎ is the thickness of the section. In other words, failure is con-
sidered if the compression zone at the thickness of the tubular cross section of the
SFT (𝑡𝑠) is smaller than 0.2ℎ. The location of the compression zone in the full cross
section is presented in Equations 5.4, 5.5 and 5.6. If this water-tightness requirement
is applied to the SFT structure (Section 5.4.1), the minimum compression zone of the
section is defined by 𝑥𝑐 , while the fibre location in the cross section (𝑥𝑓𝑖) is defined by
the inner radius (𝑅𝑖) and the compression zone. The sectional modulus (𝑤𝑓) can be
found by dividing the second moment of the area (𝐼𝑧) by the vertical location of the
fibre (𝑥𝑓). See Figure 5.11.

𝑥𝑐 = 0.2𝑡𝑠 (5.4)

𝑥𝑓𝑖 = 𝑅𝑖 + 𝑥𝑐 (5.5)

𝑤𝑓 =
𝐼𝑧
𝑥𝑓

(5.6)

The pontoon-SFT is loaded with the BWR load and the traffic loads, resulting in
cross-sectional forces and moments as found in the resulting envelope (𝑅𝑒). With
these sectional forces and moments, the stress distribution over the section can be
derived. Post-tensioningwill introduce a normal force (𝑁𝑎𝑥,𝑝𝑡) which is found bymul-
tiplying the post-tension stress times the area of the symmetric post-tension cables.
If post-tensioning ina section is appliedasymmetrically (purpledots in Figure 5.10), an
additional bendingmoment (𝑀𝑝𝑡) is introduced as𝑁𝑎𝑠,𝑝𝑡 ⋅ 𝑎. Where𝑁𝑎𝑠,𝑝𝑡 is the post-
tension stress multiplied by the area of the asymmetric post-tension cables and 𝑎 is
the lever arm defined as the location of the resultant of the asymmetric post-tension
force (𝑁𝑎𝑠,𝑝𝑡). When using a superposition principle, the stress state (𝜎𝑓) in the spe-
cific fibre can be derived with Equation 5.7 for themaximum bendingmoment of the
envelope.

𝜎𝑓 =
𝑀 +𝑀𝑝𝑡
𝑤𝑓

+
𝑁𝑎𝑥,𝑝𝑡 + 𝑁𝑎𝑠,𝑝𝑡

𝐴𝑐
(5.7)

Where:

■ 𝜎𝑓 : Stress at outer fibre
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■ 𝑀 : Total bending moment𝑀 = 𝑀𝑡𝑟 +𝑀𝐵𝑊𝑅
■ 𝑀𝑡𝑟 : Bending moment due to traffic load envelope at the considered section

■ 𝑀𝐵𝑊𝑅 : Bending moment due to BWR load at the considered section

■ 𝑀𝑝𝑡 : Bendingmoment due to asymmetric post tensioning defined as𝑁𝑎𝑠,𝑝𝑡 ⋅ 𝑎
■ 𝑁𝑎𝑥,𝑝𝑡 : Axial post tensioning
■ 𝑁𝑎𝑠,𝑝𝑡 : Asymmetric post tensioning

■ 𝑎 : Lever arm
■ 𝐴𝑐 : Section area

Similarly to Equation 5.3, due to the superposition principle, 𝑀𝑡𝑟 can be derived
from𝑀 because𝑀𝐵𝑊𝑅 is a constant value for any cross section of the model. In the
limit state function, the sign conventions should be respected. Thus, 𝑀, 𝑀𝐵𝑊𝑅 , and
𝑀𝑡𝑟 will act in the opposite direction as𝑀𝑝𝑡 . The structure fails if 𝜎𝑓 > 0 as shown in
Figure 5.11 and the SFT suffers leakage.

Here, 𝜎𝑓 = 0 is considered the limit value of the total bending moment𝑀. Thus,
the bending capacity is defined by Equation 5.8. The structure fails if𝑀 (total bend-
ing moment) is greater than𝑀𝑐𝑎𝑝, defined as a limit for the bending moment. Thus,
the probability of failure is defined as 𝑃𝐹(𝑀 > 𝑀𝑐𝑎𝑝). Since𝑀𝐵𝑊𝑅 is constant for any
cross section in the model, the limit state function for the maximum bending mo-
ment caused by traffic is Equation 5.9. In that case, the structure fails if𝑀𝑡𝑟 is greater
than𝑀𝑡𝑟,𝑐𝑎𝑝 and the probability of failure is defined as 𝑃𝐹(𝑀𝑡𝑟 > 𝑀𝑡𝑟,𝑐𝑎𝑝).

Figure 5.11: Longitudinal section with with respect to the limit state

𝑀𝑐𝑎𝑝 = −𝑁𝑎𝑠,𝑝𝑡 ⋅ 𝑎 −
(𝑁𝑎𝑥,𝑝𝑡 + 𝑁𝑎𝑠,𝑝𝑡) ⋅ 𝑤𝑓

𝐴𝑐
(5.8)
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𝑀𝑡𝑟,𝑐𝑎𝑝 = −𝑀𝐵𝑊𝑅 − 𝑁𝑎𝑠,𝑝𝑡 ⋅ 𝑎 −
(𝑁𝑎𝑥,𝑝𝑡 + 𝑁𝑎𝑠,𝑝𝑡) ⋅ 𝑤𝑓

𝐴𝑐
(5.9)

5.3. Traffic Data and simulation
Traffic data is formed by two data sets, namely WIM and VH. The WIM (Weight in
Motion) data set consists of measurements of heavy vehicles on the National High-
way A12 (km 42) in Woerden (The Netherlands) for two lanes (RW-12-L-2 and RW-12-
L-3), described by Vervuurt et al. (2015) [115]. These measurements include time of
measurement, vehicle category, lane, speed, the total length of the vehicle, the total
weight of the vehicle, axle weight, and inter-axle distance. This data is available for
27 days in April 2013 (from 3 to 30) with a total of 157.000 vehicles roughly divided
into 26 vehicle categories (B.1). All categories were considered for analysis and traffic
simulation according to their proportion within the data set. For details on the ac-
curacy of the data, the reader is referred to Vervuurt et al. (2015) [115]. In this data
set, congestion was automatically filtered. In other words, the measurements were
neglected if the traffic had a velocity lower than 40[𝑘𝑚/ℎ]. This specific WIM data
set was chosen because it is used as input to the model developed byMendoza-Lugo
(2022) [26] fromwhich the second data set (VH) is obtained (Figure 5.12).

The second data set (VH) is the result of a Bayesian Network-based (BN) model
developed byMendoza-Lugo (2022) [26]. The data set is a collection of approximately
300.000 vehicles with their corresponding axle weights and inter-axle distances (the
number of axles per vehicle is defined consequently) that were randomly generated
using the BN model. This data set is discussed further in the next section. For the
purpose of this research, the WIM data is defined by four variables;

i. axle weight,
ii. inter-axle distance,
iii. inter-vehicle distance
iii. number of axles per vehicle .

An overview of different vehicles and their number of axles is presented in Figure 5.4.
The aim of the traffic copula-based model is the characterisation of the inter-

vehicle distance. In Figure5.4, 𝑋𝑡 refers to the distance between vehicles (in kilome-
tres). 𝐴𝑋1, 𝐴𝑋2 are the weights of axles 1 and 2 [KN]. 𝐷𝑇𝐹1, 𝐷𝑇12, and 𝐷𝑇𝐿𝐴𝐸 are
the distances between the axles (in metres).

In this research, the traffic model is focused on characterising the distance be-
tween vehicles (see Figure 5.5 and Figure 5.4). However, both data sets are used as a
baseline to simulate the traffic variables that define the traffic load passing through
the SFT.
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5.3.1. Data Processing
The relationship between the WIM data set, the VH data sets, and the copula-based
model is explained in this section. This link is visualised in Figure 5.12 and is discussed
in the following paragraphs.

WIM Data - Inter-vehicle distances

- Daily distribution of vehicles,

per lane

- Daily proportion of vehicle’s

category per lane

- Daily number of vehicles per

traffic type

- Monthly proportion of

vehicle’s category

BN Model
- Axel weight

- Inter-axle distance

- Number of axles per vehicle

Traffic Simulation

“Ideal” Day

data

Copula-based

Model

VH Data

Figure 5.12: Data Overview for simulation of traffic.

For WIM data only normal weekdays are considered, and weekends and national
holidays were excluded from the analysis. The ”regular” days were analysed on three
different time scales: hourly, daily, and monthly.

Hourly Analysis
The data sets are illustrated by histograms, so examination on a hourly scale became
possible. With these visualisations, the congestion (large number of vehicles) and
free-flowperiods (lownumber of vehicles) could be distinguished. An example is pre-
sented in Figure 5.13 (April 4th). The data were split into three different groups;

i. Free flow before congestion hour (Free Flow A),
ii. Congestion hour
iii. Free flow after congestion hour (Free Flow B)

This results in six different traffic scenarios: 3 groups for 2 lanes, namely, C_L2, C_L3,
F_L2_A, F_L2_B, F_L3_A, and F_L3_B. Table 5.1 shows the meaning of this nomencla-
ture.

Nomenclature Traffic type and lane
C_L2 Congestion lane 2
C_L3 Congestion lane 3
F_L2_A Free flow A lane 2
F_L2_B Free flow B lane 2
F_L3_A Free flow A lane 3
F_L3_B Free flow B lane 3

Table 5.1: Nomenclature for hourly classification of traffic.
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Figure 5.13: Hourly classification of traffic of WIM data [115]. April 4th, 2013.

For these six traffic scenarios, the corresponding inter-vehicle distances {𝑋𝑡} are
obtained as shown in Equation 5.10 [115].

𝑋𝑡 = 𝑆𝑡−1 ∗ (𝑖𝑡 − 𝑖𝑡−1) (5.10)

Where,

■ 𝑋𝑡: Inter-vehicle distance at discrete time 𝑡 [km].
■ 𝑆𝑡−1: Vehicle speed at time 𝑡 − 1 [km/h]. The vehicle is assumed to travel at

constant speed.
■ 𝑖: Discrete time indices of the variable of interest (not calendar time).

Daily Analysis
On a daily scale, two variables are analysed: i) the daily distribution of vehicles per
lane and ii) the daily amount of vehicles per traffic scenario. Empirical cumulative
distribution functions (ECDFs) are constructed to characterise the daily number of
vehicles throughout the month in lane 2 and 3. This is to gain insight into how the
daily number of vehicles (on normal-condition days) varies. These ECDFs were not
fitted to parametric distribution functions, since the number of normal conditions
days is small. Consequently, the fit would not be reliable. Figure 5.13 shows that the
number of vehicles in lane 2 is much smaller than in lane 3 at any time of the day.
The average daily number of vehicles for lanes 2 and 3 is approximately 460 and 5150
vehicles, respectively.
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Creating the ”ideal” day
One single day was chosen to represent the entire month for calculation the daily
number of vehicles per traffic scenario. This was the result of comparing the data for
each day with normal conditions, considering factors such as the daily vehicle count
and the existence of measurement errors. April 10𝑡ℎ appeared to have the highest
number of vehicles and the lowest number of measurement errors. Thus, the pro-
portion of vehicles per traffic scenario was obtained from the selected day (see B.2).
The selected proportion is used to estimate the number of vehicles per category and
traffic scenario given a daily number of vehicles. The definitions of vehicle categories
are presented in B.1.

An ideal day is defined by combining i) the daily proportion per category and type
of traffic and ii) the fitted copulas characterising 𝐷𝑡 per type of traffic. This ideal day
is a representation of the entire month and is the basis of the traffic simulation algo-
rithm.

As mentioned previously, the daily proportion (%) per category and traffic type
is represented by data from April 2013 10𝑡ℎ (Figure 5.13). The inter-vehicle distances
(𝐷𝑡) of all traffic scenarios (of each day of normal conditions) were fitted to bivariate
copulas. This process characterises the dependence of the distance between vehicles
and its lagged version (𝐷𝑡 ,𝐷𝑡+1). As a result, the autocorrelation of this variable is
obtained.

Following a similar approach as for vehicle proportion, the copula that charac-
terises the ideal day was selected by comparing the fitted copulas (and its parame-
ters) of every normal-condition day among the six traffic scenarios. The criteria for
choosing an appropriate copula include:

■ The selected copula is the best fit for most of the normal-condition days of a
given traffic scenario.

■ The correlation value obtained from the simulated data (generated by thefitted
copula) is similar to the correlation of the observations.

As a result, each traffic scenario is characterised by different copulas, each one
belonging to different days of the month (Section 5.4.1).

Monthly Analysis
In this section, the number of vehicles per category and its corresponding proportion
(%) relative to the monthly number of vehicles was calculated. The monthly propor-
tion of vehicles is very similar to the daily proportion. This classification was applied
to the entire data set without making any distinction between lanes.

Themonthly proportion (B.3) is used as input for the BNmodel developed byMen-
doza-Lugo (2022) [26] (Figure5.12). Thismodel generates a vehicle characteristics data
set (VH) according to its category while maintaining the same proportion of vehicles
as input. In other words, the BN model provides the number of axles, axle weights,
and inter-axle distances of the vehicles according to its category. For a complete
overview of the BN model, the reader is referred to Mendoza-Lugo (2022) [26]. For
this study, the VH data set contains 300.000 passing vehicles characterised by the
proportion of categories presented in B.3.
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5.4. Results
5.4.1. Copula-based model for inter-vehicle distances
As mentioned in section 5.3.1, traffic is characterised by six different traffic scenarios
(Table 5.1). By combining the fitted copulas of each traffic scenario with the selected
daily proportion of vehicles, an ”ideal-day” data set is formed. This data set is the
basis for the simulation of traffic through the SFT.

Table 5.2 presents the copulas that were selected for each scenario and its corre-
sponding parameters (see Table 5.1 for nomenclature). Note that copulas of different
days characterise each one of the traffic scenarios. The VineCopula package (in R),
developed by Schepsmeier et al. (2018) [110] was used to fit the copulas to the data
sets (Section 5.2.2). The parameters were estimated by pseudo-maximum likelihood,
and the copula families were selected on the basis of Akaike’s information criterion
(AIC).

Scenario Copula Day Copula parameter(s)
C_L2 Gaussian 25 𝜌 = 0.148 -
C_L3 Frank 10 𝜃 = -0.304 -
F_L2_A Joe 17 𝜃 = 1.519 -
F_L2_B BB8 17 𝜃1 = 1.717 𝜃2 = 0.900
F_L3_A Gumbel 17 𝜃 = 1.137 -
F_L3_B Joe 11 𝜃 = 1.160 -

Table 5.2: Selection of copula and corresponding parameters for each scenario.

Table 5.3 shows the Spearman’s correlation value for the observations (𝐷𝑡 ,𝐷𝑡+1).
Note that the correlation values are relatively low, especially for C_L2 and C_L3. Nev-
ertheless, the selected copulas are able to capturewell the characteristics of the inter-
vehicle distance for the simulation of traffic.

For the case of 𝐶_𝐿3, the correlation value is negative. This means that the dis-
tance between vehicles at time 𝑡 increases the inter-vehicle distance at time 𝑡 + 1
decreases or vice versa. Physically, this means that when a vehicle gets closer to the
one in front of it, it gets further away from the vehicle behind. Similarly, a positive
correlation means that the inter-vehicle distance behind a vehicle increases as the
distance behind it also increases.

Correlation
C_L2 0.103
C_L3 -0.093
F_L2_A 0.414
F_L3_A 0.289
F_L2_B 0.054
F_L3_B 0.10

Table 5.3: Spearman’s Rho correlation value for observations of traffic scenarios.

