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Samenvatting 

Sinds het begin van de jaren zeventig zijn er olie en gas verwerkende platforms geinstalleerd 
in de Noordzee. Voor het meerendeel van deze platforms is de verwijdering niet meegenomen 
in het ontwerp. De verwijderingsoperatie kan daarom niet worden uitgevoerd als een 
omgekeerde installatie. De eigenaren van de olieplatformen zijn nu aan het kijken naar 
altematieve verwijdermethoden en hebben Master Marine A.S. uitgenodigd om een 'Single 
Lift' schip te ontwerpen voor de platformen in de 'Ekofisk I' en 'Frigg' velden. 

Master Marine's vorige concepten waren ontworpen voor het venvijderen van specifieke 
platformen. Het bleek echter onmogelijk om voor deze concepten kapitaalverschaffers te 
vinden. De doelgroep werd daarom verbreed, om zo de investeringsopbrengsten te verhogen. 
Met deze nieuwe informatie werd een nieuw ontwerpproces gestart, wat leidde tot het 
onderwerp van deze afstudeeropdracht: 

Ontwikkel een 'Singe Lift' schip om platformen in de Noordzee te verwijderen, die 
een markt omvat waarin ook de platformen van de 'Ekofisk I' en 'Frigg' 
ontmantelingsprogramma 's zijn inbegrepen. 

De eerste voorstudie richtte zich op de verdeling van de platformen in de Noordzee in 
gewichtsklassen. Deze verdeling werd vergeleken met de resultaten van een corrurrentie 
analyze. De doelgroep werd vervolgens gekozen in het bovenste segment van de markt, 
doordat daar weinig concurrentie was. De onder- en bovengrenzen werden vastgesteld op 
3.000 en 25.000 metrische tonnen. De platformen van de 'Ekofisk I' en 'Frigg' velden vallen 
binnen de doelgroep. 

De tweede voorstudie omvatte de vergelijking van conventionele hijsmethoden met de 'Single 
Lift' methode. Het 'Single Lift' schip overtrof het kraanschip, zelfs als deze een verhoogde 
hijscapaciteit zou hebben. Na het vergelijken van het dynamische gedrag van een 'semi
submersible' en een doosvormige catamaran kreeg de 'semi-submersible' de voorkeur door 
zijn lagere bewegingsreacties. 

De eerste mijlpaal betrofhet bepalen van de vorm van het 'semi-submersible single lift' schip. 
De geselecteerde U-vonn zorgt ervoor dat het schip het piatform kan benaderen en omarmen. 
De benen van de U-vorm worden drijvers genoemd. De afstand tussen de drijvers is 
gedefinieerd als 'moon pool' breedte en moet aanpasbaar zijn voor de verschillende 
afrnetingen van de platformen. Aan de hand van de beschikbare platform-informatie werden 
de vereisten voor de aanpasbaarheid afgeleid. Dit resulteerde in een 'moon pool' breedte die 
aangepast kan worden in stappen van 1 Orn. De minimale en maximale 'moon pool' breedtes 
werden gekozen als respectivelijk 40m en 80m. 

De tweede mijlpaal betrof het ontwerpen van de hoofdsystemen die zorgen voor de 
aanpasbare 'moon pool' breedte: 

1. Het 'Transverse Retraction System' (TRS) verbindt de drijvers aan het gesloten 
einde van de U-vorm. Het TRS bestaat uit 3 type eenheden, die dezelfde 
dwarsdoorsnede hebben als de drijvers. TRS eenheid 1 is permanent verbonden 
aan de drijver. De eenheid overbrugt de halve afstand tussen drijvers, als het 
schip de minimale 'moon pool' breedte heeft. TRS eenheden 2 en 3 zijn 
tussenstuk:ken die nodig zijn voor de verschillende 'moon pool' breedtes. De 
eenheden zijn verbonden door een voorspansysteem. 
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2. De Poort is ge'i:nstalleerd aan het open einde van de U-vorm om de drijvers te 
verbinden en om grote verplaatsingen aan de uiteinden te voorkomen. De Poort 
is boven water ge'i:nstalleerd om het mogelijk te maken om de productie 
faciliteiten apart van de voet van het platform te verwijderen. De Poort bestaat 
net zoals het TRS uit 3 eenheden. Eenheid 1 is ge'i:nstalleerd op het uiterste 
einde van de drijver boven op een kolom. De eenheid kan rond een centrale 
steun draaien en is vastgezet door twee zijsteunen. Het draaien van de poort 
wordt gerealiseerd door een 'track-and-traveller' systeem en wordt roller 
coaster vemoemd. 

3. Het 'Load Transfer System' (LTS) geleidt het laadvermogen van de hijspunten 
naar de drijvers. Het LTS is ontworpen met 2 parallel lopende, schamierende 
pijpen, om te kunnen omgaan met de verschillende afstanden tussen de 
hijspunten en de drijvers. Een derde uitschuifbare pijp regelt de stand van het 
parallelogram. 

De laatste mijlpaal was de controle van de statische stabiliteit van het schip. Tijdens de eerste 
mijlpaal waren de afmetingen van de drijvers geschat. Dit resulteerde in een bepaald 
drijfvermogen en eigen gewicht van het schip. De aannamens zijn gecontroleerd met de 
vereiste hoeveelheid ballastwater, welke volgt uit de statische stabiliteit. Het beschikbare 
drijfvermogen bleek meer dan voldoende en de afmetingen van de drijvers waren zelfs te 
groot geschat. Met het afronden van deze mijlpaal, is het conceptontwerp afgesloten. 

Concluderend, het ontwerp vervult de vereisten van Master Marine om alle platformen van de 
'Ekofisk I' en "Prigg' velden te verwijderen. Verder zijn de hoofdsystemen zodanig 
ontworpen dat ze aangepast kunnen worden op de verschillende platformafmetingen van de 
doelgroep. 
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Summary 

Since the early seventies, oil and gas processing platforms are installed in the North Sea. For 
the majority of these platforms, removal was not included in the structural design. The 
removal operation can therefore not be performed by a reversed installation. The owners of 
the oil platforms are now looking for alternative removal methods and have invited Master 
Marine A.S. to develop a Single Lift Vessel for the platforms in the 'Ekofisk I' and 'Frigg' 
fields. 

Master Marine's previous concepts were designed for the removal of specific platforms. 
However, it appeared to be impossible to find capital investors for these concepts. The target 
market was broadened to increase the return on investment. With this new information, a new 
design process was started, leading to the subject of this master thesis: 

Develop a single lift concept for North Sea platform removal, covering a market 
including the platforms of the 'Ekofisk I' and 'Frigg' cessation programs 

The first preliminary study was focussed on dividing the platforms in the North Sea in weight 
classes. The spreading was compared with the results of a competition analysis. The target 
market was then chosen in the upper segment of the market, due to low competition. The 
lower and upper boundaries were set to 3.000 and 25.000 metric ton respectively. The 
platforms of the 'Ekofisk I' and 'Frigg' fields were included in the target market. 
The second preliminary study involved the comparison of conventional lifting methods with 
single lift methods. Even with an increased lifting capacity, the crane vessel was 
outperformed by the single lift vessel. And when comparing the dynamic behaviour of boxed 
shaped catamarans with semi-submersibles, the lower motion responses of the semi
submersible were preferred. 

The first milestone was to determine the shape of the semi-submersible single lift vessel. The 
selected U-shape enabled the vessel to approach and embrace the platform. The submerged 
legs are called floaters. The distance between the floaters was defined as the moon pool width 
and should be adjustable for the different sized platforms. The requirements for the 
adjustability were derived from the available platform information, and resulted in a moon 
pool width changeable in steps of 1 Orn. The minimum and maximum moon pool width was 
set to respectively 40m and 80m. 

The second milestone concerned the design of the main systems to cope with the adjustable 
moon pool widt.11s: 

1. The Transverse Retraction System (TRS) connects the floaters at the closed end of 
the U-shape. The TRS is designed with 3 types of units, with the same cross section 
as the floaters. TRS Unit 1 is permanently connected to the front of the floater. It 
covers to the centreline of the vessel with the minimum moon pool width. TRS Units 
2 and 3 are fill-in sections for the different moon pool widths and are connected with 
a pretension system. 
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2. The Gate is installed at the open end of the U-shape to connect the floaters and to 
avoid large deflections at the extreme ends. The Gate is installed above water level to 
allow the removal of the topside and the jacket in separate lifts. Equivalent to the 
TRS, the Gate is designed with 3 units. The Gate Unit 1 is installed on top of a 
column at the extreme end of the floater. The unit can rotate around a central support 
and is fixed with 2 side supports. The rotation of the Gate is realised by a track-and
traveller system and is called the roller coaster. 

3. The Load Transfer System (L TS) transfers the payload from the lifting points to the 
floaters. To cope with the variable distance between the iifting points and the floater, 
the L TS is designed with 2 parallel hinged braces. A third telescopic brace fixes the 
orientation of the parallelogram. 

The last milestone was the verification of the static stability of the vessel. In the first 
milestone, the floater dimensions were estimated. This resulted in a certain buoyancy capacity 
and light weight of the vessel. To verify the estimations and to close the design loop, the static 
stability was used to determine the required ballasting as a function of the payload. The 
available buoyancy appeared to be more than required. The buoyancy capacity was slightly 
over-dimensioned. 

Concluding, the concept fulfils the requirement of Master Marine to remove all platforms of 
the 'Ekofisk I' and 'Frigg' fields. Furthermore, the main systems are designed to cope with all 
different sized platforms in the target market. 

- 3D illustration of the.final concept -



Platform Removal in the North Sea Concept Design of a Single L!fi Vessel 
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(Norway) on 2 concept vessels that were able to remove oil platforms of the 'Ekofisk I' and 
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process, a new concept had to be designed. 

With my preference for big structures in extreme environments, this sounded like a unique 
opportunity and a big design challenge. However, the size and the nature of the project were 
beyond the regular scope of the department. Fortunately, Mr. Jeu Schouten, who was the 
university supervisor for my intemship at Mammoet Fostrans, was also challenged by this 
ambitious project. Together, we accepted this offer for my master thesis. 

Within the Department of Mechanical Engineering, Mr. Nick Rosielle is the expert in concept 
and detailed design. With his experience from the oil and gas industry, he helped me to tackle 
various design challenges. His advice had great impact on the final concept. 

Due to organizational changes, Mr. Henk Nijmeijer had to take over the chairmanship from 
Mr. Schouten. Mr. Nijmeijer joined the project in December 2003, and has since then 
successfully guided the project to the end. 

Without the help from the above mentioned persons, and the support and patience of my 
girlfriend, friends and family, this project would not have become such a valuable and joyful 
experience. I am therefore very thankful to you all! 

Arjan Buijsse 

Singapore, 04 April 2005 
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1. Introduction 

In 2002, the North Sea contained approximately 450 oil and gas platforms. For the 
majority of these platforms, removal was not included in the design process. Due to 
international legislation, the oil companies are forced to remove their platforms. This 
resulted in a problem at the end of the life time: What to do with the big amount of 
contaminated and redundant steel? Crane vessels are currently the sole players on the 
platform removal market. The oil companies are encouraging the development of 
alternative removal methods. In this perspective, North Sea platform removal 
represents an upcoming market. 

'Ekofisk I' and 'Frigg' are two of the 
eldest fields in the North Sea and are 
developed in the early seventies. The 
platforms have ceased production after 
30 years of service. Removal was 
planned to start in the summer of 2005. 
The 'Ekofisk I' and 'Frigg' cessation 
programs involve 20 platforms and 
removal costs are estimated on €1,6 
billion. 

Master Marine AS. is specialised in handling, transport, installation and removal of 
heavy and voluminous construction elements. The company offers turnkey as well as 
consulting services for the offshore and civil contracting industry. Master Marine is 
invited to develop single lift concepts for both the 'Ekofisk I' and 'Frigg' removal 
programs. The contracts contained only a limited amount of platforms at the start of 
the bidding process, and lead to the development of Master Marine' s single lift 
concepts 'SeaFork I' and 'Master Mind I'. 

For both Master Marine and its competitors, it appeared to be a mission impossible to 
find capital investors for the single lift concepts. To increase the return on the 
investment, Master Marine has shifted the focus to the ability to remove and install 
more platforms. With the knowledge and experience of the previous concepts, the 
new concept design is the subject of this master thesis, with the assignment to: 

Develop a concept for a Singie Lift Vessel for 1\Torth Sea plaiform removal, covering 
a market including the plaiforms of the 'Ekofisk I' and 'Frigg' cessation programs. 

This assignment is converted into the design objective to develop a single lift concept 
that can easily be adjusted to remove North Sea platforms of different sizes. 

1. Introduction Pagel 
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The purpose of this report is to give an overview of the total design process, starting 
from a blank paper to the final concept as a 3D CAD-model designed in SolidWorks. 
The report has the following structure: 

The preliminary studies, chapter 2 & 3, will focus on the criteria that are needed to 
start the design challenge. The first study concerns an analysis of the market for 
platform removal. These results will lead to the boundaries and definition of the 
target market. The second study will focus on the type of vessel. 

Milestone L chapters 4 & 5, win focus on the vessel dimensions. The floater 
dimensions and moon pool adjustability parameters have its implications on the 
design. However, at the end of these chapters, the rough shape of the concept is 
determined and the requirements for the main systems are known. 

Milestone IL chapter 6, 7 & 8, will focus on three main systems, which ensure that 
the vessel can operate as a single lift vessel. The Transverse Retraction System is 
situated at the front, the Gate is installed at the back and the Load Transfer Systems 
are placed on the floaters in the middle of the vessel. Each system is designed in 
detail to determine the practical feasibility. The design concept of the vessel is 
almost completed at this stage. 

Milestone III, chapter 9, will focus on finishing the design loop. For milestone I, the 
rough shape of the vessel was estimated. This chapter verifies if the vessel has the 
intended and desired properties by checking the static stability. At the end of the 
chapter, with some small adjustments, the concept of the single lift vessel is 
completed. 

Conclusions and Recommendations, chapter 10, will focus on the most important 
findings of the report and will recommend further steps that can be undertaken to 
improve the concept. 

Before continuing the report, it should be noted that the preliminary studies can be 
slightly biased, because not all companies gave public access to platform information 
within this target market. The study is therefore based on the platforms in the target 
market from which information was available: 56 out of 125 platforms, representing 
45% of the market. 

1. Introduction Page2 
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2. North Sea Market for Platform Removal 

To familiarize with the subject, the first section of this chapter will introduce the 
reader to the most important platform terminology. A secondary objective is to 
accustom the reader with the dimensions and weights specific for this industry. 

After this introduction, the first preliminary study concerns the exploration of the 
North Sea market for platform removal. The market is created by international 
legislation and combined with the competition to define the target market. 

2.1 Platform Terminology 

A platform exists of a jacket and a topside. The topside contains the processing 
facilities, equipment and living quarters. The jacket is the lattice substructure which 
keeps the topside above water level, the so-called Mean Sea Level (MSL). Every 
platform is unique and built for a specific task on a specific location. 

The first indication of the size of a platform is the number of legs. Small platforms 
have 3 or 4 legs. The figure below shows an averaged sized platform, which has a 
jacket with 8 legs. The biggest platforms have 12 legs, often with 3 lines of 4 legs. 

Figure 2.1: The 3714 Norpipe platform (source: Ekojisk I Cessation Website) 
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Platform Removal in the North Sea Concept Design of a Single Lift Vessel 

The weights of jackets and topsides vary from 27 to 42.750 mTon. The unit mTon 
refers to metric Ton or 1.000 kg, in contrast to short or long tons used in the USA or 
UK. More than 60% of the jackets and topsides have a weight below 3.000 mTon, as 
shown below: 

300 

250 

::!:: 200 
c: 
" 0 

~ 150 

100 

50 

0 

311 

Spreading of Weights 

\El Jackets ll!lTopsides \ 

0 3 2 1 1 2 

< 3.000 3.000 - 10.000 - 15.000 - 20.000 - 25.000 - 30.000 - > 35.000 Unknown 
10.000 15.000 20.000 25.000 30.000 35.000 

Weight Category [mTon] 

Figure 2.2: Spreading of the weights (source: The North Sea Field Development Guide, OPL) 

The weights of the topside and the jacket are not depending on the size of the 
platform. Table 2.1 gives 3 examples of differences between the weight and the 
number of legs. Obviously, the weight per leg is not the same for all platforms. 

Table 2.1: Examples of weight per leg (source: The North Sea Field Development Guide, OPL) 

Name of platform Topside weight [mTon] N° of legs [-) Weight per leg [mTon] 

East Brae 22.000 4 5.500 

Fulmar A 24.000 8 3.000 

Albuskjell i 11.700 12 975 
- .. -

An air gap between MSL and the topsides protects the underside of the topsides 
against wave slamming (refer to Figure 2.3 on the next page). The maximum 
occurring wave height depends on the platform location in the North Sea. The air gap 
varies from 1 Orn in the south to 30m in the north. 
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Figure 2.3: Example of wave slamming (Dolphin facility) 

The installation method is incorporated in the design of the topside. When the 
topside weight exceeds the lifting capacity of the installation vessels, the topside is 
split in modules. These modules are installed on a Module Support Frame (MSF). 

Some of the topsides are wider and I or longer than the top of the jacket. They have a 
certain overhang, as shown in Figure 2.4. If the MSF requires support on the extreme 
ends, braces are installed between the legs of the jacket and the MSF. 

Figure 2.4 shows that the legs of the jacket are inclined. The inclination of the legs 
with the vertical is called batter. The minimum batter is 1 :6 (when going out 1 m, go 
at least 6m down), due to pile drive limitations. 

Topside Modules 
> 

Supporting Braces 

Mean Sea Levei 

Jacket 
) 

Overhang 

0. 
ro 
l9 ... 
<! 

6 (Minimum) 

Figure 2.4: Plaiform terminology (front view of Albuskjell I platform) 
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2.2 International Legislation 

The relevant international regulations for North Sea decommissioning are stated by 
the Oslo-Paris (OSP AR) Convention. OSP AR Decision 98/3 gives guidelines for the 
removal of North Sea installations. The topsides of all installations must be returned 
to shore for re-use, recycling or final disposal on land. Table 2.2 indicates the options 
which should be considered for the different types of offshore installations. The 
OSPAR convention distinguishes 3 types of structures: 

• Fixed steel 
This type of structure includes bottom founded platforms. The steel 
substructures are installed on the seabed and anchored with piles. 

• Concrete - gravity 
The majority of gravity based structures are made of concrete. The weight of 
the concrete fixes the location of the structure. Only few of the gravity based 
structures are made of steel. 

• Floating - sub-sea 
The last category contains 2 types of structures: floating and sub-sea structures. 
The topsides of the former are installed on a floating hull. The facilities might 
serve to process and store crude oil and I or gas. Sub-sea facilities have the 
same function, but they are installed on the sea bed. 

Table 2.2: 

Concrete
gravity 
Floating 
Sub-sea 

I) 

2) 

3) 

Guidelines.for the disposal of installations excluding topsides 

Weight 
[mTon] 

Any 

Any 
Any 

Complete Partial 
removal to 

land 

Yes 

Yes 
Yes 

Yes 2l 

No 
No 

Yes 

No 
No 

Re-use 

Yes 

Yes 
Yes 

Disposal 
at Sea 

Yes 

No 
No 

Only the.footings (the lower part of jacket) or part of the footings may be left in place. 
Minimum water clearance of 5 5 metres required above any partially removed 
installation which does not project above the suiface of the sea. 
The placement of materials on the seabed for a purpose other than that for which it 
was originally intended is covered by the OSP AR Guidelines on Artfficial Reefe in 
relation to Living Marine Resources of June 1999 (OSPAR Reference: Agreement 
1999-13. Available.from the OSPAR website atwww.ospar.org) 

Although the guidelines are recommendations, they are followed accurately. 
Deviations result in attention from political and environmental pressure groups 
which can lead to a negative public image of the company. 

More information about the OSP AR Convention and its implementation can be 
found on the website \VWw.ospar.org. 
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2.3 Competition 

The North Sea market for platform removal is a developing market. The competition 
is expected from 2 directions: existing vessels which already operate on the offshore 
heavy lifting market or concept vessels under development. The competition is 
analysed to determine the most interesting market segment in terms of potential 
profit. 

Existing Vessels 
The North Sea is one of the worst environments to operate in. Therefore, not all 
vessels can operate in the North Sea. The vessels have to fulfil North Sea 
requirements, set by the local legislation. The existing vessels suitable for operation 
in the North Sea are sorted by operator below: 

Table 2.3: Existing vessels (source: Master Marine) 

Operator Name of Vessel 

Heerema Marine 
Contractors (Holland) 

Saipem S.p.A. (Italy) 

Seaway Heavy Lifting Ltd. 
(SHL), (Holland) 

Thialf Semi-Submersible 
1--~~~~~~~~~---< 

Hermod Crane Vessel 
Balder ll (SSCV) 

Saipem 7000 l) SSCV 

Mono-Hull 
Crane Vessel (MHCV) 

Stanislav Yudin 

2 x 7.000 

3.600 + 4.500 

2.700 + 3.600 

2 x 7.000 

1x2.500 

1x3.500 

Saipem 7000 and Balder are converted to pipe lay vessels and have partly left the 
heavy lift market 

2) None North Sea vessels require conversion to North Sea requirements 

The Thialf, Hermod and Stanislav Yudin are the main existing competition for North 
Sea decommissioning. The Thialf and the Stanislav Yudin are shown below: 

Figure 2.5: Thialf (Heerema) Figure 2. 6: Stanislav Yudin (SHL) 
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Single Lift Concepts 
The financial encouragement of oil companies and the European Union to develop 
new and environmental safe concepts for the decommissioning of the Ekofisk I and 
Frigg fields resulted in the development of several single lift concepts. From these 
concepts, the 4 main concepts are described and compared in Appendix A and 
summarized below: 

Figure 2. 7: MPU Heavy Lifter 

Figure 2.8: Twin Marine Lifter 

Figure 2.9.' TPG500 IDV 

2. North Sea Market for Platform Removal 

The MPU Heavy l!fier is U-shaped vessel, 
mainly made of concrete. The vessel 
embraces the platform. The red braces will 
be rotated to lift the topside or the jacket in 2 
single lifts. The l!fting is realised by de
ballasting the tanks in the concrete hull. 

The Twin Marine Lifter exists of 2 modified 
flat top barges. On these barges, one bascule 
arms is installed for every lifting point. The 
buoyancy on the inner side of the arms and 
the ballast at the outer side shall provide the 
lifting capacity. After the lifting, the topside 
or jacket is transferred to a transport vessel. 

The TPG500 IDV is an installation and de
commissioning vessel based on the successful 
concept for jack-up rigs. At arrival on site, 
the 4 legs on the U-shaped hull are lowered 
and the hull is lifted above water to provide a 
stable working platform. The red saddles will 
lift the topside or jacket. 4fter sufficient 
clearance, the hull is lowered back in the 
water, its buoyancy taking over the load on 
the jack-up legs. At a safe distance from the 
platform site, the topside or jacket is lowered 
to transport level. 
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Figure 2.10: Piefer Schelte 

Concept Design of a Single Lift Vessel 

The Piefer Schelte exists of 2 connected 
tankers. A U-shape at the bow of the vessel 
accommodates the lifting system for the 
topside. Horizontal lifting beams will reach 
for the f!fiing points under the topside. The 
actual lifting will be performed by de
ballasting. The jacket will be removed by 
rotating it on the deck with a hinging portal 
at the middle of the vessel. 

The results of the comparison are shown in Table 2.4. The MPU Heavy Lifter is 
determined as the most competing concept. With lower operating costs but also a 
lower operability due to the flat top barges, the Twin Marine Lifter is the second 
competing concept. TPG500 IDV and Pieter Schelte are not considered as feasible or 
competitive, mainly due to their lifting methods. 

Table 2.4: Operational advantages and limits of the competing concepts 

Operational advantages Operational limits Ranking 

MPU Heavy Lifter 
Hydrodynamic behavior, Not flexible for different 

1 
lifting method and capacity platform sizes 

Twin Marine Lifter 
Cost effective and flexible for Individual barge responses, 

2 
different platform sizes. load transfer 

Hydrodynamic behavior 
Max. Water depth, 

TPG500 IDV 
during load transfer 

Loading of jack-up legs, 3 
Transfer to barge 

Pieter Schelte 
Robust, Conversion costs, structural 

4 
lifting capacity integrity, load transfer 

2.4 Target Market 

The offshore heavy lifting market categorises the compet1t10n in terms of lifting 
capacity. The weight of the jackets and the topsides is therefore used to define the 
limits of the target market. The objective for the concept is to cover that part of the 
market, where there is (still) hardly any competition and subsequently high 
expectations for the profit margin: the niche of the market. This is supported by the 
project objective in the introduction of this report: include the platforms of the 
Ekofisk I and Frigg cessation programs in the target market. 

The market for platform removals with jacket and topside weights below 3.000 
mTon is well developed. These platforms can be removed using the available heavy 
lifting methods. The Hermod, Thialf and Stanislav Yudin are the only 3 vessels in 
the area which can handle the jackets and topsides with weights between 3.000 and 
10.000 mTon. Considering the 58 jackets and 73 topsides in this weight category 
(Figure 2.2), the new concept should certainly include these platforms. The lower 
limit for the target market is therefore set on 3.000 mTon. 
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Figure 2.2 is examined to determine the upper limit. The amount of platforms in the 
weight categories above 25.000 mTon is limited (in total 3 jackets and 6 topsides). 
Increasing the lifting capacity to remove these platforms would imply an investment 
which is difficult to return. The 18 topsides in the category of 20.000 - 25.000 mTon 
are expected to return the increase of the lifting capacity (source: Master Marine). 
OSP AR Decision 98/3 supports this decision by requiring that all topsides should be 
brought to shore for re-use, re-cycling or dismantling. The upper limit for the target 
market is therefore set on 25.000 mTon. 

From the competing concepts, as described in the previous section, the MPU Heavy 
Lifter (No. 1) and the Pieter Schelte (No. 4) have larger lifting capacities, up to 
48.000 mTon. The TPG500 IDV and the Twin Marine Lifter have lower lifting 
capacities: 14.000 and 18.000 mTon respectively. 

Platforms in Target Market 
According the survey in Appendix B, the target market includes 15 platforms and 
excludes 2 light platforms from the Ekofisk I and Prigg Fields. 

The primary market includes 95 jackets and 125 topsides. Assuming that 25% of 
these 'items' will actually be removed by this concept with an average of 4 items per 
year, the concept will be occupied in the North Sea for the coming 14 years. 

2.5 Summary 

After familiarizing the reader with the platforms terminology, the first preliminary 
study is performed. OSP AR Decision 98/3 created an upcoming market for North 
Sea platform removal. The profit margin for platform removal below 3.000 mTon is 
expected to be low, due to the existing competition in the offshore lifting market. 
The lower limit of the target market is therefore set to 3.000 mTon. The upper limit 
of 25.000 mTon is determined by the expected return of investment for further 
increasing the lifting capacity. 
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3. Type of Concept 

4. Floater 

Sceptic people consider single lift concepts the Big Boys' Dream. They prefer 
existing crane vessels to remove platforms, rather than developing new concepts and 
methods that still have to prove themselves. This involves risk and uncertainty. 

The second preliminary study is the topic of this chapter. The first part of the study 
will focus on the comparison of singie lift concepts and cranes, to select the best 
concept to remove the platforms in the target market. The second part determines the 
desired hydrodynamic properties of the concept by selecting a catamaran shape or a 
semi-submersible. This preliminary study will conclude with the identification of the 
main systems that are required to realise the concept. 

3.1 Crane vs. Single Lift 

Crane vessels were introduced in the previous chapter as existing competition. Semi
Submersible Crane Vessels (SSCV's) are used for offshore lifting operations for 
items up to 11,800 mTon. The lifting method by crane vessels is characterised by 
lifting the item under a hook. Slings pull the topside up in the air. A spreader bar or 
lifting frame reduces non-vertical forces in the cargo during lift off. 

Single lift concepts are encouraged to bid for a contract for the 'Ekofisk I' and 
'Prigg' cessation programs. The 'Ekofisk I Cessation Plan' has started a bidding 
process for Single Lift concepts only. Single lift concepts are characterised by 
removing the topside as a single piece, while the jacket is removed in the second lift. 
The topside is lifted from below and pushed in the air. 

Topside Lift Off 
Frequently, the topside exists of several modules that are installed by crane vessels 
on an MSF. After the installation, the lifting frames and internal reinforcements are 
removed to save space. They need to be reinstalled to remove the modules. The 
installation takes approximately 2 to 3 months and requires an extensive and 
expensive infrastructure. The infrastructure includes construction, support and supply 
vessels, tugs and accommodation units. Further disadvantages of this on-site 
dismantling are the operational risk and the potential impact on the environment. 

The structural integrity of the topside does not allow relative motions between the 
lifting points nor the introduction ofnon-vertical loading into the topside. Therefore, 
the single lift concept uses the jacket legs as lifting points. These lifting points should 
introduce the same loads in the topside as when the topside is supported by the jacket. 
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4. Floater 

Topside Transport 
Small and light topsides can be lifted by a single mast crane. The crane vessel can 
use its on-board storage deck for the transport to shore. If a tandem lift is used, the 
crane vessel positions the topside on a transport vessel. Sea-fastenings and topside 
reinforcements are installed to ensure safety and the structural integrity. The quantity 
is depending on the expected accelerations during the transport. 

For single lift concepts, the load transfer system is used as the basis for the sea
fastening of the topside. Additional sea-fastening is installed after the lifting 
operation to fix the topside to the Single Lift Vessei. 

Jacket Removal 
The crane vessel can have some difficulties to position the jacket on a transport 
vessel. The jacket height can exceed l 70m, so to lift the jacket vertically out of the 
water and position it on the barge is not a feasible option. By installing buoyancy 
tanks at the top of the jacket, and using one crane to lift the base, the jacket can be 
rotated in a controlled way. A second crane can take over the task of the buoyancy 
tanks and the jacket can be lifted out of the water and positioned on the transport 
vessel. 

Other options can be considered as well. One option is to lift the jacket vertically to 
the transport level. The lifting can be performed by a so-called strand jack system. 
The strand jacks are installed on 2 barges, positioned along the long side of the jacket. 
The barges are connected by a lattice structure, acting as a bridge. Relative motions 
between the barges are allowed. The jacket can handle the induced forces. The jacket 
is designed for stiffness and strength. The connected barges can not be used to lift the 
topside, because the structural integrity is not sufficient to handle the introduced 
forces. 

A second and simpler option is to attach buoyancy tanks to the strong points of the 
jacket. The buoyancy tanks can be considered as balloons. Inflating the balloons 
provides the buoyancy. The buoyancy in the tanks can be controlled, leading to a 
safe operation. The dimensions of the buoyancy tanks can be reduced by using the 
buoyancy capacity of the braces of the jacket. This option is not feasible for topside 
removal. Aker K va::mer is investigating this option. 

The single lift vessel uses strand jacks to lift the jacket to the transport level. This 
ievei is depending on the static and dynamic stability of the system 'vessel+ jacket'. 
The installation of sea-fastenings for the voyage to the dismantling site wiii be taken 
into consideration as well. 