Figure 5.14 shows the simulated inter-vehicle distances together with the obser-
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vations for each traffic type. The data is presented as standard normal. The plots from
both simulations and observations are very similar. Notice that the observations for
congestion traffic scenarios (Figure 5.14a-5.14b) are clusteredmainly in the centrewith
their shape resembling a circle. Although the plots for the free flow scenarios (Figures
5.14c-5.14f) are clustered in the centre, they present a slight asymmetry in the upper
right corner of the plots. Nevertheless, the dependence structure of these copulas
does not present great asymmetry, and the correlation values of the observations
and simulations are very similar despite being relatively small. This is confirmed by
the results presented in B.2.

The resulting simulated traffic series has an extent of 1 year (365 days) and rep-
resents traffic during regular weekday conditions, since weekends and national holi-
days were ignored in the analysis. This time series is used as input for the structural
model.

5.4.2. Structural Model
In order to derive the structural response of the SFT, a model is proposed that com-
bines theDirect StiffnessMethod (DSM) and the differential equationmethod (DEM).
A detailed description of this model is presented in B.5. The structural model is based
on an arbitrary design of a pontoon-SFT structure that contains the basic elements
for a design calculation of a single-tube tunnel layout. From this structure, two spans
with two half-apart spans are modelled. The tubular section has an outer radius
𝑅𝑜 = 5𝑚, a wall thickness of 𝑡𝑠 = 1𝑚, and a BWR of 1.1 is assumed. When the struc-
ture is loadedwith a BWRof 1.1, the resulting bendingmoments (𝑀𝐵𝑊𝑅) at the tethers
and in the centre of the span are 84𝑀𝑁𝑚 and −42𝑀𝑁𝑚 respectively. To ensure wa-
ter tightness, 200𝑚𝑚 of the section must be compressed. For the middle section, a
minimum axial compression force (𝐹𝑎𝑥,𝑝𝑡,𝑐𝑒𝑛𝑡𝑟𝑒) equal to 17.2𝑀𝑁 is needed to ensure
water tightness. For the section on the tethers, the force 𝐹𝑎𝑥,𝑝𝑡,𝑡𝑒𝑡ℎ𝑒𝑟 must be at least
34.4𝑀𝑁. Both of these forces can be accommodated by regular axial post-tensioning
with equally distributed post-tension tendon around the circumferential. For a 15-
strand tendon with an area of 150𝑚𝑚2 and a post-tension stress of 950𝑁/𝑚𝑚2, a
post-tension force of 2.14𝑀𝑁 is found. Either 9 and 17 post-tension tendons will suf-
fice for either of the two positions. In Figure 5.10, the green dots represent 17 tendons
that are symmetrically distributed over the circumference.

The bending moments will increase due to the action of the traffic loads as pre-
sented in Figure 5.8. The design challenge is to provide post-tensioning to meet the
reliability requirement of the systemwith respect to leakage and theminimum com-
pression zone. If the requirement is not met, additional post-tension can be applied.
If additional tendons are applied asymmetrically (presented in Figure 5.10 in purple),
a counterbalancing bending moment is introduced. This is beneficial to the capacity
of the particular axial section. The amount of asymmetry can be found in the lever
arm (𝑎) of the resulting force and themoment of posttension. If the lever arm (Figure
5.16) is increased, the counterbalancing bending moment will be greater. Therefore,
a larger lever arm will provide a larger counterbalancing bending moment with the
samenumber of post-tension tendons (Figure 5.16) . However, the lever arm is limited
by geometric requirements such as the physical section, shape and theminimumdis-
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Figure 5.14: Observations and simulations for inter-vehicle distances (𝑋𝑖,𝑋𝑖+1) for all traffic scenarios from
(a) Gaussian Copula, (b) Frank Copula, (c) Joe Copula, (d) BB8 Copula, (e) Gumbel Copula and (f) Joe Copula;
parameters are estimated via maximum likelihood. The data is presented in standard normal units.

tance between two tendon heads. The centre-to-centre (ctc) distance between asym-
metric tendons is estimated at 1 m; however, optimising this distance to a smaller
distance could improve the design but is beyond the scope of this research. The re-
lationship between bendingmoments and normal forces due to post-tensioning and
the number of tendons for different lever arms is presented in Figure 5.15.

With the number of tendons, the normal force due to post-tensioning is found,
and the bending moment is obtained by multiplying the total normal force due to
post-tension by the lever arm. For simplicity, the same post-tension tendons were
used in this analysis.
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Figure 5.15: Bending moments related to the required normal force and number of tendons.

The geometry of the cross section is determined bymany factors, such as the traf-
fic envelope in combination with the BWR. Additionally, in an SFT, the hydrodynamic
loads are directly related to the cross-section’s geometry. For example, if the cross sec-
tion is enlarged, then the capacity of the SFTwill increase, but the effect of these loads
will also be greater. Thus, adjusting the cross section geometry is not a straightfor-
ward solution as it might be for traditional structures, like bridges or buildings. How-
ever, to increase the structural strength, additional post-tensioning can be added. By
varying the physical location of the tendons in the cross section, the lever arm can be
changed. With a larger lever arm the bending capacity will increase.

In Figure 5.15 and Figure 5.16 different tendon layouts and spread angles are pre-
sented for the same number of tendons. By varying the spread angle, different lever
arms canbeobtained. Themost efficient positionof asymmetric post-tensioning is as
close as possible to the outer fibre. However, post-tension tendons also have tomeet
construction requirements, such as the intermediate distances between the tendons
and the ability to actually post-tension. These requirements may conflict with the
most efficient location of the tendons. For this case study, a minimum distance of 1
m is considered from the centre to the tendons. Any optimisation that can be derived
by changing this distance to a minimum value is out of the scope of this research.
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Figure 5.16: Different tendon layout for 60, 120 and 180 degrees spread (purple)

5.4.3. Reliability Analysis
The probability of failure (𝑃𝐹) of the SFTwas tested for bending failure of the SFT tube
in the longitudinal direction. Its corresponding limit state is defined by Equation 5.7
when 𝜎𝑓 > 0, from which the bending moments due to traffic (𝑀𝑡𝑟,𝑐𝑎𝑝) are derived
(Section 5.2.5).

The probability of failure of the SFT in this particular failure mode is defined as
𝑃𝐹 = 𝑃(𝑀𝑚𝑎𝑥 > 𝑀𝑐𝑎𝑝,𝑚𝑎𝑥) or 𝑃𝐹 = 𝑃(𝑀𝑡𝑟,𝑚𝑎𝑥 > 𝑀𝑡𝑟,𝑐𝑎𝑝,𝑚𝑎𝑥) or equivalent for the
minimal moments 𝑃𝐹 = 𝑃(𝑀𝑚𝑖𝑛 > 𝑀𝑐𝑎𝑝,𝑚𝑖𝑛) or 𝑃𝐹 = 𝑃(𝑀𝑡𝑟 < 𝑀𝑡𝑟,𝑐𝑎𝑝,𝑚𝑖𝑛) (Section
5.2.5). The limit state function is defined in Equation 5.11.

𝑍 = 𝑃(𝑀𝑚𝑎𝑥 > 𝑀𝑐𝑎𝑝,𝑚𝑎𝑥) (5.11)

𝑀𝑚𝑎𝑥 and𝑀𝑚𝑖𝑛 are, respectively, the maximum allowable capacity of the SFT in
the centre of the span and at the tether location (Figure 5.8). In other words, failure
is considered when the maximum bending moment exceeds the moment capacity
𝑀𝑐𝑎𝑝, which can be positive and negative because of sign conventions. These limit
values are directly dependent on the asymmetric post-tensioning.

The reliability analysis is divided into two parts. First, the resulting daily bend-
ing moments and shear forces obtained from the structural model are fitted to the
probability distribution functions. Fromwhich their corresponding annualmaximum
frequency curves are derived. The second part is defined by the design of the post-
tensioning. For a given SFT design, the limit bending moments are found. Conse-
quently, the probabilities of exceeding these limit values are found through the an-
nual maximum frequency curves.

Structural analysis was performed for different buoyancy-weight ratio (BWR) val-
ues ranging from 1.1 to 1.5. In this chapter, the focus was on a BWR=1.1 and the cor-
responding𝑀𝑐𝑎𝑝,𝑚𝑎𝑥 and𝑀𝑐𝑎𝑝,𝑚𝑖𝑛 to determine the probability of failure of the SFT.
From a design point of view, a BWR close to 1.0 is themost economical. The BWR ratio
results in a distributed load. By applying a lower BWR, the spans used in the structure
can be larger. If larger spans can be used, less supporting pontoons are needed. The
authors realise that other elements, such as loading or stability requirements, might
cause the need for a larger BWR, but these are considered to be beyond the scope
of this study. However, the results for other BWR values as well as their associated
𝑀𝑐𝑎𝑝,𝑚𝑎𝑥 ,𝑀𝑐𝑎𝑝,𝑚𝑖𝑛, 𝑉𝑐𝑎𝑝,𝑚𝑎𝑥 and 𝑉𝑐𝑎𝑝,𝑚𝑖𝑛 are also shown.
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Frequency Curves
The resulting daily values of the bending moments (𝑀𝑐𝑎𝑝,𝑚𝑎𝑥 &𝑀𝑐𝑎𝑝,𝑚𝑖𝑛) and shear
forces (𝑉𝑐𝑎𝑝,𝑚𝑎𝑥 & 𝑉𝑐𝑎𝑝,𝑚𝑖𝑛) obtained from the structural model (Section 5.4.2) were
fitted to the probability distribution functions. The results are shown in Table 5.4.

BWR 𝑀𝑚𝑎𝑥 𝑀𝑚𝑖𝑛 𝑉𝑚𝑎𝑥 𝑉𝑚𝑖𝑛
[MNm] [MNm] [MN] [MN]

0 Gamma G.E.V. ¹ Lognormal Birn-S²
1.1 G.E.V. G.E.V. G.E.V. G.E.V.
1.2 G.E.V. G.E.V. G.E.V. G.E.V.
1.3 G.E.V. G.E.V. G.E.V. G.E.V.
1.4 G.E.V. G.E.V. G.E.V. G.E.V.
1.5 G.E.V. G.E.V. G.E.V. G.E.V.

Table 5.4: Distribution Fitting for bending moments and shear forces.

BWR 𝑀𝑚𝑎𝑥 [MNm] 𝑀𝑚𝑖𝑛 [MNm] 𝑉𝑚𝑎𝑥 [MN] 𝑉𝑚𝑖𝑛 [MN]
Shape Scale Location Shape Scale Location Shape Scale Location Shape Scale Location

0 25.88 0.95 - -0.04 5.39 22.81 -0.15³ 0.22³ - 0.22 0.87
1.1 -0.17 4.50 106.60 -0.05 5.63 63.74 -0.09 0.17 3.32 -0.06 0.11 2.75
1.2 -0.17 4.50 176.64 -0.05 5.62 98.62 -0.09 0.17 5.42 -0.06 0.11 4.85
1.3 -0.17 4.50 235.91 -0.05 5.62 128.19 -0.09 0.17 7.20 -0.06 0.11 6.63
1.4 -0.17 4.50 286.71 -0.05 5.61 153.56 -0.09 0.17 8.72 -0.06 0.11 8.15
1.5 -0.17 4.50 330.74 -0.05 5.61 175.56 -0.09 0.17 10.05 -0.06 0.11 9.47

Table 5.5: Parameters of the fitted distributions.

The criteria for selecting an appropriate probability distribution function were
made based on maximum likelihood estimation (MLE) and visual inspection. Table
5.5 presents the parameters of the fitted distributions.

The corresponding annual maximum frequency curves for both the bending mo-
ments and the shear forces for a BWR of 1.1 are shown in Figure 5.17. From these
plots it is possible to determine the return period (or probability of exceedance) of
particular values for bending moments and shear forces. The corresponding values
𝑀𝑐𝑎𝑝,𝑚𝑎𝑥 ,𝑀𝑐𝑎𝑝,𝑚𝑖𝑛, 𝑉𝑐𝑎𝑝,𝑚𝑎𝑥 , and 𝑉𝑐𝑎𝑝,𝑚𝑖𝑛 for different return periods (or probability
of exceedance) and BWR magnitudes are shown in Table 5.6. The results appear to
be sensitive to the choice of BWR. As the BWR increases, the values for themaximum
bending moments and maximum shear forces also increase. This highlights the im-
portance of the choice of BWR when designing an SFT.

¹Birnbaum-Saunders
²Generalized Extreme Value Distribution
³For the lognormal distribution, the parameters are: mean and standard deviation.
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(a) (b)

Figure 5.17: Frequency curves for (a)𝑀𝑀𝑎𝑥[𝑀𝑁𝑚] and (b) 𝑉𝑀𝑎𝑥[𝑀𝑁] for a 1.1 BWR

BWR Variable
Return Period & 𝑃𝐹

5 10 20 50 100 200 500
0.2 0.1 0.05 0.02 0.01 0.005 0.002

0

𝑀𝑐𝑎𝑝,𝑚𝑎𝑥[𝑀𝑁𝑚]

43 43 44 44 44 44 44
1.1 128 130 132 134 136 140 142
1.2 198 200 201 204 205 207 208
1.3 257 259 261 262 264 265 266
1.4 308 310 312 313 314 316 319
1.5 352 354 356 358 359 360 364
0

𝑀𝑐𝑎𝑝,𝑚𝑖𝑛[𝑀𝑁𝑚]

55 58 61 66 68 73 76
1.1 97 100 103 106 108 109 111
1.2 133 135 137 140 140 143 147
1.3 161 164 167 169 172 175 178
1.4 187 190 192 195 197 199 204
1.5 209 212 215 217 219 221 223
0

𝑉𝑐𝑎𝑝,𝑚𝑎𝑥[𝑀𝑁]

2 2 2 2 2 2 2
1.1 4 4 4 4 4 5 5
1.2 6 6 7 7 7 7 7
1.3 8 8 8 8 8 8 8
1.4 10 10 10 10 10 10 10
1.5 11 11 11 11 11 11 11
0

𝑉𝑐𝑎𝑝,𝑚𝑖𝑛[𝑀𝑁]

2 2 2 2 2 2 2
1.1 3 3 3 3 3 3 3
1.2 5 5 6 6 6 6 6
1.3 7 7 7 7 7 7 7
1.4 9 9 9 9 9 9 9
1.5 10 10 10 10 10 10 10

Table 5.6: Extreme values for 𝑀𝑐𝑎𝑝,𝑚𝑎𝑥 , 𝑉𝑐𝑎𝑝,𝑚𝑎𝑥,𝑀𝑐𝑎𝑝,𝑚𝑖𝑛 , 𝑉𝑐𝑎𝑝,𝑚𝑖𝑛 for different return periods and a
BWRs

Post-tensioning design
Post-tensioning is expensive in monetary terms. Thus, an economical design should
limit the amount of post-tensioning. With the methodology presented in this chap-
ter, the maximummoment due to traffic (𝑀𝑡𝑟,𝑚𝑎𝑥,𝑚𝑖𝑛) can be found more accurately
and the design can therefore be economically optimised. The probability of occur-
rence associated with the resulting𝑀𝑐𝑎𝑝,𝑚𝑖𝑛,𝑚𝑎𝑥 is obtained from the frequency cur-
ves derived from Section 5.4.3. Thus, the probability of exceeding the limit values is
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translated as the probability of failure of the SFT.

Figure 5.18: Layout of the post-tensioning for the cross section at the centre of the spans (left) and at the
tether locations (right)

In Figure 5.18 the location of the post-tension tendons is presented for both the
section in the centre of the span and the location of the tether. The proposed design
layout is presented in Table 5.7 and the capacity for the maximum moment due to
traffic is derived. According to Figure 5.17 and Table 5.6, the resulting𝑀𝑐𝑎𝑝 in the cen-
tre of the span and in the tether location have a return period of 139 (𝑃𝐹 = 0.01) and
439 (𝑃𝐹 = 0.005) years, respectively.