Selection 
The structural integrity of the jacket is less critical than the structural integrity of the 
topside. The introduced loading during topside removal is therefore the main 
criterion to select a concept for platform removal. Due to the lower demands of the 
single lift concept, this concept is preferred above the crane vessel. 
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4. Floater 

3.2 Catamaran vs. Semi-Submersible 

Previous single lift concept studies of Master Marine resulted in the catamaran 
shaped 'SeaFork I' and the semi-submersible 'Master Mind I'. The motion behaviour 
of these vessels was estimated by hydrodynamic analyses. These analyses are the 
starting points to find the best solution for the new concept. The 'ideal vessel' would 
have no motion response due to the waves, current and wind. The vessel needs 
buoyancy to stay afloat and is therefore exposed to waves and current. The wind has 
an influence on the motions as weil, due to the part of the vessel above water level. 
At this stage of the concept design, the environmental loads are limited to waves. 

The Potential Flow Theory describes the sea as a superposition of an indefinite 
number of regular waves with different frequencies and phase angles. The 
contribution of each frequency can be found by measuring the water surface 
elevation at the point of interest during the relevant time interval. A Fourier Series 
Analysis of the measured record is applied to find the contributions. The background 
and practical examples of the Potential Flow Theory can be found in Appendix C. 
The Potential Flow Theory is used to explain the differences in the motion 
characteristics of 'SeaFork I' and 'Master Mind I'. 

Figure 3.1: 'SeaFork /'(left) and 'Master Mind I' (right) 
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4. Floater 

'SeaFork I' 
'SeaFork I' is a catamaran shaped unit, built of simple rectangular boxes. These 
boxes are located in the upper layers of the sea, where the wave action is strongest. 
The motion response amplitudes reach high values for the lift off and the transport of 
the topside, the most critical phases of the removal operation. The vertical 
displacements at the lifting points equal the significant wave height during lift off 
(The RAO equals 1 at the peak of the wave spectrum). The displacements should be 
compensated with hydraulic jacks with a long stroke and a high capacity due to the 
occurring displacements and accelerations. For the transit, the dynamic response of 
the vessel requires heavy sea-fastenings and topside reinforcements. 

'Master Mind I' 
Submerged floaters provide the buoyancy to compensate the own weight (called light 
weight), ballast water and the cargo. The floaters are submerged to reduce the 
exposed area to the upper layers of the sea. Columns keep the facilities and the Load 
Transfer System above water. The hydrodynamic behaviour of this so-called semi
submersible is more favourable: With a natural frequency outside the frequency 
range of the wave energy, the vertical displacements and accelerations are lower. The 
vertical displacements are 20% compared to a free floating 'SeaFork I'. This results 
in lower requirements for the L TS and reducing the amount of steel for sea-fastening 
and topside reinforcements. 

Construction Costs 
A catamaran consists of 2 rectangular boxes, which can ·be built by every 
construction I shipyard in the world. Many construction yards in Asia are 
'specialised' in building such shapes. A semi-submersible has a complex shape to 
optimise the motion behaviour. This results in almost no straight plates and welds. 
About 30 yards worldwide are specialised in semi-submersibles, against 2500 regular 
yards. The construction costs of a semi-submersible are higher than for a catamaran. 

Additional System: Tie Down 
Both 'SeaFork I' and 'Master Mind I' can be equipped with a Tie-Down System 
(TDS). A TDS has suction anchors penetrating in the seabed. Steel cables or tendons 
pull the vessel to the seabed. This system will fail if the suction anchor is not able to 
get sufficient support. This happens when the seabed is too weak or too hard to 
penetrate. The TDS reduces the vertical displacements with 95% (source: Master 
Marine). 

Additional System: Jack Up 
The vessel can be pushed out of the water by deploying so-called jack-up legs, 
equivalent to the TPG500 IDV from section 2.3. Lateral loading of the jack-up legs 
becomes a problem for water deeper than 120m. Approximately 20% of the 
platforms of the target market are located in deeper water. These platforms are the 
heavy platforms of the North Sea, with an average weight exceeding 15.000 mTon 
per topside and jacket. 
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4. Floater 

Selection 
The semi-submersible is preferred above the catamaran, because of the lower 
dynamic response. The Jack-Up system is not selected because approximately 20% 
of the platforms are located in water depths above 120m, while these are heavy 
platforms. The uncertainty about seabed conditions causes the rejection of the TDS. 

3.3 Main Systems 

The selected concept is a semi-submersible single lift vessel. The removal method of 
the concept is similar to the one of 'Master Mind I'. Therefore, the main systems on
board of the new concept are derived from the 'Master Mind I'. The systems are 
essential for a controlled operation and form the base of the vessel. 

The main difference between the concepts is that the new concept is focused on the 
removal of jackets and topsides with weights between 3.000 mTon and 25.000 mTon, 
whereas the 'Master Mind I' was based on the platforms in the 'Ekofisk I' and 
'Frigg' cessation plans. 

The floaters provide the buoyancy capacity to lift jackets and topsides with weights 
up to 25.000 mTon. The main systems are identified from Figure 3.2 on the next 
page. 

1. Transverse Retraction System (TRS) 
The TRS controls the distance and orientation between the floaters at the front 
of the vessel. 

2. Gate 
The Gate controls the distance and orientation between the floaters at the back 
of the vessel. 

3. Load Transfer System (LTS) 
The L TS transfers the weight of the cargo to the floaters. 
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4. Floater 

Transverse Retraction ) 
System I 

L 

Transverse Retraction 
System 

Gate 

Floater 

Floater 

E::===:===:~6'~. Load Transfer System 
Gate 

Floater 

Figure 3.2: On-board systems of 'Master Mind I' (upper: section view, lower: top view) 

3.4 Summary 

Even though single lift concepts are regarded with scepticism, the results of the 
second preliminary study show that they are worth the attention. The structural 
integrity of the platforms, especially the topsides, is not ensured after 30 years of 
operation. The single lift concept introduces lower loading in the topside than the 
crane concept. The single lift concept is therefore selected as the best solution: A 
semi-submersible vessel is preferred above a catamaran, accepting the higher 
construction costs of the complex hull, whilst benefiting from the lower motion 
responses. 

The single lift concept 'Master Mind I' is used to determine the main systems on
board of the vessel: the Floaters, Transverse Retraction System, the Gate and the 
Load Transfer System The design of these systems is the topic of the remainder of 
the report. 
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4. Floater 

The first milestone in the report is the determination of the vessel shape. The floater 
dimensions are the first indication. In the first section of this chapter, the required 
buoyancy to counteract the static loading on the floater is determined. The floater 
dimensions provide the available buoyancy, as presented in the second section. 

4.1 Required Buoyancy Capacity 

The static loading on the floater exists of the payload (the jacket or topside) and the 
weight of the vessel. The floaters are positioned alongside the jacket to allow the 
Load Transfer System (LTS) to transfer the payload to the floaters. The figure below 
is used to determine the main dimensions of the floater. The LTS is omitted for 
clarity. 

" g. 
(.!') Mean Sea Level 

13 
:e 
" > 

Width W f 

Figure 4.1: Side view of a floater 

Payload F 

Lever Arm r 

Offset Delta 5 

I Pay Load F I 

.I 

The payload per floater (F) is half the weight of the cargo: maximum 12.500 mTon. 

Light Weight 
The weight of the vessel excluding cargo and ballast water is called the light weight 
(LW). Master Marine estimated the light weight on 30.000 mTon, so 15.000 mTon 
per floater. 

Buoyancy 
~ Buoyancy can be considered as a distributed load on the shell of a submerged body. 

The resultant force of the distributed load acts in the Centre of Buoyancy (CoB) of 
the considered volume. The floater is divided in an inner and an outer half, to 
counteract the static moment caused by the payload. 
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4. Floater 

Offset M 

The horizontal distance between the shell of the floater and the lifting points 1s 
determined by the batter of the jacket and the motions of the vessel. The offset AS is 
further depending on the so-called adjustability, which will be discussed in Section 
5.3. The offset is preliminary set to M ==15m. 

Vertical gap G 
The floaters will be completely submerged. A deck will be installed above MSL to 
provide a safe working and storage area. The vertical gap G ensures that the waves 
do not slam against the deck or the topside. The voyage to the dismantling yard 
requires therefore a gap of 25m between the floater and the lifting points. The air gap 
between the MSL and the topside (lOm - 30m) is taken into account as well. The 
vertical gap is preliminary set to 30m. 

Moment 
The payload is causing a static moment, because the payload does not have the same 
work line as the CoB of the floater. The lever arm is the distance between the work 
lines. The moment around the longitudinal axis (x) of the floater is equal to: 

(4-01) 

With: 
Mx,F Moment around the longitudinal axis of the floater, due to payload [mTon.m] 

r Lever arm ofF [mJ 

F Payload per floater [mTon] 

Wr Width of floater [m] 

M Offset between work line of F and the side shell of the floater [ m] 

The moment MxF will be counteracted by de-ballasting the floater more on the inner 

side than on the outer side. Counteracting only half the moment prevents that the size 
of the floaters becomes too large. The required buoyancy capacities of the inner and 
outer half of the floater are calculated by taking the moment around the light weight 
per floater: 

LFup == :L,Fdown => Bi,req + Bo,req == F + LW ( 4-02) 

LMcoumer = LMc1ockwise => {Wr ·Bi,req ={Wr ·Bo,req +'!·(yWf +M)·F (4-03) 
clockwise 

With: 

Bi,req Required buoyancy capacity of the inner half of the floater [mTon] 

Bo,req Required buoyancy capacity of the outer half of the floater [mTon] 

LW Light weight per floater [mTon] 
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4. Floater 

Solving equations 4-02 and 4-03 give: 

B. =l.LW +(1 + M' )· F 1,req 2 W 
f 

(4-04) 

(4-05) B =l.LW- M' ·F 
o,req 2 W 

f 

4.2 Fioatei Dimensions 

The available buoyancy is determined by the main dimensions of the floater: Length, 
width and height. The length and the height of the floater are depending on the 
platforms in the target market. The width of the floater is the only variable and 
calculated using the required buoyancy capacity. 

Floater Height 
The southern North Sea contains platforms in water depths of 25m to 40m. A 
minimum clearance of 5m below and above the floater is required to operate in these 
shallow waters. The height of the floater H .r can therefore not exceed l 5m 

Floater Length 
The length of the floater Lr is governed by the jacket removal operation. The jacket 

should have a clearance of 3m with the TRS and the Gate, when lifted to transport 
level. 

Offset 

Clearance 

TopofLTs _____ _ 

Figure 4.2: Front view ofjacket removal 

The jacket is lifted until its CoG is at MSL. The bottom of the floater is assumed to 
be 20m below MSL. At this level the jacket dimensions are spread as in Figure 4.3. 
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4. Floater 
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Jacket Length at Underside of the Floater 
(Jacket Removal) 
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Figure 4.3: Jacket dimensions for jacket removal 

80-90 90-100 > 100 

The maximum length occurs at 9lm. Including a clearance of 3m on each side, the 
floater should have a length of 97m. The length of 97m is round off to 1 OOm for 
convenience. 

Floater Width 
The width of the floater is determined by comparing the available with the required 
buoyancy capacity. The utilisation factor of the available buoyancy is given as 11. 

For the inner half of the floater: 

B =l.LW +(I+ AS)·F 1,req 2 W 
f 

Bi,av == + · Wf · Lf · H f · Psemvater 

B 
1J; ==~·100% 

Bi,av 

For the outer half of the floater: 

B ==.lLW- AS .P 
o,req 2 W 

f 

B o,av = + · Wf · L f · H f · P seawater 

B 
1J =~·100% a B 

o,av 

(Description ~(the terms are given on the next page) 

(4-04) 

(4-06) 

(4-07) 

(4-05) 

(4-08) 

(4-09) 
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Floater Dimensions: 

Wr = 40m Width of the floater 

L1 = I OOm Length of the floater 

H 1 = l 5m Height of the floater 

Additional parameters: 

LW = 15.000mTon Light Weight of the vessel 

F = 12.500mTon Payload 

dS = 15m Offset 

Psemvater = 1,025mTon/m 3 
Density of seawater 

Results: 

Bi.av = 30,8 · 10
3 mTon 

Bi,req =24,7·103 mTon 

1/; = 80% 

Available buoyancy capacity of the inner half of the floater 

Required buoyancy capacity of the inner half of the floater 

Utilisation factor of available buoyancy of the outer half 

B o,av = 30,8 · l 03 mTon 

B o,req = 2,8·10
3 mTon 

1Jo = 9% 

Available buoyancy capacity of the outer half of the floater 

Required buoyancy capacity of the outer half of the floater 

Utilisation factor of available buoyancy of the outer half 

The filling rate is the complement value of the utilisation factor. The buoyancy 
capacity of the inner half of the floater is used for 80%, resulting in a filling rate of 
20%. This margin shall be used by the steel frames and contingency. 2% of the 
ballast tank volume is always filled with slack (sediments and dirt). The width of the 
floater is a preliminary value and can be adjusted at the end of the design loop. 

The outer half of the floater is 91 % filled with water. The water is acting as a counter 
weight of a bascule. Placing the bascule above water would result in a concept 
equivalent to the Twin Marine Lifter (see chapter 2). 

4.3 Summary 

In this chapter, the first part of milestone I is achieved. The required buoyancy is 
determined from the static loading and used to calculate the main dimensions of the 
floaters. 

Table 4.1: Main.floater dimensions 

Dimension Value [m] 

Floater Length 100 

Floater Width 40 

Floater Height 15 
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5. Moon Pool 

The floaters are positioned alongside the platform to remove the jacket and the 
topside. The space between the floaters is called the moon pool. This chapter starts 
with the introduction of the moon pool and the influence on the main systems. 

The moon pool should be adjustable for the different platform sizes. The extreme 
moon pool dimensions are determined in the second section, based on the platforms 
in the target market. The last section is focussed on the parameters to adjust the 
moon pool. The requirements for topside and jacket removal will be analysed and 
combined to find the adjustability which minimizes the requirements for the main 
systems. With these requirement, milestone I will be concluded. 

5.1 Definition 

The floaters and the Transverse Retraction System (TRS) form a U-shape to embrace 
the platform. The space in the U-shape is called the moon pool: 

Maximum Moon Pool Width Minimum Moon Pool Width 

Fore Fore Aft 

Figure 5.1: The moon pool (top view of the vessel) 

When the vessel has embraced the platform, the U shape is closed with a Gate. 
Without the Gate, the transverse floater loading will result in large bending moments 
at the connection between the TRS and the floaters, and in large deflections at the 
backside of the vessel. 

The vessel will be towed with the closed side of the moon pool to the front. This side 
is called the fore of the vessel in naval architecture terminology. The aft of the vessel 
is at the backside. 
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5.2 Extreme Dimensions 

The moon pool size is depending on the cargo. The smallest moon pool occurs for 
topside removal. The floaters are brought as close to the jacket as possible. The 
batter of the jacket should be taken into account to prevent that the underside of the 
floater collides with the jacket. The distance between the floater and the jacket is 
called clearance (C). The minimum clearance occurs at the underside of the floater. 
For topside removal, the underside of the floater is estimated on 45m below the top 
of the jacket. The dimensions of the jacket at 45m below the top are shown below. 
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Figure 5.2: Jacket dimensions to determine the minimum moon pool dimensions 

90 

This figure has 2 functions. It shows the spreading of the relevant jacket dimensions 
for topside removal. There is not a clear relation between the jacket length and width, 
although it can be noted that in general, the width increases with the length. 

Furthermore, Figure 5.2 is used to determine the extreme moon pool dimensions for 
topside removal. The red rectangular shows the window wherein the relevant jacket 
dimensions vary. The jacket length changes between 26m and 80m, while the width 
changes between i8m and 61m. 

A minimum clearance of 3m ( Cmin = 3m) on each side of the vessel ensures that the 
vessel does not collide with the jacket during the embracement of the platform. The 
minimum jacket width of 18m is used to determine the minimum Moon Pool Width 
(MPW) of24m. 

The maximum jacket width occurs for jacket removal. The jacket is lifted to 
transport level where the length and width are bigger, due to the batter of the jacket 
legs. The MPW should be adjusted for this. In the figure on the next page, the jacket 
dimensions at the underside of the floater are shown for jacket removal. 
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Figure 5.3: Jacket dimensions to determine the maximum moon pool dimensions 

The maximum jacket width is 7lm. This results in a maximum MPW of 77m, 
including the minimum clearance. As mentioned in section 4.2, the moon pool length 
is equal to the floater length and fixed at 1 OOm. 

5.3 Adjustability 

Due to the clearance between the floaters and the jacket, the Load Transfer System 
(LTS) has to cover a certain offset from the side shell of the floater to the lifting 
points. This offset is depending on the jacket and the MPW. The TRS and the Gate 
cooperate with the LTS to cope with the different jacket widths by adjusting the 
MPW. The parameters for the adjustability are shown in Figure 5.4 on the next page, 
where the L TS is omitted for clarity. 
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UF - At the level of the Underside of Floater 
LP - At the level of the Lifting Points 
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Jacket Width (UF) 
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Figure 5.4: Overview of adjustability (LTS omitted.for clarity) 

Offset 
The offset is governed by the batter of the jacket legs and the clearance between the 
jacket and the underside of the floater, see also figure above: 

With: 
M 

c 

(5-01) 

Offset covered by the L TS [ m] 

Clearance between the floater and the jacket at the underside of the 
floater [mJ 

Difference in jacket width at the underside of the floater and at the 
lifting points [ m J 

The jacket base is always bigger than the jacket top; therefore the difference in jacket 
width ~wj is always positive (e.g. the batter is always positive). 
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Difference in Jacket Width 
The difference between the jacket width at the lifting points and the jacket width at 
the underside of the floater is: 

With: 
Jacket width at the level of the underside of the floater [m] 

Jacket width at the levei of the lifting points [m] 

(5-02) 

The difference t..Wj is governed by the batter and the distance between the underside 

of the floater and the lifting points. 

Clearance 
The clearance C is determined by the MPW and the jacket width at the underside of 
the floater: 

(5-03) 

And for the moon pool width applies: 

(5-04) 

A minimum clearance of Cmin = 3m is required to avoid collisions during the 
embracement. The maximum clearance occurs for jackets with vertical legs: 6.WJ = Om 

The clearance is then equal to the offset (see equation 5-01). Summarising gives: 

(5-05) 

The requirement for the moon pool width to remove a specific topside or jacket is: 

(5-06) 

Adjustability 
Equations 5-03 to 5-06 are the key equations for the adjustability analysis. The offset 
M shouid be kept as small as possible to minimise the moment caused by the 
payload F (refer to equation 4-01). On the other hand, a fixed MPW would result in a 
vessel which does not have to be adjusted, which would result in risk aversion and 
cost reduction on this field. A compromise is needed and an optimum should be 
found. 

If the offset is equal to the minimum clearance, then the MPW should be adjusted for 
every topside or jacket removal. However, if the offset is increased, the clearance 
increases accordingly (equation 5-01). The larger clearance is then used to work with 
a larger MPW than necessary to provide the minimum clearance (equation 5-06). 
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Consequently, platforms with different jacket dimensions can be removed with the 
same MPW and the MPW can be changed in a discreet number of steps. This 
discreet adjustability is analysed Appendix D, resulting in an optimum step size and 
offset. 

Result 
The MPW will be varied between 40m and 80m in discrete steps of 1 Om The 
maximum offset of the L TS is &) == 15m . The figure below shows the amount of 
topsides and jackets that can be removed with a specific MPW: 

Summary Jacket and Topside Removal 

I [J Jacket Removal Iii Topside Removal I 
50 

45 

40 

35 

~30 .. 
E z5 
£ 
£ 20 
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10 
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0 
40 50 60 70 80 

Moon Pool Width [m] 

Figure 5.5: MPW.for topside and jacket removal 

Comparing the values for topside and jacket removals, the required MPW for 
topsides is lower than for jackets. This is caused by the batter of jackets. 

The majority of the topsides and jackets shall be removed with a MPW of 40m or 
50m. For jacket removal though, a MPW between 60m and 70m covers 40% of the 
jackets: certainly worth considering. 

If the extreme values for the MPW has to be changed, than the maximum MPW 
should be lowered from 80m to 70m. The vessel can then still remove all topsides, 
and only 6% of the jackets will stay in the North Sea. Increasing the minimum MPW 
is out of the question: the MPW of 40m has a considerable share in the amount of 
topside and the jacket removals! 

From Figure 5.5, it appears that the MPW is not the same for topside and jacket 
removal: the MPW needs to be adjusted between the removal operations. The figure 
on the next page shows how often this should happen. 
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Changes in Moon Pool Width between Topside and Jacket Removal 
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Change [m] 

Figure 5.6: Change in MPW between topside andjacket removal 

The topside and jacket can be removed with a constant MPW for approx. 35% of all 
platforms. For the remaining platforms, the MPW should be changed. Almost 50% of 
all platforms require a change of 1 Orn. The remainder of the platforms needs an 
adjustment of 20m. The MPW will never be adjusted with 30m. 

5.4 Summary 

In this chapter, the space between the floaters is defined as the moon pool. The target 
market is analysed to find the extreme moon pool dimensions. The moon pool length 
equals the floater length, as determined in chapter 4. The moon pool width (MPW) 
will be adjusted to enable the vessel to effectively remove all topsides and jackets in 
the target market. The optimum solution for the adjustability is found by 
compromising between a minimum offset for the L TS and a maximum step size for 
the TRS and Gate. The results are shown in the table below: 

Table 5.1: Summary of moon pool dimensions and parameters 

Moon Pool Length 100 

MinimumMPW 40 
MaximumMPW 80 

~ (LTS) 15 

Discrete step size (TRS and Gate) 10 

With these values, all topsides and jackets can be removed, except for 2 platforms 
with a small height. The majority will be removed with a MPW of 40m or 50m. The 
MPW of 60m and 70m covers 40% of the jackets. From all platforms, 65% requires 
a MPW adjustment between the topside and jacket removal. These figures show the 
necessity to adjust the MPW, and conclude milestone I. The results of the first 
milestone form the basis for the concept design of the TRS, the Gate and the LTS. 
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6. Transverse Retraction System 

The first part of milestone II is the concept design of the Transverse Retraction 
System (TRS). The task of the TRS is to connect and maintain the orientation of the 
floaters at the fore of the vessel, whilst allowing for different MPW's. 

The Offshore Standards from Det Norske Veritas (DNV) are implemented in the 
structural concept design. DNV recommends the Load and Resistance Factor Design 
(LRFD) method. The fundamental principle of this method is that the level of safety 
of a structural element is considered to be satisfactory if the design load (Sa) does not 
exceed the design resistance (Ra). 

The first section describes the different steps to determine the design load on the 
TRS. Several concepts are developed to provide the design resistance. These 
concepts are introduced and compared in section 2. The results of the comparison are 
used to select the most suitable concept. This concept is verified for strength and 
stiffness with a finite element model in section 3. The last section of this chapter 
goes one level further: the development of details and connections. 

6.1 Design Load 

The main loading on the TRS is applied by the floater. The loading is determined 
according the procedures recommended by DNV. The first step is to identify the 
relevant load cases during the life time of the vessel. The characteristic loads are then 
determined for each load case. At this stage, only functional and environmental loads 
are identified. 

The design ioad per load case is found by multiplying the characteristic loads by the 
load factor. The last step is to identify the worst case loading. 

Load cases for the TRS 
During its life time, the vessel will either be working on an operation, or sailing from 
or to an operation. The sailing conditions without payload are included in the 
survival mode of the vessel. The operation is split in 3 phases: 

• Embracement 
The vessel has an open Gate and carries no payload. This only occurs during 
the embracement of the platform. This vessel mode should be avoided as much 
as possible. The maximum significant wave height is 2,5m. 

• Lift off 
The vessel has embraced the platform and the Gate is closed. The payload is 
(being) lifted. The maximum significant wave height is 2,5m. This vessel mode 
also applies when the vessel is moving away from the platform. 

• Transit 
The transit mode is applied for the sail from and to the site and includes the 
payload. A maximum significant wave height of 6,4m should be used. 
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Functional loads 
The floater is split in an inner and outer volume to counteract the loads caused by the 
cargo, as explained in section 4.1. The TRS and the Gate counteract each 25% of the 
moment Mx,F. The vertical load is fully compensated by buoyancy. 

The moment Mx,F is defined in equation 4-01, and repeated below: 

(6-01) 

With: 
Mx,F Moment around the longitudinal axis of the floater, due to payload f 

F Payload per floater (12.500 mTon) 

Wr Width of floater (40m) 

ts Offset between work line off with the side shell of the floater (15m) 

r Lever arm off (35m) 

This results in Mx,F = 437.500 mTon · m = 4.375 MN· m. The floater can not counteract any 

other loads, but transfers these to the fore and aft. Here, the loads are processed by 
the TRS and the Gate. 

The moment due the payload on the TRS is: 

Mx,F,TRS =t·Mx,F =l09.375mTon·m=l094MN·m (6-02) 

There are no other functional loads identified. Therefore, this moment is the only 
functional load on the TRS. 

Environmental Loads 
The hydrodynamic or environmental floater loading is depending on the final 
geometry of the vessel. The loading can not be determined, because only the main 
dimensions of the floaters are known. A hydrodynamic analysis of 'Master Mind I' is 
used to give a first estimation on the environmental loading of the new vessel. 

The water pressure on the shells of the floaters is assumed to be a function of the 
significant wave height: 

P; = P;·Hs (6-03) 

With: 
P; Water pressure [mTon/m2

] 

P; Normalised water pressure [mTon/m3
] 

Hs Significant wave height [m] 

Using the same normalised water pressure P; on the shells of the floaters, the 
hydrodynamic forces are extrapolated to the new floater dimensions. The main 
floaters dimensions of the 'Master Mind I' and the new vessel are summarised on the 
next page. 
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Table 6.1: Main.floater dimensions 

'Master Mind I' New vessel 

Lf [m] 117 100 

Wf[m] 16 40 

Hdm] 10 15 

The axis system of the figure below is used for the extrapolation. 
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Figure 6.1: Axis system and dimensions of a floater 
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The environmental loading for the TRS and the Gate case are calculated in Appendix 
F. The results for the TRS are repeated: 

Table 6.2: Environmental loading of the TRS (note: units are in MN) 

Embracement Lift off Transit Survival 

Fx [MN] 14 14 36 56 
Fy [MN] 24 12 31 48 
Fz [MN] 10 5 13 20 
Mx [MN.m] 95 48 122 190 
My [MN.m] 526 151 388 606 
Mz[MN.m] 1.271 371 948 1.482 

Design loads 
The design loads are determined with the load factors introduced in Appendix G. The 
results are shown below: 

Table .6.3: Design load for the TRS 

Design load 
Load cases 

Design Load 
Embracement Lift off Transit 

Fx [MN] 18 18 47 73 
Fy [MN] 31 16 62 

Fz [MN] 13 7 26 

Mx [MN.m] 124 1.456 1.508 

My [MN.m] 684 196 788 

Mz[MN.m] 1.652 482 1.232 1.927 

The last column shows the maximum values of the design loads for all load cases. 
The TRS should at least have sufficient design resistance to compensate this design 
load. 
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6.2 Options 

Several options are considered to cope with the design load and the variable MPW. 
The following 4 options survived the first elimination rounds: 

1. 'SeaFork II' 
This option is derived from 'SeaFork I', which was presented as a candidate for the 
'Ekofisk I Cessation Program' (refer to Appendix B). The 'SeaFork II' has 
submerged floaters (in red) which are connected by columns (in blue) to a transverse 
box (in yellow). This transverse box is positioned well above water level. 

The floaters and the transverse box are connected by welds. Changing the MPW 
requires that they are separated and relocated, before they are welded to each other 
again. The floaters and the transverse box will be completely disconnected to 
relocate. It is recommendable to perform this operation in shallow or protected 
waters. 

All welding will occur above water, avoiding diver crews. The connection will 
require a lot of welding material and welding time. The welding area requires 
refurbishment between cutting and welding, due to damage to the connection area. 

Figure 6.2: 'SeaFork II' with MPW = 40m Figure 6. 3: 'SeaF ork II' with MPW = 80m 

2. 'SkidFork I' 
This option is equivalent to the 'SeaFork II', with regard to the configuration, so 
figures 6.2 and 6.3 also apply for the 'SkidFork I'. The main difference is the 
connection method. The transverse box and the columns are fastened with a 
pretension system. 

To relocate the floater, the pretension system is released and the transverse box is 
skidded on top of the column. This operation does not require any submerged 
activity. The transverse box and the column are thus always connected. It is 
recommended that the skidding mechanism is released after the relocation, to avoid 
excessive loading and wear on this system The skidding mechanism can benefit 
from jack-up technology to control the distance between the floaters. 
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Figure 6.4: 'Triple Floater' with MPW = 40m Figure 6.5: 'Triple Floater' with MPW = 80m 

3. 'Triple Floater' 
The 'Triple Floater' is built of 3 submerged floaters. The blue floater is the 
transverse floater. The 2 red floaters will carry the Load Transfer System and are 
connected to the transverse floater by a pretension system. 

Prior to changing the MPW, the floaters will rise to the water surface by de
ballasting. The connecting and relocation operation is therefore partly submerged and 
partly above water. There are 2 methods for the relocation operation: completely 
disconnect the floaters or by skidding. Both operations require shallow or protected 
waters. Jack-up technology can be implemented for the skidding option. The 
skidding mechanism is preferably released after the relocation of the floaters. 

4. 'Dual Masters' 
The last option is called the 'Dual Masters'. The floaters are extended (in blue) to fit 
for the minimum MPW of 40m for the 'Dual Masters'. Fill-in sections (in green) are 
inserted, if a larger moon pool width is required. The installation of the fill-in section 
requires that the 2 extended floaters are completely disconnected. The connection 
and relocation operations are partly submerged and partly above water. The different 
sections are connected with a pretension system. 

Figure 6. 6: 'Dual Masters' with MPW = 40m Figure 6. 7: 'Dual Masters' with MPW = 80m 
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The options are compared and ranked according the following preferences: 

• Re-usable 
The MPW is expected to be changed at least once per year. The options which 
do not require refurbishment of the connection area are preferred, because of 
the expected time and cost saving for the changing operation. 

• Working area 
With respect to operating time and costs, the adjustment operation should be as 
quick and cheap as possible. The cheapest, safest and fastest place to work is 
above water. It does not require slow and expensive diver crews. Above water, 
scaffolding can be installed to provide safe working areas. 

• Construction costs 
The amount of steel is an important measure for the construction costs of the 
vessel. Options with lower weights are favoured. The construction costs of the 
option are based on the required weight for a MPW of 80m. The construction 
costs are estimated by Master Marine A.S. on €3.000/mTon. 

• Parasite payload 
The weight of the TRS can be seen as a large concentrated load at the fore of 
the vessel. It acts as a parasite payload to the vessel's lifting capacity. 
Therefore, the option with the lowest amount of parasite payload is preferred. 
The parasite payload is determined as the difference between the TRS weight 
for a MPW of 80m and 40m, only if this load is carried along with a MPW 
smaller than 80m. 

• Towing speed and force 
The vessel will be towed with the TRS m fore direction. The area of the 
submerged part of the vessel normal to the towing direction is the main 
parameter for the required towing forces. A larger normal area increases the 
required towing forces (tug bollard pull) and I ffr decreases the towing speed. A 
submerged parasite payload results in a higher tug bollard pull. The options 
which do not have a submerged parasite payload are favoured. 

The weight estimations of the 4 options are performed in Appendix H. Table 6.4 
shows the results, which are used to compare the options. 
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Table 6.4: Comparison and rankin1; of TRS options 

SeaFork II SkidFork I Triple Floater Dual Masters 

Connection method 

Re-usable No Yes Yes Yes 

Submerged relocation activities No No Partly Partly 

Disconnected Yes No No Yes 

Weight estimation 

MPW = 40m [mTon] 8.250 8.250 3.600 3.600 

MPW = 80m [mTon] 10.500 10.500 5.000 5.000 

Difference [mTon] 2.250 2.250 1.400 1.400 

Construction costs [Million€) 31,5 31,5 15 15 

Parasite Payload 

Parasite payload Yes Yes Yes No 

Submerged parasite payload No No Yes NIA 

Ranking 4 3 2 I 

Selection 
The 'SeaFork II' and 'SkidFork I' are rejected because the construction costs are 
approximately twice as high as the other 2 options. The submerged relocation 
activities for the 'Triple Floater' and the 'Dual Masters' are accepted to gain the 
lower construction costs. 

The parasite payload is the decisive argument to prefer the 'Dual Masters' above the 
'Triple Floater'. The submerged parasite payload of the 'Triple Floater' will result in 
a higher tug bollard pull and I or a lower vessel speed. Furthermore, the 'Triple 
Floater' transfers the longitudinal moment as torsion through the connection, while 
the 'Dual Masters' transfers the longitudinal moment as bending. Bending at the 
connection will locally result in a component in the same direction as the normal 
load. 
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6.3 Weight and Stiffness 

The 'Dual Masters' is modelled with 3D finite element software, Acord CP® (Acord 
CP). The model is used to find a first estimation of the dimensions, weight and 
stiffness. Local stress concentrations and plate buckling are not included, but 
stiffeners can be added in the detailed design to prevent them. 

_,-UNIT2 
/ /.-UNIT3 

. ~UNIT2 

/~~ 

r~+ .~ 
.. // 

Figure 6.8: 3D Sketch of 'Dual Masters' Figure 6.9: Model of Dual Masters 

The modelling of the Dual Masters is explained in Appendix I. The model is built in 
6 steps: 

• Geometry 
The configuration with a moon pool width of 80m is modelled. Only half of the 
system is modelled due to the vessel symmetry with respect to the centre line 
(Figure 6.8 and Figure 6.9). 

• Mesh 
The shells are divided in small sections where the stresses and displacements 
are calculated. The vertical edges are divided in sections of 1,5m and the 
horizontal ones in sections of 2,0m. This results in the following geometry and 
mesh: 

Figure 6.10: Geometry Figure 6.11: Mesh 

• Materials 
The shells are made of DNV Normal Strength steel with a yield stress of 235 
N/rnrn2

. 
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• Shell thickness 
The preliminary shell thicknesses of the weight estimation (Appendix H) are 
used as input values. 

• Restraints 
The cross section of the unit at the centre line is restraint at the nodes, refer to 
Figure 6.12. 

• Loading 
The design load as determined in section 6.1 is decomposed in nodal forces, 
and applied on the nodes of the floater perimeter. Figure 6.13 shows the nodal 
loading of the force in the x-direction. 

Figure 6.12: Restraints Figure 6.13: Nodal loading of the floater perimeter 

Stress verification 
The shell thickness is adjusted until the combined von Mises stress does only locally 
exceed a stress level of 200 N/mm2

. The model is not verified for shell buckling. 
Local stiffeners can be added to prevent buckling, but this process is recommended 
for the detailed design phase. 

Weight estimation 
After the verification of the stress level in the shells, the weights of the units are 
estimated, together with the total weight of the system. The results are shown below: 

Table 6.5: Unit weights 

Unit Number of units Unit Weight [mTon] 

1 2 1.850 

2 2 425 

3 1 800 

Total 5.350 
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Deflections and stiffness 
The deflections of the TRS should be compensated by the Load Transfer System 
(LTS). A high stiffness will result in small deflections, and smaller displacements of 
the lifting points of the L TS. 

UNITl 

D 

Figure 6.14: The floater cross section (in grey) 

The minimum stiffness occurs for the TRS with a MPW of 80m. Therefore, the 
stiffness of this configuration is determined, using the comers A, B, C and D to 
determine the displacements of the centre 0 of the floater cross section. 

The maximum displacement for combined loading is ~ 195mm and occurs in the z
direction, which is the weak direction of the system. The maximum displacements in 
the x- and y-directions are 84mm and 35mm respectively. 

The rotations of the floater cross section are determined using the rotation of the 
diagonal AC. Rotations of the floater cross section can result in large displacements 
of the lifting points of the L TS. The maximum rotation is 7 ,8 mrad (or 0,4 degree), 
and occurs around the torsion axis of the TRS units: the y-axis. The maximum 
rotations around the x- and z-axis are 5,3 mrad (0,-3 degree) and 2,9 mrad (0,16 
degree) respectively. 

The displacements and rotations are detemiihed for each force and moment 
individually. The resulting stiffness matrices can be used to find the displacements 
and rotations of the floater cross section for an ambiguous (combined) load. The total 
displacement of the lifting points can be determined by combining the stiffness of the 
TRS with the stiffness of the floater, Gate and LTS. 
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6.4 Connection of the TRS Units 

In the Netherlands, a frequently used example of pretension system can be found at 
the back of a bicycle to hold packages on the carrier: the so-called carrier straps. The 
literal translation of the Dutch word represents its meaning clearer: fast binder. A fast 
binder is meant to be a fast and simple way to temporarily secure items. 

Tension should be prevented to avoid collisions at the connection area. To achieve 
this, the pretension force should be sufficient to prevent a cyclic normal loading to 
result in tension. The pretension force 'shifts' the tension load in compression (arrow 
1). The compression load is increased to higher compression (arrow 2). 

Effect of pretension on load level 
~cyclic load - - - - - - pretension 

___.,__pretensioned load - - - - Capacity 

1 .. 5~--------------------------~ 
1.0 Tension 

0.5 

o.o...-----....--+--------"1.,..----------.-----..,,. 
z-o 5 

a; 
> 
.!! -1.0 .,, .. 
0 
..J -1.5 

-2 0 

-2.5 

3~0 

Compression 

~o ------------------------·---------------·-·-·-·-----·-----·-----·-·---·I 
l -3.5.1-------------------------------' 

Progress of cycle (Degrees) 

Figure 6.15: Effect of pretension on load level 

Tension at the connection can be avoided at the expense of an increased compression 
capacity. This can be achieved by either increasing the wall thickness or allowing a 
higher stress level. 

Pretension Method 
The vessel exists of maximum 5 units with 4 con...11.ection surfaces. The pretension to 
connect the 5 units can be applied in 2 ways: 

• Global pretension: All in one 
The units are connected with 1 global pretension system. This system provides 
the pretension for all 4 connections: global pretension. All units should have a 
high compression capacity. The wall thickness calculated in Appendix I should 
be increased if the same yield stress for the steel is used. 

• Local pretension: One by one 
The pretension is applied at one contact area. Each connection requires a 
pretension system: local pretension. The wall thickness should only be 
increased locally. 
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Local pretension is preferred, because the weight of the units will not increase as 
much as for global pretension. 

The study on the pretension system is focussed on designing a system with the 
maximum required capacity rather than on adjusting the capacity of the pretension 
system to the local requirements. The worst combination of requirements are 
identified and used as boundary conditions for the design. The pretension system can 
be scaled down if desired. 

Loading 
The pretension system should cope with the reaction forces at the restraints of the 
shells in the finite element model: 

Figure 6.16: Mesh and restraints for TRS with MPW = 40m 

Figure 6.17: Mesh andreactionforcesfor TRS with .MPW = 40m 

6. Transverse Retraction System Page 41 



Platform Removal in the North Sea Concept Design of a Single Lift Vessel 

The comers of the units are excluded from the calculations because of local stress 
concentrations. The reaction forces are exported from Acord CP and processed in 
Excel® (Excel) to find the average reaction force per stretched meter. The reaction 
forces act in 2 directions: normal and parallel to the shell. The normal force results in 
normal stress and the parallel force results in shear stress in the shell, and is further 
called shear force. The calculated normal and shear forces include the load factors of 
section 6.2. 

The perimeter of the connection area is split in 60 intervals, with the following 
intervals belonging to a specific shell: 

Table 6.6: Intervals in the shells 

Interval No.(-) Interval width (m) Shell 

1-20 2 Top 

21-30 1,5 Right 

31-50 2 Bottom 

51-60 1,5 Left 

PERIMETER OF TRS-UNIT 
61 / l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

60 

59 

58 

57 

56 

55 

54 

53 

52 

51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 

Figure 6.18: Nodes on the perimeter of a TRS unit 

The reaction forces are depending on the applied loading. The model is loaded with a 
single load in a main direction, e.g. one force or one moment. Linear superposition is 
then applied to find the reaction forces of the combined loading. The individual 
reaction forces are analysed to find the maximum combined loading. The maximum 
values of the reaction forces are determined as: 

Table 6.7: Maximum reactionforces 

Reaction force Maximum [MN.m] 

Normal 13,2 

Shear 3,0 
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Connection methods 
In Appendix J, the most important design decisions and alternatives are discussed 
and combined into a final connection system. The study includes details of the ends 
of the unit shells and the pretension system to connect the units. 

Results 
Tubes are installed on the corners, to cope with the local concentrated loads. Flanges 
are welded on both the tubes and the shells to accommodate pretension bolts. The 
flanges are welded symmetrically around the shell. Per meter 8 x M68 bolts are 
installed to ensure compression on the connection area. The pretension system has 
the capacity to bring a tension load in the shell of 13,2 MN/m in compression. The 
minimum compression of 7 ,9 MN/m on the connection area is sufficient to ensure a 
safe transfer of the maximum shear force of 3,0 MN/m. The shear is then transferred 
with a shear to normal force ratio of 0,38. The flanges are equipped with a support 
block provided by Risrubber B.V. to prevent stress concentrations in the flanges and 
to prevent a high quality of surface finishing. The support block is made of 
vulcanised natural rubber. 2 Sheets of 3mm steel plate are inserted in the support 
block to increase the stiffness of the support block. 

The pretension system can be applied on both the shells and the tubes: 

Figure 6.19: Pretension system.for shells (lefl) and tubes (right) 
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The bolts will be tightened with hydraulic bolt tensioners. SKF bolt tightening 
handbook is used to dimension the bolted assembly and to select the appropriate 
HYDROCAM bolt tensioner: HTC-R 174 

HTCR.C .. 

HTCR.J 

optional 

SKF 

Figure 6.20: SKF - HYDROCAM bolt tensioners 

The TRS units are equipped with an approach system. Inflatable rubber capsules 
prevent collisions and ensure the relative orientation of 2 units. The capsules are 
integrated in the corner tubes of the TRS units. Unit 2 is shown below as an example 
of the final concept for a TRS Unit. 

Figure 6.21: TRS Unit 2 (capsules in red) 

6. Transverse Retraction System Page 44 



Platform Removal in the North Sea Concept Design of a Single L!ft Vessel 

6.5 Summary 

This chapter presents the first part of milestone II: the concept design of the 
Transverse Retraction System. The DNV recommendations are followed to 
determine the design load of the TRS. The design load should not exceed the design 
resistance. The design resistance is determined for 4 options. The options are 
compared to find the best solution to provide the design resistance. The Dual Masters 
is selected as best option. The moon pool width is changed with so called TRS Units. 
The TRS units 1 are attached to the floaters. Units 2 and 3 are respectively 1 Orn and 
20m long. A 3D finite element model is made in Acord CP to find the dimensions, 
weight and stiffness. 

UNIT 1 PS 

UNJT2 

UNIT3~ 
UNIT 2 

Figure 6.22: TRS Units for a moon pool width of 80m 

The estimated weights of the units are: 

Table 6.8: TRS Units and weights for a moon pool width of 80m 

Unit Number of Units Unit Weight [mTon] 

1 2 1.800 

2 2 425 

3 1 800 

Total 5.250 

The units will be connected with a pretension system existing of 8 x M68 bolts per 
meter. With a perimeter of 11 Orn and tubes on the corners, this results in 
approximately 1 OOO bolts per connection. The bolts will be pretensioned with 
hydraulic bolt tensioners. The bolts can be pretensioned simultaneously by 
connecting the bolt tensioners in sets. 
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7.Gate 

The main task of the Gate is to connect the floaters above the level where the topside 
is separated from the jacket. This chapter is dedicated to the concept design of the 
Gate, the second part of milestone II. The design will start with the identification of 
the design load. The next focuses are the principle options for the Gate and the 
method to cope with the different MPW' s, from which the best option will be 
selected. The next step will be to determine the design space and develop a concept. 
This concept will be verified for strength and stiffness and refined with systems to 
operate the Gate. 

7.1 Design Load 

The main task of the Gate is to ensure the position of the floaters in the y and z 
direction and to maintain the right orientation around the x-axis. The figure below 
shows a sketch of the floaters with the Gate represented as a black box: 

MPW = 40m MPW =Som 

Figure 7.1: The Gate as a black box in a front view of the.floaters 

The design load of the floater at the Gate is determined in Appendix G with the 
results below: 

Table 7.1: Design Load of the Gate 

Design Load 

Fy [MN] 62 
F, [MN] 26 
Mx [MN.m] 1.508 

The forces and moments are calculated at the geometrical centre of the cross section 
at the end of the floater. The maximum values are used for the preliminary 
dimensioning. 
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7.2 Options 

A perfect solution would be to connect the floaters in the same way as the TRS: at 
the level of the floaters. For the topside removal, however, it becomes impossible to 
leave from the jacket, with the floaters connected below the cut level of the jacket 
legs at both ends. Therefore, the Gate is forced to be installed well above the cut 
level. 

The overhang of the topside creates a second boundary condition: It should be 
possible to embrace the platform when the Gate is opened. With a maximum 
overhang of 13.5m and a minimum clearance of 3m for the vessel motions, the 
distance from the jacket top to the supports of the Gate should be at least 16,5m. 

As the loading is mainly in the y-z plane, the Gate is expected to exist of a lattice 
space frame. The distance between the horizontal braces is chosen to minimise the 
required amount of steel and the height of the Gate. A first estimation of this distance 
is 20m. 

Opening of the Gate 
There are 3 possibilities to open the Gate: 

• Skid the Gate over the deck (in they-direction) 
• Rotate the Gate in the x-y plane (open= x-direction, closed= y-direction) 
• Rotate the Gate in the y-z plane (open = z-direction, closed = y-direction) 

MPW = som MPW = 40m 

Figure 7.2: Opening possibilities (#1 and #2) 
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Figure 7.2: Opening possibilities (continued, #3) 

With respect to the position of the centre of gravity of the Gate during the 
embracement, the last possibility is rejected: the vertical position of the centre of 
gravity of an opened Gate causes high accelerations and high demands for the hinge 
points. 

The Gate has at least a length of the maximum MPW plus 2x the distance from the 
jacket top to the supports, so 113m. Assuming that the Gate is split in 2 equal parts, 
the length of each part is approximately 57m. Including also the connection of the 
Gate to the deck of the floater, skidding is rejected as a possible solution. 

With these arguments, the Gate is designed to rotate in the x-y plane. 

MPW Adjustment 
Just as the TRS, the Gate should also be able to work at different MPW. There are 2 
options to adjust the MPW: 

• Fixed Gate length 
= Fixed supports on deck 
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7.Gate 

MPW = som MPW = 40m 
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L. 
Figure 7.3: Gate adjustments for MPW 

Using the same method to change the TRS for different MPW, the length of the Gate 
can be adjusted using pre-tensioning. Relocating the supports on the deck can also be 
done using a pre-tensioning system, but will require more strong points on the deck 
to transfer the forces from the floater to the deck. For the adjustable Gate length, the 
supports on deck can be optimised for that particular position. 

With these arguments the Gate is designed with fixed hinges and an adjustable Gate 
length. 
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7 .3 Design Space 

The position of the hinges can not be chosen arbitrarily, but should account for the 
overhang of the topside, 0,

0
pside. The overhang is compared with the offset to find the 

overhang over the floater, 0 floater. The overhang over the floater can be found by: 

O_floater = 0,opside - M (7-01) 

Figure 7.4 on the next page shows a positive floater overhang at the left side and a 
negative floater overhang on the right side. 

Overhan Offset 

_o_ve_r_ha_n~g_F_lo_a_te_r _>_D _ _,_ _______ o~ff~s~et Overhang Overhang Floater < 0 

Figure 7.4: Floater overhang: positive (lt;fi} and negative (right) 

The negative floater overhang has no influence on the position of the hinges: the 
hinges can be positioned anywhere on the floater width. For a positive floater 
overhang, the position of the hinges can not interfere with the topside. The platforms 
with a positive overhang are summarised in Table 7.2. Unfortunately, the 
information of the topside dimensions is known only for a few platforms: 

Table 7.2: Examples of plaiforms with a positive.floater overhang 

Platform Floater overhang [m] Platform Floater overhang (m) 

Alba Northern 3 Miller 4 

Albuskjell 116-A 2 Montrose A 2 

Albuskjell 2/4-F 2 Oseberg B 7 

East Brae 9 Piper 'B' 3 
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To embrace the platform for topside removal, the minimum clearance between the 
Gate and the topside should be 3m. Taking the East Brae platform as a reference, the 
hinges should be positioned at least 9 + 3 =12m from the inner side shell of the 
floater. This distance excludes the dimensions of the Gate itself. As a starting point, 
the hinges are positioned on the centre line of the floaters to ensure a safe operation 
of the Gate. 

7.4 Concept 

The floater is extended to accommodate the Gate (Figure 7.5: in red). The Gate is 
designed as a lattice space frame. The main task of the Gate is to cope with the 
design load applied by the floater, without colliding with the platform. 

The first step is to transfer the design load above the cut line of the jacket legs. This 
is done with the column, made of vertical and diagonal braces. The vertical and 
transverse forces are transferred to the central hinge. The moment M x is decomposed 
as a couple of forces and transferred to the central hinge and the vertical side 
supports. 

Figure 7.5: Principle of Gate (3D Sketch.for a moon pool width o.f 60m) 

The second is to transfer the loading to the main moving part: Unit 1. This unit is 
equivalent to Unit 1 of the TRS (in blue). It covers from the column to the centre line 
of the vessel with a moon pool width of 40m. 
Fill-in sections cope with the different moon pool widths. The fill-in sections are 
Units 2 and 3, with a length of lOm and 20m respectively, equal to the length of the 
fill-in sections for the TRS. 
The concept is described in more detail on the next pages. First Unit 1 is described, 
because this unit is considered as the most important unit, while the column and the 
fill-in sections are designed to fit to Unit 1. 
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Unit 1 
The design load is transferred to the unit by 3 'support points': the central support 
and the 2 side supports. The Gate has one hinge, which is integrated in brace 1 and 
located at the central support. The Gate will be fixed at the 2 side supports. 

Central Support 

Figure 7.6: Gate Unit I (3D Sketch) Figure 7. 7: Gate Unit I (3D FEM Model) 

7.Gate 

Even though the design load of the Gate only acts in the y-z plane, the inertia of the 
own weight of the Gate will cause loading in the x direction as well. Therefore, the 
top of brace 1 is connected with 2 braces (6 and 7) instead of one: to provide stiffuess 
in the x-direction. 

Loading at the central support 
The central support transfers both vertical and transverse forces. The vertical force is 
mainly transferred to brace 4, and partly to braces 2 and 3 by bending of the last 
braces. The stiffuess of the joints governs the distribution of the forces. The moment 
in the unit, due to the lever arm of the vertical force, is decomposed as a couple of 
normal forces in brace 2 and 3. 

The transverse force is transferred mainly to brace 2. Again, the stiffuess of the joints 
causes some transfer by bending of braces 1 and 4. The eccentricity of the transverse 
force with the vertical centre of the unit causes a moment. This moment is 
decomposed as a couple of forces acting in the axial direction of braces 2 and 3. 

Loading at the side supports 
The diagonal braces 6 and 7 are loaded with vertical forces at the side supports. Due 
to the inclination, these forces result in horizontal components at the side supports. 
These components are transferred to brace 2 via the central support. The horizontal 
components can be transferred to the central support with 2 methods: through unit 1 
or through the column. The former method is preferred, to avoid complex load 
transfers in the central support from the column to Unit 1. 

At the top of brace 1, the forces in braces 6 and 7 are transferred to brace 3. Due to 
the inclination of braces 6 and 7, brace 1 is loaded with the vertical component. 
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Column 
The main task of the column is to transfer the design load to Unit 1. A secondary task 
is to ensure the position and orientation of the Gate, when the Gate is open. The 
yellow braces arc loaded when the Gate is closed, and the green braces when the 
Gate is open. The figures below shows a 3D sketch of the column, respectively with 
and without the floater extension: 

Figure 7. 8: Column includingfloater extension Figure 7.9: Column excluding floater extension 

The design load of the floater is applied on the shell of the floater extension (in red) 
and transferred to the side and central supports by the braces (in yellow). The load 
transfer from the shells to the braces is omitted, but will be done by transverse 
bulkhead and stiffeners. At t.l:!is stage, the design load is assumed to act at the 4 
points where the diagonal and horizontal brace are joined, 

The diagonal braces transfer the load from the 4 points to the central support, 
requiring the horizontal braces to cope with the horizontal components to close the 
force path. The central support is a complex joint where 4 yellow and 3 green braces 
are joined and the central hinge is integrated. 

The vertical braces in the column are only used to cope with moments. The moments 
exist of the design moment and the moment caused by the transverse load. These 
moments are decomposed as a couple of forces. 
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Fill-in Sections 
The Gate is equipped with fill-in sections to cope with the different MPW's. 

Figure 7.10: Gate Units 2 (JOm) and 3 (20m) 

The horizontal braces take the transverse force and the moment, while the diagonal 
braces transfers the vertical force. The units are equipped with X bracings to cope 
with MPW's where an unequal number of units are inserted, instead of an equal 
number (e.g. 1 instead of 2). 

7.5 Weight and Stiffness 

The Gate concept is modelled with the finite element software Acord BAT ® (Acord 
Bat). The 3D beam model is used to find a first estimation of the weight and stiffness. 
A short summary of the modelling process is given below; a more detailed 
description can be found in Appendix K. 

e45 

Figure 7.11: Model of Gate in Acord Bat 
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The model in Acord Bat is built in 6 steps: 

• Geometry 
The configuration with a MPW of 80m is modelled. Only half of the system is 
modelled due to the vessel symmetry with respect to the centre line (refer to 
Figure 7.11 ). 

• Joints 
Braces are connected in joints. These joints are not completely rigid, nor are 
they acting as ball joints (called articulated joints in Acord Bat). In other words, 
the joints have a finite stiffness. This stiffness is depending on the geometry of 
the joint and unknown at this stage of the design process. The Gate is verified 
for both articulated and rigid joints to find a conservative approach for the 
brace dimensions. For the preliminary and detailed joint design, DNV refers to 
documents of the American Petroleum Institute (API): API-RP-2A-LRFD. In 
this Recommended Practice, the procedures for joint design are explained 
extensively. 

• Materials 
The braces are designed with steel from DNV's primary structural category: 

Table 7.3: Steel Grades (source: DNV) 

DNV steel grade cry (N/mm 2
) tmax (mm) 

NV-NS 235 60 

NV-27 265 

NV-32 315 
100 

NV-36 355 

NV-40 390 

NV-420 420 

NV-460 460 

NV-500 500 1 <;(\ 
'-'V 

NV-550 550 

NV-620 620 

NV-690 690 

• Sections 
The braces are designed with a ratio of D/t ""30 . This ratio avoids local 
buckling of the braces, while global buckling is verified with Euler's Formula 
for buckling. 

• Restraints 
The closed Gate is verified for 2 cases: the design load and the own weight. 
The Gate is restraint at the centre line of the vessel for the design load. To 
verify the influence of the own weight on the stress level in the Gate, the 
underside of the column is restraint. 
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• Loading 
The maximum loading at the centre of the cross section of the floater is derived 
in section 7.2. The design load is not applied at the centre of the floater cross 
section, but at 4 nodes on the perimeter of the cross section. The figure below 
shows the nodal loading of the force in the z-direction. 

Figure 7.12: Vertical design load on the Gate 

Stress and Buckling Verification 
The brace dimensions are adjusted until the normal stress does not exceed the 67% of 
the minimum yield stress, as recommended by the American Institute of Steel 
Construction (AISC). The normal stress includes stresses due to tension/compression 
and due to bending. 

The model is also verified for global buckling but not verified for local buckling. 
Local stiffeners can be added to prevent the latter, but this process is recommended 
for the detailed design phase. 

Weight estimation 
After the verification of the stress level in the braces, the weights of the units are 
estimated: 

Table 7.4: Summary qf weight per steel grade and item 

Column Unit 1 Unit 2 Unit3 

NV-NS 302 1 183 226 

NV-27 555 146 - -
NV-32 524 146 - -
NV36 - 252 - -
NV-40 580 353 - -
NV420 - 197 - -
NV-550 - 308 74 148 

NV-690 - 307 74 148 

Total per Item 1.961 1. 710 331 522 

The weight summary excludes the weight required for the floater extension. This 
weight is estimated on approximate 1.000 mTon ofNV-NS steel per column. 
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The total weight of the system is estimated below: 

Table 7.5: System weight 

Unit Number of units Unit Weight (mTon) 

Column 2 2.961 

1 2 1.710 

2 2 331 

3 I 552 

Total 10.526 

Deflections and stiffness 
The deflections of the Gate should be compensated by the L TS. A high stiffness will 
result in small deflections, and smaller displacements of the lifting points of the L TS. 

The stiffness of the Gate is the smallest for a Gate with a MPW of 80m. Therefore, 
the stiffness of this configuration is determined, using the nodes 1 to 4 to determine 
the displacements of the centre 0 of the floater cross section. 

The maximum displacement for combined loading is ~ 720mm, occurring in the y
direction. The maximum displacement in the z-direction is lower: ~300mm. 

The rotations of the floater cross section are determined using the rotation of the line 
through nodes 1 and 3. Rotations of the floater cross section can result in large 
displacements of the lifting points of the L TS. The maximum rotation is 14 mrad (or 
0.8 degree), and occurs around the x-axis. 

The displacements and rotation are determined for each force and moment 
individually. The resulting stiffness matrices can be used to find the displacements 
and rotations of the floater cross section for an ambiguous (combined) load. The total 
displacement of the lifting points can be determined by combining the stiffness of the 
Gate with the stiffness of the floater, TRS and LTS. 
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7 .6 Practical Details 

This section considers the practical realisation of the Gate: which sub-systems are 
required to operate the Gate. There are 3 areas that draw immediate attention: 

• The orientation of the Gate is performed by a track-and-traveller system, called 
Roller Coaster. 

• The Gate is rotating around the central support: the Central Support Bearing 
• The length of the Gate is extended with units 2 and 3. The systems to install 

these units to unit 1 and the closure of the Gate are integrated in the units. 

The roller coaster appeared to be a relatively complex structure, which is therefore 
explained in more detail in Appendix L. The last 2 topics are discussed briefly, by 
explaining the functions and recommendations for the concepts. 

Roller Coaster 
The system to open and close the Gate is called the roller coaster (due to its 
similarities with the entertainment attraction). The roller coaster accommodates 4 
functions to ensure a successful operation of the Gate: 

• Track-and-traveller 
• Vertical compensation 
• Propulsion and positioning 
• Brace connection 

The track-and-traveller ensures that the Gate remains levelled during the opening and 
closing of the Gate. It is important in terms of both safety and design resistance 
requirements that the track-and-traveller is not included in the force path of the active 
Gate: They provide a temporary by-pass to change the orientation of the Gate. The 
track-and-traveller should be designed to resist the static and dynamic effect of the 
self-weight of the Gate. 

The extreme ends of the units which should be connected when the Gate is closed are 
not automatically at the same level. Hydrodynamic loading and gravity acting on the 
vessel cause deflections, which should be compensated to ensure that the Gate can be 
closed. Therefore, a vertical compensation system is introduced to manipulate the 
level of the extreme ends of the units (near the centre line of the vessel). As with the 
track-and-traveller, this system should be excluded from the force path of the active 
Gate. The vertical compensation should be designed to resist the static and dynamic 
effect of the self-weight of the Gate. 

The traveller should be moved along the track to rotate the Gate. This can be done by 
e.g. chain, cables or ropes, or by a push-pull system. These systems can be found in 
practice for a variety of applications. Feasibility is not expected to be an issue, and 
propulsion shall therefore not be discussed any further. 
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The vertical compensation implies that the traveller and the Gate should be separated 
mechanically to allow vertical displacements of the side supports. Still, the 
propulsion force should be transferred from the traveller to the side supports. 

The braces of the column and the side supports are loaded intermittently with tension 
and compression. The braces of the column and the side support should be 
mechanically connected by a connection system. The distance between the column 
and the side support is depending on the degree of displacement of the extreme end 
of the units at the centre of the Gate. This is not a constant value. The brace 
connection system should thus include a certain degree of flexibility. 

The above mentioned topics are processed in Appendix L into a concept design of 
the roller coaster, which gave the following result: 

Figure 7.13: Final concept of roller coaster 
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Central Support Bearing 
The central support is a complex joint, with braces in different planes. The axes of 
the braces of both the column and unit 1 should go through the same point, to avoid 
eccentricity moments. An additional design challenge is to integrate a bearing at the 
central support to allow the Gate to rotate, while forces occur in all directions, so also 
uplift forces. 

Figure 7.14: Central Support (Dark Grey) Figure 7.15: Slewing Bearing (source: SKF) 

The centrai support bearing should only transfer forces and not moments, to reduce 
the requirements on the bearing and the structure around the bearing. The task of the 
bearing is to allow the moments around the vertical axis. The moments around the 
horizontal axes should be allowed for as well. This can be realized by using a bearing 
which tolerates angles of deflections. A suitable but expensive solution could be a 
ball joi.11t, but a cheaper solution can be provided by slewing and I or sliding bearings 
on a relative soft layer of hard or natural rubber. 
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Gate Units 
The units to extend the Gate are designed with 2 horizontal braces connected with 2 
diagonal braces, as an X-shape. In the connection of the units, the load of the 
diagonal braces is transferred as shear and bending, requiring local reinforcements. 
At this point, the connection of the braces only concerns the connection of 2 straight 
braces. The brace connection system of the roller coaster can be implemented: 

Figure 7.16: Concept for Unit Connection (left: 3D Model, right: Section view) 

The installation of the unit connection system requires a dedicated handling 
mechanism. The design of this system is recommended for the detailed design phase. 

The unit connection system is expanded with an approach system to enhance the 
connection process. The approach system exists of a retractable conical guide, made 
of a steel tube with a conical termination. The brace termination is extended with a 
guiding house, as shown below: 

Figure 7.17: Concept for Approach system (left: Before connection, right: After connection) 

For the installation of two units as a part of the starboard or portside Gate, the guide 
should not necessarily be retractable. However, during the closure of the Gate at the 
platform, the guide should be retracted, to avoid clashes with the opposite Gate. 
Therefore, all units are equipped with the retractable guide. 
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Figure 7.18: Unit 1 connected to unit 2 (with telescopic brace (in blue) installed) 

The units are fabricated with a single unit as a template for all the other units. This 
will result in a set of units, which will all fit to this unit, and therefore also to each 
other. The template can not exist of a unit 1, because the upper brace of this unit is 
unsupported at one side. This unsupported side will not be supported with a welded 
brace, but with a telescopic brace. This brace is hydraulically retractable to enable 
the connection of the units if one of the units is deformed due to the load history or 
the own weight. The capacity of the hydraulic jacks is approx. 600 mTon, which is 
sufficient to deflect the unsupported brace with 150mm over a distance of approx. 
20m 

Figure 7.19: Final concept for the Gate 
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7.7 Summary 

The second part of milestone 2 concerns the concept design of the Gate and started 
with the determination of the design load. In section 7 .2, several global options or 
working methods for the Gate were investigated. The Gate hinging around a vertical 
axis was preferred above a sliding Gate and a Gate rotating around a horizontal axis. 
Furthermore, a principal choice was made to use a fixed hinge and to change the 
length of the Gate. 