The post-tensioning design can be modified to fit any probability of exceedance
(or return period), specified by the target reliability index, presented in Figure 5.17
and Table 5.6. In this research, the presented layout is used as an example to show
the application of the methodology.

Item Unit Centre of span Tether location
Axial tendons # 9 17
Asymmetric tendons # 5 4
Spread angle [degrees] 125 94
𝑁𝑎𝑥,𝑝𝑡 [MN] -19.2 -36.3
𝑁𝑎𝑠,𝑝𝑡 [MN] -10.7 -8.6
𝑎 [m] 3.31 -3.75
𝑀𝑝𝑡 [MNm] -35.4 32.1
𝑀𝑐𝑎𝑝,𝑚𝑎𝑥/𝑚𝑖𝑛 =𝑀𝐵𝑊𝑅 +𝑀𝑐𝑎𝑝,𝑚𝑎𝑥/𝑚𝑖𝑛 [MNm] 108.4 -141.6
𝑀𝐵𝑊𝑅 [MNm] 42.0 -84.0
𝑀𝑡𝑟,𝑐𝑎𝑝,𝑚𝑎𝑥/𝑚𝑖𝑛 [MNm] 66.4 -57.6
𝑀𝑚𝑎𝑥/𝑚𝑖𝑛 Return period [year] 139 439

Table 5.7: Post tension specification and capacity
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5.5. Discussion, conclusions and recommendations
Discussion
Themethodology of the inter-vehiclemodel presented in this research combines uni-
variate andmultivariate models (copulas). This not only allows simulation of the dis-
tance between vehicles, but alsomodels the number of vehicles per lane per day and
their classification according to the different vehicle categories (B.1). Each vehicle cat-
egory is defined by their axle weight and interaxle distance. The selection of each of
the passing vehicles is random. In this way, it is possible to obtain a ”train” of vehi-
cles that is closer to reality. One of themain advantages of this model is its flexibility.
The model can be used for any number of vehicle categories, lanes, and traffic sce-
narios. In this case study, themodel was developed on basis of one single ”ideal day”,
nevertheless, the inter-vehicle model can be extended to encompass specific daily
conditions (weekends and holidays) or seasonal conditions.

In the setup presented in this article, the geometry of the cross section and the
length of the span are arbitrary choices. Higher BWR values lead to higher bending
moments and shear forces, as shown in Table 5.6. This can influence other design
decisions, such as shorter spans or larger tether sections, that could affect the stabil-
ity of the system. In this research, the resulting bending moments and shear forces
were computed for different BWR values. However, a BWR of 1.1 was chosen for fur-
ther analysis. In any case, a design should be optimised for different circumstances.
Possibilities to consider are (but not limited to):

■ Using larger BWR values. This will lead to larger bending moments and shear
forces. Consequently, other requirements for pontoons, tether systems, and
foundations will be affected. However, a higher BWR could contribute to the
stability of the system. Moreover, a longitudinal variation of the BWRmight be
applicable depending on local situations or specific design.

■ In this research, a monolithic structure is considered. However, a more flexible
structure with longitudinal rotational springs could be of interest depending
on local circumstances, such as the action of hydrodynamic loads. Thiswill help
avoid local peak stresses or cross-sectional results. Yet, leakageat aflexible joint
can be challenging from a design point of view.

■ If larger diameter tendons are used in combinationwith a smaller spread angle,
the mixed diameters of the post-tensioning tendons for both the axial and the
asymmetric layout can be beneficial for the lever arm.

■ In this research, the tendons are considered straight. It is a possibility to apply
curved tendons in the longitudinal direction to benefit from the counterbalanc-
ing force provided by this curvature. However, curved tendons will generate an
additional load in the radial direction.

■ Although the SFT design presented in this chapter consists of a single tubular
tube, the proposed methodology is applicable to different SFT designs (double
tubes or different cross-section geometries as presented in [116]). Different ge-
ometries will influence the stiffness of the structure. If a double tube is used,
the stiffness of the structurewill be doubled and transversely aligned, and next
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to each other aligned, it will double the stiffness and capacity if the tubes are
structurally coupled. Larger sections, i.e. larger diameters, will increase stiff-
ness but also capacity. Although the loading by traffic on the SFT will remain
equal, it will influence the definition of failure. As the traffic load will act more
asymmetrically, the effect of torsion will becomemore relevant and a more so-
phisticated model with 3D elements should be used.

■ The currenthypotheticalmodel relies on concrete for itswatertightness, if other
methods, such as an external membrane that will ensure the watertightness,
the failure mechanism will change from a crack criterion on the concrete to a
strength criterion for concrete section or a service level criterion for the mem-
brane. Note that a membrane on the outside of the SFT will introduce other
issues, such as maintenance on the outside of the tunnel.

Conclusions
In this research, amethodology is presented to study the reliability of a pontoon-type
SFT is presented. Considering that this structure has not been built yet, it is important
that the variables of interest are characterised as close to reality as possible. For the
purpose of this research, traffic loading is the variable of interest. The methodology
is divided into two main parts, i) traffic simulation using a copula-based model, and
ii) a structural model to test the SFT for a given failure mechanism (leakage due to
bending of the SFT tube in the longitudinal direction). Finally, the reliability of the
structure is investigated under the aforementioned failure mechanism.

From the original data set (WIM), several characteristics were extracted. Namely,
i) the inter-vehicle distance, ii) the daily proportion of vehicles per lane, per category
and per traffic type, and iii) the monthly proportion of vehicles. The first is used as
input for the copula-based model, the second is used to create an ”ideal” traffic day,
and the third is used to create a large data set of vehicles per category. All of these
were combined to finally simulate traffic flowing through the SFT.

The results of the copulamodel showed that the selected copulas can capture the
inter-vehicle distance. Although the correlation of the intervehicle distance from the
WIM data set is relatively small, the probabilistic model provides a great advantage
since with just over a month of measurements it was possible to simulate a total
of 1 year of data. However, longer data sets can be produced. The combination of
the inter-vehicle copula model and random sampling from the VH data set (which
provides the vehicle’s characteristics) resulted in one vector that characterises daily
traffic at the SFT. This vector was used as input for the structural model.

To simulate the response of the structure over long periods of time, the proposed
structural modelling approach needs to be as efficient as possible. Thus, by defining
the global DSM (Direct StiffnessMethod) approach with long beams and a dedicated
DEM approach for intermediate loading, the FEM model became as efficient as pos-
sible to avoid lag in the analysis. The analysis time was further reduced by applying
the superposition principle.

The results of the structuralmodel provided themaximumandminimumbending
moments and shear forces under traffic load for different BWR values. From these
results, the annual distribution of these variables and, consequently, their extreme
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values for several return periods were obtained.
Finally, the values of 𝑀𝑐𝑎𝑝 were obtained in the centre of the span and at the

tether location. These values define the limit state function for failure due to tube
bending in the longitudinal direction (Section 5.4.3). In other words, failure could oc-
cur only if the resulting bending moments exceed𝑀𝑐𝑎𝑝. The return periods for both
𝑀𝑐𝑎𝑝 of 108.4 MNm and -141.6 MNm are 139 and 439 years in the centre of the span
and tether location, respectively. Their corresponding probabilities of failure are 0.01
and0.005. These probabilities can be considered very high compared to international
safety standards. For example, a structure with a RC3 reliability level (𝛽=4.3) has an
estimated probability of failure equal to 8.5e-06 [1] assuming that the lifetime of the
structure is 50 years. For an SFT, the consequences of failure are much more severe
than in regular buildings. For this reason,𝑀𝑐𝑎𝑝 with longer return periods is needed.
In such a case, changing the number and location of the tendons or using a differ-
ent BWR could be appropriate, as mentioned above. As an alternative, modification
of the section is also an option to consider, but the geometry of the section is usu-
ally earlier conducted in the design process and a given requirement when designing
post-tensioning and/or regular reinforcement layouts.

Due to the lack of data regarding the structural response of an SFT, the combina-
tion of probabilistic modelling with structural analysis offers the possibility to study
the design choices of this structure. This research shows an effective way to combine
probabilistic modelling through copulas and structural analysis to simulate the traf-
fic loads passing through the SFT and their effect on the structure. This methodology
offers great flexibility because it can be used to test the reliability of the SFT consid-
ering other loading variables. For example, external environmental variables such as
waves, currents, and their simultaneous action on an SFT. Moreover, this methodol-
ogy is not restricted to use only on an SFT. It can be applied to other civil structures
where the data is scarce.

Recommendations
The results were shown to be sensitive to the choice of BWR; therefore, this choice
should be handled with caution when designing an SFT. Other limit states should be
considered to assess the reliability of an SFT. For example, failure of the tethers, at
the foundation or cross section. These failure modes could be considered as stan-
dalone limit states or in combination with each other. Assessment of combined fail-
ure modes could be executed through Bayesian networks.
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Vine Copulas for Dynamic

Response of Submerged Floating
Tunnels

6.1. Introduction
In this chapter, a dynamic mooring analysis (DMA) is used for a hypothetical SFT sup-
ported by tethers. In these analyses, a diffraction analysis is conducted, sequentially
followed by a time-history analysis. To describe environmental loads, real monitored
data of wave height, period, and angle of impact are used from the Qiongzhou Strait.
The structural responses of interest correspond to themaximumvalues of forces, dis-
placements, and accelerations at the points of interest along the hypothetical SFT.
Themaximumvalues of structural responses are used togetherwith the environmen-
tal input data, the wave height and period, to represent the multivariate probability
distribution of the variables as a Vine Copula (VC) model. In total 14 different data
sets of eight variables have been defined based on the combination of the input and
the responses.

Probabilistic methods in structural design and specifically tunnels are rare, al-
though Yu et al. (2017) [7] shows a probabilistic risk analysis in simulations of the
construction of a diversion tunnel, Liu and Lu (2024) [8] shows a probabilistic seismic
hazard analysis based on an enhanced Bayesian network in which information about
frequency is used in inferencing and Pan et al. (2024) [9] shows a method to reduce
costs and excavation-induced risks by proposing a probabilistic deep reinforcement
learning framework to optimise monitoring plans.

Regarding VC, the fitting of RV structures to the data is done primarily with a pop-
ular algorithm based onmaximising a function of the correlation matrix of variables
or with ad hoc approaches. The fitting of all possible regular vines to the data has
not been documented for multivariate probability distributions with 8 or more vari-
ables. The aim is to discuss the question of whether a particular vine-copula is suit-
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able. Selection is based on the Akaike Information Criterium (AIC). Two methods are
used to find the RV structure, using a common approach based on a fitting algorithm
method (AL) and a brute force method (BF) by testing all possible regular vines of 8
variables. The number of unique RV increases rapidly and for 8 variables a total num-
ber of 660,602,880 different RV can be considered, a High Performance Computer
(HPC) has been used in the BF method to calculate the AIC for each possible RV. After
an RV and the accompanying copulas have been fitted, it can be used to sample and
perform a conditional analysis, and with these results exceedance probabilities can
be computed.

This chapter is a demonstration of how to compute exceedance probabilities in
a sequential process of using a DMA together with VC and HPC to select an RV by
using a BF method, and additional the difference between a commonly used selec-
tion method and the BF is presented by the differences in the computed exceedance
probabilities. The probability of exceedance has a direct relation to the design of the
structure. So, the most accurate exceedance probabilities are required to base de-
sign decisions on. Differences between both approaches can lead to too conservative
and costly solutions in the design if the exceedance probability shows a higher value.
But, on the other hand, if the exceedance probability is lower, it might result in a less
reliable structures and even not safe enough with respect to the requirements.

The application of a DMA on SFT is a novelty, as SFTs are a novice and not yet
built. DMAs are conducted by themselves, but the application is related to floating
and mooring ships and their interaction and responses under wave conditions. Fit-
ting data sets using an AL is a common probabilistic method, but using BF to fit data
sets to RV with 8 variables is a novelty, as the Chimera database containing RV up to
8 variables has recently been released. Due to the amount of RV possible with eight
variables, HPC has been used, which is uncommon in combinationwith VC and struc-
tural assessment of structural designs.

The chapter starts with a brief overview in Section 6.2 of the methodologies pre-
sented about the DMA of the SFT and some background of HPC. More explanation
about VC, RV and the algorithm is explained in Chapter 2 In Section 6.3 the DMA
model is explained in more detail, and in Section 6.4 the selection of the best RV is
presented. In Section 6.5 the best RVs are used for conditioning and the differences
between AL and BF are shown. The chapter is closed in Section 6.6 with conclusions
and recommendations for future research.

6.2. Methodologies and components
6.2.1. Dynamic Mooring Analysis
To calculate the dynamic response of the SFT, commercial software is used for the
DMA. This software is developed by MARIN and the analysis consists of two sequen-
tial parts, a diffraction analysis and a time history simulation of themodel. DIFFRAC
is a wave diffraction programme that is used to calculate the loads and motion re-
sponses of floating or moored multibody structures. aNySIM computes the motions
of vessels resulting from non-linear hydrodynamic and mechanical loading. Initially,
this software was developed for DMA on ships to find their responses and interac-
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tions. In this research, the SFT is divided into different elements and the interaction
between the elements as well as the response of the elements. Both packages are
used in different publications on wind turbines [27–31]. More detailed information
on both tools can be found in [32]. The setup of the dynamic response model used in
the DMA is presented in detail in Section 6.3.

6.2.2. High performance computing
The brute-forcemethod requires a large computational effort to test all 660,602,880
RVs of 8 variables. To run this selection process, a high performance cluster (HPC) has
been used [34]. This cluster of computers runs on a Linux operating system and is
controlled using appropriate scripts. In Figure 6.1 an overview of the control is pre-
sented. First of all, the RVs are split into their tree equivalent classes, which for 8
nodes are in total 1,464. Their matrices were made available by a MYSQL database
[117] using the RV database on up to 8 nodes Chimera [35]. The basis of the BF algo-
rithm is to run over a subset of matrices as available, and for each subset the individ-
ual AIC scores and the elapsed times are saved togetherwith the VC characteristics of
the best VC in terms of the AIC score. The 1,464 scripts are sent to the queue, adminis-
tered by SLURM [118] with the arguments related to the number of CPUs, the amount
of memory to be used and the maximum running time. The actual job of the subset
of the tree equivalent class of RV is split over the specified CPUs using OPENMPI [119].
After all CPUs have completed their task, the total results are collected and saved for
the tree equivalent class. After all 1,464 individual jobs have been conducted, in an
additional post-processing analysis, all results for a particular dataset are combined.

DHPC

Input arguments script:
- Dataset (uniform)
- Tree equivalent class

SLURM config:
- Maximum running time
- Number of CPU
- Amount of memory

At DPHC:
- Divide RV by matrices over CPUs
- At each CPU:
- Get Matrices from MSQL database
- Run over subset of matrices
- Fit copulas
- Calculate AIC
- save AIC
- save elapsed time
- For minimum AIC save:
- Matrix
- Copulas and parameters

One parameter copulas only:
- Gaussian
- Gumbell
- Joe
- Clayton
- Frank

Results
1464 equivalent classes Enveloped results

Figure 6.1: High performance cluster - Pyvinecopula diagram - configuration
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6.3. Dynamic response model
The hypothetical SFT is represented by a model presented in Figure 6.3, the SFT is
made up of 20 elements of 100m length and is vertically supported by 5 tethers, and
in the centre of the structure, the model is laterally supported by 2 mooring lines.
The tethers and mooring lines are represented by spring elements and because the
structure is positively buoyant, the tethers have an initial pretension stress. At both
ends, the structure is supported by hinged connections.

The total DMA sequence is schematically visualised in Figure 6.4. The analysis is
set up as a staggered analysis in which a diffraction analysis is combined with a time
history analysis. The diffraction analysis is used to compute the hydrodynamic load
on the structure based on a series of wave and current loads using a velocity poten-
tial around the structure as a function of the angle of impact and the wave period
for a unified wave height. For the time history analysis, a wave load as a function of
time is generated based on a JONSWAP analysis as described by Hasselmann (1973)
[120], given the wave height and length characteristics. Combining the generated
wave signal by the JONSWAP analysis and the diffraction result (velocity potential) to
a time-dependent input on the structure gives awave load over time. Using thiswave
load over time enables a time history analysis and the collection of a time history re-
sponse of the structure (tether forces, mooring forces, displacements, rotations, and
accelerations) based on a specified wave height, wave period, and angle of impact.
For representative points in the structure and the tethers, the response over time is
stored in a data set per analysis.

As input wave period (𝑇𝑝 [s]), wave height (𝐻𝑠 [m]) and angle of impact (𝜙 [de-
grees]) for these analyses were used and based on monitoring data. The monitoring
data was retrieved from ERA5 [121]. Torres et al. [122] give a description of how to ob-
tain the input data set. ERA5 provides climate reanalysis data sets. For monitoring
data, observations in the time span 2000 to 2019 have been used in the Qiongzhou
Strait with a specific location in area 4, see Figure 6.2 (based on Torres et al. (2021)
[123]). Thewave data set was checked for outliers; an outlier was considered if it devi-
atesmore than 7 times the standard deviation of themonthly data from itsmean. As
SFTs are vulnerable to swell waves, a conditional draw from themonitoring data was
performed by considering only wave periods greater than 7.8𝑠. Furthermore, initially
the structure is experiencing start-up distortion, and therefore only the results after
150𝑠were considered.

A total timehistory analysis is intense in termsof computational effort and,within
a limited time frame, 497 different analyses were performed.

Two types of samples are subtracted from the results for each analysis. For the
first data set (denotedas correspondingandabbreviatedby cor), themaximumtether
force of all tethers per analysis is selected. The maximum tether force appeared to
be found in tether 2. The first data set is compiled taking samples with the state of
all responses at the moment of occurrence of the maximum tether force in tether
2. The sample contains the absolute difference between the actual response value
subtracted by the average response of the value over time in the analysis. The sec-
ond data set (denoted maximum and abbreviated max) is compiled by taking sam-
ples of themaximum amplitudes of the response of the points of interest subtracted
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Figure 6.2: Overview of the grid at Qiongzhou Strait

by the average response value. As maximum values will not occur at the same mo-
ment in the time series, thedependencies between the variables in the corresponding
datasets are smaller than in the maximum datasets.

From the two types of data sets, 7 subsets of data containing 8 variables are used.
The subsets are presented in Table 6.1. The indices refer to the positions presented
in Figure 6.3 and in which 𝐹 is the tether force (in [𝑁]), 𝑑𝑢 displacements (in [𝑚])
and 𝑑𝑎 accelerations (in [𝑚/𝑠2]). The 𝑦 and 𝑧 indices refer to the lateral and vertical
directions, respectively. In the data sets of 8 variables, 𝑇𝑝 (in [𝑠] and 𝐻𝑠 (in [𝑚]) are
initially used as input to the DMA, and the remaining variables are responses from
the model. The analysis itself is a hypothetical model, primarily to demonstrate this
method. The DMA can be significantly improved, but this is beyond the scope of this
research.
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Table 6.1: Overview of datasets

# var 1 var 2 var 3 var 4 var 5 var 6 var 7 var 8
1 𝐹2 𝐹3 𝐹4 𝑑𝑢𝑦2 𝑑𝑢𝑦4 𝑑𝑢𝑦6 𝐻𝑠 𝑇𝑝
2 𝐹2 𝐹3 𝐹4 𝑑𝑢𝑧3 𝑑𝑢𝑧5 𝑑𝑢𝑧7 𝐻𝑠 𝑇𝑝
3 𝐹2 𝐹3 𝐹4 𝑑𝑎𝑦2 𝑑𝑎𝑦4 𝑑𝑎𝑦6 𝐻𝑠 𝑇𝑝
4 𝐹2 𝐹3 𝐹4 𝑑𝑎𝑧3 𝑑𝑎𝑧5 𝑑𝑎𝑧7 𝐻𝑠 𝑇𝑝
5 𝐹2 𝑑𝑎𝑦2 𝑑𝑎𝑦4 𝑑𝑢𝑦2 𝑑𝑢𝑦4 𝑑𝑢𝑦6 𝐻𝑠 𝑇𝑝
6 𝐹2 𝑑𝑎𝑦2 𝑑𝑎𝑦4 𝑑𝑎𝑦6 𝑑𝑎𝑦3 𝑑𝑎𝑦5 𝐻𝑠 𝑇𝑝
7 𝐹2 𝑑𝑎𝑧2 𝑑𝑎𝑧4 𝑑𝑎𝑧6 𝑑𝑎𝑧3 𝑑𝑎𝑧5 𝐻𝑠 𝑇𝑝
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6.4. Regular Vine selection
In order to apply the vine methods, the distributions of the variables must be trans-
ferred to the [0,1] domain of their empirical cumulative distribution function (ECDF).
As mentioned, the RV which best describes the dependencies is considered and se-
lected by the AIC score for both methods. Table 6.2 shows a summary of both ap-
proaches for the 14 datasets. In the table, the AIC scores for both methods are pre-
sented. The time is the sum of the elapsed time [days] of the individual subprocesses
in theHPC. The total amount of time needed to find the best RV is around 5 to 6 years.
It is obvious that the BF process is not feasible for 8 variables using a current regular
commercially available computer. The BF analysis need to be conducted sequentially
only using the parallel resources available by the cores in that case. In contrast, the
RV found using the AL approach takes only a few seconds, which is easily achievable
on such a machine.

As expected, the AIC scores for the BF RV are better than those for the AL RV, as
the AIC AL RV can only be equal as BF RV as it is only one of the BF RV. If the empir-
ical cumulative distribution of the AIC scores of all BF RVs is considered, the relative
amount of RV that performs better on the AIC score than the AL RV can be found. Fig-
ure 6.7 shows this distribution of the entire BF RV and the AIC of the AL RV for dataset
6 maximum. This run shows that compared to the AL RV 29.6% of the BF RV perform
better, as they show a lower AIC value and describe the dependencies better. The RVs
of both are presented in Figures 6.5 and 6.6 and are, respectively, described by the
matrices 𝑀𝑏𝑓,6,𝑚𝑎𝑥 and 𝑀𝑎𝑙,6,𝑚𝑎𝑥 . In the last column of Table 6.2, the percentage of
BF RVs that have a better score than AL RV.

Tables 6.3 and 6.4 show the individual equivalent RV for all data sets for both BF
and AL. Each individual data set shows a different equivalent RV for BF as for AL. For
the same data set, the matrices𝑀𝑏𝑓,6,𝑚𝑎𝑥 and𝑀𝑎𝑙,6,𝑚𝑎𝑥 are presented.

𝑀𝑏𝑓,6,𝑚𝑎𝑥 =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 5 1 5 5 5 3 3
5 1 5 2 2 3 5 0
8 6 2 4 3 2 0 0
6 2 4 3 4 0 0 0
2 4 3 1 0 0 0 0
4 3 6 0 0 0 0 0
3 8 0 0 0 0 0 0
7 0 0 0 0 0 0 0

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

𝑀𝑎𝑙,6,𝑚𝑎𝑥 =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

2 6 7 2 4 4 8 8
4 2 4 4 2 8 4 0
6 4 2 8 8 2 0 0
5 8 8 7 7 0 0 0
8 7 6 6 0 0 0 0
7 1 1 0 0 0 0 0
1 5 0 0 0 0 0 0
3 0 0 0 0 0 0 0

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

In the figures, the full RVs with all trees are presented. Figures C.3 and C.4 show the
same RVs but split into their different trees. The definition of RVmatrices is provided
by Czado (2019) [63]. Differences in RVs can be observedwhile the BF approach results
in T46 + T23 + T9 + T6 + T4 + T3 + T2 and the AL results in T34 + T22 + T10 + T6 + T4
+ T3 + T2. Each connection in the presented figures is described by a bivariate copula
distribution. Both methods fit the bivariates and, as mentioned before in this analy-
sis, only 1 parameter copulas are used. In Appendix C.2 the copula definitions for this
specific run are presented. Both RVwith bivariate copulas can be used to sample and
condition, which is a topic of Section 6.5.
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Figure 6.5: Maximum - Regular Vine - brute force 6

Figure 6.6: Maximum - Regular Vine - Algorithm 6
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Figure 6.7: Distribution of AIC for run 6 - maximum values

Table 6.2: Comparison of method scores

# Type brute force Algorithm Time Algorithm
AIC AIC days score [%]

1 cor -1797.2 -1548.0 1861.7 35.8
1 max -6146.3 -5906.7 2182.0 2.0
2 cor -2453.4 -2209.3 2051.3 9.9
2 max -7777.5 -7139.8 2227.5 0.0
3 cor -1790.8 -1562.5 1882.5 49.1
3 max -5653.3 -5372.6 2204.3 2.2
4 cor -1757.2 -1664.4 2147.2 3.6
4 max -3622.0 -3552.3 2354.3 0.3
5 cor -2924.0 -2557.5 1894.2 83.3
5 max -5771.7 -5476.2 1935.9 1.3
6 cor -2090.3 -1800.7 1868.6 69.5
6 max -4573.7 -4153.0 1873.6 29.6
7 cor -2749.6 -2429.6 2298.1 21.3
7 max -998.8 -970.3 1991.8 0.2

Table 6.3: Best Vines of analyses - corresponding values

# brute force vine Algorithm vine
1 T45+T18+T11+T7+T5+T3+T2 T33+T16+T9+T6+T4+T3+T2
2 T38+T15+T9+T6+T4+T3+T2 T46+T17+T10+T7+T5+T3+T2
3 T46+T21+T13+T6+T4+T3+T2 T42+T20+T11+T7+T4+T3+T2
4 T44+T22+T10+T6+T4+T3+T2 T42+T22+T10+T6+T4+T3+T2
5 T46+T23+T12+T8+T4+T3+T2 T30+T17+T9+T6+T4+T3+T2
6 T34+T22+T13+T7+T5+T3+T2 T31+T18+T11+T7+T4+T3+T2
7 T35+T17+T11+T7+T4+T3+T2 T31+T17+T9+T6+T4+T3+T2
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Table 6.4: Best Vines of analyses - maximum values

# Brute force vine Algorithm vine
1 T44+T20+T13+T7+T5+T3+T2 T28+T16+T10+T6+T4+T3+T2
2 T33+T20+T10+T6+T4+T3+T2 T27+T15+T9+T6+T4+T3+T2
3 T38+T17+T11+T6+T4+T3+T2 T28+T16+T10+T7+T4+T3+T2
4 T46+T19+T12+T6+T4+T3+T2 T34+T22+T9+T6+T4+T3+T2
5 T46+T21+T9+T6+T4+T3+T2 T30+T18+T11+T6+T4+T3+T2
6 T46+T23+T9+T6+T4+T3+T2 T34+T22+T10+T6+T4+T3+T2
7 T35+T21+T11+T7+T4+T3+T2 T30+T17+T9+T6+T4+T3+T2

6.5. Sampling and conditioning
The different VCs are used to sample multivariate distributions. The amount of pos-
sible samples is specified by the user. In this research, a sample size of 5000000 is
used. As the RV represents the data set, the samples’ distributions show a strong
similarity to the original data set. Appendix C.1 shows the data set in pair plots of
the data set of the maximum run 6 in the unit domain. Figures 6.8 and 6.9 show the
empirical distributions of the same run for 𝑑𝑎𝑦4 and 𝑑𝑎𝑦6, respectively. Five differ-
ent distributions are presented, and in the graph the distributions of the original data
set are presented (black), as well as both samples of the RVs (darkblue and lightblue).
RVs sampled in the [0,1] domain are converted back to the original domain using their
original ECDF linearly. Because of this linearisation, themaximumvaluewill be equal
between the samples and the original data set. The different VCs found enable the
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Figure 6.8: Empirical distributions for 𝑑𝑎𝑦4 and run 6 - maximum

option of conditioning. Conditioning is performed by selecting part of the sample
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Figure 6.9: Empirical distributions for 𝑑𝑎𝑦6 and run 6 - maximum

data by applying a filter. In this research, it is decided to define 2 scenarios to demon-
strate the consequences of either the BF and the AL approach. Conditioning of the
sample data is considered on all variables above the 70𝑡ℎ percentile except for the
2𝑛𝑑 and 3𝑟𝑑 variable individually (for run 6 these are 𝑑𝑎𝑦4 and 𝑑𝑎𝑧6). The empirical
cumulative distribution of both variables is presented in Figures 6.8 and 6.9. For com-
pletion, the ECDF for the original dataset and the unconditioned samples are visually
displayed for both AL (top) and BF (bottom).

Within the empirical distribution, a difference between the RVs of BF and AL be-
comes visible. With the empirical distributions known, it is possible to quantify the
values for different exceedance probabilities. The process for different probabilities is
presented in Figures 6.10 and 6.11 and summarised in Table 6.5. Between both meth-
ods, differences can be found up to 11.78% in the case where variable 2 is considered
and 3.45% in the case where variable 3 is considered.

If these results are related to the behaviour of the SFT during loading as specified
by the conditioning above the 70𝑡ℎ percentile, the prediction can in this case differ
up to 11.78% andwill influence a decision on a temporary closure if a certain thresh-
old on accelerations is predicted to be exceeded. Similarly, different forces can be
found in the tethers, mooring lines, as well as in the displacements between the AL
approach and the BF approach. The result of all runs is presented in Appendix C.3.1
and differences can be found up to 20.37% for the corresponding runs and 14.08%
for the maximum runs.

For smaller exceedance probabilities, the difference between values decreases to
0. This is an artefact of the process of the inverse CDF method. By definition, the
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conditioned data set can never have a larger value than the original data sample. To
estimate extreme values beyond the maximum values of the original dataset, other
techniques can be applied and discussed, but this is considered to be outside of the
scope of this research.
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Figure 6.10: Conditional probability estimation for 𝑑𝑎𝑦4 and run 6 - maximum
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Figure 6.11: Conditional probability estimation for 𝑑𝑎𝑦6 and run 6 - maximum

6.6. Discussion, conclusions and recommendations
Different conclusions can be drawn from this research. First, it is possible to describe
theglobal responseof anSFTusinga sequential analysis. The combinationof adiffrac-
tion analysis followed by a time history analysis gives an opportunity to analyse this
complex off-shore structure. These combined sequential analysis are expensive in
terms of calculation time, and not every possible scenario of combination of an angle
of impact, awave height, and period can be analysed individually. The individual sim-
ulations will show the maximum value that relates only to the input. In this demon-
stration, only three variables have been used; the angle of impact, wave height, and
period. Using field data which were filtered for situations with only swell waves, a
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Table 6.5: Run 6 conditioning on 2𝑛𝑑 and 3𝑟𝑑 variable

Run 6 Method 2𝑛𝑑 variable 3𝑟𝑑 variable
𝑃𝑓 𝑑𝑎𝑦4 𝑑𝑎𝑦6
1.00E-01 BF 2.46E-01 2.43E-01

AL 2.38E-01 2.37E-01
Difference 3.37% 2.21%

5.00E-02 BF 2.58E-01 2.62E-01
AL 2.54E-01 2.58E-01

Difference 1.75% 1.64%
1.00E-02 BF 4.83E-01 4.33E-01

AL 4.32E-01 4.18E-01
Difference 11.78% 3.45%

5.00E-03 BF 5.24E-01 4.70E-01
AL 4.97E-01 4.61E-01

Difference 5.36% 2.02%

large series of potential situations have been simulated and from that filtered data, a
limited set of is used to perform the analyses. The results of these analyseswere used
in a VC analysis. Selecting the best RV structure together with the copulas in terms
of the best AIC score is essential to describe the data and assess the values related
to exceedance probabilities. The selection of the RV structure in this research is the
main topic, and it is shown that there is a clear difference between the AL and the BF
approach.