The design space of the Gate is limited by the overhang of some of the topsides. This 
forced the location of the hinge from the inside to the centreline of the floater. The 
mass inertia of the Gate in longitudinal direction resulted in the requirement for 
longitudinal stiffness. This was created by supporting the top of the Gate with 2 
inclined braces. 

With the design load and space defined, a concept for the Gate was developed. This 
concept was verified for strength and stiffness in 3D finite element software for 
beams: Acord BAT®. Extra high tensile steel was used to keep the dimensions of the 
Gate Units within reasonable limits. The structure that connects the floater with the 
units is called the column, and is designed with normal strength steel. 

Preliminary break-down of the weight of the Gate is shown below: 

Unit Number of units Unit Weight (mTon) 

Column 2 2.961 

1 2 1.710 

2 2 331 

3 1 552 

Total 10.526 

Table 7.5: Weight estimations (repeated) 

The Gate concept is also modelled in 3D CAD software: SolidWorks ®.The model is 
developed from general concept to a more detailed level, where the systems required 
for a safe and quick operation were included as well. A track-and-traveller system is 
designed in Appendix L to open and close the Gate. This system was expanded with 
a vertical compensation and a brace connection system to ensure a successful closure 
of the Gate. The final concept for the Gate is shown in Figure 7 .19, on the previous 
page. 
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8. Load Transfer System 

The last part of milestone II concerns the third main system onboard of the vessel, 
the Load Transfer System (LTS). This system enables the vessel to transfer payloads 
with different offsets into the floater. During the embracement of the platform, the 
minimum clearance between the vessel and the platform is 3m. When the vessel is in 
position, a horizontal positioning system is installed to reduce the horizontal vessel 
motions to 0,5m. With an active horizontal positioning system, the L TS can be 
applied. 

The design is based on lifting the topside and jacket at the jacket legs. The distance 
between the legs is not constant, but changes from platform to platform. There is also 
a difference per platform, as the topside will be lifted at the top of the jacket, while 
the jacket will be lifted at strong points around the level of the centre of gravity. 
Therefore, the design of the LTS is based on a so-called L TS Unit. The design will 
start with the identification of the design load and the design space. With the design 
restraints known, different options for the L TS can be verified and compared for 
strength and stiffuess. The best option will be selected and further refined with 
systems to operate the LTS Unit. 

8.1 Design Load 

The main loading on the LTS is caused by the static weight of the payload. The 
payload has dynamic components in the longitudina~ transverse and the vertical 
direction, due to the motions of the vessel and the inertia of the cargo weight. Master 
Marine provided the preliminary values for the load factors, as the vessel motions are 
still unknown. 

Table 8.1: Load factors 

Static load factor Dynamic load factor Total load factor 

Fx (longitudinal) - ±0.30 ±0.30 

Fy (transverse) - ±0.30 ±0.30 

F2 (vertical) I ±0.30 1± 0.30 

The L TS design is based on units, where each unit lifts one leg. The weight of the 
topside and jacket is assumed to be equally spread over the legs, resulting in the 
distribution according Figure 8.1. The load per leg is set to zero for platforms with a 
jacket or topside weight above the upper limit of25.000 mTon. 
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Table 8.2: Pla!forms with highest load per leg 

No of Legs Jacket Weight Topside Weight Maximum Load 
[-] [mTon] [mTon] per Leg [mTon] 

Tartan 'A' 4 14.500 12.500 3.625 

Forties 'FA' 4 17.300 10.600 4.325 

Southern Ninian 4 18.000 25.500' 4.500 

Andrew 4 6.500 15.000 3.750 

East Brae 4 9.200 22.000 5.500 
Exceeds the lffting capacity 

The platforms with the highest load per leg are shown in the table above. The East 
Brae topside has the highest load of 5.500 mTon per leg. This topside has a weight of 
22.000 mTon and is should definitely be in the included. Therefore, the maximum 
load per leg is set to 5.500 mTon. 

8.2 Design Space 

The L TS is designed to operate in a limited space: the design space. The design 
space is bounded by the vessel and platform and is divided in a lower and upper 
region. 

During the embracement, the units in both the lower and the upper region should 
preserve a clearance of 3m with the jacket. After the embracement, a horizontal 
positioning system is installed to reduce the horizontal motions between the vessel 
and the platform. Hereafter, the minimum clearance can be reduced from 3m to 0,5m. 
The vertical clearance is governed by the heave motion of the vessel, which remains 
constant for the embracement and the lifting. 
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Figure 8. 2: Side view of the design space 

The lower region 
The lower region is bounded by the floater, the jacket and the upper region. 
Horizontal members are not allowed in this region, because of wave slamming. 
Vertical and inclined members are allowed, but should be checked for wave loading 
in the detailed design phase. 

Braces keep the LTS units above MSL. The height covered by the braces is called 
the draft of the LTS: DLTS. The draft is governed by the significant wave height for 

survival conditions: Hs,surv;vaz = lOm . A draft of 20m is then sufficient to prevent wave 

slamming. 

The distance till between the lifting points and the upper side of the floater is: 

till= DLTs + HLrs = 20+ 6 = 26m (8-01) 

The floater should remain submerged to have full lifting capacity. Therefore, till 1s 
compared with the air gap. The air gap is defined by: 

Air Gap =H1 -Water depth (8-02) 
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The air gap is evaluated as a function of the topside weight: 

Air gap vs. Topside Weight 
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Figure 8.3: Air gap vs. topside weight 
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The maximum air gap is 3 lm. With AfJ = 26m , the floater is not completely 
submerged. A possible solution to reach the lifting points can be to de-ballast the 
floater until the L TS reaches the lifting point. This causes the floater to rise above 
MSL, where the floater reduces its lifting capacity. The motion amplitudes of the 
vessel increase due to the exposure to the waves. The draft DLTs should be increased 
to avoid this: 

DLTs = AirGapmax -HLTS = 31-6 = 25m (8-03) 

This draft is used for the L TS design. 

The upper region 
The upper region is well above MSL and protected from wave slamming. There are 
no restrictions to the orientation of the members in this region. The upper region is 
limited by the air gap and the overhang. 

The overhang varies between 0 and 13.5m. The design space can expand in the 
height, where it does not interfere with the overhang of the topside (see figure 8.1). 

There are 3 platforms with an air gap below lOm. These platforms have topside 
weights below 6.500 mTon. The minimum air gap for the LTS design is set to lOm, 
accepting the 3 platforms with lower air gaps. 
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The air gap can not be used entirely for the LTS. The waves and the vessel motions 
limit the usable height. The LTS is active in operational conditions (see Appendix F). 
The significant wave height is: Hs = 2.5m . An offset 81 = 3m is required to prevent the 
waves from slamming against the LTS. The vessel's relative motions require a 
clearance of 82 = lm with respect to the overhang of the topside. This leaves a 
maximum height for the L TS of: 

HLTS,max = AirGap-81 -82 =10-3-1=6m 

The figure below shows a detailed view of the air gap: 
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Figure 8. 4: Detailed view of the air gap (side view of jacket) 

Design space in the floater's longitudinal direction 

(8-04) 

The LTS design space in the iongitudinal direction of the floater is dependent of the 
distance between the legs of the jacket. A LTS-unit is installed for every leg. The 
units can cooperate to transfer the forces and moments to the vessel. 

The distance between the legs is found by comparing the length of the jacket top with 
the number of legs in the longitudinal direction: 

Af., _ Lfacket ,top 

leg - N 1 
legs ,long. -

(8-05) 

Evaluating this formula for the platforms results in a minimum distance between the 
legs of M 1eg,min = 12m . The LTS unit can not exceed M 1eg,min. The length of the unit is 
therefore fixed. 
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Figure 8.5: The length of an LTS unit (front view qf jacket) 

8.3 Options 

19 
Qi 
Cl 

The next pages introduce 4 options, with a short explanation and a side view of the 
system in approach (left) and operation (ngntf.The options are-i:malysetl--Tir-appendix----~---
M for feasibility, strength, stiffness and weight. 

Please note the following; 

• The L TS unit is positioned in the shipyard to fit the specific platform 
• The deck has the same length as the moon pool 
• The braces that support the deck move with the LTS unit to prevent that the 

deck is loaded with bending 
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1. Skidding beam on a fixed deck 

j10PERATiol'!i 

MSF 

MSL 

Figure 8.6: Load Transfer System 1: sketch of principle (side view) 

Method: bending beam 
The L TS beam has to take up the load at a maximum unsupported distance of 8,5m, 
because the deck is fixed. The unsupported distance includes the vessel's motions 
during operation. 

Ballasting 
The L TS beam is skidded over the fixed deck. The distance Aff between the lifting 
points and the upper side of the floater does not change when activating the LTS. 

Moving members 
The LTS beam should be skidded to activate the LTS. The different LTS beams can 
be skidded separately or simultaneously. 

Loading members 
The L TS beam is loaded with bending. All other members are loaded with simple 
tension or compression. 

Results from analysis 
The maximum unsupported overhang of the L TS beam is 8,50m. This requires a 
beam with a width of 7,50m and a wall thickness of 130mm, if the maximum load 
per leg of 5.500 mTon is applied. This wall thickness is only required over a short 
distance where the maximum bending moment occurs. This bending beam is not an 
optimal way to use steel. Efforts in reducing the maximum overhang are made, but 
still resulted in unfeasible dimensions. 
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2. Moving deck in combination with a fixed deck 

Ii APPROACH~ liOPERATIONI[ 

Figure 8. 7: Load Transfer System 2: sketch of principle (side view) 

Method: bending unit on a moving deck 
The moving deck avoids large bending moments in the L TS units with a maximum 
unsupported distance of 3,5m (including the vessel's motions). 

Ballasting 
Due to the moving deck, Af1 changes approximately 2m. The floaters needs to be 
de-ballasted if the minimum clearances 81 and 82 are exceeded. 

Moving members 
The distance between the fixed and the moving deck is varied with a telescopic brace. 
The length of the braces varies from 7m till 12m. The moving deck implies that the 
LTS units can only be activated simultaneously. 

Loading members 
The LTS unit is loaded with bending. All other members are loaded with simple 
tension or compression. The fixed deck remains unloaded and can be used as storage 
and working area. 

Results from analysis 
The reduction of the maximum unsupported overhang of 3,5m results in a LTS unit 
with a weight of 119 mTon and wall thickness of 65mm. The telescopic brace to 
connect the fixed and the moving deck is located in the upper region: out of reach of 
the waves. The total weight of the members is approx. 517 m Ton. The deflections in 
the x and z direction are 14 and 55 mm respectively (stiffness of 1,37 and 1,36 
MN/mm). 
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3. Moving deck without a fixed deck 

II APPROACH II ijOPERATIOl\jf 

Figure 8.8: Load Transfer System 3: sketch of principle (side view) 

Method: bending unit on a moving deck 
The moving deck avoids large bending moments in the LTS units with a maximum 
unsupported distance of3,5m. 

Ballasting 
Due to the moving deck, Mi changes approximately 2m. The floaters needs to be 
de-ballasted if the minimum clearances 81 and 82 are exceeded. 

Moving members 
A telescopic brace is installed to keep the moving deck in position. The length of this 
brace varies between 42m and 45m. The moving deck implies that the LTS units can 
only be activated simultaneously. 

Loading members 
The L TS unit is loaded with bending. All other members are loaded with simple 
tension or compression. 

Results from analysis 
The force to keep the moving deck in position is directly obtained from the floater. 
The weight per unit is reduced with 55 mTon. The stiffness in the z-direction is not 
affected, only the stiffness in the x direction is increased to 2,02 MN/mm (a 
displacement of the lifting point of lOmm). 
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4. Rotating deck around a fixed hinge 

Sm 3m 12m 

II APPROACH II 

Figure 8.9: Load Transfer System 4: sketch Qf principle (side view) 

Method: bending unit on a moving deck 
Except for the L TS units, no other structures are required to transfer the cargo load to 
the floater. The L TS unit transfers the bending moment due to the maximum 
unsupported distance of 3.5m The LTS unit is rotated around the front hinge by 
varying the length of the telescopic brace. 

Ballasting 
The LTS unit does not use the entire available height. The remaining height is used 
to rotate the unit. The angle of the unit with the horizontal can be manipulated by 
varying the middle brace. f:J! does not change. 

Moving members 
The unit is rotated around the front hinge by varying the length of the outer brace 
from 43m till 47m. The unit is rotated horizontally by increasing the length of the 
middle brace from 25 to 26m. The units can be activated simultaneously or 
separately. 

Loading members 
The L TS unit is loaded with bending and tension. All other members are loaded with 
simple tension or compression. 

Results from analysis 
This option requires 416 mTon of steel per unit. Working and storage area should be 
installed separately. The system stiffness is 1,35 MN/mm and 2,18 MN/mm for the 
stiffness in respectively the z- and x-direction (deflections are 55 and 9mm). 
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Comparison of L TS concept 
Option 1 is rejected due to the large unsupported overhang of the LTS beam. Options 
2 - 4 are further analysed in Appendix M. The weights of the different options are 
minimised and the compressive members are checked for buckling. Table 8.4 shows 
the results: 

Table 8.3: Results of weight optimisation 

Option 2 Option 3 Option 4 

Weight [mTon] 517 460 416 

Stiffness x [MN/mm] 1,37 2,02 2,18 

Stiffness z [MN/mm] 1,36 1,35 1,35 

Horizontal deflection under 
14 10 9 

maximum load [mm] 

Vertical deflection under 
55 55 55 

maximum load [mm] 

Deck space Yes Yes No 

Ballasting 2m 2m Orn 

Telescopic braces 1 1 2 

Activation L TS units Simultaneously Simultaneously Separately 

Option 3 is selected because: 

• Stiffness 
The vertical stiffuess at the lifting points is for all options the same. The 
horizontal stiffness of option 3 and 4 are the approximately the same and 
higher than for option 2. 

• Working and storage area 
The moving deck of option 3 can be made wider to provide working and 
storage area. This cancels the only advantage of option 2. Option 4 requires a 
separate structure to provide the working and storage area. 

• Unit weight 
The unit weight of option 4 is the lowest, but including the weight of the 
additional working and storage area, option 3 becomes the lightest. 

• Telescopic braces 
Options 2 and 3 have only 1 telescopic brace. Their moving deck is always 
horizontal, which is another advantage above option 4. 
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8.4 Details 

The L TS unit is the basis of the selected L TS concept. 4 of these units will be 
installed on each floater. Between the different removal operations, the location of 
the units can be changed to fit to the prepared lifting point at the topside or jacket. 

In this section, the units will be designed in more detail. The figure below shows the 
points that immediately draw attention. As shown in the figure below, a unit exists of 
3 braces. The inner and centre brace form a parallelogram with the deck and the 
floater. The telescopic outer brace fixes the orientation of the parallelogram by 
adjusting its length. The deck has an L TS beam installed on top. The concept is 
based on pure normal loading in the braces, the deck and the floater, i.e. no bending 
or torsion. To achieve this, the hinges are assumed to transfer normal loading only. 

LTS Beam 

Inner Top Hinge 

Inner Bottom Hinge 

z 

Figure 8.10: Attention points.for LTS Design 

The main dimensions and the loading on the braces, deck and L TS beam are 
determined in the previous section and are used as input for the detailed design. The 
main challenges of this detailed design are to accommodate all functions and to 
realise the design assumptions of pure axial loading of the braces. This challenge is 
met in Appendix N. 

The pure axial loading is realised by using sliding bearings at the hinge points. 
Glacier Garlock Bearing delivered a bronze-backed PTFE-based polymer bearing 
material DU-B. Under the loading conditions of the LTS Unit, DU-B has a bearing 
capacity of 60 N/mm2

. 

A layer of natural rubber with a bearing capacity of 30 N/mm2 is used to introduce 
flexibility for loading in the longitudinal direction of the floater. This layer will 
ensure that the top of the LTS Unit can move ± 160mm without causing problems for 
the bearing material or the natural rubber. 
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The braces are equipped with perpendicular tubes at the extreme ends to 
accommodate the bearing material. ,The inner brace is mainly loaded in compression, 
which is taken into account in the hinge design by installing the bearing material on 
the outside of the perpendicular tube. The centre and outer brace are loaded with both 
tension and compression. The bearing material is therefore installed on the inside of 
the perpendicular tube. The result of the design of the inner and outer bottom hinges 
is shown below: 

Figure 8.11: Design of Inner Bottom Hinge Figure 8.12: Design of Outer Bottom Hinge (brace omitted) 

The load situation of the top hinges appeared to complex to handle. The load 
situation is therefore simplified by excluding the deck from the main force path and 
combining the normal load in the deck into the L TS Beam. The resulting structure, 
called top frame, is verified for the combined bending, shear and normal loading. 
The result is shown below: 

Figure 8.13: Top.frame 
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A second measurement taken to simplify the top hinges is the combination of the 
centre and the outer brace. The outer brace is nominated as the master brace, because 
it transfers the highest load. The centre brace is the slave brace. At the hinge point, 
the centre brace is split in 2, as teeth of a fork. The fork is designed to cope with the 
bending, shear and normal load due to the shape of the fork. The perpendicular tube 
of the master brace is extended to accommodate the teeth: 

Figure 8.14: Assembly of the Master and Slave Brace 

The outer brace is a telescopic brace, changing length to determine the offset of the 
LTS Unit. The telescopic system is derived from the unit connection system of the 
Gate, as introduced in chapter 7. The system is designed to transfer the axial load 
capacity of the brace in both tension and compression: 

Figure 8.15: Telescopic Systemfor the Outer Brace 

The telescopic system exists of 2 half-circular clamps, 2 half-circular fill-in braces 
and a pressure system. The pressure system is installed on the side of the flange 
where the load is minimal. In the case of the outer brace, the pressure system is 
installed between the flange and the fill-in braces, transferring the compression load. 
The main load is in tension; therefore the clamps are directly connected to flanges. 

The telescopic system is installed on the top of the outer brace. The clamps and the 
fill-in braces can be installed from the top frame, where a safe working space is 
provided. 
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The transfer of the payload into the LTS Unit is performed by the L TS Arms. These 
arms are not in the scope of work of the project. Therefore, the design of these arms 
is taken from the concept design of the 'Master Mind I'. The LTS arms are verified 
for the stress, to ensure that the dimensions are realistic: 

Figure 8.16: LTS Arm (concept taken from 'Master Mind I' Study) 

The result of the LTS Units installed on a floater is shown below: 

Figure 8.17: 4 LTS Units installed on a floater 
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Longitudinal Support System 
Figure 8. shows the LTS Units installed on the floater. The units are designed to be 
strong and stiff in the plane, determined by the braces. The stiffness and strength in 
the longitudinal direction of the floater is provided by the Longitudinal Support 
System (LSS). 

The concept for this system is to install braces, called spacers, between the top 
hinges. On the extreme ends of the floater the load is transferred to floater. The 
design load is therefore the cumulative longitudinal load for 4 L TS Units, including 
the effects of the moment. The longitudinal load is namely introduced at the tip of 
the L TS arms, at an offset of 3m. Due to this moment, the braces are installed 
between both the inner and the outer top hinges. 

The longitudinal force acting on the LTS arms is defined as 30% of the vertical 
payload. The maximum payload per floater is 12.500 mTon, or 125MN. Adding the 
leverage of 3:9 as ratio for the length of the LTS arm and the length of the top frame 
gives: 

12 
FL Inner = - · 0,3·125MN = 50MN , 9 (8-06) 

3 
FLOuter =-· 0,3· 125MN =l 7MN , 9 

(8-07) 

To inner longitudinal force is transferred to the fore and the aft of the floater, 
reducing the design load for the inner spacers to 25MN. Using normal strength steel 
with a yield stress of 235 N/mm2

, the inner spacers require a diameter of lrn25 and a 
wall thickness of 45mm. The longitudinal forces in the outer spacers will only be 
transferred to the fore of the floater. They will have sufficient capacity if the same 
dimensions are used. 

Except for transferring the longitudinal load to the floater, the spacers are also used 
to fix the longitudinal position of the hinge-s. Therefore, the spacers will be installed 
between all hinges: 
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Figure 8.18: Spacers (in green) between the hinges 

A triangle of braces will transfer the longitudinal load to the floater. At the top of the 
triangle, a top frame of the L TS Unit will be installed, to create the same 
parallelogram: 

Figure 8.19: Brace triangles (in blue) transfer the longitudinal load to the.floater 

The diagonal brace of the triangular transfers the longitudinal load under an angle of 
45° to the floater. The load in this brace is 1,4x higher, requiring an increase in brace 
diameter of approx. 20%. The diagonal brace will have a diameter of l,5m and a wall 
thickness of 50mm. Due to the angle of 45°, the vertical brace has the same diameter 
as the spacer: 1,25m. 

The loads in the braces are of the same magnitude as the centre brace. The hinges can 
be designed accordingly. The only difference is the presence of the longitudinal force 
in the bearing. The flanges on the perpendicular tube will reduce the longitudinal 
load to an acceptable level to transfer this load with a sliding bearing. Using a 
maximum longitudinal force of 25 MN and an allowable bearing stress of 30N/mm2

, 

the flange on a perpendicular tube with a diameter of 2,0m should be approx. 150mm. 
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The same system is installed on the aft of the vessel: 

Figure 8. 20: The LSS at the aft of the floater 

At the aft of the floater, the hinge of the diagonal brace can be combined with the 
vertical braces in the side shell of the floater. This avoids the installation of 
additional reinforcements. As mentioned before, the outer spacer is not connected to 
a triangle at the aft of the floater. A simple brace is installed here to create the 
parallelogram. 

The design of the LTS is concluded with the deck. Even though the deck is not a part 
of the main force path, it is important to give an impression of the available 
workspace. The top frames are made longer to increase the width of the deck from 
9m to 15m. 

The following table gives an estimation of the weight for the different parts of the 
LTS: 

Table 8.4: Weight Summary 

Description Quantity [-] 
Unit Weight Total Weight 

[mTon] [mTon] 

Inner Brace 4 250 1.000 

Centre Brace (incl. Fork) 4 100 400 

Outer Brace (incl. Telescopic System) 4 250 1.000 

Top Frame (incl. LTS Arms) 4 400 1.600 

Longitudinal Support Fore (incl. Top Frame) 1 1.200 1.200 

Longitudinal Support Aft (incl. Top Frame) 1 I.OOO 1.000 

Spacers and bearings 1 3.500 3.500 

Deck 1 3.000 3.000 

Total (per floater) 12.900 

Assuming that 4€ per kg covers the construction costs, the L TS will cost approx. 
€105 Million. 
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8.5 Summary 

This chapter elaborates on the last part of milestone III, the concept design of the 
Load Transfer System. To fit the different requirements for topside and jacket 
removal, the LTS is split in LTS Units. These units can be relocated on the floater to 
fit the jacket legs. They are designed to cover a maximum offset of l 5m, according 
the adjustability study. 

The concept started with the determination of the design load and design space. From 
this information, 4 options are developed, verified and compared for strength and 
stiffness. The selected option is an L TS Unit existing of a parallelogram. The 
orientation of the parallelogram is fixed with a telescopic brace. The desired offset 
can be obtained by changing the length of the telescopic brace. The top of the 
parallelogram is called the top frame and fulfils several tasks, such as transferring the 
normal, shear and bending loads. The top frame also provides a levelled working 
space. The top frame can be extended to increase the working space. 

Figure 8.21: Assembly of the Vessel: TRS, Gate and LTS 
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9. Static Stability of the Vessel 

The third and last milestone concludes the design loop. The study considers the static 
stability of the vessel and is used to verify the assumptions made at the start of the 
design loop. The static stability of a floating structure considers the up-righting 
properties of the structure when it is brought out of equilibrium by a disturbance in 
the form of a force and I or moment. As a result of these loads, the structure will 
translate and/or rotate about its centre of floatation. Formally, dynamic as well as 
static properties of the structure play a role. However, this chapter will only consider 
the static properties of the structure, based on the theory as presented in the lecture 
notes of the course "Offshore Hydromechanics" at the Delft University of 
Technology in the Netherlands. The analysis of the static stability will result in the 
dimensions of the water plane area. The 3D CAD model will be updated with the 
results. 

9.1 Theory of Static Stability 

This section presents the definitions of the key parameters of static stability, as used 
in the theory of ship and offshore hydromechanics. 

Axes and Planes 
The body axes and the notations are presented below. The planes are defined as they 
are generally used in ship hydrostatics. 

Figure 9: 1: Body axes and notations 

For most ships, the portside of the vessel is equal to starboard. The plane of 
symmetry is called the centre plane, and goes through the longitudinal and vertical 
axes of the vessel (x,z). 

The water plane is defined as the plane perpendicular to the centre plane, chosen at 
the still water surface. The base plane of a structure is the plane perpendicular to the 
centre plane through the keel (or bottom) of the vessel. 

Planes perpendicular to both the centre plane and the water plane are transverse 
planes. The transverse plane at half the length of the vessel is the amidships section. 
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Forces and Centers 
Hydrostatic forces and moments are caused by the surrounding water and will act on 
a structure in still water. From Archimedes Law, it is known that the buoyancy of a 
structure immerged in a fluid is the vertical uplift that the structure experiences due 
to the displacement of the fluid. 

The Centre of Buoyancy (CoB) is the centre of the volume of the fluid displaced by 
the floating structure. The first moment of the under water volume about the CoB is 
zero. The projections of the CoB in the plan and in the section are known as the 
Longitudinal CoB (LCB) and the Vertical CoB (VCB). The distance between the 
base plane or keel and the CoB is known as KB. If the CoB is not on the middle line 
plane, then the structure is not symmetrical below the water plane. The transverse 
location of the CoB is then referred to as TCB. 

Figure 9.2: Centres of Buoyancy and Gravity 

The Centre of Gravity (CoG) of a structure is that point through which, for static 
considerations, the whole weight of the structure may be assumed to act (see figure 
above). The first moment of mass or weight about the CoG is zero. Equivalently, the 
longitudinal, transverse and vertical CoG are referred to as LCG, TCG and VCG. 
The distance from the keel to the CoG is known as KG. 

The cross section of the structure with the water plane is called the water plane area. 
The Centre of Floatation (CoF) is the geometrical centre of the water plane area, 
meaning that the first moment of area about the CoF is zero. Again, the projections 
of the CoF are reffered to as LCF, TCF and VCF. The VCF is equal to the distance 
between the keel and the water plane, called draft (T). 

Motions 
To analyse the vessel stability, 3 of the 6 principal motions are considered: 

• Heave 
• Roll 

of 
• Pitch 

Pure vertical motions of the vessel 
Pure rotation around the horizontal longitudinal axis. The angle 
roll is also referred to as heel angle. 
Pure rotation around the horizontal transverse axis. The angle 
of pitch is also referred to as trim angle. 

The remammg motions (surge, sway and yaw) are not considered, because the 
structure is in neutral equilibrium for these motions: The structure does not have 
restoring capacity to counteract the disturbances for these motions, nor do 
disturbances lead to resultant hydrostatic forces and moments. 
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Vertical Equilibrium 
If the structure sinks deeper in the water, the draft of the floating structure increases, 
together with the buoyant force. The larger buoyancy will force the structure back 
upwards, and will tend to return the structure to its original state of equilibrium, so 
that the structure is stable for this type of disturbance. 

The mass of a floating structure is called the displacement. The displacement is 
related to the displaced volume using the vertical equilibrium, as given by 
Archimedes Law: 

Psw · g · \7 = g ·A=:::} A= Psw · \7 (9-01) 

With: 

Psw Mass density of sea water [mTon/m
3

] 

g Acceleration of Gravity [ m/s2
] 

A Displacement [mTon] 

V Displaced volume [ m3
] 

If an additional mass Am is placed on this structure, the equilibrium is temporarily 
disturbed. The structure will sink deeper and heel or trim until a new state of 
equilibrium is achieved. The new vertical equilibrium is given by: 

Psw. g. (V +AV)= g· (A+Am) (9-02) 

With: 
AV Increase in displaced volume [ m3

] 

Am Additional mass [mTon] 

If the additional mass is placed above the CoG, the structure will sink without any 
angle of heel or trim until the new equilibrium is reached. The change in draft AT 

can be derived from: 

(9-03) 

With: 
AT Change in draft [ m] 

A,,, Water plane area [m2
] 

It is assumed that the water plane area is constant over the considered change of draft. 
This assumption is valid for pure heave motions and for small angles of heel and trim, 
and is therefore also used for the concept vessel: the comer columns have a constant 
cross section in the vertical direction. 
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Rotational Equilibrium 
A moment acting on the structure results in a rotation about the centre of floatation 
(CoF). The structure can be in a stable, neutral or unstable equilibrium. If an external 
heeling moment M acts on the structure, the rotational equilibrium gives the 
following: 

With: 
M External moment of heel or trim [mTon.m] 

Lever arm for Buoyant Force or distance from CoF to CoB [ m] 

Lever arm for Gravity Force or distance from CoF to CoG [m] 

(9-04) 

Without the presence of an external moment of heel or trim, the rotational 
equilibrium reduces to the equality: rB = re . This means that for a structure at rest, the 

CoB and CoG are located on the same vertical line. If rB * re , the structure will heel 
or trim until rotational equilibrium is achieved. 

Righting Moments 
If an external moment Mis applied, the structure will heel or trim with an angle <p • 

As a result, the shape of the under-water part of the structure will change: 

Figure 9.3: Influence of an angle of heel or trim on the stability 

The CoB shifts from B to B<p on a line parallel to the line through the centres of the 

emerged and immerged wedges Ze-Zj. Equilibrium will be achieved when the righting 
stability moment equals the external moment: 

M=Ms =p,.w·g·V·GZ 

With: 
Ms 

GZ 
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Righting stability moment [mTon.m] 

Righting stability lever arm [ m] 

(9-05) 
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The righting stability lever arm can be written as: 

GZ = GN<P · sin<p (9-06) 

With: 
GN<P Vertical distance between CoG and Meta-centre [m] 

The meta-centre N<P is the intersection point of the lines through the vertical buoyant 

forces at a zero angle of heel and at an angle of heel or roll, <p. The position of N<P 

depends on the new position of the CoB, so on the under-water part of the structure. 
The angle <p and the shape of the emerged and immerged wedges control the shift of 

the CoB and therefore also the position of N<P. 

Figure 9.4: Stability of wall-sided structure 

The figure above shows the centres and forces for wall-sided structures. These 
structures are characterised by their vertical walls. The vertical walls result in right 
angled and symmetrical immerged and emerged wedges. The comer columns of the 
concept will also be vertical, thus wall-sided. The distance from the CoB to the meta
centre N<P is given by the Scribanti Formula: 

With: 

9. Static Stability of the Vessel 

Vertical distance between CoB and Meta-centre [m] 

Inertia of the water plane area [m4
] 

(9-07) 
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The inertia of the water plane area is depending on the rotation: the transverse inertia 
should be used for angles of heel, and longitudinal inertia for angles of trim. 
Equation 9-07 can be simplified for small angles of <p : 

I 
BN ==-=BM "'-v (9-08) 

M is known as the initial meta-centre. M can be used in stead of N"' for heel or trim 

angles below 10°. For larger angles, equation 9-07 should be used. 

The stability lever arm GZ was derived in equation 9-06, and can be rewritten for 
small angles as: 

GZ = GN"' · sin<p:::: GM· sin<p 

The value for GM can be derived from Figure 9 .4 and the equations above: 

With: 

GM=KB+BM-KG 

GM 

KB 

BM 

KG 

Vertical distance between CoG and initial Meta-centre [ m] 

Distance from the Keel to the CoB [ m] 
- depending only on the under water geometry 

Distance from the CoB to the initial Meta-centre [ m] 
- depending on the displaced volume and the water plane area 

Distance from the Keel to the CoG [ m] 
- depending on the weight distribution of the vessel 

(9-09) 

(9-10) 

Referring to equation 9-09, negative GM values will result in a negative GZ: The 
restoring moment Ms will be negative as well, according equation 9-05. The 
restoring moment will act as an additional disturbance, causing the vessel to heel or 
trim even more. The floating structure is therefore only stable for positive values of 
GM. 

If stability is interpreted as the resistance to heel or trim, the stability increases with 
increasing GM. From equation 9-05 and 9-09, an external moment will require a 
certain GZ. This GZ is provided by either GM or the angle of heel or trim. Large GM 
will result in low angles of heel and trim, and therefore a high stability. Master 
Marine gave the minimum value for GM: 3m. If GM is smaller than 3m, the floating 
structure is found too sensitive to disturbances in the rotational equilibrium. 

9.2 Displacement 

Using Archimedes Law (Equation 9-01), the displacement of the vessel equals the 
weight of the displaced fluid. The displaced volume, and therefore the displacement, 
is depending on the under-water geometry of the floating structure. The floaters are 
permanently submerged during operation and transit. The displacement is therefore 
depending on the MPW and the draft Tc of the comer columns. The floaters and the 
TRS Units have both a cross section of 40m x 15m. 
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The displacement ~ is found by: 

~ = Psw · \7 = Psw · (40· 15 · (2· Lvessel + MPW)+4 ·Ac -TJ (9-11) 

With: 
Lvessel Length of vessel (=180,4m) [m] 

A Cross section area of a comer column [1112] 

Tc Draft of the comer columns(= vessel draft-floater height) [m] 

To analyse the contribution of the corner columns on the total displacement, the 
displacement is verified for the hull without corner columns and for 3 drafts of the 
corner columns: Sm, 12,Sm and 20m. The cross section area of a corner column is 
preliminary set to 40m x 30m: 

Influence of Tc and MPW on Displacement 
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Moon Pool Width [m] 

Figure 9.5: Displacement for several corner column drafts 

Centre of Buoyancy 
The upward buoyancy force can be assumed to be concentrated in the CoB. For this 
reason, the location of the CoB is an important parameter. The location is depending 
on the draft of the corner columns and the MPW. 

The vessel is symmetric about the middle line plane. Therefore, the transverse 
location of the CoB, TCB is on the middle line plane. With the buoyancy spread over 
the vessel, the LCB and VCB are determined with the first moment of the displaced 
volume: 

With: 

"'B ·x. LCB = £,..,, I I 

v 
KB= VCB =LB;. Z; 

v 

Partial Buoyancy i [mTon] 

Longitudinal location of Partial Buoyancy i [m] 

Vertical location of Partial Buoyancy i [ m] 
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(9-12) 

(9-13) 
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Just as for the displacement, the location of the CoB is depending on the draft of the 
comer columns and the MPW. The draft of the comer columns should be varied to fit 
the lifting points. Also the MPW is specific for each platform. All in all, the 
displacement is different for each platform. The vessel is therefore verified for the 
minimum and maximum MPW and a draft Tc of Sm, 12,Sm and for 20m. With these 
configurations, the vessel will be verified for displacement and in the next section for 
light weight as well. 

Fore 

(0,0) 

(x=O) 

Amidships 

I 

LCB ! LCF 
----~~-----------

! 
' 
I 

Aft 

----Centreline 
(y=O) 

Figure 9.6: Location of CoB for vessel with MPW = 70m (Corner columns omitted.for clarity) 
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Figure 9. 7: LCB as a function of MPW and Tc 
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Figure 9.8: KB as a.function of MPW and Tc 
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From the figures above, the draft of the comer columns has a large impact on both 
LCB and KB. The MPW has a large influence on the LCB, as can be seen in Figure 
9.7. This is as expected, as the large volume of the TRS Units forces the LCB to shift 
towards the fore of the vessel. 

9.3 Light Weight and Cargo 

Throughout the report, weight estimations are made for the different parts of the 
vessel. At the end of the design loop, these estimations are critically reviewed. Even 
though the design of plate stiffeners is not included in the scope of work, its effect on 
the light weight of the vessel needs to be included. The weight for plate stiffening 
appeared to approximate the weight of the plates itself. The estimations are therefore 
corrected with this information. An example of stiffening is shown on the next page. 

Figure 9.9: Example of double walled hull section 
(source: Pedersen: Grundlceggende Skibs og Off.shoreteknik) 
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The light weight of the floater and the comer columns are not discussed before. The 
weights are estimated using the perimeter and frames in longitudinal and transverse 
direction. Due to the level of submergence, the plate thickness of the perimeter is 
estimated on 30mm, so 60mm including the stiffeners. Equivalently, the plate 
thickness of the frames is estimated on l 5mm, so 30mm is used for the weight 
estimation. 

The weight of the floater is estimated on 6.750 mTon. This estimation is based on 1 
longitudinal frame and 6 transverse frames and results in a floater with 5 inner and 5 
outer tanks with a length of 20m. The dimensions of the comer columns of the semi
submersible are unknown at this stage. Their weight is preliminary set on 5.000 
mTon per comer. 

Table 9.1: Estimation of Unit Weights 

System Part 
Original Estimation Updated Estimation 

[mTon] [mTon] 

Floater PS/SB - 6.750 

Unit 1 PS I SB 1.800 3.600 

TRS Unit2 425 850 

Unit 3 800 1.600 

Column PS I SB 2.961 5.250 

Gate 
Unit 1 PS I SB 1.710 2300 

Unit2 331 550 

Unit3 552 750 

LTS PS/ SB 12.900 12.900 

Comer columns Fore I Aft & PS I SB - 5.000 

The unit weights are used to estimate the light weight of the vessel as a function of 
theMPW: 

Table 9.2: Estimation of Light Weight and CoG for different MPW 

MPW[m] Light Weight [mTon] LCG [m] TCG[m] VCG [m] 

40 81.600 97 0 25 

50 83.000 96 0 25 

60 83.950 96 0 25 

70 85.350 96 0 25 

80 86.300 95 0 25 

The location of the light weight is calculated in Appendix 0, using the first moments 
of mass. The origin of the axis system is at the fore (x), at the centreline (y) and the 
keel (z) of the vessel. With a total length of 180,4m, the LCG of 95m to 97m is 
located on the aft part of the vessel, caused by the weight of the Gate. The weight of 
the LTS and the Gate cause the raise of CoG from the level of the floater to 25m 
above the keel. 

It appears remarkable that the VCG of the light weight does not change with the 
MPW. However, the VCG of the TRS and the Gate units cancel each other out, 
resulting in a constant VCG of the light weight. 
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Cargo 
The cargo exists of topsides and jackets. Even though the weight and the location of 
the CoG are specific for each of them, they are estimated in the table below for the 
maximum unit weights: 

Table 9.3: CoG and Weight of Cargos 

Cargo Max. Unit Weight [mTon] LCG[m] TCG[m] VCG [m] 

Topside 25.000 90 0 55 

Jacket 25.000 90 0 MSL 

Both the topside and the jacket are loaded with the CoG on amidships and the 
centreline. The VCG of the topside is estimated on 1 Orn above the underside of the 
topside. The jacket is lifted until the CoG is at Mean Sea Level. For different unit 
weights, the CoG of the topside of jacket is assumed to be on the same place, with 
the weight as the only variable. 

9.4 Ballasting 

As the vessel is floating at rest, the vessel is in vertical and rotational equilibrium. 
The vertical equilibrium demands that the displacement equals the light weight of the 
vessel, the cargo and the weight of ballast water. The displacement and the light 
weight of the vessel are depending on the draft of the comer columns and the 
required MPW. Both of these parameters are depending on the cargo to be removed, 
and can not be manipulated. The weight of the ballast water remains as the only 
parameter. 

To obtain rotational equilibrium, the CoB and the CoG have to be on the same 
vertical line: the vessel would heel or trim until the CoB and the CoG are on the 
same line. The TCB and TCG are both on the middle line plane. The LCB and the 
LCG are not in the same transverse plane. Ballast water can be used to achieve this. 
The LCB is completely fixed by the under-water geometry of the vessel. The ballast 
water is th~refore used to manipµlate the LCG to the sallle valtie as th~ I,CB. 

The last task of the ballast water is to counteract the moment on the floater, applied 
by the LTS. The mean level of the ballast water in the floaters should be half the 
floater height, to obtain the maximum counteracting moment. The vessel is ballasted 
to comply with these restraints. The calculation is performed in Appendix 0. 
Ballast water is used to achieve vertical and rotation equilibrium in the floating 
structure. The total amount of ballast water (BW) can be derived from the 
displacement, the light weight of the vessel and the weight of the cargo: 

BW=A-LW-P 

With: 
BW 

A 
LW 
p 
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Weight of Ballast Water [mTon] 

Displacement [mTon] 

Light Weight of the Vessel [mTon] 

Payload or Weight of Cargo [mTon] 

(9-14) 
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This equation is very easy to solve, as all parameters are known at the time of 
ballasting. The displacement is determined in section 9.2. Using a draft of the comer 
columns of 12,5m (half the height of the columns), Table 9.4 shows the required 
amount of ballast water for the maximum weight of the cargo: 

Table 9.4: Determination of the amount of ballast water 

MPW[m] D [mTon] LW [mTon] P [mTon] BW [mTon] BW/D[%] 

40 308.000 81.600 25.000 201.400 65,4 

50 314.200 83.000 25.000 206.200 66,6 

60 320.300 84.400 25.000 210.900 65,8 

70 326.500 85.350 25.000 216.150 66,2 

80 332.600 86.300 25.000 221.300 66,5 

The distribution of the ballast water over the vessel is shown below as filling rates of 
the ballast-able parts: 

Table 9.5: Filling rate [%] of ballast-able parts of the vessel 

Specification 
Moon Pool Width [m] 

50 60 70 

Unit 1 PS 

Unit I PS-in 
Unit I SB 
Unit I SB-in 98 98 98 98 98 

TRS Unit 2 PS 98 98 

Unit 2 C 98 
Unit 2 SB 98 
Unit 3 PS 98 

Unit 3 SB 98 98 

Gate 
Column PS 

Column SB 

PS 50 50 50 50 50 
Floater 

SB 50 50 50 50 50 

Fore PS MSL MSL MSL MSL MSL 

Fore SB MSL MSL MSL MSL MSL 
Corner 

Aft PS MSL MSL MSL MSL MSL 

Aft SB MSL MSL MSL MSL MSL 

From the tables 9.4 and 9.5, it appears that the displacement or the available 
buoyancy exceeds the required buoyancy. The average filling rate as calculated in 
Table 9.5 is approx. 65%. This indicates an over-dimensioned displacement. The 
floaters should be filled half full to provide the counter-acting moment. The 
remainder of the buoyancy is used to manipulate the light weight above the CoB. 
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However, at the beginning of the design loop, it was unknown if there were any other 
sources of buoyancy but the floaters. These floaters had to provide all buoyancy and 
the counteracting moment. It is obvious that if the amount of buoyancy is almost 
doubled, that the vessel appears to be over-dimensioned. Therefore, this first design 
loop should also be considered as a first of several loops, where the displacement is 
more matched with the required buoyancy. 

9.5 Static Stability 

The next step in the process is the verification of the static stability. The KB and KG 
are determined in Appendix 0. The remaining unknown parameter for the stability is 
BM: the distance between the CoB and the initial meta-centre. Equation 9-08 1s 
rephrased: 

I 
BM=-

V 
(9-08) 

The displaced volume is a known parameter from section 9.2. The inertia of the 
water plane area I can be derived from the geometry of the comer columns. The 4 
comer columns have the same shape. The CoF, which is equal to the geometrical 
centre of the water plane area, coincides then with the geometrical centre of the 
moon pool. With this location of the CoF, the distance from the lifting points to the 
CoF is minimum, resulting in the lowest possible accelerations. 

The 4 comer columns provide the following inertia: 

"'4 2 
]total = £.Jn=! I c + S · Ac (9-15) 

With: 
!total Total transverse or longitudinal Inertia [m4

] 

I c Partial inertia of comer column n [ m4
] 

Ac Cross section area of comer column iz [m2
] 

s Transverse or longitudinal distance from the CoF [ m] 

The comer columns are preliminary set to squares of 40m x 30m, placed on the 
centres of the TRS Unit 1 and the floater extensions. The transverse and longitudinal 
distance between the centre of the comer columns and the CoF are then respectively: 

ST =-t·(MPW +40) 

SL= 140m 

With this information, the BMT and GMT are determined below. 
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Table 9.6: Transverse Stabilitv with square corner columns (40m x 30m) 

MPW[m] 

40 50 60 70 80 

It [m4
] 8.040.000 10.080.000 12.360.000 14.880.000 17.640.000 

Displaced volume [m3
] 307.992 314.142 320.292 326.442 332.592 

BMT[ml 26,1 32,1 38,6 45,6 53,0 
KG[m] 18,2 18,0 17,9 17,8 17,6 

KB(m] 10,2 10,2 10,1 10,1 10,0 

GMT[m] i8,2 24,2 30,8 37,9 45,5 

The GMT clearly increases with the MPW. The minimum GMT is given by Master 
Marine: 3m. The values of GMT in the table above show that the preliminary 
dimensions of the corner columns are chosen too large. 

With the equations presented in this chapter, the dimensions of the comer columns 
are decreased. Beside square corner columns, also round corner columns are 
considered. The results are shown below: 
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Figure 9.10 and Figure 9.11 show the influence of the comer column dimensions on 
the transverse and longitudinal GM. Apparently, these dimensions can not be chosen 
at random, but they should be carefully selected. The round comer columns with a 
diameter of 26m are selected. The circular shape enhances the water flow around 
comer columns. With the selected diameter, the GMT of 3,4m is just above the 
minimum of 3m. 

Figure 9.12: Concept vessel updated with the corner columns. 

Bridges 
Besides the comer columns, the vessel is also updated with bridges between the 
different parts of the vessel that are above water. The bridge on the fore that covers 
between the PS and SB comer columns is specific for the MPW. There are 4 similar 
bridges with a different span: 1 Orn, 20m, 30m and 40m. When the MPW is changed, 
this bridge should be replaced as well. 

The bridges between the comer columns and the moving deck move with the moving 
decks. With a width of approx. 9m, these bridges are wide enough to allow the 
passage of 2 trucks at the same time. 
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9.6 Summary 

This chapter presented the third milestone and concluded the first loop for the 
concept design with the verification of the static stability. 

The light weight and the location of the CoG are very important for the static 
stability. The weight estimations, which were made earlier in the report, were 
therefore critically reviewed and updated with the contribution of plate stiffeners. 

The static stability did not appear to be a problem. By manipulating the cross section 
of the corner columns, the static stability is optimised to a GM of 3,4m, just above 
the minimum GM of 3m The corner columns are circular with a diameter of 26m. 
The 3D CAD model is updated with this information, resulting in Figure 9.12. 

9. Static Stability of the Vessel Page 98 



( 

Platform Removal in the North Sea Concept Design of a Single Lift Vessel 

10. Conclusions and Recommendations 

10.1 Conclusions 

The main objective of this master thesis was to develop a concept for a Single Lift 
Vessel for North Sea platform removal, covering a market including the platforms of 
the 'Ekofisk I' and 'Frigg' cessation programs. To develop a vessel for this broad 
market resulted in the development of an adjustable vessel. The vessel is based on 
three systems: The TRS, the Gate and the LTS. These systems are designed from 
concept to detail to verify the technical feasibility and to identify any additional 
practical requirements. Per system, the most important solutions to the design 
challenges are given below: 

Transverse Retraction System (TRS) 
The TRS is designed with 3 types of box shaped units to change the distance between 
the floaters from 40m to 80m, in steps of 1 Orn. Unit 1 is connected to the fore of the 
floater and covers 20m of the moon pool width. The units 2 and 3 are fill-in sections 
to cover respectively 1 Orn and 20m. Flanges are welded on the extreme ends of the 
units to accommodate the pretension system that connects the units. This system 
exists of bolts, which are pretensioned with hydraulic bolt tensioners. At the comers 
of the units, inflatable capsules are installed to guide the units during the approach. 

Gate 
The Gate connects the floaters and ensures the orientation and distance (equal to the 
TRS) between the floaters. The Gate needs to be opened and closed during the 
operation and is therefore built of 2 parts. The column is the first part and is installed 
on an extension of the floater. The second part is the actual Gate and can rotate 
around a central support on top of the column and is fixed by 2 side supports. It is 
split in 3 units. Unit 1 accommodates both the central support and the side supports, 
while the units 2 and 3 are fill in sections of lOm and 20m, respectively. A track-and
traveller system, called roller coaster, is installed to enable the orientatiQn of the gat~. 
The roller coaster is expanded with a vertical compensation and a brace connection 
system to ensure a quick and safe closure of the Gate. 

Load Transfer System (L TS) 
The L TS transfers the payload from the lifting points to the floaters and is designed 
in individually movable units that can be relocated along the floater. The maximum 
offset of the L TS is 15m The units exist of a hinging parallelogram, which is fixed 
with a telescopic brace. The top frame on top of the parallelogram transfers the 
design load to the braces and also provides levelled support for a safe working area. 
Braces between the L TS units transfer the longitudinal loads to the extreme ends of 
the floaters. 
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Static Stability 
The static stability of the vessel concludes the first loop for the concept design. The 
light weight and the location of the CoG are critically reviewed and updated with the 
contribution of plate stiffeners for the boxed shaped parts. The static stability is 
optimised to a GM of 3,4m by manipulating the cross section of the comer columns. 
The comer columns are circular with a diameter of 26m. 

With these solutions, the master thesis assignment has been completed. The final 
concept of the single lift vessel is presented in Figure 9 .12 on page 97. 

10.2 Recommendations 

Any final design is the result of many design loops. Also this concept design should 
be further developed before it can be fabricated. As presented in this report, however, 
the concept design gives the main principles to be used. Three important examples 
are: 

• connecting the floaters at the level of the floaters at the fore of the vessel 
• the necessity to install the Gate to connect the floaters at the aft of the vessel 
• the relation between the change in moon pool width and the requirements of 

the Load Transfer System ( adjustability) 

On a more detailed level, methods are selected or developed to construct and connect 
the different systems. The design load is estimated and the selected principles are 
checked for feasibility. The principles are scalable as function of the design load. 

Future engineering activities 
Bearing the above in mind, there are several recommendations for future engineering 
activities. At the end of the report, the shape of the vessel was determined. With this 
information, the load on the vessel can be verified with hydrodynamic analysis, 
closing the loop on the estimations of the environmental loads in chapter 6. 

Hydrodynamic analyses can oe used to optimise the underwater shape of the vessel 
to minimise the motion response of the vessel. If the hydrodynamic analysis is 
coupled with a structural analysis, the hull of the vessel can be further developed as 
well, giving a more accurate value for the light weight. When the hydrodynamic and 
structural analyses have converged satisfactory, tank tests are recommended to verify 
the behaviour of the vessel. 

If the hull of the vessel is defined, the on-board systems can be further designed. It is 
common practise in the industry to develop these systems together with the 
supplier(s), to optimise the performance. Where required, this will happen under 
exclusive or confidential agreements. 

Alternative applications 
Besides platform removal, the concept can also be used for the installation of 
platforms and for salvage operations. The moon pool makes this vessel also very 
attractable for pipe laying. These types of operations will show the versatility of the 
vessel and make it more attractive to capital investors. 
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Appendix A: Competing concepts 

This appendix shows the results of a research for competing concepts, by means of a 
short introduction, comparison and ranking. 

MPU Heavy Lifter 
MPU Heavy Lifter is a floating U-shaped concrete unit developed by MPU 
Enterprise AS. MPU is the abbreviation for Multi Purpose Unit and reflects that the 
unit is intended for multiple uses such as removal of abandoned offshore structures, 
installation of new or refurbished offshore structures and floating dock. 

Figure A.I MPU Heavy Lifter (source:·www.mpu.no) 

The space between the longitudinal pontoons is called the moon pool. The 
dimensions of the moon pool are constant, as the vessel is made of concrete. The 
maximum lifting capacity is 30.000 mTon, depending on the draft and cargo. The 
weight of the vessel without cargo is called light weight. The light weight of the 
MPU Heavy Lifter is approximately 38.500 mTon, of which 4.000 mTon of steel. 

Appendix A: Competing Concepts Page 1 



Platform Removal in the North Sea Concept Design of a Single Lift Vessel 

Pieter Schelte 
Excalibur Engineering B.V. will commission a dedicated vessel, Pieter Schelte, with 
the capability to remove platform topsides of up to 48.000 mTon and jackets up to 
25.000 mTon in a single lift operation. In addition to platform removal, Pieter 
Schelte can also be used for platform installation. 

Figure A.2 Piefer Schelte (source: 11/WW.excalibur-engineering.com) 

The conversion of 2x 300.000 Dead Weight (DWT) tanker hulls provides the basis 
for Pieter Schelte, a catamaran type vessel with the following principal dimensions: 

Length: 345 m 

Width: 118 m 

Depth: 28m 

Slot width: 52 m 

Enlarged slot width: 77 m 

Slot length: 114 m 

Figure A.3 Top view of Peter Schelte 

The overall size of the vessel provides considerable stability, allowing removal 
operations to be undertaken in relatively severe sea conditions. A hydraulic motion 
compensation system further improves vessel workability by eliminating load 
impacts during topsides removal operations. 

Topsides are lifted in one piece at their natural strong points. The topsides lift system 
will attach to the legs of the module support frame of the topsides. Jackets can also 
be removed in their entirety by lifting and tilting them onto the deck of Pieter 
Schelte. 
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TPG500IDV 
The TPG 500 IDV is a new "Installation and Decommissioning Vessel" developed 
by Technip-Coflexip. The IDV can operate in water depths up to 120m and lift or 
remove packages up to 14.000 mTon in a single lift. It is a fixed platform during the 
load transfer operation and offers therefore numerous advantages. 

Figure A.4 TPG 5 00 ID V (source: www. technip. corn) 

Since the IDV is bottom founded, it does not require any active systems to 
compensate for motion due to sea conditions. This simplifies the load transfer 
operation and no new technologies are required. This results in a greater certainty of 
cost and schedule and ensures a safe operation. The ability to raise the platform out 
of water provides a safe, fixed working platform for the preparatory work to be 
completed prior to removal of a topside or jacket. 

The IDV has a U-shaped hull I deck and four legs, each of a triangular lattice design, 
almost identical to the existing legs of the TPG 500. The legs are fitted with large 
area spud cans, which enable virtually zero penetration in typical North Sea clays or 
sandy soils and provide a degree of fixity to improve dynamic performa..11ce. 

Figure A.5 Jacket removal with the TPG 500 IDV 
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Twin Marine Lifter 
The concept of Seametric International A.S. is based on buoyancy, ballast tanks and 
lifting arms located on barges. 

Figure A.6 The Twin Marine Lifter (source: v11ww.seametric.com) 

The size of each barge is i.e. 120 x 46 x 9m. The lifting arms are supported on a skid 
structure on the deck of the barges. Each lifting arm is hinged to the skid structure at 
the centre of the barge and is equipped with a buoyancy tank between the barge and 
the object and a ballast tank on the opposite side. A lifting arm has a lifting capacity 
of 1.500 mTon. A barge with lifting arms is positioned and moored on each side of 
the object to be lifted. The lift arms can be loaded to suit the variations in sizes and 
shapes of the platforms. 

The Twin Marine Lifter can be used for removal and relocation as well as installation 
of platform topsides, jackets or similar objects. 

Figure A. 7 Single barge Figure A. 8 Detailed view of topside ltft off 
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Comparison 
The 4 concepts are compared for the following: 

• Hull 
The hull has an important impact on the performance of the concept. The hull 
material determines the majority of the light weight and the shape determines 
the response to the waves and cargo. 

• Hull type 
The concepts have 4 different hull types: Barge, catamaran, semi-submersible 
and Jack-up. Each type has its characteristic response to wave actions: from 
barge to jack-up the motion response decrease from maximum to zero (in 
operation). 

• Heave compensation 
Vertical vessel motions endanger the load transfer of the topside and the jacket 
to the vessel. Depending on the motion behaviour of the vessel, these vertical 
motions should be compensated with a so-called heave compensation system, 
to allow a safe load transfer. 

• Displacement 
The displacement exists of the light weight and the dead weight of the vessel, 
in other words, how much steel and I or concrete is required for the concept. 

• Lifting method 
All concepts are based on single lift technology. The lifting method can be 
different for topsides and jackets. Local reinforcements might be required to 
ensure the structural integrity of the topside and jackets throughout the 
operations. 

• Lifting capacity 
The lifting capacity is used to compare the concept on the coverage of the 
decommissioning market. 

• Operational advantages and limits 
The concepts are evaluated for their operational advantages and limits. 

• Ranking 
The characteristics of the concepts are combined to find a ranking 
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Table A.I Comparison and ranking of competing concepts 

Properties MPU Heavy Lifter Pieter Schelte TPG500IDV Twin Marine Lifter 

Hull Concrete U Shape 
2 converted 300.000 

Steel U shape 
2 rental barges 

D WT oil tankers (i.e. 120 x 46 x 9 m) 

Hull type Semi-submersible Catamaran Jack-up 2 separate barges 

Heave compensation Yes Yes No Yes 

Dispiacement (mTon) 45.000 600.000 Unknown 32.000 

Lifting method 
Both: Both: Both: 

Topside 
(De-) ballasting 

Hydraulic jacks 
Rack and pinion (De-) ballasting 

Jacket Rotating portal 

Lifting Capacity (mTon) 
Topside 25.000 48.000 14.000 18.000 
Jacket 40.000 25.000 14.000 18.000 

Hydrodynamic 
Robust, 

Hydrodynamic 
Operational advantages behaviour, lifting 

lifting capacity 
behaviour during load Cost effective 

method and capacity transfer 

Not :flexible for Conversion costs, 
Max. Water depth, 

Individual barge 
Operational limits different platform structural integrity, 

Loading of 
responses, 

jack-up legs, 
sizes Load transfer 

transfer to barge 
load transfer 

Ranking 1 4 3 2 
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Appendix B: Cessation Programs 

Ekofisk I Cessation Program 

The Ekofisk Area consists of 29 platforms and the storage tank Ekofisk 2/4 T on 8 
separate fields. Most of the platforms are located in Norwegian territorial waters and 
2 booster platforms in UK waters. The Cessation Plan for Ekofisk I covers 15 of 29 
piatforms and the storage tank. They are divided in four categories: 

• Outlying platforms 
• Ekofisk Centre North platforms 
• Ekofisk Centre South platforms 
• Booster platforms in UK sector 

The Ekofisk Centre North platforms include 3 platforms: Ekofisk 2/4 R, Ekofisk 2/4 
Tank and PBW, and Ekofisk 2/4 P. They are owned by the Phillips Norway Group. 
They are all made redundant with the commissioning of the Ekofisk II Development. 
All platforms are affected by seabed subsidence. 

Statoil and British Petroleum (BP) own the southern platforms. Statoil has drawn up 
a separate plan for the Statpipe 2/4 S riser platform. BP is responsible for the Valhall 
riser platform 2/4 G. 

2 Pressure booster platforms are located on the oil pipeline between the Ekofisk 
Center and Teesside in the UK. The pipeline was routed past these booster stations in 
1991 and 1994. 

The Ekofisk I Cessation Plan initially contained 15 platforms to be removed. The 
plan contained 3 contracts with 5 topsides per contract and a 4th contract with all 
jacket removals. The total number of platforms to be removed is since then reduced 
to 11. The first contract should contain only 1 platform removal in a pilot project for 
Single Lift concepts. In tJie bid phase, the client increased the scope of work to 2 
platform removals. The bidding process is terminated, due to fuiidiiig problems of 
the different Single Lift concepts. 

Phillips Norway Group is the operator of the Ekofisk field. It is not the single owner 
of the field. The so-called licence agreement shows the share of the different owners 
in the field: 

Table B.1 Licence agreement 

Owner Share 

Phillips Norway Group 37% 

Statoil 1% 

Norsk Agip A/S 13% 

Norsk Hydro Produksjon 7% 

TotalFinaElf 42% 
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The Norwegian government pays 70% of the decommissioning costs. The remaining 
30% is spread over the owners, according the licence agreement. The total costs of 
the cessation plan are estimated on 0.7 Billion Euros. 

Table B.2 Key.figures on Eko.fisk I Cessation platforms 
(source: Eko.fisk I Cessation website) 

Outlying platforms 

Albuskjell 1/6 A 1976 1998 70 

Albuskjell 2/4 F 1977 1990 70 

Cod 7/11 A 1975 1998 79 

Edda2/7 C 1976 - 1978 1998 70 

Ekofisk 2/4 A 1972 2011 1) 76 

Ekofisk 2/4 B 1972 2015 I) 76 

West Ekofisk 2/4 D 1973 1998 70 

Ekofisk Center North installations 

Ekofisk 2/4 P 1974 1998 78 

Ekofisk 2/4 R 1975 1998 78 

Ekofisk 2/4 T 1973 1998 78 

Ekofisk Protective 
1989 1998 78 

Barrier Wall (PBW) 

Ekofisk Center South installations 

Ekofisk 2/4 FTP 1972 2015 I) 78 

Ekofisk 2/4 H 1977 2009 1
) 78 

Ekofisk 2/4 Q 1973 2008 l) 78 

Booster platforms in UK sector 

Norpipe 36/22 A 1974 1983 81 

Norpipe 37/4 A 1974 1987 85 

JJ Shut-down timing depends on the future subsidence rate. 
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The weights of the platforms are compared with the upper and lower limit of the 
target market, respectively 25.000 mTon and 3.000 mTon: 

• Outlying installations 
All 7 platforms are part of the target market. 

• Ekofisk Centre North installations 
Only Ekofisk 2/4 R is within the limits. The Ekofisk 2/4 P platform is too light 
to be part of the target market. As a part of the secondary target market, this 
platform might be removed by the concept. The Ekofisk Tank and Protective 
Barrier Wall can not be removed by a single lift concept. 

• Ekofisk Center South installations 
Only Ekofisk 2/4 FTP and Ekofisk 2/4 Hare within the limits. The Ekofisk 2/4 
Q platform has a jacket with a weight of 2121 mTon, which is below the lower 
limit. The topside is 30 mTon above the lower limit. This platform is also part 
of the secondary target market. 

• Booster platforms in UK sector 
Both booster platforms can be removed by a single lift concept. 

The single lift concept can remove 12 of 16 platforms. 2 Platforms with a weight 
below 3.000 mTon are a part of the secondary target market. All platforms in the 
Ekofisk field are shown in Figure B. l on the next page. 
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Prigg Field Cessation Plan 

The Frigg field is a natural gas reservoir on the boundary between the Norwegian 
and the UK territorial waters, 230 km northwest of Stavanger. The production started 
in September 1977. The gas is sold to customers in the UK. In the early 80's the field 
produced enough gas to supply Great Britain with 1/3 of its total gas needs. The 
Frigg field is expected to cease production by the summer of 2004. 