As the BF solutionwill evaluate every possible RV given the number of variables, it
will describe the dependencies between the variables in the data setmore accurately
than the AL solution, which can be concluded on the AIC cores of the individual runs
presented. In general, the differences between the runs with the corresponding val-
ues show larger differences thanwith themaximum values. This can be explained by
the fact that themaximumvalues aremore correlated than in the case of correspond-
ing values. Theoretically, the BF approach will always outperform the AL approach,
since the AL approach will only present one of the BF solutions. One could conclude
that the BF approach should always be used. However, the BF approach comeswith a
penalty which is related to the number of RV to consider, 660,602,880 RV need to be
considered in case of 8 variables and require large computational effort, while the AL
approachonly uses a fewseconds. TheBF approach can currently takeup to years on a
regular computer. In order to apply the BF approach, it is essential to use HPC to iden-
tify the RV structure with the lowest AIC in combination with the fitted copulas. The
differences in AIC scores between both methods show that in some cases there is a
large amount of RV structures that describe the dependencies between variables bet-
ter than the RV structure found by the algorithm (83% for the corresponding datasets
and 30% for the maximum datasets). The effect of these differences appears in the
case where conditional probability exceedance values are determined. In the specific
case demonstrated, a relative difference in exceeding probability is found. Using the
AL approach, one should consider that there could be a better RV structure describing
the dependencies of the variables in the data set and in case of conditioning signifi-
cant differences can be found. In order to find the best RV structure in terms of the
AIC score, a BF approach should be considered; however, the current limitation is 8
variables.
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In terms of the design of structures, the maximum probability that a failure is
allowed dictates the design. So, if with a certain probability a force in the tether is
found, the design in terms of the sectional properties can be chosen. In case this
force is, for example, 10% larger than needed, it will result in more material use and,
therefore, more costs. In contrast, if the force is 10% smaller, then the tether will
have less capacity than requiredand the structurewill notmeet the reliability require-
ments. In parallel, for displacements and accelerations, the same conclusion can be
drawn. Usually, analogous to bridges, there is a policy to close a crossing if there is
a too large acceleration or deformation; if the predictions on these are not according
to reality, the structure might close down more often in reality based on measure-
ments than originally in the design found based on the exceedance probability. The
requirement on the availability of the crossing might therefore not be met. As this
research contains several components, each of them individually can be improved;
therefore, the recommendations given are not limited. Regarding the DMA model,
only one geometry has been used with a uniform length of the tethers. It is recom-
mended to test more different geometries as well as different support conditions at
the end of the structure. Themost obvious recommendations for probabilistic analy-
ses using VC are, in general, that the quality of a probabilistic analysis will improve if
the initial dataset is increased. As in the current research, only 497 samples have been
generated. The RV structures up to 8 variables are generated and availablewithin the
Chimeradatabase [3], so theBF approach is limited to8 variables andevenwith8 vari-
ables, the amount of resources needed to find the best RV is substantial. Obviously,
there are several recommendations on this issue; First of all, the Chimera database
can be extended with RV structures with 9 or more variables. The amount of time
needed in the BF approach can be reduced by using more resources; however, this
will have a penalty on sustainability as HPC use a lot of energy. In order to reduce the
amount of resources and/or reduce the amount of timeneeded, a better BF algorithm
could be developed.

In these analyses, only copulas with one parameter have been considered; To im-
prove the selection of the RV structure, more complex copulas withmore parameters
should be considered, but again the verification of RV structures would require more
computational effort. As a last point, considering the selection of the best RV that de-
scribes the dependencies of the data, a new algorithm can be developed that would
show a closer similarity to the BF approach.

When the best RV structure that best describes the dependencies of the data is
found, simulation and conditioning can be performed. As a consequence of the ap-
plication of VC, in which solutions are presented in the unit domain and transferred
to the original domain, the extreme value estimation beyond the original interval
should be explored and assessed.
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7.1. Conclusions
SFTs are structures which can be considered where long and deep waters need to be
crossed. Although the construction of an SFT was already conceived at the end of
the 19𝑡ℎ century, an SFT has not yet been built for several reasons, in the early years
mainly due to a lack of technology. In recent years, the development of other fields
of application has brought the feasibility of an SFT closer. Closer considerations of
an SFT show that it has the underwater environment of a submarine vessel, the fixed
positioning of off-shore platforms inmarine environments, the dynamic behaviour of
floating breakwaterswhile itwill be used, loaded as a civil structurewith an expected
lifetime of 120 years. Althoughmost civil structures such as large bridges and tunnels
are unique structures, an SFT is a superlative. The design of traditional structures
relies on codes and standards, which, in itself, are validated by the fact that these
structures are actually built, and codes and standards are adjusted to new situations.
SFTs can be considered as special structures to which no dedicated code or standard
is applicable. One could state to use the conservative approach and use the upper
bound of all standards of the fields of applications above when designing an SFT, but
that could result in auneconomical andevena safer structure thannecessary. In order
to come to a realistic design of an design, probabilistic methods can be a solution, as
they can used in design in circumstances outside the scope of traditional codes and
standards. The methods presented in this thesis are applicable not only to SFTs but
also to other structures or even to other fields of application. However, themain topic
of the study is founded in the design of SFTs This dissertation is therefore dedicated
to the main objective:

107
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Advancing probabilistic design of submerged floating tunnels
In order to develop a safe design for an SFT, probabilistic methods can be used, meth-
ods which are still uncommon in current design practices for civil structures. Con-
clusions are presented for the different secondary research objectives (as described
in1.4).

How can the (target) reliability of an SFT be defined based on existing risk and relia-
bility frameworks?
The reliability of a Submerged Floating Tunnel (SFT) can be defined based on existing
risk and reliability frameworks by first establishing acceptable individual and societal
risks. These risks are then used to determine the maximum allowable probability
of structural failure. This probability is assessed using the conditional probability of
death or major injury given structural failure.

For SFTs, the conditional probability of death given structural failure is expected
to be higher than for other civil structures, therefore a more stringent requirement
on the probability of structural failure (larger 𝛽 or lower 𝑃𝑓) is expected. In codes
and standards, such as Eurocode (EN 1990), the Load and Resistance Factor Method
(LRFM) is related to the required 𝛽. Partial factors, e.g. for component failure and/or
loss of failure, can be derived using reliability-based approaches (level II or level III), al-
though this process is computationally intensive. Therefore, a sophisticated selection
of failure modes based on the highest risks and the most important failure modes is
recommended. Once the reliability requirement (𝛽 or 𝑃𝑓) is defined, the SFT structure
can be evaluated using LRFM (level I) with common design practices and calibrated
partial factors. The determined partial factors need to be validated for different fail-
ure modes with a back calculation and may need to be adjusted if they do not meet
the required probability of failure 𝑃𝑓 . Further optimisation of the SFT design can be
achieved through economic risk evaluation, but the resulting reliability should never
fall below the acceptable levels of individual and societal risk.

How can Gaussian Random Fields for the modelling of the foundation properties be
used in combinationwith other probabilisticmethods to estimate forces in IMT shear
keys?
In this research, amethod is presented to establish a relationship between the spatial
variation of the subsoil and dredging parameters and the shear key forces in IMT and
to find the exceedance probabilities using non-parametric Bayesian networks and
vine copulas. Considering the relation between the covariance lengths and the shear
key forces, the following conclusions can be drawn:

■ If the covariance length is in the same order as the tunnel segment length, the
largest shear forces will be found.

■ The absolute shear key force increases with the length of the segment.

The latter conclusion is obvious; the area of a segment over which the stresses are in-
tegrated is larger and will lead to larger forces in case of increasing variability. Based
on these conclusions, the design of the segment length canbeoptimisedwith respect
to forces if the covariance lengths are known or estimatedwithin limits, for example,
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by more intensive soil investigation using CPTs or quality measures and monitoring
of the dredging process. If possible, it should be avoided in the design to have seg-
ment lengths comparable to the covariant lengths. However, the length of the seg-
ment depends not only on the shear force in the shear key. If the variation in dredging
depth and subsoil stiffness are comparable, the design should anticipate higher shear
forces. Estimation of a covariance length canbebased on site investigations andCPTs,
DeGroot et al. [124] presents amethod for this. The thickness of the foundationmate-
rial is related to thedredging tolerance. One could thinkof extending thequalitymea-
sures on the dredging method to improve the dredging accuracy, because it would
lead to a more constant thickness and stiffness and therefore a lower variability on
the stiffness of the foundation layer. However, in daily practice, the selection of the
dredging method depends on marine conditions and geology. The dredging method
also dictates the dredging tolerance. As an additional option, by changing the thick-
ness of the foundation layer, the influence of the subsoil stiffness on the bedding
stiffness can be decreased. Using the results of a Monte Carlo analysis, datasets can
be built that can be used in a probabilistic analysis using multivariate models. Vine
copulas or non-parametric Bayesian networks can be fitted. The covariance lengths
for the dredging depth and the subsoil stiffness are statistically coupled to the shear
key. Rank correlations, which are used to parametrise multidimensional models, do
not anticipate for non-monotonic behaviour. In the relation of the covariance lengths
to the shear key force, there is a clear difference in behaviour between the lower co-
variance lengths and the higher covariance lengths, splitted by the peak value of the
shear force, which enforces to split data at the covariance length peak value and con-
duct 2 probabilistic analyses. In case covariance lengths are unknown, exceedance
probabilities can be found for shear forces using Non Parametric Bayesian Networks
(NPBN) andVineCopulas (VC). In this specific case, there is a small difference between
NPBNandVC,where VC ismore appropriate in the case of tail dependencies, as in this
research. With thismethod, a better estimate of the probable shear key forces can be
found using Gaussian random fields in combination with other probabilistic tools.

Howcanstructural failureof anSFT through initial leakage causedby time-dependent
traffic loads be evaluated using probabilistic methods?
In this research, amethodology is presented to study the reliability of a pontoon-type
SFT. Structural failure through leakage caused by time-dependent loads is evaluated.
The methodology is divided into two main parts, i) traffic simulation using a copula-
based model, and ii) a structural model to test the SFT for a given failure mechanism
(leakage due to bending of the SFT tube in the longitudinal direction). Finally, the reli-
ability of the structure is investigated under the aforementioned failure mechanism.

From a monitoring dataset, several characteristics were extracted and translated
into a trafficflowmodel using copulas. A simulationof this trafficflowmodel resulted
in a ”train” of traffic running through the SFT. To simulate the response of the struc-
ture over long periods of time, the proposed structural modelling approach needs to
be as efficient as possible. Thus, by defining the global DSM (Direct StiffnessMethod)
approach with long beams and a dedicated DEM (Differential Equation Method) ap-
proach for intermediate loading, the finite element became as efficient as possible to
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avoid lag in the analysis. The analysis time was further reduced by applying the su-
perposition principle. The results of the structuralmodel provided themaximumand
minimum bending moments and shear forces under traffic load for different values
of BWR (Buoyancy-Weight-Ratio). From these results, the annual distribution of these
variables and, consequently, their extreme values for several return periods were ob-
tained.

Due to the lack of data regarding the structural response of an SFT, the combina-
tion of probabilistic modelling with structural analysis offers the possibility to study
the design choices of this structure. This research shows an effective way to combine
probabilistic modelling through copulas and structural analysis to simulate the traf-
fic loads passing through the SFT and their effect on the structure. This methodology
offers great flexibility because it can be used to test the reliability of the SFT consid-
ering other loading variables. For example, external environmental variables such as
waves, currents, and their simultaneous action on an SFT. Moreover, this methodol-
ogy is not restricted to use only on an SFT. It can be applied to other civil structures
where the data is scarce.

How can the selection of regular vines be advanced with a brute force method and
what are the advantages and disadvantages of such a method?
In this research, an advanced hydrodynamic analysis approach has been used to con-
struct different datasets. It can be concluded that it is possible to conduct a dynamic
mooring analysis to find the response of an SFT loaded by waves. Using field data
which were filtered for situations with only swell waves, a large series of potential
situations have been simulated and from that filtered data, a limited set of input is
used toperformtheanalyses. The results of theseanalyseswereused inaVineCopula
(VC) analysis. In essence, selecting the best RV structure together with the copulas in
terms of the best Akaike Information (AIC) score is essential to describe the data and
assess the values related to exceedance probabilities. The selection of the Regular
Vine (RV) structure in this research part was the main topic, and two approaches, a
commonly used algorithm and a brute-forcemethod, were used and compared, find-
ing the best RV in terms of the AIC score for datasets with 8 variables.

As the brute-force (BF) solution will evaluate every possible RV given the number
of variables, it will describe the dependencies between the variables in the dataset
more accurately than the AL solution in terms of the AIC score, which can be con-
cluded on the AIC cores of the individual runs presented. For the two different types
of datasets, the maximum values or the concomitant values, RV selection was per-
formed. In general, the differences in AIC scores between runs with concomitant val-
ues show larger differences thanwith themaximum values. This can be explained by
the fact that the maximum values are more correlated than in the case of concomi-
tant values.

Theoretically, the BF approach will always outperform the AL approach, since the
AL approach will only present one of the BF solutions. One could conclude that the
BF approach should always be used. However, the BF approach comes with a penalty
which is related to the number of RV to consider, 660,602,880 RVs need to be con-
sidered in case of 8 variables and require large computational effort, while the AL
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approach only uses a few seconds. The BF approach can currently take up to years
on a regular computer. In order to apply the BF approach, it is essential to use a high
performance computer (HPC) to identify the RV structurewith the lowest AIC in com-
binationwith the fitted copulas. The differences in AIC scores between bothmethods
show that in some cases there is a large amount of RV structures that describe the de-
pendencies between variables better than the RV structure found by the algorithm
(83% for the concomitant datasets and 30% for the maximum datasets). The effect
of these differences appears in the case where conditional probability exceedance
values are determined. In the specific case demonstrated, a relative difference in ex-
ceeding probability is found. Using the AL approach, one should consider that there
could be a better RV structure describing the dependencies of the variables in the
dataset and in case of conditioning significant differences can be found.

It can be concluded that the selection of RV structures in terms of the AIC score
is advanced by considering a brute-force method. The current limitation given by
Chimera [3] is 8 variables. Even the 8-variable limit can be extended, but even ex-
tending this database to 9 and more variables, there will always be a need to raise
the limit and capture larger datasets.

Whendesigning structures, the safety requirements (or themaximumprobability
of failure) dictate design decisions. Using the non-optimal fitted multivariate model
based might lead to a non-economical or less safe design, as the structure might be
too robust or have a lower safety. In parallel, for displacements and accelerations,
the same conclusion can be drawn. Usually, analogous to bridges, there is a pol-
icy to close a crossing if there is a too large acceleration or deformation; if the pre-
dictions are based on a non-optimal fitted multivariate model, the structure might
close down more often in reality based on measurements than originally in the de-
sign found based on the exceedance probability. The requirement on the availability
of the crossing might therefore not be met.

7.2. Recommendations
This thesis touches on several research topics and did not aim to cover the full scope
of probabilisticmethods for structures or for the design of SFTs. In that way, there are
several loose ends that can be a topic of further research. In this section, recommen-
dations for further research can be found. Each part of the research individually can
be improved, but the recommendations given are also not limited and can be seen as
important initial directions. Furthermore, the methods developed and presented in
this thesis are applicable in other applications.
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Definition of a target reliabilities framework for SFT design

The design of civil structures is based on code standards that have been developed
over decades. SFT is a novel structure type and it will take time for the civil engineer-
ing community to build up design experience in SFTs before cross-validation could
lead toadesignpractise that comprises, for example, the commonlyused LRFMmeth-
ods (level I), as presently used for other structures. Specifically for SFTs a proposed
framework was proposed in Chapter 3, to advance this framework the following rec-
ommendations, not only for SFT design, can be considered:

■ The LRFM method prescribed by codes and standards does not consider a dis-
tinction between component and system level. If redundancy is concerned, dif-
ferentiation the component and system level can be considered. For example,
if by adding an extra support to the SFT, for the single component in such case
a lower requirement could be used. As a second example, adjustable ballasting
maybe selected, which reduces the risk of imbalance butmay introduce the risk
of malfunctioning of additional components.

■ An SFT is a novel structure with aspects from different fields of application. It is
recommended to organise joint expertise teams for the design and involve the
latest start-of-the-art knowledge from experts in the different fields of exper-
tise.

■ More research is needed to derive the acceptable levels of individual and soci-
etal risk specifically for SFTs as a basis for structural design.

■ Safetymeasures will influence the conditional probability of death or major in-
jury given structural failure. Adjusting or increasing measures on safety with
exit strategies will decrease this conditional probability, and research on this
topic for SFTs and the application of the findings will be beneficial.

■ When assessing economical risk, the consequences of failure, direct and indi-
rect, need to be estimated in monetary units. The compilation of a practical
guideline for this estimation is recommended in order to derive a level of relia-
bility.
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Application of probabilistic methods in IMT design
In the research presented in Chapter 4, only covariance lengths for soil stiffness and
dredging depth are considered, and both lengths are considered independent param-
eters. The latter could be the topic of discussion, if the top part of the soil influences
the dredging process, a correlation between both could appear. However, if the soil
consists of amulti-layer profile, this influence of the top layer on the total stiffness of
the soil will reduce.

In tunnel design, even parts of the method can be used. As a recommendation
for further research, more parameters should be included in the scope. In addition,
the parameters used in this study are all based on a distribution with a fixed set of
parameters. This could represent a single situation; however, to draw more robust
conclusions, it is recommended to extend further research with, but not limited to:

■ Soil:

– Multiple layers of subsoil
– Development of soil stiffness over the tunnel foundation area
– Settlements

■ IMT geometry:

– Variation of IMT section over the longitudinal direction
– Different segment lengths over the tunnel length
– More than 2 keys in the segment joint
– Interaction between 2 elements

■ Other:

– Transition areas of tunnel to cut and cover sections
– Dredging scenarios or methods
– Non uniform loading

Dependency between traffic loads and leakage failure
The presented research is based on a hypothetical model in which several variations
can be considered. Specific recommendations concern:

■ The research showed that the results are sensitive to the choice of the BWR;
therefore, this choice should be handled with caution when designing an SFT.
Although BWR was varied in the research, further research on BWR also for
other types of SFT should be considered as it will be part of the stability chal-
lenges of an SFT

■ Other limit states; the study only focussed on failure of the SFT due to leak-
age caused by bending. Even with the simplified model, limit states based on
displacements, rotations, and shear forces of the SFT can also be considered.

■ Shore connection; the simplified method can also present support reactions,
which can be specifically of interest as at the transition area the support condi-
tions change from buoyant structure to bedding supported.



7

114 7. Conclusions and recommendations

■ Multiple tubes and a 3 dimensional approach, the considered model is consid-
ered a straight connection in the vertical plane and without any out-of-plane
curvature. The simplified model could be extended to 3 dimensions and could
also consider a double or different tube layout in which torsional effect can be
addressed.

■ Span length; the current span length is kept constant and symmetric; different
span lengths will influence the force distribution in the structure.

■ Nonlinear analyses; the current analysis is based on a linear static analysis. Us-
ing non-linear analyses, redistribution of forces and stresses can be considered.
A large disadvantage is that the superposition principle cannot be used and for
the current considered limit state this redistribution effect is limited. However,
for other limit states, this might be of essence and will better describe the ac-
tual response of the SFT.

Selection of Regular Vine structure by brute force using a high perfor-
mance computer
With respect to the DMA model, only one geometry has been used with a uniform
length of the tethers. It is recommended to test different geometries and different
support conditions at the end of the structure, which is also addressed in the rec-
ommendations on the traffic study. When we focus on the statistical part and the
process of finding the Regular Vine structure, the following recommendations can be
made:

■ Obviously in probabilistic analyses using Vine Copula, the quality of the proba-
bilistic analysis is improved by increasing the number of samples in the dataset,
so in case of data generation like using the DMA analyses, generate as many
samples as reasonably possible.

■ The current BF approach is limited to eight variables; recommendation on the
BF approach is to extend the Chimera database [3] with RV sets with 9 or more
variables, although there will always be a need for sets for more variables, and
we must think of ways to store this large amount of data and make it publicly
available.

■ The BF approach on eight variables requires a lot of time even on a HPC com-
pared to an algorithm-based approach, as the BF process is a parallel analysis,
increasing resources, and the BF process will reduce time.

■ In the current approach only one-parameter copulas are allowed, to improve
the method, other copulas with more parameters can be allowed as well; this
has a penalty time wise, as the fitting procedures will require more time.

■ In order to reduce the amount of resources and/or reduce the amount of time
needed, a better BF algorithm could be developed.

■ Considering the selection of the best RV that describes the dependencies of the
data, a new algorithm can be developed that would show a closer similarity to
the BF approach.
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■ VC describe dependencies in the unit domain; if simulation and conditioning
are performed and the solutions are transferred back to the original domain,
the values can only be foundwithin the original data ranges. The extreme value
estimation beyond the original interval of the dataset should be explored and
assessed.
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Nomenclature

[𝐾] Stiffness matrix

[𝐾𝑓] Filtered stiffness matrix

[𝑅𝐵𝑊𝑅] Matrix of results due to the BWR

[𝑅𝑒] Matrix of enveloped results

[𝑅𝑡] Matrix of results due to BWR and traffic loads

𝛽 Reliability index

𝛽𝑛 Reliability index with reference period n years

Δ𝑡𝑑𝑙 Dredging tolerance

Δ𝑡𝑝𝑙 Gravel placement tolerance

ln(�̂�) Log-likelihood

𝜇 Mean value

𝜙 Angle of impact [𝑑𝑒𝑔𝑟𝑒𝑒𝑠]

𝜙 Gaussian distribution function

Σ Covariance matrix

𝜎 Standard deviation

𝜎𝑎 Average contact pressure

𝜎𝑏 Bedding response

𝜎𝑓 Stress in fibre

𝜃𝑧 Rotation

𝜀𝑥 Axial strain

�⃗� Force vector

�⃗�𝑓 Filtered force vector

�⃗�𝑝 Support forces vector
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�⃗�𝑡 Vector of a sub-train of axle loads

�⃗� Displacement vector

�⃗�𝑓 Filtered displacement vector

𝐴 Area

𝑎 Lever arm

𝐴𝑏 Contact area underneath the tunnel

𝐴𝑏 Bedding-tunnel contact area

𝐶 Bivariate copula

𝐶𝜃𝑋 Auto-correlation model of order 1 for the time series of interest

𝑑𝑎𝑥𝑖 Axial accelerations point i [𝑚/𝑠2]

𝑑𝑎𝑦𝑖 Lateral accelerations point i [𝑚/𝑠2]

𝑑𝑎𝑧𝑖 Vertical accelerations point i [𝑚/𝑠2]

𝑑𝑢𝑥𝑖 Axial displacements point i [𝑚]

𝑑𝑢𝑦𝑖 Lateral displacements point i [𝑚]

𝑑𝑢𝑧𝑖 Vertical displacements point i [𝑚]

𝐸 Young’s Modulus

𝐹 Force

𝐹𝑖 Tether force in tether i [𝑁]

𝐹𝑖 Force at segment i

𝐹𝑘 Absolute force at shear key

𝐹𝑡 Matrix of all sub-trains of axle loads

𝐹𝑋(𝑥), 𝐺𝑌(𝑦) Marginal distributions

ℎ cross section thickness - Eurocode definition

𝐻𝑠 Wave height [𝑚]

ℎ𝑓 Foundation thickness

𝐻𝑋𝑌) Joint distribution

𝑖 Discrete time indices of the variable of interest (Not calendar time)

𝐼𝑧 Second moment of area
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𝐼𝑧 Second moment of area

𝑘 Number of parameters in AIC

𝑘𝑏 Bedding stiffness

𝑘𝑓 Foundation material stiffness

𝑘𝑠 Soil stiffness

𝐿𝑐𝑜𝑣 Covariance length [m]

𝐿𝑖 Influence depth of the tunnel

𝑀 Regular vine matrix

𝑀 Total bending moment.

𝑀𝑎𝑙 Matrix representationofRegularVineobtainedusingalgorithmmethod

𝑀𝑏𝑓 Matrix representation of Regular Vine obtained using brute force
method

𝑀𝐵𝑊𝑅 Bending moment due to BWR load

𝑀𝑐𝑎𝑝 Bending moment capacity

𝑀𝑚𝑎𝑥,𝑚𝑖𝑛 Maximum or minimum bending moment from envelope

𝑀𝑝𝑡 Bending moment due to asymmetric post tensioning

𝑀𝑡𝑟,𝑐𝑎𝑝 Bending moment capacity related to traffic

𝑀𝑡𝑟 Bending moment due to traffic load

𝑁𝑎𝑠,𝑝𝑡 Asymmetric post tensioning

𝑁𝑎𝑥,𝑝𝑡 Axial post tensioning

𝑛𝑥 Number of points in x direction

𝑛𝑦 Number of points in y direction

𝑃𝑓 Probability

𝑃𝑓 Probability

𝑅𝑖 Inner radius of tubular section

𝑅𝑜 Outer radius of section

𝑅𝑢 Matrix of results for each unit load

𝑆𝑖−1 Vehicle’s speed at time 𝑡 − 1 [km/h]
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𝑇𝑝 Wave period [𝑠]

𝑡𝑠 Thickness of the tubular shape

𝑢𝑥,𝑦 Displacement

𝑤𝑓 Section modulus for fibre location

𝑋 Location

𝑥0 Local coordinate at start of the beam

𝑥𝑓 Local coordinate at position of the force on the beam

𝑥𝑙 Local coordinate at end of the beam

𝑥𝑓𝑖 Location of fibre in the cross section

𝑥𝑓 Vertical location of fibre

𝑥𝑖 Inter-vehicle distance at discrete time 𝑡 [km]

𝑥𝑛 x-coordinate of point n [m]

𝑦𝑛 y-coordinate of point n [m]

𝑀𝑧 Bending moment

𝑁𝑥 Normal force

𝑞𝑥 Axial distributed force

𝑞𝑦 Lateral distributed force

𝑉𝑦 Shear force

AIC Aikake Infomation Criterium

ecdf Empirical cumulative distribution function.
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Figure A.1: Densities for segment length 𝐿𝑠𝑒𝑔 = 10m
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Figure A.2: Densities for segment length 𝐿𝑠𝑒𝑔 = 15m
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Figure A.3: Densities for segment length 𝐿𝑠𝑒𝑔 = 20m
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1e−7 Covariance length - distributions - n = 1000 - LSeg=30m
LCov = 10.0
LCov = 15.0
LCov = 20.0
LCov = 25.0
LCov = 30.0
LCov = 35.0
LCov = 40.0
LCov = 60.0
LCov = 80.0
LCov = 120.0
LCov = 150.0

(a) Densities

0 20 40 60 80 100 120 140
LCov [m]

0

1

2

3

4

5

6

7

F k
ey
,m

ax
 [M

N
]

LSeg=30m

(b) Force at 95 percentile

Figure A.4: Densities for segment length 𝐿𝑠𝑒𝑔 = 30m
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1e−7 Covariance length - distributions - n = 1000 - LSeg=40m
LCov = 10.0
LCov = 15.0
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Figure A.5: Densities for segment length 𝐿𝑠𝑒𝑔 = 40m
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1e−7 Covariance length - distributions - n = 1000 - LSeg=60m
LCov = 10.0
LCov = 15.0
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Figure A.6: Densities for segment length 𝐿𝑠𝑒𝑔 = 60m
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A.2. Non Parametric Bayesian Network
A.2.1. Part 1: Network setup

Figure A.7: Bayesian network - part 1

𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ 𝐹𝑘𝑒𝑦
𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 1 0.006 0.355
𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ 0.006 1 0.426
𝐹𝑘𝑒𝑦 0.355 0.426 1

Table A.1: Empirical rank correlation matrix for part 1

𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ 𝐹𝑘𝑒𝑦
𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 1 0 0.355
𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ 0 1 0.424
𝐹𝑘𝑒𝑦 0.355 0.424 1

Table A.2: Conditional normal rank correlation matrix for part 1
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Figure A.8: Cramer von Mises statistics - part 1

Figure A.9: Gaussian distance (d-score) - part 1
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A.2.2. Part 1: Conditioning
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Figure A.10: Conditioned on 2 lengths
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Figure A.11: Conditioned on 𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙
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Figure A.12: Conditioned on 𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ
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Figure A.13: Covariance length Trench, Conditioned on Force
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Figure A.14: Covariance length Soil, Conditioned on Force



A.2. Non Parametric Bayesian Network

A

139

A.2.3. Part 2: Network setup

Figure A.15: Bayesian network - part 2

𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ 𝐹𝑘𝑒𝑦
𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 1 -0.015 -0.230
𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ -0.015 1 -0.303
𝐹𝑘𝑒𝑦 -0.230 -0.303 1

Table A.3: Empirical rank correlation matrix for part 2

𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ 𝐹𝑘𝑒𝑦
𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙 1 0 -0.230
𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ 0 1 -0.307
𝐹𝑘𝑒𝑦 -0.230 -0.307 1

Table A.4: Conditional normal rank correlation matrix for part 2



A

140 A. Spatial variation in tunnel foundations - results

Figure A.16: Cramer von Mises statistics - part 2

Figure A.17: Gaussian distance (d-score) - part 2
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A.2.4. Part 2: Conditioning
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Figure A.18: Conditioned on 2 lengths
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Figure A.19: Conditioned on 𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙
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Figure A.20: Conditioned on 𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ
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Figure A.21: Covariance length Trench, Conditioned on Force
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Figure A.22: Covariance length Soil, Conditioned on Force
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A.3. Vine Copulas
A.3.1. Part 1: Data

Figure A.23: Data overview

Figure A.24: Data overview - in [0,1]
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Matrix based on 3-1-2 - Part 1

𝑀 = [
1 1 1
2 2 0
3 0 0

]

Trees - Trace
∗ ∗ 𝑇𝑟𝑒𝑒 ∶ 0
3, 1 < − > 𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = 0.371329
2, 1 < − > 𝐽𝑜𝑒, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = 1.00767
∗ ∗ 𝑇𝑟𝑒𝑒 ∶ 1
3, 2|1 < − > 𝐺𝑢𝑚𝑏𝑒𝑙180∘, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = 1.46212 AIC score: -1260.5

Figure A.25: sampling - matrix 3-1-2 - Part 1

Matrix based on 2-3-1 - Part 1

𝑀 = [
3 3 3
1 1 0
2 0 0

]