The field consists of 5 piatforms: Quarter Platforrn (QP), Treatment Compression 
Platform 2 (TCP2), Treatment Platform 1 (TPl), Concrete Drilling Platform 1 
(CDPl) and Drilling Platform 2 (DP2). 

The gas is transported in 2 pipelines to Scotland, one owned by the Norwegian 
partners and the other by the UK partners of the Frigg field. Both pipelines are 
operated by TOTAL E&P UKplc. 

The Frigg field is divided by 2 licence agreements: 

Table B.3 Licence agreements 

Owner Share 

Norwegian Part 

- Total E&P Norge A.S. 47% 

- Norsk Hydro 33% 

- Statoil 20% 

UK Part 

- Total E&P UK 100% 

Since the field is located in both UK and Norwegian territorial waters, the 
deco:nunissioning process should comply with both UK and Norwegian legislation. 
The Frigg Field Cessation Plan is a document containing the assessment of the 
recommended disposal methods for the Frigg field. It is submitted to both British and 
Norwegian authorities. The plan includes the complete field while respecting each 
nation's legislative requirements. 
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Table B.4 Key information ofpla(forms in Frigg Field Cessation Plan 

Norway 

DPl (damaged) 1974 107 8 7.600 

DP2 1976 104 8 13.000 5.500 

TCP2 1977 116 Concrete 22.900 

United Kingdom 

QP 

CDPl 

TPl 

1975 113 4 5.000 3.600 

1975 1990 107 Concrete 4.800 

1976 126 Concrete 7.800 

JJ Jacket Weight excluding piles 
2JTopside Weight including Module Support Frame 

DP2 and QP have a steel substructure or jacket and are a part of the target market for 
the single lift concept. The structural integrity should be checked for the damaged 
jacket DPl. The remainder of the platforms are Gravity Based Structures (GBS) and 
not a part of the target market. The removal of the topsides can be assessed on a 
case-to-case basis. 

Conclusion 
From the 6 platforms in the Frigg Cessation plan, only the damaged DPl jacket and 
the DP2 and QP platforms are part of the target market. The other 3 platforms are 
GBS, and are not a part of the target market. 

Illustrations of the platforms from Frigg Field Cessation Plan are shown below 
(source: ww\:v.totalfinaelf.no ). The illustrations supported the feasibility study to 
remove the involved platforms. 
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Appendix C: Hydrodynamics 

This appendix is included to introduce the reader to hydrodynamics. The theories are 
explained using the lecture notes from Offshore Hydrodynamics, TU Delft (2002). 

Potential Flow Theory 
The Potential Flow Theory describes the behaviour of waves and current by a linear 
theory. This linear theory models waves as harmonic displacements, velocities and 
accelerations of the water particles. Harmonic pressures have a linear relation with 
the wave surface elevation. This applies only if the water surface slope is very low. 
The non-linear higher order terms can then be ignored. This theory gives satisfying 
results, although the waves do not always have a low slope. 

Waves are mainly active in the upper layers of the sea. A water particle in deep water 
describes a circular motion around an average position. The radius of this circle 
decreases with the depth. This relation is described by the decay function D(z): 

r(z)=D(z)·r(O) 

With: 
r(z) Radius of circle at depth z [ m] 

r( 0) Radius of circle at Mean Sea Level ( z = 0 ), [ m] 

D(z) Decay function [-] 

The decay function depends on the depth and the wave number: 

With: 

D(z)= ekz 

d 

-d 75oz 75,0 

k = 2n/'A 

}.., 

Water depth [ m] 

Depth of interest [ m] 

Wave number [rad/ m] 

Wave length [ m ] 

(C-01) 

(C-02) 

The figure below shows a graphical interpretation of the Potential Flow Theory. 

1 1 1 
1 

Figure CJ Trajectories of Water particles in deep water waves 
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Wave Energy Spectrum 
The irregular sea can be re-created with regular waves. Each regular wave is defined 
by a phase, amplitude, frequency and direction. Using linear superposition, the 
regular waves are added to result in an irregular sea. 

The contribution of each wave frequency to the sea (s,(w)) is calculated by a Fourier 

Series Analysis of the measured water elevations during a certain period of time. 

Figure C.2 Analysing the wave record 
(Source: Lecture notes of O.ffehore Hydrodynamics, TU Delft) 

Wave elevations are measured worldwide. The JonSwap (JS) method for developing 
seas and Pierson-Moskowitz (PM) method for fully developed seas are 2 frequently 
used methods to describe the wave energy spectrums: 
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Figure C.3 Jonswap vs. Pierson Moskowitz 
(Source: Lecture notes of Offshore Hydrodynamics, TU Delft) 
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The JS method results in a high concentration around the peak frequency, while the 
PM method spreads the energy over a larger frequency range. The method with the 
largest impact is the JS method and is used for the determination of the 
hydrodynamic loading on the vessel. The input values are: 

• Significant Wave Height Hs 

The significant wave height is defined as the average of the highest 1/3 of the 
waves in the record. 

• Peak period TP 

The peak period is the period where the concentration of the energy is the 
biggest. 

Dynamic amplification 
The wave is more active in the upper layers of the sea, see Figure C.1. The area of a 
box exposed to the upper layers is a measure for the dynamic responses. If the box is 
partly submerged, this area is big and the dynamic responses are high. If the box is 
submerged below the upper layers, the area is small and the dynamic responses are 
low. 

The Response Amplitude Operator (RAO) relates the motion response of the vessel 
with the wave surface elevation. The response is depending on the wave frequency. 
If the frequency is low, the vessel follows a wave: RAO= 1. For higher frequencies, 
dynamic amplification can occur. The maximum dynamic amplification occurs at the 
first natural frequency. Further increasing the wave frequency results in lower 
response. The mass starts to dominate the response and the response decreases to 
zero for very high frequencies: RAO~ o. 

Figure C.4 on the next page demonstrates the RAO's for 3 different hull shapes, 
respectively a pontoon, a ship and a semi-submersible. The graph on top is a typical 
Wave Energy Spectrum. The pontoon and the ship are very sensible to the 
frequencies where the waves contain a large amount of energy. 

Figure C.5 demonstrates 3 examples of calculations of the motion responses of l:l 
container ship. The location of the first natural frequency has a large impact on the 
response. The response sr(w) is found by: 

With: 

Appendix C: Hydrodynamics 

Spectral energy of the response at frequency OJ [m 2 
• s /rad] 

Spectral energy of the wave at frequency OJ [m 2 ·sf rad] 

Response Amplitude Operator (-) 

(C-03) 
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Appendix D: Moon Pool Width Adjustability 

The cooperation between the IRS and the LIS is called adjustability. The figures 
below show the adjustability parameters for respectively topside and jacket removal. 

Moon Pool Width 

Offset 

LP - Level of Lifting Points 
UF- Level of the Underside of the Floater 

Clearance Vi Delta W 
Jacket Width (UF) 

Jacket Width (LP) 

Level of Lifting Points 

Figure D.J Overview of topside removal (LTS is omitted.for clarity) 

Moon Pool Width 

LP - Level of Lifting Points 
UF - Level of the Underside of the Floater Y2 Delta W Clearance 

Jacket Width (UF) 

Level of Lifting Points 

µ 
.<: 

"' ·a; 
I 

~ 
Ti Mean Sea Level 

~ 

Figure D.2 Overview ofjacket removal (LTS is omitted for clarity) 
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Difference in jacket width 
The difference in jacket width t:.Wj is defined as the difference in the jacket width at 

the level of the under side of the floater and at the lifting points: 

With: 
t:.Wj 

Wi(UF) 

~(LP) 

Difference in jacket width [ m] 

Jacket width at the level of the underside of the floater [m] 

Jacket width at the level of the top of the L TS [ m] 

(D-01) 

Distance between the top of the jacket and the lifting points [ m] 

Distance between the lifting points and the underside of the floater [m] 

SLP-uF is determined by the floater height and the vertical gap G (see figures on the 
previous page). The vertical gap G has the following functions: 

• Accommodate the lifting equipment 
• Protect the equipment against wave slamming 
• Ensure constant submerged floaters 
• Cover the air gap between MSL and the lifting points for topside removal 

SLP-UF = Hr + G = 45m (D-02) 

With: 
Hr Floater Height [m] 

G Vertical Gap [m] 

The distance SHP from the top of the jacket to the lifting points depends on the 
cargo. The lifting points for the topside are at the top of the jacket. The Centre of 
Gravity (CoG) of a.11 average jacket is located at 55% of the jacket height Hj, taken 

from the fop of the jacket (Source: Weight reports of the Norpipe Booster Platforms). 
The jacket is lifted until the CoG is at MSL, with the lifting points 25m above the 
CoG. The values for SJ-LP are summarised below: 

Table D.I Values for SJ-LP and SJ-LP +SLP-UF 

Cargo SJ-LP +SLP-UF [m] SJ-LP [m] 

Topside 45 0 

Jacket 0,55·Hj +20 0,55·Hj-25 

Appendix D: Moon Pool Width Acijustability Page 20 



Platform Removal in the North Sea Concept Design of a Single Lift Vessel 

With Table D. l, equation D-01 is evaluated. The results for topside removal are 
shown below: 

Change Jacket Dimensions -Topside Removal 
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Figure D.3 Change in jacket dimensions.for topside removal 

Excluded Platforms due to Water Draft 

• 
l.A ••• • • , .. 

i 

12 14 16 

There are 2 platforms with llW; "" I Sm . These platforms have a jacket height of 

Hj =48m. The water draft Dw is the distance between the underside of the floater and 

the seabed. This distance is determined by the jacket height and S LP-w • The water 
draft is then: 

(D-03) 

However, Master Marine limited the minimum water draft to Sm to ensure a safe 
removal operation These platforms are therefore excluded from the target market. 
To include these platforms and meanwhile observing the minimum Sm water draft, 
the vertical gap between the floater and the lifting point should be adjusted. This 
should be considered carefully, because it protects the lifting equipment against wave 
slamming. 

Minimum Offset 
Without the above mentioned platforms, the maximum difference in jacket width is: 
llW;,max = l4m. The minimum offset is derived with the help of Figure D.1: 

t,.Smin =f·flW;,max +Cmin =lOm (D-04) 

The LTS should be able to pick up the load at a minimum offset of 1 Orn. The other 
platforms have a smaller difference in jacket width, resulting in a smaller offset for 
the LTS. The LTS can remove all topsides. The Moon Pool Width (MPW) can even 
be increased, without causing problems for the LTS. 
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Topside Weight vs. Minimum Offset 
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Figure D.4 Topside Weight vs. Minimum offset 

In the figure above, the minimum offset is evaluated for topside removal. The 2 
excluded platforms are the same platforms as discussed before. Without them, the 
minimum offset for the vessel is ~smin = IOm, as illustrated with the red line. 

In principal, the TRS and the Gate can be designed to change the moon pool to any 
value between the maximum and minimum MPW. However, such continuously 
variable concepts are very difficult to realise, because they require massive 
structures. Therefore, the concepts are focussed on a discreet MPW adjustment. 

A discreet TRS and Gate can be used when the LTS is designed to pick up the load at 
a higher offset than required. The MPW can then be changed in discreet steps of e.g. 
2m if Afmax = 1 lm . This change can be achieved by moving each floater with 1 m or 
one of the floaters with 2m. 

The relation between ~wj , M , C and the step size is: 

(D-05) 

The allowable difference in jacket width for the topside removal is: 

(D-06) 

With: 
~Wj,a Allowable difference in jacket width [m] 

Afmax Maximum offset ofLTS [m] 

Cmin Minimum clearance between jacket and floater [m] 

STEP Step size per floater of the TRS and Gate [ m] 
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The change in MPW is 2. STEP. The number of steps to change the MPW 1s 
determined by the minimum and maximum values from section 5 .2. 

With: 

No - MPWmax - MPWmin _ 77 - 24 
STEPS - 2. STEP - 2 . STEP 

NosTEPs 

MPWmax 

MPWmin 

Number of steps [-] 

Maximum MPW [m] 

Minimum MPW [m] 

(D-07) 

Equations D-06 and D-07 are evaluated for several combinations of ~max and STEP 

with Cmin = 3m and LiWi.a = 14m : 

Table D.2 Qffeet and STEP combinations 

~max [m] STEP [m] 

~ruin =lOm 0 00 

11 27 

12,5 2,5 11 

Conclusion 
A step size of 5m per floater is selected as best solution. It is not found interesting to 
gain 2 more steps by increasing the step size to 7 ,5m, while a step size of 2,5 with 
approx. twice the amount of MPW adjustments is not interesting either. 

The MPW is adjusted in 6 steps of 1 Orn. 11 steps are required if each floater should 
be relocated 5m. 
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Jacket Top Dimensions 
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Figure D.5 Dimensions qfjacket top 

The minimum MPW 
The minimum MPW for the vessel is determined by the jacket width at the lifting 
points for topside removal. This jacket width coincides with the smallest jacket top, 
which is 12m, according the figure above. Including the maximum offset, the 
maximum MPW for this topside is 42m. In this situation, the jacket width at the 
underside of the floater is 21m. The clearance with this MPW is: 

C =-t·(MPW-Wj(45m))=10,5m (D-08) 

The clearance is well above the minimum 3m. If the MPW is reduced to 40m, the 
clearance remains acceptable. The minimum MPW for the vessel is set to 40m for 
convemence. 

The MPW is verified for each platform using equation D-09 and the following 
conditions for the clearance and the offset: 

Cmni ~ C =-t·(MPW -W/45m))~ Mmax 

Cmin ~ M =-t· (MPW-Wi(Om))~Mmax 

(D-09) 

(D-10) 

The offset varies between 6m and 14m for all platforms. The results of the 
verification are shown in Figure D.6 on the next page. 
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Moon Pool Width for Topside Removal 
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Figure D. 6 MPW for topside removal 
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85% of the topside removals are performed with a MPW of 40m or 50m. Only 15% 
requires a moon pool width of 60m or more. 

The maximum MPW 
The maximum MPW for the vessel is determined using the biggest jacket width. The 
biggest jacket widths occur for jacket removal, and is determined in section 5.2: The 
biggest jacket width is 71m. Including the minimum clearance and the step size, the 
minimum MPW for this jacket removal is 80m. This is also the maximum MPW for 
the vessel. 

Using Figure D.2, the clearance and offset requirements for jacket removal are 
determined: 

(D-11) 

(D-12) 

The offset is between 5m and 15m. The results for the MPW are shown on the next 
page. 
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Moon Pool Width for Jacket Removal 
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Figure D. 7 MPW for jacket removal 

Changes between the removals 
The change of MPW between the topside and jacket removal is determined and 
shown below. The MPW is the same for 35% of the platforms. For the remaining 
65%, the MPW should be adjusted: 

Changes in Moon Pool Width between Topside and Jacket Removal 
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Figure D.8 Changes in MPW 
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Appendix E: DNV - LRFD Methods 

§ 1. Introduction 

Det Norske Veritas (DNV) is the relevant classification society. DNV recommends 
the Load and Resistance Factor Design (LRFD) method for structural design. The 
principle of this method is that a structure is considered safe if the design load does 
not exceed the design resistance: 

(E-01) 

The equation sd =Rd defines a limit state: The design resistance is completely used 
by the design load. The following limit states are considered in the offshore 
standards: 

• Ultimate Limit State (ULS) 
The ULS defines the ultimate resistance to carry loads 

• Fatigu,e Limit State (FLS) 
The FLS defines the failure resistance due to cyclic loading 

• Accidental Limit State (ALS) 
The ALS defines the damage resistance due to an accidental event 

• Serviceability Limit State (SLS) 
The SLS describes the criteria to be fulfilled during normal use 

The ULS is used for the structural concept design. The other three limit states are 
recommended for detailed design, as they are used as verifications of the structural 
design, rather than the basis of the design. Section 2 elaborates on the method to 
determine the design load (Sa) for the ULS, while the last section of this appendix is 
focussed on the design resistance (Ra). 

§ 2. Design Load 

The first step in determining the design load is to identify the characteristic loads Fk . 

Characteristic loads are the loads applied on the structure or the structure element 
and are divided in 6 load categories: 

• Permanent functional loads (P) 
• Variable functional loads (Q) 
• Environmental loads (E) 
• Deformation loads (D) 
• Accidental loads (A) 
• Fatigue loads (F) 
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The design load is determined by multiplying each characteristic load with a load 
factor Yr. The load factor is depending on the limit state and the load category. The 

design load Fd is then: 

(E-02) 

The design load for the ULS is determined by the combination of the characteristic 
loads, which gives the highest design load. The probability is low that both the 
highest functional and the environmental loads occur simultaneously. The 
combination a) and b) are therefore defined for the maximum functional loads and 
maximum environmental loads respectively: 

Combination of Load categories 
design loads p Q E D 

a) 1,3 1,3 0,7 1,0 

b) 1,0 1,0 1,3 1,0 

Table E.l: Load factors y1 for ULS 

§ 3. Design Resistance 

The design resistance is limited by failure of the structural member. The ULS 
considerers 2 types of failure modes: ductile and brittle failure modes. Ductile failure 
modes will allow the structure to redistribute forces in accordance with the 
presupposed static model. Brittle failure modes shall therefore be avoided or shall be 
verified to have sufficient resistance compared to ductile modes, and in this way 
protect the structure from brittle failure. 

The following sources for brittle structural behaviour can be identified: 

• Unstable fracture caused by a combination of brittle material, low temperature 
in the steel, a design resulting in high local stresses and the possibilities for 
weld defects 

• Structural details where ultimate resistance is reached with plastic 
deformations only in limited areas, making the global behaviour brittle 

• Shell buckling 
• Buckling where interaction between local and global buckling modes occurs 

The concept design will anticipate the above mentioned sources by applying the 
following design rules: 

• Brittle material shall be avoided by using material with sufficient toughness, 
especially with regard to wall thickness 

• The design temperature is the lowest daily mean temperature and is for semi-
submersibles is 0°C. 

• Local stress concentrations shall be avoided where possible 
• Stress levels are well below yield stress, so material behaviour is elastic 
• Global buckling of main compressive members shall be analysed 
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The characteristic resistance Rk of a tension member is limited by yielding, while the 

characteristic resistance of a compressive member is equal to the smallest of the 
yielding and buckling resistance. 

The design resistance Rd is defined as the product of the characteristic resistance and 

the resistance factor </J : 

The resistance factor relates to the material factor y M as: 

</J=-1-
YM 

The following material factors are recommended: 

(E-03) 

(E-04) 

Structural element 
Material factor 

Yield Buckling 

Flat plated structures 1,15 

Beam stiffeners 1,15 

/\,::;; 0,5 1,15 
Shells of single curvature 1,15 0,5</\,::;;1,0 0,85 + 0,60. /\, 

/\, ~ 1,0 1,45 

Tubular structures 1,15 

Non-tubular structures 1,15 

Table E.2: Material factors 

Designation of steel grades 
DNV has organised structural steel in 3 strength groups: 

• Normal Strength steels (NS) 
• High Strength steels (HS) 
• Extra High Strength steels (EHS) 

Each group consists of two parallel series of steel grades: 

• Steels of normal weldability 
• Steels of improved weldability 

The two series are intended for the same applications. In addition to leaner chemistry 
and better weldability the improved weldability grades have extra margins to account 
for reduced toughness after welding. These grades are also limited to a specified 
minimum yield stress of 500 N/mm2

• 
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The alphanumeric designation of the steel grade is: 
• NV XY for steels of normal weldability(e.g. NV A 40) 
• NV XWY for steels of improved weldability (e.g. NV DW 500) 

With: 
NV Designation of a steel grade according to the DNV offshore standards 
X A capital letter corresponding to a specified impact toughness test temperature, 

see Table Al 
W A letter included to designate a steel grade of improved weldability 
Y A figure designating the strength group according to the specified minimum yield 

stress. The figure y is omitted for NS steels 

Impact testing Tensile properties 
Strength Symbol x 

Test Temperature Minimum yield group Normal Improved (°C) 
Symbol y stress1l (N/mm2

) 
weldability weldability 

A - -
NS B BW 0 Omitted 235 D DW -20 

E EW -40 
A AW 0 27 265 

HS D DW -20 32 315 
E EW -40 36 355 
F - -60 40 390 

420 420 
A - 0 460 460 

EHS D DW -20 500 500 
E EW -40 550 550 
F - -60 620 620 

690 690 
1) For steels of improved weldability the required minimum yield stress is reduced for increasing 
material thickness. 

Table E.3: Definitions of steel grades 

Structural category 
The purpose of the structural categorisation is to assure adequate material and 
suitable inspection to avoid brittle fracture. The purpose of inspection is also to 
remove defects that may grow into fatigue cracks during service life. The structural 
elements are divided in 3 structural categories: 

• Special 
Failure of the structural element will have substantial consequences. The stress 
condition in the structural element may enhance the occurrence of brittle 
fracture. 

• Primary 
Failure of the structural element will have substantial consequences. 

• Secondary 
Failure of the structural element will not have substantial consequences. 
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Structural 
Steel Grade 

erature (0 C) 
Category =10 -10 -20 

D/DW 35 25 20 
E/EW 60 50 40 

AH/AWH 10 N.A. N.A. 
DH/DWH 25 20 15 

Special 
EH/EWH 50 40 30 

FH 100 80 60 
AEH 15 10 N.A. 

DEH/DWEH 30 25 20 
EEH/EWEH 60 50 40 

FEH 150 100 80 
A 30 10 N.A. 

B/BW 40 25 20 
D/DW 60 50 40 
E/EW 150 100 80 

AH/AWH 25 20 15 

Primary 
DH/DWH 50 40 30 
EH/EWH 100 80 60 

FH 150 150 150 
AEH 30 25 20 

DEH/DWEH 60 50 40 
EEH/EWEH 150 100 80 

FEH 150 150 150 
A 30 25 20 

B/BW 60 50 40 
D/DW 150 100 80 
E/EW 150 150 150 

AH/AWH 50 40 30 

Secondary 
DH/DWH 100 80 60 
EH/EWH 150 150 150 

FH 150 150 150 
AEH 60 50 40 

DEH/DWEH 150 100 80 
EEH/EWEH 150 150 150 

FEH 150 150 150 
N.A. =No Application 

Table E.4: Thickness limitations of structural steels for different s-tructural categories and 
design temperatures 

Selection of structural steel 
The selection of the steel grade is depending on the required design resistance, the 
structural category, the design temperature and the thickness. Table E.4 contains the 
key information to achieve the required design resistance and the highlighted column 
is used to determine the required steel grade in combination with the maximum 
thickness. 

Sources: 
The following DNV documents are used: 

'" Offshore standard BlOl: Metallic Materials, January 2001 
• Offshore standard C 101: Design of offshore steel structures, General (LRFD 

method), October 2000 
• Offshore standard C103: Structural design of Column Stabilised Units (LRFD 

method), October 2000 
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Appendix F: TRS and Gate - Environmental Loading 

§ 1. Introduction 

Throughout the life time, the vessel is exposed to wind, waves and current: 3 types of 
environmental loading. The purpose of this appendix is to provide a first estimation 
of the characteristic environmental load on the TRS and the gate. 

The fundamental principle behind this estimation is that the floaters are assumed to 
be the only part of the vessel that attract environmental loading. This is of course not 
the reality, but it provides a starting point in the design process. The environmental 
loading on the entire vessel will be investigated in future design loops, to converge to 
the final design. 

To ensure the relative position and orientation of the floaters, the TRS and the gate 
have to resistance to cope with the environmental loading on the floaters. The 
floaters are not exposed to wind loading, as the floaters are submerged. The wave 
loading is assumed to be of a higher magnitude than the loading of the current. 

The wave loading is now the only source of environmental loading. This is expressed 
in design sea states. The design sea state is depending on the mode of the vessel: The 
maximum period that the vessel is in a certain mode will determine the design sea 
state for that mode. The design sea state is the topic of section 2 of this appendix. 

The wave loading on the floater is described as a function of the design sea state in 
section 3. The pressure on the shells of the floater is assumed to be linearly 
dependent with the significant wave height, but independent of the area of the floater. 
The pressure on the shells of the floater is determined with the results of the 
hydrodynamic analysis of the predecessor of this concept, "Master Mind I". 

The pressures on the shells are considered as distributed loads on the floaters. 
Depending on the mode of the vessel, the floater is a modelled as a clamped or a 
simply supported beam. The reactions at the supports are calculated with the theory 
of Mechanics of Solids. With this method, the loading on the floaters of the "Master 
Mind I" is extrapolated to the loading on the floaters, the TRS and the gate of the 
concept, with the results in section 4. 

§ 2. Design Sea States 

A normal semi-submersible (with a fixed geometry) has 3 modes: operation, transit 
and survival. When the concept is in operation mode, the gate can be opened or 
closed. Therefore, the operational mode is divided in 2 sub-modes: the embracement 
(where the gate is open) and lift off (where the gate is closed). Both sub-modes have 
the same design sea state, but a different effect on the loading of the TRS and the 
gate. 
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The design sea state is depending on the period or time window that the vessel is 
planned to stay in a certain mode. The planning of an operation has to be approved 
by a Marine Warranty Surveyor (MWS). The MWS is contracted by the insurance 
company to minimise operation risks. 

The relevant time window for an operation is determined by the time that is 
necessary to leave the mode and to bring the vessel in safety. The MWS multiplies 
this planning with a factor 3 for unexpected problems during the cancellation. 
Weather forecasts are generally reliable up to 48 hours. If the cancellation period is 
within 48 hours, the maximum sea state of a normal day in the operation period is 
used as a design sea state. If not, the heaviest storm with a return period of 10 years 
is taken as design sea state. 

Master Marine A.S. provided an estimated planning of a removal operation, with 
respect to the vessel mode. The operation period of the concept is the summer season 
in the North Sea: the months April - September. The weather deteriorates 
significantly outsidethe summer season. The design sea states are given as the 
significant wave heights H, (m), with a peak period of TP = 7s. 

• Operation: 
Master Marine estimates the operation period on 8 hours. The cancellation 
period is 8 x 3 = 24 hours and within the boundary for reliable weather 
forecasts: H, = 2,5m 

• Transit 
The transit conditions apply for the voyage to the dismantling yard. The transit 
period is estimated on 24 to 36 hours. The cancellation period is 72 to 108 
hours and exceeds the boundary for reliable weather forecasts: H, = 6,4m 

• Survival 
The survival conditions should be applied for the design of the hull. The 
cancellation period is infinite: H, = lOm 

§ 3; Extrapolation of wave loading 

The determination of the maximum loading of the TRS and the gate starts with the 
water pressures on the shells of a single floater. The hydrodynamic analysis of the 
"Master Mind I" provides the forces on the floater in the x, y and z direction as a 
linear relation with the significant wave height: 

With: 

(F-01) 

Hydrodynamic force in the i direction (mTon = lOkN) 

Normalised hydrodynamic force in the i direction (mTon/ m =I OkN / m) 

Significant wave height (m) 
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The normalised hydrodynamic force is assumed to be depending on the normalised 
pressure on the shells and the area normal to the pressure: 

(F-02) 

With: 

Normalised hydrodynamic pressure in the i direction (mTon/m 3 =10kN/m3
) 

Area normal to the i direction (m 2
) 

Pz 

? 
Py L = 100m .I 

z 
1' 
i 
I /'iy 
~x 

Figure F. I: Dimensions and water pressures in the x, y and z directions 

The floater dimensions of the "Master Mind I" and the concept are repeated below: 

"Master Mind I" Concept 

Length L [m] 117 100 

Width W [m] 16 40 

HeightH [m] 10 15 

Table F. I: The floater dimensions 

Equation F-02 is evaluated with the floater dimensions of "Master Mind I": 
- --- --- - - -

Direction fi';(MN/m) A;(m2
) P;(kN/m3

) 

x 1,5 160 9,4 

y 7,5 1.170 6,4 

z 1,9 1.872 1,0 

Table F.2: Determination of the normalized pressure P; 
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Forces 
The reversed method is used to determine ft; for the new concept: 

Direction P;(kN/m3
) A;&n2

) ft;(MN/m) 

x 9,4 600 5,6 

y 6,4 1.500 9,6 

z 1,0 4.000 4,0 

Table F.3: Determination of ft; for new concept 

If the gate is open, the TRS counteracts all forces. If the gate is closed, the forces in 
the y- and z-direction are equally spread over the TRS and the gate. 

Moments 
The floater is simplified to a square box, loaded with a hydrodynamic pressure. The 
hydrodynamic pressure P; is found by: 

(F-03) 

With: 

W; Distributed load (mTon/m 2 
= lOkN/m2

) 

P; Hydrodynamic pressure (mTon/m 2 =lOkN/m2
) 

The hydrodynamic pressure is a distributed load, noted with the term w; m 
mechanical engineering. 

Moment around the x-axis 
The distributed loads in the y- and z- direction cause the moment around the x-axis 
(Mx) . The front view of the floater is the relevant view to determine the moment: 

z 

Figure F.2: Front view for determination ~f Mx 

The hydrodynamic pressure acts over the entire outer shell of the floater. The sources 
are waves and current, causing a sinusoidal loading in time. The sinusoidal loading is 
simplified to a block loading to find an order of magnitude of the moment caused by 
this loading. This method is not recommendable to fmd the exact loading. 

The contributions of wy and wz are: 
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M == fH
11

(w,·L)·x·dx=_!_(w.·L)·(H)
1 

=~·w ·H1 

x,y Jo > 2 > 2 8 Y 
(F-04) 

M _== w ·L ·x·dx=-(w_·L)· - =-·w_·W J,w/2( ) 1 (W)2 
L 2 

x,. 0 y 2 • 2 8 • (F-05) 

L ( 2 2) Mx=Mx,y+Mx,z=g-· wy·H +wz·W (F-06) 

Moment around the y-axis 
The distributed loads in the x- and z- direction cause the moment around the y-axis 
(My). The side view of the floater is the relevant view: 

z 
I 

GATE 

TRS 

- kilo.ck loox -

- x 

'----------+----------------------1,__,Vlx x 'vl 

Figure F.3: Side view.for determination of MY 

The TRS should counteract MY only if the gate is opened. This results in different 

equations for MY . The following equations are valid, if the gate is closed: 

M. = f (w ·W)·y·dy=-(w ·W)· - =-·w ·H H/2 1 (H )2 
w 2 

y,x Jo x 2 x 2 8 x 
(F-07) 

l( ) 2 w 2 M =-w ·W ·L =-·w ·L 
y,z S ' z S z 

(F-08) 

w ( 2 2) My,closed = My,x + My,z =3· Wx ·H +wz ·L (F-09) 

If the gate is open, it does not provide a counteracting force in the z-direction, so 
My,z changes to: 

1( ) 2 w 2 M =-w ·W ·L =-·w ·L y,z 
2 

z 
2 

z (F-10) 

(F-11) 

From equation F-09 and F-11, the effect of the gate on the loading of the TRS is 
demonstrated. 
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Moment around the z-axis 
The distributed loads in the x- and y- direction cause the moment around the y-axis 
(Mz). The top view of the floater is the relevant view: 

GATE 

TRS 

- blo.ck box -

z 

Figure F.4: Top view.for determination of Mz 

The gate has the same effect for Mz. Next equations apply if the gate is closed: 

M_ = f (w ·H)·z·dz=-(w ·H)· - =-·w ·W w/2 1 (W)2 

H 2 

.,x Jo x 2 x 2 8 x 
(F-12) 

M =.!_(w ·H)·L2 =H·w ·L2 

z,y 8 Y 8 Y 
(F-13) 

(F-14) 

If the gate is open: 

M =.!_(w ·H)·L2 = H ·w ·L2 

z,y 2 Y 2 Y 
(F-15) 

M M - . H r ---2 . -2 \ 
z,closed= z,x+Mz,y=g-·~Wx·W +4·WY·LJ (F-16) 
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§ 4. Results 

The 4 vessel modes were identified in section 2. The parameters are repeated: 

Hs(m) Gate closed 

Embracement 2,5 No 

Lift off 2,5 Yes 

Transit 6,4 Yes 

I Survival 10 Yes 

Table F.4: Parameters for environmental loading on the TRS and the gate 

The forces and moments are calculated for all 4 vessel modes and summarised in 
table F.4 for the TRS and in table F.6 for the gate: 

Embracement Lift off Transit Survival 

F_,(MN) 14 14 36 56 

FY(MN) 24 12 31 48 

Fz(MN) 10 5 13 20 

Mx(MN·m) 95 48 122 190 

My(MN·m) 526 151 388 606 

Mz(MN·m) 1.271 371 948 1.482 

Table F.5: Environmental loading of the TRS 

Embracement Lift off Transit Survival 

FY(MN) - 12 31 48 

F,(MN) - 5 13 20 

f. . \ ,,...,.., 
' A 48 l .L.L 

Table F.6: Environmental loading of the gate 

These tables shall be used as characteristic environmental loads to determine the 
design loads on the TRS and the gate. 
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Appendix G: TRS and Gate - Design Load 

§ 1. Introduction 

The maximum loading is required to design and dimension the TRS and the gate. 
This loading is referred to as the design load. In this appendix, the DNV 
recommendations of the application of the Load and Resistance Factor Design 
method are foilowed to determine the design load. The principles of the method are 
already introduced in Appendix E. This appendix presents a practical example with 
the determination of the design load of the TRS and the gate. 

The starting point is the identification of the characteristic loads on the vessel. DNV 
distinguishes 4 types of characteristic loads: 

• Permanentloads(P) 
• Functional loads (Q) 
• Environmental loads (E) 
• Deformation loads (D) 

e.g. the light weight of the vessel, 
e.g. the payload 
e.g. wave and current loading 
e.g. temperature differences in the vessel 

The TRS and the gate have no permanent loads, except for the own weight of each 
system. As the weight of the systems is unknown at this stage, the permanent loads 
are not included in this design loop. Also the deformation loads are not included in 
this design loop, as none are identified at this stage. It should be noted that for each 
design loop, the design should be carefully analysed to identify all relevant loads. 

The characteristic loads can be dependent on the mode of the vessel. The parameters 
of the characteristic loads are constant for each vessel mode. The modes and the 
main parameters are summarised below: 

HJm) Gate Payload 

Embracement 2.5 Open No 
--
Lift off - - 2.5 Closed Yes 

Transit 6.4 Cfosed Yes - -

Survival 10 Closed No 

Table G. I: Parameters for characteristic loads 

With this information, the characteristic functional and environmental loads are 
determined in the next section. In section 3, the characteristic loads are combined 
with the recommended load factors to find the design load for each vessel mode. The 
maxima of the design loads of all vessel modes are used to determine the design load 
of each system in the last section. 

Appendix G: TRS and Gate - Design Load Page 39 



Platform Removal in the North Sea Concept Design of a Single Lift Vessel 

§ 2. Characteristic loads 

Functional loads (Q) 
The functional load of the TRS and the gate are both governed by the payload as 
described by equation 4-01 in section 4.1: 

In mTon In S.I. units 

Payload F 25.000mTon 250MN 

Longitudinal Moment Mx,F 109.375 mTon.m 1094MN.m 

Table G.2: Functional load Q 

The TRS and the gate should only counteract the longitudinal moment M x,F • The 

payload is counteracted by the buoyancy capacity of the floaters. 

Environmental loads (E) 
The environmental loads are determined m appendix F. The results of the 
calculations are repeated below: 

Embracement Lift off Transit Survival 

Fx(MN) 14 14 36 56 

F)MN) 24 12 31 48 

Fz(MN) 10 5 13 20 

M)MN·m) 95 48 122 190 

M)MN·m) 526 151 388 606 

Mz(MN ·m) 1.271 371 948 1.482 

Table G.3: Environmental loading of the TRS 

- - --- ----. 

Embracement Lift off Transit ···survival 
f\.(MN) - 12 31 48 

F,(MN) - 5 13 20 

Mx(MN·m) - 48 122 190 

Table G.4: Environmental loading of the gate 
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§ 3. Design loads per vessel mode 

The characteristic loads are combined with the load factors to find the design load for 
each vessel mode. The load factors for the ULS are defined in appendix E. The 
tables present the calculations of the maxima of the load combinations a) and b) for 
the loading on the TRS and the gate. These maxima are the design load of a system 
for a specific vessel mode. Each subsection describes a vessel mode. 

§ 3.1 Embracement 

The design load of the TRS: 

Q E 
Combination a) Combination b) 

l,3·Q 0,7·£ Total l,O·Q 1,3·E Total 

Fx(MN) 0 14 0 10 10 0 18 18 

FY(MN) 0 24 0 17 17 0 31 31 

Fz(MN) 0 10 0 7 7 0 13 13 

MJMN·m) 0 95 0 67 67 0 124 124 

M)MN·m) 0 526 0 368 368 0 684 684 

Mz(MN·m) 0 1.271 0 890 890 0 1.652 1.652 

Table G.5: Design load ofTRS during embracement 

The gate is open during the embracement, as therefore not loaded with neither 
functional nor environmental loading. 

§ 3.2 Lift off 

The design load of the TRS and the gate: 

Q E 
Combination a Combination b 

l,3·Q 0,7·E Total l,O·Q 1,3·E Total 

t:,(MfV} 0 
---

14 -o · - --ro 10 0 18 18 

FY(MN) 0 12 0 8 8 0 16 16 

F,(MN) 0 5 0 4 4 0 7 7 

Mx(MN·m) 1.094 48 1.422 34 1.456 1.094 62 1.156 

MY(MN·m) 0 151 0 106 106 0 196 196 

M,(MN·m) 0 371 0 260 260 0 482 482 

Table G.6: Design load ofTRS during lift off 
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Q E 
Combination a Combination b) 

l,3·Q 0,7·E Total l,O·Q l,3·E Total 

p;,(MN) 0 12 0 8 8 0 16 16 

~(MN) 0 5 0 4 4 0 7 7 

MJMN·m) 1.094 48 1.422 34 1.456 1.094 62 1.156 

Table G. 7: Design load of gate during l!fi off 

§ 3.3 Transit 

The design load of the TRS and the gate: 

Q E 
Combination a) Combination b) 

1,3·Q 0,7·E Total 1,0·Q 1,3·E Total 

F)MN) 0 36 0 25 25 0 47 47 

F,.(MN) 0 31 0 22 22 0 40 40 

~(MN) 0 13 0 9 9 0 17 17 

Mx(MN·m) 1.094 122 1.422 85 1.508 1.094 159 1.253 

M.v(MN·m) 0 388 0 272 272 0 504 504 

MJMN·m) 0 948 0 664 664 0 1.232 1.232 

Table G.8: Design load ofTRS during Transit 

Q E 
Combination a) Combination b) 

1,3· Q 0,7·E Total l,O·Q 1,3·E Total 

FY(MN) 0 31 0 22 22 0 40 40 

Fz(MN) 0 13 0 9 9 0 17 17 

Mx(MN·m) 1.094 122 1.422 85 1.508 1.094 159 1.253 

Table G.9: Design load of gate during Transit 
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§ 3.4 SuNival 
The design load of the TRS: 

Combination b 
l,O·Q 1,3·E Total 

Q E 
Combination a) 

l,3·Q 0,7·E Total 

Fx(MN) 0 56 0 39 39 0 73 73 

F,.(MN) 0 48 0 34 34 0 62 62 

F,(MN) 0 20 0 14 14 0 26 26 

Mx(MN·m) 0 190 0 133 133 0 247 247 

MY(MN·m) 0 606 0 424 424 0 788 788 

M,(MN·m) 0 1.482 0 1.037 1.037 0 1.927 1927 

Table G.10: Design load ofTRS during Survival 

The design load of the gate: 

Q E 
Combination a) Combination b) 

1,3·Q 0,7·E Total 1,0·Q l,3·E Total 

F,.(MN) 0 48 0 34 34 0 62 62 

F,(MN) 0 20 0 14 14 0 26 26 

MJMN·m) 0 190 0 133 133 0 247 247 

Table G.11: Design load of gate during Survival 

§ 4. Design load of the TRS and the gate 

The design loads of the TRS and the gate are determined by the maximum design 
loads of the different vessel modes. This is a conservative approach, as the maxima 
won't occur simultaneously. The coupling of the different design loads requires 
advanced computerised algorithms and is therefore recommended for a next design 
loop. 

Design load TRS GATE 

FJMN) 73 -
FY(MN) 62 62 

F,(MN) 26 26 

MJMN·m) 1.508 1.508 

My(MN·m) 788 -

Mz(MN·m) 1.927 -

Table G.12: Design load effect ofTRS and Gate 

The results of table G .12 are used for the design and dimensioning of the TRS and 
the gate. 

Appendix G: TRS and Gate - Design Load Page43 



Platform Removal in the North Sea Concept Design of a Single Lift Vessel 

Appendix H: TRS Options - Weight Estimation 

Manual calculations based on simple beam theory are used to find the first 
estimations of the required shell thickness. The concept is divided in beams with a 
constant cross section. First the maximum loading on a beam is determined using the 
design load applied by the floater. This loading is then used to determine the required 
cross section. 

The beams are modelled as thin rectangular cross sections: 

FLANGE 

z 
:1 x4v Web thickness t._ w § 

I 
II 

"" .. ;; 
:s :i: 

~ 

~ 
ii: 

Width= 40m 

Figure H.1: TRS model in simple beam theory (example of a cross section of the Dual Masters) 

The properties of this thin rectangular cross section can be found on the next page. 
On the pages thereafter, the maximum beam loading and the beam geometry are 
summarised, with a first estimation of the weight included for the configurations with 
a moon pool width of 40m and 80m. 

Normal strength steel with a yield stress of <JY = 235N/mm2 is used to determine the 

cross sections. The stresses are verified for normal, shear and combined von Mises 
stresses: 

--- - --

Stress type Criterion Maximum stress. (N / mm2) 

Normal stress <Jn ~0,67-<JY 157 

Shear Stress r ~ 0,40 ·<JY 94 

Combined stress (JvM ~ ay/YM 204 

Table H.l: Stress criteria 
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Input parameters Symbol Unit Formula Geometry parameters Symbol Unit Formula 

External height he m - Total Area A, 1112 We ·he -W; ·h; 

External width we m - Shear Area in y direction A,y 1112 2·we ·tl 

Flange thickness tf m - Shear Area in z direction Asz m2 2·he ·tw 

Web thickness t\\' m - Moment of inertia around y axis ly m4 I h3 I h3 T2. We . e -T2. W; . i 

Moment of inertia around z axis ]z m4 -(z- he · w! - fr · h; · wi ,._ 
Derived parameters Symbol Unit Formula Section Modulus around y axis SY m3 Jy/(he/2) 

Internal height h; m he-2·tf Section Modulus around z axis sz m3 Jz/(we/2) 

Internal width W; m we -2·tw Radius R m .l.Jw2 +h2 2 e e 

Perimeter p m 2·(we +h.} Polar inertia Jx m4 l2tftJhe -If )
2 

· (We -tJ2 
V[hetf + b.fw - t} - l~.] 

Section weight per meter w mTon/m A, ·P 
·-

Stress analysis in flange Loading Unit Formula Stress analysis in web Loading Unit Formula 

tension I compression F x MN (Jnx = F,/ A, tension I compression Fx MN <J,,x = Fx/A, 

Shear in y direction Fv MN 'Ty = F)' I AS)'' Shear in y direction FY MN By flange 

Shear in z direction Fz MN By web Shear in z direction Fz MN 'T z = Fz/ Asz ,._ 
Shear due to torsion M x MN.m 'T =M ·R'/J x x x Shear due to torsion Mx MN.m 'Tx=Mx·R/Jx 

·-
Bending around y axis MY MN.m <Jby =Mr/Sy Bending around y axis MY MN.m By flange 

Bending around z axis Mz MN.m By web Bending around z axis Mz MN.m (Jbz =Mz/Sz 
-· 

Sum of normal stress ff,, N/mm 2 (Jnx + (J by Sum of normal stress ff,, N/mm 2 (Jnx + (Jbz 

Sum of shear stress f N/111m 2 'Tx + 'TJ, Sum of shear stress i" N/mm 2 'Tx + 'Tz 

Combined von Mises stress (JvM N/m111 2 ~ff,,+3·f Combined von Mises stress (JvM N/mm 2 ~ff,,+3·f 
··-

Table H.2: Geometrical properties of and stress in a thin rectangular cross section 
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Figure H.2: 3D Sketch of principle 

Description 

Floater 01 

Column 01 

Column 02 

Column03 

Column 04 

Transverse Box 01 

Transverse Box 02 

Transverse Box 03 

Transverse Box 04 

Width [m] 

40 

40 

40 

40 

40 

40 

40 

40 

40 

Total Moon pool widtli 

Total Moon pool width 

Difference Transverse box 

Concept Design of a Single Lift Vessel 

SeaFork II and SkidFork I 

'fE-..-_ 11'01 

~J~ f!S~----;;g ~o,~~,,,. 

.!~ fl71,~ 

lE . m ~-zE!~ 

g;~::,l "'~o~ ~ 
o '. !..~14.v ;:--L"'\, ~ lfl. ";' 
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'" f3N 
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~ 
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,,_ 

o;· 

v~:~; 

Figure H. 3: Simple Beam model 

Section Forces (MN) Section Moments (MN.m) 

F, Mx My M, 

73 62 26 1.508 1.308 3.167 

26 62 73 3.167 1.856 1.973 

26 62 73 3.167 2.768 2.748 

26 62 73 3.167 3.680.5 3.523 

26 62 73 3.167 4.411 4.143 

62 73 26 4.411 4.663 4.627 

62 73 26 4.411 5.183 6.087 

62 73 26 4.411 5.443 6.817 

62 73 26 4.411 5.703 7.547 

Notm-a:l Area 
Length [m] 

Weight 
(m2) (mTon) 

-t~~~gc l,,,eb 
(mm) (mm) 

Height [m] 

15 34 38 3.85 20 605 

40 22 26 3.84 7.5 226 

40 22 26 3.84 12.5 377 

40 22 26 3.84 12.5 377 

40 22 26 3.84 10 301 

20 65 48 7.11 20 1116 

20 65 48 7.11 20 1116 

20 65 48 7.11 10 558 

20 65 48 7.11 10 558 

80m 10.466 

40m 8.234 

03 +04 2.232 

Table H. 3: Parameters for weight estimation C!f SeaF ork II and SkidF ork I 
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Triple Floater and Dual Masters 

Figure H 4: 3D Sketch: Moon pool width = 80m Figure H 5: 3D Sketch: Moon pool width = 40m 

Total 

Total 

Difference 

Description 
Section Forces (MN) Section Moments (MN.m) 

Fx Fy F, Mx My M, 

Floater 01 73 62 26 1.508 1.308 3.167 

Transv. Pontoon 01 62 73 26 1.308 2.028 4.627 

Transv. Pontoon 02 62 73 26 1.308 2.548 6.087 

Transv. Pontoon 03 62 73 26 1.308 2.808 6.817 

Transv. Pontoon 04 62 73 26 1.308 3.068 7.547 

Width [m] Height [m] tnange tweb Normal Area 
Length [m] 

Weight 
(mm) (mm) (m2) (mTon) 

40 15 34 38 3.85 20 605 

40 15 32 37 3.67 20 575 

40 15 32 47 3.96 20 622 

40 15 33 51 4.16 10 327 

40 15 33 52 4.40 1 £\ 
lV 346 

Moon pool width 80m 4.95(f 
Moon pool width 40m 3.606 

Transverse Pontoon 03 +04 1345 

Table H3: Weight estimation o.fTriple Floater and Dual Masters 

Remarks 
The yellow sections 03 and 04 represent the parts of the transverse pontoon or 
transverse box which are not required to cope with the loading with a moon pool 
width of 40m. The SeaFork II, the SkidFork I and the Triple Floater are carrying this 
weight along, while this weight is disconnected as units for the Dual Masters. The 
yeilow items are considered as parasite payload in the case of the former 3 options: it 
is carried along and therefore decreasing the lifting capacity. 
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Appendix I: TRS - Dimensions and Stiffness 

§ 1. Introduction 

The first part of designing a concept for a system is the creative part: The definition 
of the general arrangement or layout. Once defined, the concept is verified with 
calculations for three aspects: 

• Is the concept physically possible? 
• How much does the concept cost? 
• How does the system react to its loading? 

The purpose of this appendix is to answer these questions. The first question requires 
a verification of the feasibility. The stress level in the shells of the Dual Masters is 
used as the relevant parameter for the feasibility. The Dual Masters is modeled in the 
3D finite element software program Acord CP ® (Acord CP). The model definition is 
the subject of section 2. 

The stress level in the shells is analysed in section 3. Where required, wall 
thicknesses are adjusted to obtain the acceptable stress level. The results of this stress 
analysis are steel grades and wall thicknesses for each shell of the system. 

The results of the stress analysis are used to find the weight of each TRS unit in 
section 4. The weight is used as the main parameter for the cost estimation. The 
weight of the system is not only defined by the weight of the steel but also the steel 
grade of the steel involved. 

The last question is answered in the fifth section of this appendix. The displacements 
for each configuration are compared with the applied loading to get a first impression 
of the stiffness of the system 

§ 2. The modei 

The TRS is modelled using 3D Finite Element Method: Acord CP. A shell model in 
Acord CP is defined in 6 steps: 

1. Geometry 
2. Mesh 
3. Materials 
4. Shell thickness 
5. Restraints 
6. Loading 

A short explanation of each step will be given in the following subsections. 
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§ 2. 1 Geometry 
The TRS is built with 3 types of units. Unit 1 is a unit of 60m and welded to the 
floater. Unit 2 of 1 Orn and unit 3 of 20m are fill-in sections. All units can be 
connected to each other. A certain configuration is formed by connecting the 
required units. 

The TRS has 5 different configurations, each corresponding to a specific moon pool 
width: 

Configuration Moon pool width [m] 
Unit 1 Unit 2 Unit3 
(60m) (lOm) (20m) 

1 40 2 - -
2 50 2 1 -
3 60 2 - 1* 

4 70 2 1 1 

5 80 2 2 1 
. 

2x umt 2 can be used as well 

Table I.I: TRS configurations 

Configuration 5 is shown below as an example: 

FLOATER\ 

UNIT2 

FLOATER 

Figure I. I: Configuration 5 for a moon pool width of 80m 

The height and the width of the unit cross section are equal to the ones of the floater: 
15m and 40m respectively. 
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UNIT3 

Figure !2: Geometry of configuration 5 

The TRS is symmetric with respect to centreline of the vessel. Therefore, only half of 
the geometry is modelled in Acord CP. 

§ 2.2 Mesh 
The shells are divided in small sections where the stresses and displacements will be 
calculated. The vertical edges of the shells are divided in sections of l,5m and the 
horizontal ones in 2,0m. This results in the following mesh: 

Figure 1.3: Mesh of configuration 5 
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§ 2.3 Materials 
The shells belong to DNV's primary structural category: failure of a shell will have 
catastrophic impact on the structural integrity of the vessel. Table E.4 is followed to 
select the appropriate steel grade and shell thickness. Normal strength steel is 
preferred, due to the low steel price. 

Normal Strength steel Value 

DNV steel grade NV-NS 

Young's modulus E = 2lOGPa 

Poisson's ratio v =0,3 

Mass density p = 7,85mTon/m 3 

Maximum shell thickness tmax = 60mm 

Minimum yield stress <JY =235N/mm2 

Material factor YM =1,15 

Maximum combined stress <JvM = 204N/mm2 

Table L2: Properties of Normal Strength steel (source: DNV) 

§ 2.4 Shell thickness 
The shell thicknesses were determined for the weight estimation of the Dual Masters 
in Appendix H. These values are taken as initial values for the Acord CP model: 

Description Width [m] Height [m] tnange (mm) t.veb (mm) 

40 15 34 38 
Unit 1 40 15 32 37 

40 15 32 47 

Unit 2 40 15 33 51 

Unit 3 40 15 33 59 

Table L3: Initial values for the shell thicknesses 

Figure 1.4: 3D Sketch: Moon pool width = 80m 
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§ 2. 5 Restraints 
The cross section of the unit at the centreline is restraint for all 6 degrees of freedom. 
The movement in the direction of the shell thickness, or perpendicular to the shell, 
can be allowed with a low stiffness. However, analysing the results with a 
completely restraint cross section, the reaction forces perpendicular to the shell were 
less than 1 %0 compared to the forces in the shell. Modifying the model for the 
stiffness perpendicular to the shell is therefore not done. 

Figure 1.5: Restraints of configuration 5 

§ 2. 6 Loading 
The loading of the TRS is applied by the floater. The design load is already 
calculated in Appendix G. The design load is applied on the nodes of the floater 
perimeter. The nodal forces in the x, y and z direction are determined according the 
table below: 

Loading Principle Nodal Forces (N) 

.. '~ I \"'' N h,x = V'x . we p JI,!., l 

FJMN) Equally spread over perimeter Nv,x = (Fx · hj p )/11 
Nc,x = -t · (Nh,x + Nv,x) 

FY(MN) Equally spread over horizontal 
Nh,y =Nc,y =(t·~,)/21 edges 

Fz(MN) Equally spread over vertical Nv,z = Nc,z = (t · Fz )/11 
edges 

MJMN·m) 
Spread with equal shear stress Nh,y = Nc,y = (Mx/2h )/21 
on the perimeter Nv,z = Nc,z = (Mx/2w)/l l 

MY(MN·m) Decomposed in a couple on 
Nh,x = Nc,x = (Myjh)/21 

the horizontal edges 

Mz(MN·m) Decomposed in a couple on 
Nv,x = Nc,x = (M,/w)/11 

the verticai edges 

Table I 4: Determination of nodal forces on the perimeter of the floater 
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Evaluating table 1.4 gives the results. These values are used as input in the Acord CP 
model. 

Nodal loading Nodal loading Nodal loading 

Design load on horizontal edge on vertical edge on corners 

Nx (kN) NY (kN) Nx (kN) NZ (kN) Nx (kN) NY (kN) NZ (kN) 

Fx =73.MN l.327 - 995 - 1.161 - -

FY =62MN - 1.476 - - - 1.476 -

Fz =26.MN - - - 1.182 - - 1.182 

Mx =1.508.MN·m - 2.394 - 1.714 - 2.394 1.714 

MY =788.MN·m 2.502 - - - 2.502 - -

Mz = 1.921.MN·m - - 4.380 - 4.380 - -

Table I.5: Loading of theffoater on the TRS 

The units are designed with a minimum shell thickness of 20mm to provide sufficient 
resistance against hydrostatic and hydrodynamic water pressure and the own weight 
of the shells. The main loading on the TRS is caused by the moments applied by the 
floater. The lever arm of the hydrodynamic loading attracted by the TRS is 
considerably smaller than the one of the floater. Therefore, the floater loading can be 
considered as the main loading. 

§ 3. Stress Analysis 

All shells are checked for maximum von Mises stress. The shell thickness is adjusted 
until the maximum stress is only exceeded in the comers (see figure 1.6). Local stress 
concentrations and plate buckling are not included in the model. Stiffeners can be 
added in the detailed design to prevent them. 

Figure I. 6: Example of stress concentration 
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The shell thickness is assumed constant over the entire shell. The plate can be 
divided in sections, where the thickness can be optimised. The shell thickness 
optimisation of each section is a process of fine tuning and recommended for the 
detailed design process. 

§ 4. Weight estimation 

The weight of the plates is calculated to find a first estimation of the weight of the 
TRS. Figure I.7 is used to illustrate the shell numbering. 

Top Shell 

- - - Side Shell 
Floater x-axis 

Bottom Shell 

Vessel x-axis I ..... •••·················· -··· ····· .. .... --····--· . .. ··--···--·· ···- ·······-···-·-· .. 

Moon Pool Width = 40m 

@-7-+ ___ @_1_1_'-!-_~_'~-'-15_--+~ ____ ~s_?el x-axi~ _______ J _____ _ 

r;::;.,_
17

, Moon Pool Width = 60m 
~ ®l'J.~' ~ Vessel x-axis ··- ·-·····--·-···· ..... . ....... -.... ·-···- .. . ... . .... ·-----···· . 

Moon Pool Width = 80m 

Figure I. 7: Top view of the TRS usedfor shell numbering 

The shell thicknesses in table I.6 on the next page result in a conservative estimation 
of the TRS weight, due to the absence of the fine tuning of the shell thickness. 
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Shell No Length [m] Height [m] 
Thickness (mm) 

Weight (mTon) 
Preliminary Final 

Unit 1 (2x) 

0 40 15 37 30 141 

I 40 15 38 20 94 

2 40 40 33 33 414 

3 40 15 38 20 94 

4 40 40 33 33 414 

5 40 15 37 20 94 

6 40 20 32 32 201 

7 20 15 47 34 80 

8 40 20 32 32 201 

9 20 15 47 50 118 

Subtotal 1.853 

Preliminary weight estimation 1.802 

Unit 2 (2x) 

10 40 JS, 20 20 94 

11 40 10 33 33 104 

12 15 10 51 51 60 
13 40 10 33 33 104 

14 15 10 51 55 65 

Subtotal 426 

Preliminary weight estimation 326 

Unit 3 (lx) 

15 40 15 20 20 94 

16 40 20 ! 1~ 
.)J ! 33 207 

.. 

17 15 20 59 59 139 
18 40 20 33 33 207 

19 15 20 59 65 153 

Subtotal 801 

Preliminary weight estimation 690 

Total 5.363 

Preliminary weight estimation 4.950 

Table I. 6: Dimensions and weights of the TRS units 

Remarks - General 
Comparing the results of the Acord CP model with the results of the preliminary 
values from the weight estimation gives an impression of how the structure is 
handling the loading. Plates 10 and 15 are added to units 2 and 3 to enable watertight 
compartments. The plate thickness is estimated on 2x 1 Omm, resulting in 2x 94 
mTon of additional steel. 
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Remarks- Unit 1 
The steel required some rearranging to fit for the asymmetric loading. Remarkable is 
that the flange thickness correspond with the estimations of the simple beam 
calculations. The web thickness is increased on the sides of the moon pool and 
decreased on the other side of the unit. An additional 50 mTon of steel was added to 
cope with the design load. 

Remarks - Units 2 and 3 
The preliminary shell thick.'lesses correspond with the results of Acord, except for 
the web plates on the side of the moon pool (plates 14 and 19). The loads are not able 
to spread out over the entire cross section, resulting in stress concentrations on the 
side of the moon pool. This can be seen in figure 1.6, where an example of the stress 
level in the unit is given. Further development is recommended to optimise the local 
shell thickness. 

§ 5. Stiffness 

The stiffness of the TRS is very important for the Load Transfer System (L TS), 
where the deformation or deflections of the vessel determine the displacement of the 
lifting points. The largest displacement will occur when the vessel has the lowest 
stiffness. This occurs for configuration 5, where the moon pool width is the largest. 
The stiffness of the other 4 configurations will be higher, due to the smaller lever 
arm of the forces. 

The stiffness is measured at the location where the loading of the floater is applied to 
the TRS: the geometrical centre of the floater cross section. The displacements of the 
cross sections comers A, B, C and D are measured and processed to find the 
displacements of the centre of the cross section. The rotations of the cross section are 
found by the rotation of the diagonal AC. 

UNIT 1 

D 

Figure L 8: The floater cross section (in magenta) 

The displacements and rotations are compared with the applied load to find the 
stiffness. The combined displacements and rotations are found by linear 
superposition of the loading. 
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The stiffness is expressed in its inversed form: flexibility. The flexibility for each 
load is shown in the tables below. The flexibility matrices can be used to determine 
the displacement and rotation of the TRS for an ambiguous load. When the stiffness 
is determined for the other parts of the vessel as well, the stiffness matrices can be 
combined to find the stiffness of the complete vessel. 

Flexibility illustrates the deflections or rotations under an applied load: 

L . jl .b .1. 1 _1 displacement [ mm Jl lr mm ] znear ex1 11ty= -c = = - or --
linear stiffness applied load MN MN· m 

(I-01) 

A l jl .b .1. 1 k-1 rotation [mrad] [ mrad J ngu ar ex1 1 1ty = = = -- or --
Angular stiffness applied load MN MN· m 

(I-02) 

Maximum Displacement (mm) Linear Flexibility (mm/ MN) 

Forces (MN) 

Fx 73 

FY 62 

Fz 26 

Maximum Displacement (mm) Linear Flexibility (µm/ MN· m) 

Moments (MN·m) 

Mx 1.508 

MY 788 

M, 1.927 

Table I. 7: Linear Flexibility 

The TRS has relatively large displacements in the z direction, which is the weak 
direction of the system. The maximum displacement is ~195mm in the z-direction 
for the worst case combined loading. The displacements in the x direction due to Fx 

and M, and are also relatively high (maximum ~84mm), but compared to the loading 
gives an acceptable flexibility. The stiffness in the y direction is obviously the 
highest, as this is the strong direction of the TRS. 
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Maximum Rotation (mrad) Angular Flexibility (µrad/ MN) 

Forces (MN) 

Fx 73 

FY 62 

Fz 26 

Maximum Rotation (mrad) Angular Flexibility (µrad/ MN· m) 

Moments (MN-m) 

Mx 1.508 

MY 788 

M= 1.927 

Table 1.8: Angular Flexibility 

The angular stiffness around the x and y axes are the lowest, which can be expected 
from the geometry of the system. The y-axis is the torsion axis of the TRS units. The 
rotation around the torsion axis is ~ 7 ,8 mrad or 0,4 degrees, if the worst case 
combination of the loading is applied. 

§ 6. Conclusion 

This appendix started with 3 questions which required answers to determine the 
global feasibility of the Dual Masters concept: 

• Is the concept physically possible? 
• How much does the concept cost? 
• How does the system react to its loading? 

The first question is answered by a stress analysis. The shell thickness of the TRS 
units is first determined by calculations based on the simple beam theory. These 
thicknesses are verified with 3D finite element software, Acord CP. The shell 
thicknesses are less than 45mm with a maximum stress level of 200 N/mm2

• This 
makes the concept physically possible. 

The estimated costs of the concept are governed by the steel weight. Configuration 5 
gives the maximum weight: approximately 5.400 mTon. With construction costs of 
€3.000- per mTon, this results in €16 Million. 

The stiffness of the concept is determined for configuration 5, because this 
configuration has the lowest stiffness. The stiffness clearly demonstrated the weak 
directions of the system. The maximum displacement of ~ l 95mm occurs in the z
direction. The maximum rotation of ~7,8mrad (or 0,4 degrees) occurs around they 
axis. 
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Appendix J: TRS - Connection System 

§ 1. Introduction 

The design of the connection system is achieved in a number of steps. The normal 
and shear loading on the connections are determined in section 2. The normal 
loading is transferred by pretension. The method to transfer the shear loading gets 
special attention in the third section. An impact material is inserted to decrease the 
required quality of the connection surfaces. The selection of the impact material is 
performed in section 4. The next sections describe the considerations for the design 
of the pretension system. The last sections of this appendix provide preliminary ideas 
about the design of the comers of the TRS units and an approach system to connect 2 
TRS units. 