Trees - Trace
∗ ∗ 𝑇𝑟𝑒𝑒 ∶ 0
2, 3 < − > 𝐺𝑢𝑚𝑏𝑒𝑙180∘, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = 1.38855
1, 3 < − > 𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = 0.371329
∗ ∗ 𝑇𝑟𝑒𝑒 ∶ 1
2, 1|3 < − > 𝐹𝑟𝑎𝑛𝑘, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = −1.4251 AIC score: -1255.2
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Figure A.26: sampling - matrix 2-3-1 - Part 1

Matrix based on 1-2-3 - Part 1

𝑀 = [
2 2 2
3 3 0
1 0 0

]

Trees - Trace
∗ ∗ 𝑇𝑟𝑒𝑒 ∶ 0
1, 2 < − > 𝐽𝑜𝑒, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = 1.00767
3, 2 < − > 𝐺𝑢𝑚𝑏𝑒𝑙180∘, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = 1.38855
∗ ∗ 𝑇𝑟𝑒𝑒 ∶ 1
1, 3|2 < − > 𝐹𝑟𝑎𝑛𝑘, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = 2.79775 AIC score: -1254.9
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Figure A.27: sampling - matrix 1-2-3 - Part 1

A.3.2. Part 1: Conditioning - Vines

Figure A.28: Conditioned on 2 lengths
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Figure A.29: Conditioned on 𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙

Figure A.30: Conditioned on 𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ
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A.3.3. Part 2: Data

Figure A.31: Data overview

Figure A.32: Data overview - in [0,1]
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Matrix based on 3-1-2 - Part 2

𝑀 = [
1 1 1
2 2 0
3 0 0

]

Trees - Trace
∗ ∗ 𝑇𝑟𝑒𝑒 ∶ 0
3, 1 < − > 𝐹𝑟𝑎𝑛𝑘, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = −1.48861
2, 1 < − > 𝐹𝑟𝑎𝑛𝑘, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = −0.1289
∗ ∗ 𝑇𝑟𝑒𝑒 ∶ 1
3, 2|1 < − > 𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = −0.331021 AIC score: -520.3

Figure A.33: sampling - matrix 3-1-2 - Part 2

Matrix based on 2-3-1 - Part 2

𝑀 = [
3 3 3
1 1 0
2 0 0

]

Trees - Trace
∗ ∗ 𝑇𝑟𝑒𝑒 ∶ 0
2, 3 < − > 𝐹𝑟𝑎𝑛𝑘, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = −1.99834
1, 3 < − > 𝐹𝑟𝑎𝑛𝑘, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = −1.48861
∗ ∗ 𝑇𝑟𝑒𝑒 ∶ 1
2, 1|3 < − > 𝐹𝑟𝑎𝑛𝑘, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = −0.614899 AIC score: -521.4
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Figure A.34: sampling - matrix 2-3-1 - Part 2

Matrix based on 1-2-3 - Part 2

𝑀 = [
2 2 2
3 3 0
1 0 0

]

Trees - Trace
∗ ∗ 𝑇𝑟𝑒𝑒 ∶ 0
1, 2 < − > 𝐹𝑟𝑎𝑛𝑘, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = −0.1289
3, 2 < − > 𝐹𝑟𝑎𝑛𝑘, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = −1.99834
∗ ∗ 𝑇𝑟𝑒𝑒 ∶ 1
1, 3|2 < − > 𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛, 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 = −0.260272 AIC score: -519.9
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Figure A.35: sampling - matrix 1-2-3 - Part 2

A.3.4. Part 2: Conditioning - Vines

Figure A.36: Conditioned on 2 lengths
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Figure A.37: Conditioned on 𝐿𝑐𝑜𝑣,𝑠𝑜𝑖𝑙

Figure A.38: Conditioned on 𝐿𝑐𝑜𝑣,𝑡𝑟𝑒𝑛𝑐ℎ
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V1
11
1

V1
12
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V1
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3A
21

V1
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2
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11
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12
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V2
2A
3
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2

Table B.1: Vehicle categories of WIM observations.
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Sub-class Symbol

B11

B11A1

B11A2

B12

B12A1

B12A2

B21

T11O1

T11O11

T11O111

T11O1111

T11O2

T11O3

T11O4

T12O1

T12O11

Sub-class Symbol

T12O111

T12O111

T12O1111

T12O2

T12O3

T12O4

T21O11

V11

V111

V1111

V112

V11A1

V11A1

V11A11

V11A12

V11A2

Sub-class Symbol

V11A2

V12

V12A11

V12A12

V13

V21

V211

V21A2

V21A2

V22

V22A1

V22A1

V22A11

V22A12

Figure B.1: WIM Vehicle indexing. [115]
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B.2. Daily proportion of vehicles’ categories

Vehicle Category C_L2 F_L2_A F_L2_B C_L3 F_L3_A F_L3_B
B2 0.61 5.56 1.65 0.69 0.58 0.39
B3 1.83 0.00 3.31 0.61 0.17 0.33
O3 3.05 1.85 2.13 0.69 0.42 1.11
O4 15.24 3.70 4.96 4.59 1.83 2.66
O5 0.61 1.85 0.71 0.61 0.58 0.20
O8 0.00 0.00 0.00 0.17 0.25 0.09
O9 0.00 0.00 0.00 0.00 0.08 0.00
OT10 0.00 0.00 0.00 0.00 0.00 0.02
OT11 0.00 0.00 0.00 0.00 0.00 0.00
R5 0.00 0.00 0.00 0.00 0.00 0.07
R6 0.00 0.00 0.00 0.17 0.83 0.11
R7 0.00 0.00 0.24 0.26 0.42 0.30
R8 0.00 0.00 0.00 0.26 0.17 0.41
R9 0.00 0.00 0.00 0.09 0.08 0.07
T3 1.83 3.70 2.60 5.37 4.33 4.22
T4 10.98 16.67 14.89 15.34 19.83 18.35
T5 26.83 33.33 37.12 29.29 38.25 36.04
T6 2.44 7.41 2.60 6.07 6.25 6.81
T7 0.61 0.00 0.00 0.26 0.33 0.33
V2 14.63 9.26 15.37 14.99 9.92 12.80
V3 3.66 1.85 1.65 4.51 1.92 4.16
V4 14.02 5.56 5.91 8.23 6.67 6.03
V5 1.83 5.56 4.73 5.37 5.33 3.53
V6 1.22 3.70 1.89 1.65 1.67 1.61
V7 0.61 0.00 0.24 0.61 0.08 0.37

Table B.1: Daily proportion of vehicles’ categories. 10th April 2013.
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B.3. Monthly proportion of vehicles’ categories

Vehicle Category Proportion [%]
B2 1.014
B3 0.779
O3 1.295
O4 3.116
O5 0.400
O8 0.128
O9 0.026
OT10 0.012
OT11 0.006
R5 0.047
R6 0.216
R7 0.264
R8 0.317
R9 0.054
T3 3.851
T4 17.795
T5 35.481
T6 5.871
T7 0.277
V2 12.801
V3 3.582
V4 6.902
V5 4.005
V6 1.445
V7 0.297

Table B.2: Monthly proportion of vehicles’ categories. April 2013.
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B.4. Copula Results-April 2013

Day C_L2 C_L3 F_L2_A F_L3_A F_L2_B F_L3_B
4 Joe Frank Joe BB8 Joe BB8
5 Gaussian Gaussian Clayton Frank Joe Joe
6 t Frank Joe t Joe Joe
7 Frank Frank Joe Frank Joe BB7
8 Joe Clayton Clayton Clayton Gaussian Gumbel
10 Gumbel Frank Joe BB8 Joe BB7
11 Gaussian Frank Joe BB8 Joe Joe
12 Gaussian Joe Joe t Joe Joe
13 Clayton Frank t BB8 Joe Joe
14 t Frank Joe Gaussian Joe Joe
15 t Frank Gaussian Clayton Joe Joe
17 Gaussian Gaussian Joe BB8 Gumbel BB8
18 Gumbel Frank Joe Frank Joe BB8
19 Frank Frank t Clayton Joe Joe
20 Gaussian Frank Joe t Joe Joe
21 BB7 Frank BB7 Frank Joe BB8
22 t Clayton Clayton Gaussian Joe Joe
24 Gaussian Gaussian t BB8 Joe Joe
25 Gaussian Clayton Joe BB8 Joe BB8
26 Joe t Gaussian BB8 Joe BB8
27 t Frank Gumbel BB8 Joe BB8
28 Joe Frank Joe BB8 Joe BB8
29 Gaussian Clayton Gaussian Frank Joe BB7

Table B.1: Copula fit for inter-vehicle distances per traffic type. April 2013.

Day C_L2 C_L3 F_L2_A F_L3_A F_L2_B F_L3_B
Obs. Sim. Obs. Sim. Obs. Sim. Obs. Sim. Obs. Sim. Obs. Sim.

4 0.213 0.091 -0.039 -0.088 0.477 0.584 0.218 0.300 0.149 0.177 0.088 0.113
5 0.084 0.259 -0.010 -0.017 0.535 0.563 0.177 0.170 0.109 0.129 0.097 0.140
6 0.068 -0.014 -0.103 -0.088 0.153 0.312 0.157 0.156 0.140 0.208 0.089 0.186
7 -0.045 0.004 -0.121 -0.160 0.508 0.163 0.265 0.240 0.152 0.186 0.136 0.173
8 0.099 0.231 0.033 -0.022 0.500 0.350 0.116 0.172 0.210 0.060 0.179 0.177
10 0.114 0.048 -0.050 -0.038 0.154 0.857 0.281 0.256 0.131 0.188 0.117 0.171
11 -0.003 -0.037 -0.023 0.007 0.106 0.367 0.245 0.242 0.162 0.218 0.102 0.112
12 -0.021 -0.142 0.004 -0.031 0.486 0.097 0.222 0.177 0.054 0.069 0.090 0.150
13 0.036 0.040 -0.029 -0.046 0.202 0.398 0.245 0.313 0.112 0.294 0.104 0.110
14 0.124 0.303 -0.035 0.023 0.414 0.419 0.190 0.227 0.147 0.226 0.118 0.147
15 -0.333 -0.103 0.065 0.003 0.300 0.400 0.115 0.176 0.154 0.078 0.119 0.165
17 0.133 0.170 -0.019 -0.043 0.365 0.351 0.289 0.290 0.156 0.132 0.099 0.138
18 0.154 0.100 -0.054 -0.068 0.388 -0.159 0.177 0.129 0.086 0.165 0.085 0.114
19 0.259 0.184 -0.086 -0.116 0.060 0.414 0.216 0.222 0.211 0.323 0.086 0.096
20 -0.001 -0.008 -0.009 0.017 0.566 0.712 0.165 0.100 0.121 0.152 0.101 0.136
21 0.148 0.262 -0.093 -0.088 0.307 0.384 0.231 0.256 0.204 0.270 0.086 0.122
22 -0.355 -0.346 0.036 0.079 0.164 0.291 0.059 0.112 0.197 0.067 0.112 0.152
24 0.103 0.107 0.001 -0.045 0.102 -0.278 0.168 0.176 0.106 0.146 0.067 0.123
25 0.115 0.125 0.007 0.059 0.389 0.218 0.139 0.068 0.217 0.296 0.122 0.155
26 0.088 0.007 -0.044 -0.067 0.470 0.517 0.256 0.277 0.161 0.228 0.091 0.150
27 -0.049 -0.147 -0.006 0.013 0.535 0.348 0.284 0.288 0.105 0.220 0.113 0.148
28 0.002 -0.108 -0.055 -0.025 0.558 0.593 0.222 0.240 0.066 0.120 0.092 0.155
29 -0.257 -0.388 0.023 0.047 0.543 0.257 0.053 0.100 0.274 0.325 0.158 0.125

Table B.2: Spearman’s correlation coefficient for observations and simulations for inter-vehicle distance.
April 2013.
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B.5. Structural model
B.5.1. Direct Stiffness Method
In this paper, the structural system of the SFT is characterised by beams supported by
pontoons. The methodology for the structural model is based on the Direct Stiffness
Method (DSM) and the Differential Equation Method (DEM).

The origin of these models started around 1930 with theMatrix Structural Analy-
sis (MSA). In later decades, “human computers” are replaced by “programmable dig-
ital computers”. Then, MSA translates into FEMwith continuummathematical mod-
els instead of discretemodels. Later in history, this was named the DSM formulation.
In 1959, [125] proposed the DSM as an implementation of the Finite Element Method
(not named at that moment). The evolution of computer power allowed engineers
to use larger matrices and solvingmethods, but DSM’s theory is still fundamental for
today’s engineering. A detailed description of the evolution of these methods can be
found in [126].

The SFT model is defined in a 2-dimensional Cartesian coordinate system with
the X-axis corresponding to the longitudinal direction of the SFT. A beam element
connects two points (nodes), and the deformation of the nodes describes the inter-
nal forces based on the axial and bending stiffness of the beam element. In the 2
dimensional domain, the number of degrees of freedom in a node is 3 and on a beam
element is 6. The relation between the force vector (�⃗�𝑏) and the displacement vector
(�⃗�𝑏) each of length 6 can be described by a matrix (6 × 6) 𝐾𝑏 as in Equation B.1. A
graphical representation of𝐾𝑏 is shown in Fig. B.1. The elements of the 6×6 stiffness
matrix are based on the relations according to Euler-Bernoulli beam theory [127], see
also B.5.2. For this case, units for �⃗�𝑏 are metres and radians, and for �⃗�𝑏 the units are
Newton and Newton-metre. The stiffness matrix 𝐾𝑏 contains direct relationships of
forces with displacements and moments with rotations on the diagonal terms, but
it also contains cross terms (the influence of forces on rotations and vice versa). The
units of each cross-term in 𝐾𝑏 depend on the relation it describes.

�⃗�𝑏 = [𝐾𝑏]�⃗�𝑏 (B.1)

Forces

Stiffness matrix

Degrees of freedom

𝐾[𝐸, 𝐴, 𝐼] = [
𝑘1,1 ⋯ 𝑘6,1
⋮ ⋱ ⋮
𝑘1,6 ⋯ 𝑘6,6

]

Figure B.1: Local stiffness relation
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The system stiffness matrix 𝐾𝑠 can be compiled by connecting the nodes on the
beam stiffness matrix [𝐾𝑏]. Thus, the stiffness relations between the beams’ nodes
are combined in the system stiffness matrix 𝐾𝑠 and describe the system relationship
between the system degrees of freedom 𝑢𝑠 and the system forces 𝐹𝑠. The relation
between forces and degrees of freedom is described by Equation B.2 and is shown
graphically in Fig. B.2 (where 𝑧 defines the out-of-plane axis, to define the rotations 𝜃
in the 2-dimensional plane). The system stiffness matrix 𝐾𝑠 has the size of the num-
ber of nodes 3 times (for each degree of freedom) in both dimensions. The global
force and displacement vectors have dimensions equal to the length of the number
of nodes multiplied by 3 (for each degree of freedom at each node).

�⃗�𝑠 = 𝐾𝑠�⃗�𝑠 (B.2)

𝑞

1 2 𝑛

𝐹 =

⎡
⎢
⎢
⎢
⎢
⎢
⎣

𝐹𝑥,1
𝐹𝑦,1
𝑀𝑧,1
⋮
𝐹𝑥,𝑛
𝐹𝑦,𝑛
𝑀𝑧,𝑛

⎤
⎥
⎥
⎥
⎥
⎥
⎦

𝐾 = [
𝑘1,1 ⋯ 𝑘𝑛∗3,1
⋮ ⋱ ⋮

𝑘1,𝑛∗3 ⋯ 𝑘𝑛∗3,𝑛∗3
] 𝑢 =

⎡
⎢
⎢
⎢
⎢
⎢
⎣

𝑢𝑥,1
𝑢𝑦,1
𝜃𝑧,1
⋮
𝑢𝑥,𝑛
𝑢𝑦,𝑛
𝜃𝑧,𝑛

⎤
⎥
⎥
⎥
⎥
⎥
⎦

Figure B.2: Global stiffness relation

Both the force and displacement vectors are discrete and describe the external
loads on the nodes and the displacements and rotations of the nodes. The distributed
forces (𝑞 in Figure B.2) in the beams are internal forces and need to be translated into
global nodal forces, because the DSM only describes the relationship between the
forces in the nodes and the degrees of freedom of the nodes. Global displacements
can theoretically be found bymultiplying the global force vector by the inverse of the
system stiffness matrix (Equation B.3). To successfully perform this, the vectors and
matrix need to be filtered (swept) for supports, where displacements or rotations are
assumed to be 0. The rows and columns related to these globally supported degrees
of freedom are swept from the stiffness matrix of the system 𝐾𝑠 and both vectors 𝑢𝑓
and 𝐹𝑠, resulting in the filtered vectors 𝑢𝑓 and 𝐹𝑓 and the stiffness matrix 𝐾𝑓 .

�⃗�𝑓 = [𝐾𝑓]−1�⃗�𝑓 (B.3)

Deriving the inverse of largematrices can be quite intensive in terms of computa-
tional effort. The use of more advanced numerical routines decreases the calculation
time. Despite advanced numeric routines, the reduction of beam-elements and the
number of total degrees of freedom of the system, will reduce thematrix size. There-
fore, the performance penalty for larger systems is reduced.

To find the support reactions, the global stiffness matrix 𝐾𝑠 is multiplied by the
full displacement vector 𝑢𝑠 which is compiled by adding zeros to 𝑢𝑓 due to supports
(thatwere previously swept) and then the internal force vector𝐹𝑠 is subtracted (Equa-
tion B.4). When the displacements and rotations at the nodes are known, the internal
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forces in the beams can be derived using the DEM (to be discussed in the next sub-
section).

�⃗�𝑝 = [𝐾𝑠]�⃗�𝑠 − �⃗�𝑠 (B.4)

B.5.2. Differential Equation Method
The DEM is also known as the Euler-Bernoulli method. This method is based on the
relationship between the applied distributed load 𝑞 and the deflection𝑢 as presented
in Equation B.5 and B.6. Here𝐸 is the stiffness of the element, 𝐼 is the secondmoment
of area, and 𝐴 the sectional area. For more details, see [127] and references therein.

In the DEM, the cross-sectional forces and degrees of freedom are assumed to be
continuous along the beam element and are considered constant in the SFT model.
The basis of DEM is presented by the differential equations in Equation B.5 and Equa-
tion B.6. In the differential equation 𝑥 is defined as the axial coordinate. By solving
Equation B.5 for the lateral direction𝑦 the shear force𝑉𝑦, the bendingmoment𝑀𝑧 and
the rotations 𝜃𝑧 as well as the lateral displacements 𝑢𝑦 can be found as a relation to
𝑥. By solving the differential Equation B.6 for axial direction, the normal force𝑁𝑥 , the
axial strain 𝜀𝑥 and the axial displacements 𝑢𝑥 as a function of 𝑥 can be determined.

𝐸𝐼
d4𝑢𝑦
d𝑥4 = 𝑞𝑦 (B.5)

𝐸𝐴d
2𝑢𝑥
d𝑥2 = 𝑞𝑥 (B.6)

d𝑞𝑦(𝑥)
d𝑥 = 𝑉𝑦(𝑥) (B.7)

d𝑉𝑦(𝑥)
d𝑥 = 𝑀𝑧(𝑥) (B.8)

d𝑀𝑧(𝑥)
d𝑥 = −𝐸𝐼𝜃𝑧(𝑥) (B.9)

d𝜃𝑧(𝑥)
d𝑥 = 𝑢𝑦(𝑥) (B.10)

d𝑞𝑥(𝑥)
d𝑥 = 𝑁𝑥(𝑥) (B.11)

𝑁𝑥(𝑥) = −𝐸𝐴𝜀𝑥(𝑥) (B.12)

d𝑢𝑥(𝑥)
d𝑥 = 𝜀𝑥(𝑥) (B.13)

The derived displacements and rotations from the DSM (𝑢𝑥,DSM,𝑢𝑦,DSM, 𝜃DSM) are
input to the DEM. These results are located at both ends of the beam (𝑥0 and 𝑥𝑙 , in
Equation B.14 to B.16), the forces, bending moments, displacements, and rotations
along the beam can be determined.
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𝑢𝑦[𝑥0] = 𝑢𝑦,DSM,1 and 𝑢𝑦[𝑥𝑙] = 𝑢𝑦,DSM,2 (B.14)

𝜃[𝑥0] = 𝜃DSM,1 and 𝜃[𝑥𝑙] = 𝜃DSM,2 (B.15)

𝑢𝑥[𝑥0] = 𝑢𝑥,DSM,1 and 𝑢𝑥[𝑥𝑙] = 𝑢𝑥,DSM,2 (B.16)

B.5.3. Discrete loads
For discrete loads, the beams could be split into smaller beamswith connectingnodes
anddegrees of freedom. Force loads can thenbeappliedon thenodeand theDSMcan
be used successfully. However, when there are a large number of discrete loads, the
system becomes more complex with an increasing number of beams and nodes. In
such a case, a performance penalty is paid. In this paper, an alternative is presented.
The nodes are applied only where the beams are physically connected or supported.
For example, at the (symmetric) ends of the SFT and at the connectionswith the teth-
ers. At the connecting nodes, the full coupling of degrees of freedom is assumed. To
account for the discrete force load on the beam, the internal force vector is set so
that the force is redistributed to 𝑥0 and 𝑥𝑙 . In the global analysis, the forces are taken
into account at the beam element’s nodes. Equivalent to the distributed load, a force
load acting on the beam but not at the node needs to be transferred to the global
force vector to use the DSM. The displacements and rotations are derived from this
method and are input to the DEM.

In the DEM the force load is a discrete load, which causes non-continuous results
along the beam. To account for the load, the equations for the beam are divided at
the location of the force 𝑥𝑓 into two separate systems of equations, i) from 𝑥0 to the
location of the force load 𝑥𝑓 (marked as 1 in Fig. B.3) and ii) from 𝑥𝑓 to 𝑥𝑙 (marked
as 2 in Fig. B.3). For both systems, the assumption of continuity suffices and can be
connected to each other by the transitional conditions at 𝑥𝑓 and an extra variable to
these conditions, load 𝐹𝑦,𝑒𝑥𝑡 as defined in Equation B.17 to Equation B.22.

𝑢𝑦,2[𝑥𝑓] − 𝑢𝑦,1[𝑥𝑓] = 0 (B.17)

𝜃𝑧,2[𝑥𝑓] − 𝜃𝑧,1[𝑥𝑓] = 0 (B.18)

𝑉𝑦,2[𝑥𝑓] − 𝑉𝑦,1[𝑥𝑓] = 𝐹𝑦,𝑒𝑥𝑡 (B.19)

𝑀𝑧,2[𝑥𝑓] − 𝑀𝑧,1[𝑥𝑓] = 0 (B.20)

𝑢𝑥,2[𝑥𝑓] − 𝑢𝑥,1[𝑥𝑓] = 0 (B.21)

𝑁𝑥,2[𝑥𝑓] − 𝑁𝑥,1[𝑥𝑓] = 𝐹𝑥,𝑒𝑥𝑡 (B.22)
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Figure B.3: Discrete loading - split differential equation method at loading location
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Figure C.1: Pairplot of raw data - dataset 6 - maximum values
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C.2. Copulas run 6 max
C.2.1. Bruteforce copulas run 6 -

max
** Tree: 0

7,1: Gumbel, parameters = 1.97873

8,5: Frank, parameters = -0.624052

6,1: Joe 180∘ , parameters = 1.793

1,5: Joe 180∘ , parameters = 1.77868

4,5: Clayton, parameters = 1.73407

2,5: Gumbel 180∘ , parameters = 2.63637

5,3: Gumbel 180∘ , parameters = 2.13151

** Tree: 1

7,5 | 1: Gumbel 180∘ , parameters = 1.53788

8,1 | 5: Gaussian, parameters = 0.269532

6,5 | 1: Clayton 180∘ , parameters = 4.04453

1,2 | 5: Joe, parameters = 1.16717

4,2 | 5: Gumbel, parameters = 1.85992

2,3 | 5: Joe, parameters = 1.6687

** Tree: 2

7,8 | 5,1: Joe 90∘ , parameters = 1.26675

8,6 | 1,5: Clayton 270∘ , parameters = 0.134474

6,2 | 5,1: Clayton, parameters = 0.942429

1,4 | 2,5: Gumbel 180∘ , parameters = 1.06652

4,3 | 2,5: Gaussian, parameters = 0.328418

** Tree: 3

7,6 | 8,5,1: Frank, parameters = 0.290663

8,2 | 6,1,5: Gumbel, parameters = 1.22375

6,4 | 2,5,1: Joe 270∘ , parameters = 1.59279

1,3 | 4,2,5: Frank, parameters = -0.900501

** Tree: 4

7,2 | 6,8,5,1: Gumbel 180∘ , parameters = 1.48827

8,4 | 2,6,1,5: Frank, parameters = 2.08272

6,3 | 4,2,5,1: Clayton, parameters = 0.0568479

** Tree: 5

7,4 | 2,6,8,5,1: Gumbel 180∘ , parameters = 1.50522

8,3 | 4,2,6,1,5: Frank, parameters = 0.857961

** Tree: 6

7,3 | 4,2,6,8,5,1: Frank, parameters = 1.16051

C.2.2. Algorithm copulas run 6 -
max:

** Tree: 0

3,2: Gaussian, parameters = 0.795419

5,6: Gumbel 180∘ , parameters = 3.83403

1,7: Gumbel, parameters = 1.97873

6,2: Gumbel 180∘ , parameters = 2.99466

7,4: Gumbel 180∘ , parameters = 1.87266

2,4: Gumbel 180∘ , parameters = 2.75072

4,8: Frank, parameters = 2.12004

** Tree: 1

3,4 | 2: Gaussian, parameters = 0.366655

5,2 | 6: Clayton, parameters = 0.315595

1,4 | 7: Frank, parameters = -0.694517

6,4 | 2: Frank, parameters = -2.37023

7,2 | 4: Clayton, parameters = 0.221927

2,8 | 4: Clayton 90∘ , parameters = 0.289757

** Tree: 2

3,6 | 4,2: Frank, parameters = 1.19606

5,4 | 2,6: Clayton, parameters = 0.316158

1,2 | 4,7: Frank, parameters = -0.330219

6,8 | 4,2: Frank, parameters = -1.81063

7,8 | 2,4: Clayton 270∘ , parameters = 0.228907

** Tree: 3

3,5 | 6,4,2: Gumbel 180∘ , parameters = 1.24157

5,8 | 4,2,6: Gaussian, parameters = -0.157498

1,8 | 2,4,7: Joe, parameters = 1.44932

6,7 | 8,4,2: Frank, parameters = -0.173433

** Tree: 4

3,8 | 5,6,4,2: Gaussian, parameters = 0.098223

5,7 | 8,4,2,6: Clayton 270∘ , parameters = 0.0733898

1,6 | 8,2,4,7: Frank, parameters = 1.62048

** Tree: 5

3,7 | 8,5,6,4,2: Clayton 180∘ , parameters = 0.139457

5,1 | 7,8,4,2,6: Frank, parameters = 0.164759

** Tree: 6

3,1 | 7,8,5,6,4,2: Joe 90∘ , parameters = 1.36178
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C.2.3. Regular Vines run 6 -max:
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Figure C.3: Regular for run 6 - maximum values -
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Figure C.4: Regular for run 6 -maximumvalues - Al-
gorithm
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C.3. percentile estimation
C.3.1. Second variable - maximum values

Table C.1: Conditioning on 2𝑛𝑑 variable - percentile estimation

Analysis 1 2 3 4 5 6 7
Variable 𝐹4 𝐹4 𝐹4 𝐹4 𝑑𝑎𝑦4 𝑑𝑎𝑦4 𝑑𝑎𝑧4
1.0e-01 BF 1.584e+07 1.574e+07 1.555e+07 1.660e+07 2.461e-01 2.462e-01 3.667e-01

AL 1.574e+07 1.528e+07 1.556e+07 1.647e+07 2.110e-01 2.382e-01 3.679e-01
Δ 0.65% 3.03% 0.06% 0.79% 16.64% 3.37% 0.31%

5.0e-02 BF 1.728e+07 1.716e+07 1.713e+07 1.746e+07 2.541e-01 2.584e-01 3.687e-01
AL 1.708e+07 1.632e+07 1.705e+07 1.736e+07 2.525e-01 2.540e-01 3.699e-01
Δ 1.17% 5.14% 0.48% 0.58% 0.63% 1.75% 0.33%

1.0e-02 BF 1.947e+07 1.947e+07 1.947e+07 1.947e+07 4.603e-01 4.830e-01 3.738e-01
AL 1.946e+07 1.868e+07 1.946e+07 1.947e+07 3.824e-01 4.321e-01 3.742e-01
Δ 0.01% 4.22% 0.01% 0.00% 20.37% 11.78% 0.11%

5.0e-03 BF 1.947e+07 1.947e+07 1.947e+07 1.947e+07 5.107e-01 5.237e-01 3.745e-01
AL 1.947e+07 1.946e+07 1.947e+07 1.947e+07 4.705e-01 4.970e-01 3.746e-01
Δ 0.00% 0.01% 0.00% 0.00% 8.53% 5.36% 0.01%

C.3.2. Third variable - maximum values

Table C.2: Conditioning on 3𝑟𝑑 variable - percentile estimation

Analysis 1 2 3 4 5 6 7
Variable 𝑑𝑢𝑦2 𝑑𝑢𝑧3 𝑑𝑎𝑦2 𝑑𝑎𝑧3 𝑑𝑢𝑦2 𝑑𝑎𝑦6 𝑑𝑎𝑧6
1.0e-01 BF 5.928e-01 1.334e-01 2.199e-01 3.585e-01 6.893e-01 2.427e-01 3.687e-01

AL 5.883e-01 1.332e-01 2.150e-01 3.574e-01 6.356e-01 2.374e-01 3.687e-01
Δ 0.76% 0.20% 2.29% 0.31% 8.45% 2.21% 0.01%

5.0e-02 BF 6.909e-01 1.415e-01 2.471e-01 3.713e-01 9.213e-01 2.618e-01 3.702e-01
AL 6.885e-01 1.398e-01 2.373e-01 3.709e-01 8.076e-01 2.576e-01 3.703e-01
Δ 0.35% 1.23% 4.16% 0.08% 14.08% 1.64% 0.02%

1.0e-02 BF 1.450e+00 1.686e-01 3.885e-01 3.805e-01 1.812e+00 4.326e-01 3.749e-01
AL 1.334e+00 1.655e-01 3.132e-01 3.801e-01 1.589e+00 4.182e-01 3.753e-01
Δ 8.72% 1.84% 24.06% 0.11% 14.01% 3.45% 0.11%

5.0e-03 BF 1.802e+00 1.899e-01 5.110e-01 3.833e-01 1.988e+00 4.698e-01 3.767e-01
AL 1.730e+00 1.757e-01 4.424e-01 3.831e-01 1.875e+00 4.605e-01 3.769e-01
Δ 4.13% 8.07% 15.50% 0.06% 6.04% 2.02% 0.05%
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