§ 2. Loading 

The maximum loading is calculated with the reaction forces at the restrained nodes. 
The reaction forces are thus point loads: 

Figure J. 1: Reaction forces for TRS with a moon pool width of 40m 

The perimeter of the connection is split in intervals to find an estimation of the 
distributed load. 

• 20 intervals of 2,0m for the horizontal shells 
• 10 intervals of 1,5m for the vertical shells 

60 I 59 

58 

57 

56 

55 

54 

53 

52 

51 

1 2 3 

PERIMETER OF TRS-UNIT 
456789 10 11 12 13 14 15 16 17 18 19 20 

1

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

Figure J.2: Numbering of intervals on the perimeter of a TRS-unit 
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The left shell (on the side of the moon pool) is loaded with the worst case 
combination for the normal load. Reaction numbers 51 to 61 represent the left shell: 

Reaction at Left Shell 

I• Normal •Shear I 

~~===~----========= _____ ii 

z 20.00 m . 
1!. " ! 15.00 

~ 10.00+----------------------------j 

~ 5.00+-------------------~----------l . • 0.00 A 

' 52 54 55 56 57 58 59 60 

-5.00 

-10.00 

-15.00 

Reaction No.(-) 

Figure J.3: Worst case combination of normal loading at restraints 

The reaction forces at 2 adjacent restraints are averaged to find the average load on 
the interval between the restraints: 

Mean Loading of Left Shell 

25.00 ........ -~--~-~---~- 1 

20.00T-----------------------------; 

15.00T------------------------------1 

~ 
i-10.00+---------~------------------1 

j 

• 5.00+----------------------------1 

. 
o.oo.,....---~------------------..;"---"r------4 

!1 52 53 54 55 56 57 58 59 

-s.oo~--------- -----------------· -----~ 
Interval No.(-) 

Figure J.4: Worst case combination of normal loading on intervals 

The comer intervals are not included in the analysis, because the comers of the shells 
have concentrated loads applied. The connection of the comers will be explained in 
section 10. 

The maximum average normal load is 13,2 MN/m. The load at the connection is 
corrected for a pretension of 20 MN/m in figure J.5 on the next page. 
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Effect of pretension on normal load in Left Shell 

! •Shear &I!! Normal inci. Pretension I 
5.00 ------1 

0.00 • & • . . 
·~ 52 53 54 55 56 57 58 59 <P 

-5.00 

m i 

" 
" 

" -15.00 .. 
m 

-20.00 
.. 

-25.00 --
Interval No. (-} 

Figure J. 5: Effect of pretension on normal loading 

The ratio of shear and normal compression is determined below: 

Ratio Shear I Normal load 

[•w1thoutpretension J!With pretension! 

0 50 

0.40 • 
0.30 

• 0.20 

:;:: • • 
z • 
Ui 0.10 
0 

& 
0.00 .. 

" -0.10 " 
-0.20 . 
-0.30 

51 52 53 54 55 56 57 58 59 60 

Interval No. (-) 

Figure J. 6: Maximum ratio shear I normal load 

With a pretension of 20 MN/m, the minimum ratio of shear I normal load is -0.21. 
The ratio is negative, because the normal load is compression (the absolute value is 
taken for shear). 
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§ 3. Shear transfer 

Shear can be transferred in 2 ways: form closed or by friction. 

• Form closed 
The shear is transferred through the connection surface as compression through 
inclined connection surfaces. Examples of form closed shear transfer can be 
found in figure J.7: 

TEETH 
STRAIGHT 
CRENELS 

Figure J. 7: Form closed shear transfer methods 

INCLINED 
CRENELS 

CENTRAL 
BLOCK 

The first 3 methods can be used with numerous repetitions per shell (e.g. 3 per 
meter) and with a limited number of repetitions per shell (e.g. 3 per shell). The 
stress concentration increases with a lower number of repetitions. The central 
block can be considered as the minimum number of straight crenels. The shear 
should be transferred by one side surface. 

• Friction 
Shear can be transferred by friction if the dynamic friction coefficient exceeds 
the ratio of the shear and normal compression, occurring at the contact area. 
The minimum dynamic friction coefficient is stated as 0.25 to ensure a safe 
operation of the pretension system. The dynamic friction coefficient is used to 
ensure that the shells do not start to slide because the static friction is locally 
exceeded. 

The choice of shear transfer method depends on the dynamic friction coefficient of 
the material combination at the connection. The shear transfer by friction is preferred 
because load concentrations are avoided, leading to a safer system 
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§ 4. Impact material 

The material between the shells is called impact material. The selection of impact 
material is depending on 4 main parameters: 

• Dynamic friction coefficient 
Wet steel - steel contact has a dynamic friction coefficient of fd = 0,16. This is 
insufficient to guarantee the performance of the shear transfer by friction. 

• Stiffness 
Stress concentration may occur due to geometrical imperfections of the shells 
at the contact area, e.g. welding seams and other local un-straightness. Stress 
concentrations can be prevented to a certain level by pre- or post- treatments, 
e.g. pre-deformation. An impact material can exclude the entire hazard of local 
stress concentrations. To compensate for the imperfections and avoid stress 
concentrations, an impact material with a lower stiffness can be used. 

• Relaxation and creep 
Some materials stretch in time when a constant load or displacement is 
prescribed (relaxation and creep respectively). For the pretension system, this 
would imply that the pretension force established with a certain bolt elongation 
is lost. The bolts should therefore be inspected regularly, and the pretension re
applied if required. 

• Marine environment 
The impact material is submerged in seawater. Some materials are known for 
their (ir-) resistance for the marine environment. 

The impact material should have compressive yield and shear strength (respectively 
ay,c and r ), to prevent an excessive increase of width of the pretension system. The 

following alternatives are considered: 

Material Marine Dynamic 
ay,c fr (N/mm2

) Jd(-) E(kN/mm2
) 

environment loading 

Steel + + 235 I 94 0;16 210 
(Normal Strength) 

Polymer 
+ + 60 I - >l 0,40 

(Natural Rubber) 

Hard wood (Azobe) 0 0 912 0,20 17 

Aluminium (T5) - - 175/135 0,47 70 

htt11://www.risrubber.nl 
Sources: htto://W\vw.wood-handbook.com 

htt11 :// aluminium.matter.org. uk 

Table JI: Properties of impact material alternatives 
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From the alternatives, the polymer has the most favourable combination of 
properties. Polymers are commercially available in a wide range of properties. An 
Internet research for a suitable polymer resulted in a company called Risrubber B.V. 
This company made a quotation for a supporting block for this pretension system. 

The proposed supporting block of vulcanized natural rubber has a standard size of 
1 OOO x 500 x 13mm with 2 steel plates of 3mm inside. At the end of the blocks the 
last 50mm will be without steel to avoid contact with welding seams: 

500 
450 

Figure J.8: Support block (section view) 

The steel layers inside the rubber are protected from the environment, so corrosion 
protection is not required. Natural rubber is sensitive to ozone. The support block is 
painted with an ozone protection coating to prevent exposure. To improve the ozone 
resistance, anti-ozone additives can be inserted during the fabrication process. For 
under water applications, the anti-ozone additives are not required, but when the 
support block is exposed to the open air, the additives are necessary. 

This product is frequently used in the civil industry as bridge bearings and in the 
marine environment as fender. It has the desirable mechanical behaviour due to a 
high compressive strength, a low modulus of elasticity and the high friction 
coefficient. 
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§ 5. Pretension path 

Figure J.9 shows a preliminary design. Obstacles on the outside of the shell are 
avoided to minimise the risk on damage. 

Pretension 

FLANGE 

:;, Steel Shell "-~E~"l' ---~ ~ 

Layer 

---- ...... .., IMPACT 

\MATERIAL 
\ 
\ 

\, // 

'---/~ 

Area 

Figure J.9: Preliminmy pretension design (section view) 

The pretension can be applied in 2 ways: 

• Around the connection area 

INSIDE 

OUTSIDE 

The connection area remains intact and continuous. The pretension is applied 
on the flange and is transferred around the contact area to the other flange. The 
pretension path in the device contains not only tension, but shear and bending 
as well. This device (in blue) is called a clamp. 

Figure J. J 0: Pretension with a clamp 

The clamp is designed with load spreading plates, to ensure an equal load 
distribution in the support block. The pretension is applied with hydraulic 
jacks. After the application of the pretension on the bolts, the pretension is 
secured with screws and the hydraulic jacks can be released. To avoid a large 
amount of jacks, the jacks are installed on a movable unit. 
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• Through the connection area 
The pretension device is piercing the contact area. The holes in the contact area 
can be small and numerous (high strength bolts), or big and low in number 
(high strength massive rods). The alternative with the massive rod results from 
merging a set of bolts. The pretension path is as short as possible and results in 
simple tension in the device. Figure J.11 shows an example of a bolted 
connection. 

INSIDE 

OUTSIDE 

Figure J.11: Pretension with bolts 

A disadvantage is that the area taken by the bolts or the rods should be 
compensated, resulting in an increase of the flange width. The pretension 
provided by the bolt is a concentrated load (e.g. a =500±300N/mm2 

). This load 
should be spread to an equally distributed and lower stress leve~ due to the 
limited compression strength of the natural rubber. 

In figure J.11, the lower bolt takes more load than the upper bolt, due to 
moment equilibrium. Symmetry solves this problem, at the expense of 
obstacles at the outer side of the shell: 

INSIDE 

OUTSIDE 

Figure J.12: Symmetric pretension with bolts 

The upper and the lower bolt take the same load. To prevent stress 
concentration at the connection of the flange to the shell, shear plates are 
installed on both the upper and the lower side of the shell. These flanges serve 
as protection of the bolts as well. 

The bolts are preferred above the clamps. The bending and shear stresses in the 
clamps result in heavy and clumsy elements compared to the bolts. 
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§ 6. Bolt pretension methods 

Bolt pretensioners are also referred to as bolt tighteners by SKF, an internationally 
recognised company on the field of bearing, linear motion and precision 
technologies. SKF' s 'Bolt-Tightening Handbook' is used to design the bolted 
assembly. 

The task of the bolted assembly is to ensure compression in the assembly by an axial 
pre-load tension (or pretension) in the bolt. The axial pretension can be appiied with 
the following methods: 

• Torque wrench 
This method is the most common tightening method. Its main advantage for 
bolts with a diameter below 30mm is that it is very simple and quick to use. 
The major disadvantages are: 
a) The high uncertainty of the axial pretension in the bolts, due to the 

friction coefficients between the threads of the nut and the bolt, and on 
the bearing contact surface between the nut and the flange. 

b) 'Parasite' torsion stresses reduce the axial tension capacity and 
increase the risk on spontaneous loosening of the connection. 

c) Friction between the parts can damage the bearing surface. 
d) The un-tightening can be difficult due to damage of the contact 

surfaces (local yielding) 
This method is not suitable for multiple usage and high accuracy. Attempts to 
limit the disadvantages of the method are done by either measuring the axial 
pretension or the elongation of the bolt. The sources of the disadvantage 
remain valid: torque and friction. 

• Tightening with heater rod 
The bolt is elongated by heating a rod. The nut is screwed down to the flange 
and the heated rod is cooled down. This system is accurate but slow. 

• Tightening by mechanical elongation 
The axial pretension is directly applied to the bolt. The body of the nut is 
provided with a set of small thrust screws located symmetrically around the 
main threaded hole. These screws apply - either directly or through a washer -
a bearing pressure on the contact surface of the flange. This method is time 
consuming, spacious and expensive due to the complex nut. 

• Hydraulic bolt tensioners 
An annular hydraulic cylinder is positioned around the protruding end of the 
bolt. Cold extension is applied to the bolt, after which the stress-free nut is 
lowered to the flange. The hydraulic pressure is released and the majority of 
the axial pretension is taken over by the nut. The nut and bolt are both torsion 
free and undamaged due to friction. All load capacity can be used by axial 
tension. Un-tightening of the bolt is simply the reversed process. The 
pretension can be released and reapplied to improve accuracy. This method is 
very accurate, easy to impiement and causes no damage to the parts. 

The hydraulic bolt tensioners are selected, mainly due to the obtainable accuracy and 
speed. 
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1 - The tumdown socket Is placed <.Net the nut and the 
hydraulic tensioner grasps the bolt 

3 - Met tM hydra1.1liC connections, the tensioner is pt$$$U
rised and applies the required tractive force on the bolt 

5 - Tneir pressure ls released and fue piston is pushed back. 
The tightening load is now exerted through bolt tensfoo. 

Concept Design of a Single Lift Vessel 

2 - The ~retraction unit is screwed onto 'the protruding 
end of the bolt 

4 - While the presstJl'e is ma!ntained, the nut is turned down 
wftOOut loading, using the socket and the tommy bat 

Figure J 13: Operating principle qf the Hydrocam Bolt tensioner 
(Source: SKF Bolt Tightening Handbook) 
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§ 7. Stiffness and dimensioning 

When the external force FE is applied to the assembly, the tension in the bolt is not 
increased by FE, but by F; and the compression of the flange structure is reduced 
with F2 : 

(J-01) 

The external force is spread over F; and F2 , depending on the relative stiffuess of the 
bolt and the flange structure: 

With: 

cb 
F;=--·FE 

cb +cs 

c 
Fz=--s-·FE 

cb +cs 

FE External force (MN) 

F; Part of external force taken by bolt (MN) 

F2 Part of external force taken by flange (MN) 

cb Stiffness of bolt (MN/mm) 

cs Stiffness of flange structure (MN/mm) 

Figure J.14 gives the graphical demonstration: 

Load F 

FO + Fl 

FO 

Tension in bolt 

FO-F2 ---------

STIFFNESS FLANGE 
STRUCTURE STIFFNESS BOLT 

Strain DELTA 

DELTAS 

Load F 

FO+ F2 
Compression in Flange 
--------------------

Pretension 
FO --------------

Te:":s!on i:": tm!t 
FO - F1 --------------------

STIFFNESS FLANGE 
STRUCTURE 

(J-02) 

(J-03) 

STIFFNESS BOL'7" 

Strciin DELTA 

Figure J.14: Effect of external tension (left) and compression (right) on the bolted assembly 

The cyclic normal load in the shell forms the external load. Equation J-02 
demonstrates the effect on the loading of bolt of a low bolt stiffness compared to the 
stiffness of the flange structure. The stiffuess of the bolt is preferably low, because 
the tension capacity can be low as well then, leading to smaller and/or fewer bolts. 
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Bolt Stiffness 
The bolt stiffness is determined with: 

E·A 
C 

___ b 
b -

Lb 
(J-04) 

With: 
E Modulus of Elasticity (N/mm2

) 

Ah Cross section area of bolt (mm2
) 

Lb Spring length of bolt (mm) 

The bolt stiffness can be decreased by: 

• Increasing Lb 

The spring length of the bolt is determined by the geometry of the assembly. 
The spring length can be increased by inserting washers. 

• Decreasing Ah 

The cross section area is determined by the maximum axial tension and the 
allowable stress level in the bolt. The former is an input parameter. The latter is 
determined by the yield stress of the material. A smaller area can be obtained 
by applying a material with a higher yield stress. 

• Decreasing E 
A lower modulus of elasticity (E) can be obtained by choosing another bolt 
material. Special attention should be paid to the yield stress of these materials. 
A material with a lower E can also have a lower yield stress, leading to a 
bigger cross section area (A). Therefore, the yield stress and the ratio of E/aY 

are compared for the different materials: 

Material E (kN/m 2
) aY (N/m 2

) Ejay (-) 

Steel (I 0/9) 210 783 0,27 

Aluminium 70 350 0,20 
- - -- --- - -------

Titanium 85 880 0,10 

Table J.2: Options.for bolt materials 

With the lowest ratio of E/ay and the highest yield stress, titanium is the best 

bolt material, but rather expensive. Titanium is used for aero-nautical 
applications, but this is an expensive solution for this assembly. Therefore, 
steel is preferred. It has not a favourable ratio of E/ay, but the high yield stress 

and the lower price make this material interesting. 

Conclusion: 
The bolt stiffness is decreased by using longer bolts and steel with a higher yield 
stress. 
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Stiffness of the flange structure 
The stiffness of the flange structure is the combined stiffness of all parts (in series) 
between the 2 nuts: 2 flanges, a support block and washers (if present): 

1 2 1 n 
-==-+-+- (J-05) 
Cs Cl CA Cw 

With: 
c 1 Flange stiffuess (MN/mm) 

c A Stiffness of support block (MN/mm) 

cw Stiffness of washer (MN/mm) 

n Number of washers(-) 

The stiffness of the assembly should be as high as possible, so the least stiff part 
should be made as stiff as possible. The support block has the lowest stiffness and 
should be 'stiffened'. The stiffness of the washer should be higher than the stiffness 
of the support block, to avoid a significant reduction of the stiffness of the assembly. 

Dimensioning of the bolted assembly 
The determination of the parameters of the bolted assembly is an iterative process in 
which the relative stiffness has a key role. The result of the process is given below: 

Support block Flange Bolt 

Material designation Natural Rubber Steel NV 690 10 I 9 

<JyjYM (N/mm 2
) 50 600 783 

E (kN/mm 2
) - 210 210 

Length (mm) 1000 -
Width t) (mm) 500 -
Diameter (mm) - 8 xM68x6 

Effective area 2J (103 mm2
) 468 29 

Spring length 3l (mm) 13 75 163 

Part stiffness (MN/mm) 28,8 4 l 1380 37 

Combined stiffness (MN/mm) 28 37 
1) The bolts are installed in 2 rows of 4 bolts. The SKF handbook is followed to 

determine the width of the flange, which should be sufficient to install the bolts. 
2) The flange area is reduced with 110% of the area of the bolt holes 
3) The assembly behaves like a combination of springs placed parallel or in series. 
4) Information provided by Risrubber B. V 

Table J.3: Stiffiiess of bolted assembly 
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The forces in the bolted assembly are according table J.4: 

Force Value Description 

FE 13,2 Maximum external load (sinusoidal) (MN/m) 

Fo 13,5 Applied pretension (MN/m) 

F1 7,6 Part of external load taken by bolt (MN/m) 

Fi 5,6 Part of external load taken by assembly (MN/m) 

F',,min 7,9 l) Minimum compression force on flange (MN/m) 

Fs,max 19,1 Maximum compression force on flange (MN/m) 

Fb,O 1,69 Pretension in bolt (MN/bolt) 

Fb,min 0,74 Minimum tension in bolt (MN/bolt) 

Fb,max 2,64 Maximum tension in bolt (MN/bolt) 
1) ' . The mznzmum compresszon on the .fiange zs an important parameter for the shear 

transfer 

Table J.4: Forces in the bolted assembly 

Decreasing the pretension will result in interference with the requirements for the 
shear transfer method. 

§ 8. Selection of Bolt tensioner 

A suitable HYDROCAM Bolt Tensioner is selected from the SKF catalogue. The LI d 

ratio of the bolt influences the required hydraulic capacity of the bolt tensioner. For 
the selected bolt, the ratio is: 

L = 163 =2 4 
d 68 ' 

(J-06) 

With a fine threaded bolt, the hydraulic load is approximately 1,3 x the required 
pretension in the bolt (source: SKF handbook): 

Fh = 1,3 · Fb 0 = 1,3·1,69 = 2,20.MN/bolt (J-07) 

The HTC-Rl 74 is the only bolt tensioner which can provide the hydraulic load for 
M68 bolts. 

Additional options 
If the bolts can not be screwed manually, e.g. because the space between the bolts is 
too limited, the bolt tensioner can be equipped with automatic nut handling, to screw 
the nut up and down. 

With a perimeter of the TRS unit of 11 Orn, the bolted connection exists of 110 x 8 = 
880 bolts. The bolts tensioners can be linked to tension in sets of e.g. 8 bolts. Several 
sets of linked tensioners can be used to further speed up the process. It is 
recommended to consult SKF to link the tensioners. 
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Compact and powerful 

HTC R, the most powerful tensioner 

in the Hydrocam standard range, 

can apply very high traction loads. 

The brace and the body are 

monolithic. The HTC R tensioner, 

with its automatic piston return 

and few parts, is very easy to use 

and well-suited to simultaneous 

tightening. 

Each unit is dedicated to a single 

bolt diameter 

Reference example 
for a comp!- tensioner 
for 2112" • 4 bolt: 

HTC R 137 2 1/2" - 4 

Reference example 
for tlm HTC R 137 tensioner 
body ff)r a 2 1/2" - 4 bolt: 

HTC R 137 C 2 1/2" - 4 

Concept Design of a Single Lift Vessel 

Tensioner component 
reference 

HTC R..C .. 

HTCR..J 

optional 

51CF 

Figure J.15: SKF's HYDROCAM HTC-R bolt tensioner - sketch of main parameters 
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Compact and powerful 

51c.F 43 

Figure J.16: SKF 's HYDROCAM HTC R bolt tensioner - technical specifications 
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§ 9. Location of the bolts 

The bolts can not be located in line with the shell. The offset creates bending in the 
shell. The shell was already loaded with maximum von Mises stress. The shell 
thickness is locally increased to create bending capacity. Shear plates are welded 
between the shell and flange to avoid bending of the flange. 

The hydraulic bolt tensioner requires some installation space. The geometrical 
requirements of the tensioner result in the lay-out of figures J .16 and J .17. 

Figure J.17: Lay-out of flange, repeated every meter (section view) 

Figure J.18: Detailed view of pretension (2,50m) 
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§ 10. Corners 

The loads on the comers of the TRS units are concentrated. To cope with these 
concentrated loads, tubes are installed on the comers. The same pretension system is 
used to connect 2 units. 

Figure J.19: Pretension system at a corner of 2 TRS units (Detailed view) 

§ 11. Approach 

The TRS units are equipped with an approach system to prevent unexpected loading 
and high tolerances of the pretension system. This system controls the relative 
position of 2 units. The approach system should sustain the loading on the units prior 
to the connection and control the relative motions perpendicular to the approach 
direction. The approach system should not interfere with the pretension system, 
where the pretension system has the priority. 

The approach system is integrated in the corner tubes. The tube is closed with an end 
plate. At the centre, a recess accommodates a thick walled rubber capsule: 

Figure J.20: Approach system at a corner of 2 TRS units 
(Left: exploded view, right: section view) 
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The capsule acts as an inflatable balloon. It is installed on one of the 2 units. During 
the approach, the capsule is not inflated. The capsule acts as a fender: catching up 
collisions. When the relative lateral motions of the units have decreased and the units 
almost touch, the capsules are inflated, to ensure that the comer tubes are concentric, 
and that the holes in the flanges are aligned as well. 

Figure J.21: TRS Unit 2 (capsules are in red) 

Notes for fabrication 
During the fabrication of the TRS Units, one unit will be used as a template for the 
other units, to ensure that all holes fit during the assembly. The holes for the M68 
pretension bolts will be drilled with a larger diameter, to catch up with misalignment 
and deformations. Washers will be used to ensure a safe spreading of the 
concentrated load on the flanges. 
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§ 12. Summary 

With the calculations and drawings of this appendix, the main parts of the connection 
system are designed. The design load is determined and the transfer methods are 
selected. 

The normal load is transferred by a bolt pretension system with 8x M68 bolts with a 
steel quality of 10/9. The shear load is transferred by friction, using the support block 
provided by Risrubber B.V. to provide the required friction capacity and to avoid 
stress concentrations in the connection area. 

To accommodate both the bolts and the impact material, the edges of the TRS units 
are equipped with 500mm wide flanges, reinforced by shear plates to prevent 
bending of the flange. The flanges are positioned at the centre of the shell, resulting 
in a symmetric lay-out and equal loading of the bolts. The 8 bolts are arranged in 2 
rows of 4 bolts on each side of the shell. 

The bolts are pretensioned with hydraulic bolt tensioners from SKF. The Bolt 
Tightening Handbook is followed to design and dimension the bolted assembly and 
select the hydraulic bolt tensioner: the HYDROCAM HTC-Rl 74. 

Tubes are installed on the comers of the TRS units to cope with the concentrated 
loads. These tubes are connected with an equivalent pretension system and impact 
material to transfer both the concentrated normal and shear loading. 

An approach system is installed to prevent the collisions during the approach of 2 
TRS units. The system exists of thick walled rubber capsules, integrated in the comer 
tubes. The capsules are inflated during the last phase of the approach to align the 
holes for the installation of the bolts. 
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Appendix K: Gate - Dimensions and Stiffness 

§ 1. Introduction 

The gate is verified for the same aspects as the TRS: 

• Is the concept physically possible? 
• How much does the concept cost? 
• How does the system react to its loading? 

The first question is answered with a verification of the feasibility by determining the 
stress level in the braces. The gate is therefore modelled in the 3D finite element 
software program Acord BAT® (Acord Bat). The model definition is the subject of 
section 2. 

The stress level in the braces is analysed in section 3. The wall thicknesses are 
adjusted to obtain an acceptable stress level. The results of this stress analysis are 
steel grades and wall thicknesses for each brace of the concept. 

In section 4, the results of the stress analysis are used to find the weight of each part 
of the gate. The weight is used as the main parameter for the cost estimation. The 
weight of the system is not only defined by the weight of the steel but also the steel 
grade of the steel involved. 

The last question is answered in the fifth section. The displacements for the widest 
moon pool are compared with the applied loading to get a first estimate of the 
stiffness of the concept. 

§ 2. The model 

The gate is modelled using 3D Finite Element Method: Acord Bat. A beam model in 
Acord Bat is defined in 6 steps: 

7. Geometry 
8. Joints 
9. Materials 
10. Sections 
11. Restraints 
12. Loading 

A short explanation of each step will be given in the following subsections. 
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§ 2. 1 Geometry 
The gate is built with columns and 3 types of units. The column is welded to the 
floater. Unit 1 is connected to column with the central hinge and the 2 side supports. 
Unit 2 of lOm and unit 3 of 20m are fill-in sections. All units can be connected to 
each other. A certain configuration is formed by connecting the required units. 

The TRS has 5 different configurations, each corresponding to a specific moon pool 
width: 

Configuration Moon pool width [m] Column 
Unit 1 Unit 2 Unit3 
(60m) (lOm) (20m) 

1 40 2 2 - -
2 50 2 2 1 -
3 60 2 2 - i* 

4 70 2 2 1 1 

5 80 2 2 2 1 
. 

2x unzt 2 can be used as well 

Table K.l: Gate configurations 

Configuration 3 is shown below as an example: 

Figure K.1: Configuration 3 for a moon pool width of 60m (with 2x Unit 2) 

The height and the width of the floater extensions are equal to the ones of the floater: 
l Sm and 40m respectively. 
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The model of the gate includes only half of the geometry, due to the symmetry of the 
gate with respect to the centre line of the vessel. As explained in chapter 7.5, the gate 
is modelled as a beam model, with the design load applied on 4 points located on the 
cross section of the floater extension. 

Figure K.2: Gate covering width of 40m (3D Sketch) Figure K.3: Gate covering width qf 40m (Acord Bat Model) 

The end of the units is a straight brace width a length of 1.5m. This length 
accommodates the connection system and avoids interference of the diagonal braces 
with the connection system. 

§ 2.2 Joints 

To make optimal use of the capacity of the brace, bending should be avoided as 
much as possible. If none of the braces are loaded with bending, all braces would 
transfer only with normal tension or compression. To accomplish this, all braces 
should be connected with ball joints (called articulated joints in Acord Bat). 
Unfortunately, this is not feasible for this concept. 

On the other hand, the joints of braces are not completely rigid either. The joints 
exist of welded braces. The joint has a finite angular stiffness, which can not be 
determined at this stage, due to a lack of local geometry information. To obtain a 
conservative estimation of the required brace dimensions, the structure is verified for 
both articulated and rigid joints. Some of the joints do not act as ball joints, e.g. the 
end braces of the units. These joints are modelled as rigid. 
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§ 2.3 Materials 
The braces belong to DNV' s primary structural category: failure of a brace will have 
catastrophic impact on the structural integrity of the vessel. Table E.4 is followed to 
select the appropriate steel grade and brace dimensions. 

DNV Steel properties Value 

Young's modulus E =2lOGPa 

Poisson's ratio v =0,3 

Mass density p = 7,85mTon/m3 

Material factor YM = 1,15 

Table K.2: Steel Properties 

DNV steel grade (Jv (N/mm 2
) tmax (mm) 

NV-NS 235 60 

NV-27 265 

NV-32 315 
100 

NV-36 355 

NV-40 390 

NV-420 420 

NV-460 460 

NV-500 500 
150 

NV-550 550 

NV-620 620 

NV-690 690 

Table K.3: Steel Grades (source: DNV) 

§ 2.4 Sections 

The braces are designed with a ratio of D/t "'30. This ratio avoids local buckling of 
the braces. Global buckling is included in the analysis, using Euler's Formula of 
buckling. 

The maximum brace dimensions are Dmax = 3,00m and tmax = lOOmm, to keep the gate in 
feasible dimensions. The only exception is the central vertical brace in Unit 1, which 
has a diameter of D = 4,00m, to enable the braces to joint. 

The dimensioning process is based on trial and error, as no preliminary calculations 
were performed. 
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§ 2. 5 Restraints 
The closed gate is verified for 2 cases: the design load and the own weight. The gate 
is restraint at the centre line of the vessel for the design load. To verify the influence 
of the own weight on the stress level in the gate, the underside of the column is 
restraint. The restraints are shown in red in the figures below: 

Figure K.4: Model restraints for design load Figure K5: Model restraints for own weight 

§ 2. 6 Loading 
The maximum loading at the centre of the cross section of the floater is derived in 
section 7 .2. The design load is not applied at the centre of the floater cross section, 
but at 4 nodes on the perimeter of the cross section. Illustrations of these nodes can 
be found on the next page. The design load is spread over the 4 nodes, resulting in 
the following design load per node: 

Node 1 Node2 Node3 Node4 
Design Load 

FY Fz FY Fz FY Fz FY Fz 

FY(MN) 62 -- 15,5 - 15,5 - 15 5 I - i5,5 -
- ~ - - --

F)MN) 26 - 6,5 - 6,5 - 6,5 - 6,5 

M)MN·m) 1.508 - 18,9 - 18,9 - -18,9 - -18,9 

Note: FY and Fz are in MN 

Table K.4: Design load and nodal loading 
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I!. 
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Figure K. 6: Critical points for applied load Figure K. 7: Applied design load (F J 

Besides the design load, the own weight of the gate is a loading as well. This load is 
not a nodal load, but a volumetric load, acting in the negative z-direction, with the 
acceleration of gravity. 

The inertia of the gate in x and y direction are not taken into account at this stage, but 
are recommended for the detailed design phase. The impact is expected to be minor 
for the units, but the moment caused by the units will be transferred by the column 
braces, and can cause an increase of the required design resistance. 

§ 3. Stress and Buckling Verification 

The verification of the stress level for the design load and the own weight are 
perfom1ed in 2 separate models. The verification of the stress level of design load + 
own weight is done by applying linear superposition of the normal stresses of the 
different load cases. The normal stress includes the stress due to normal loading and 
bending. The criterion for the allowable normal stress, <Jn,a, is given by the American 

Institute of Steel Construction (AISC): 

(K-1) 

As the design load acts as sinusoidal loading, the absolute values of each load are 
added, resulting in a conservative approach. The brace dimensions are adjusted until 
the maximum stress is within 5% of the allowable stress. 

This 5% is considered as local stress concentration, which can be prevented by 
adding local reinforcements, like small increases in wall thickness or stiffeners. 

The brace dimensions are assumed constant over the entire length. The plate can be 
divided in sections, where the diameter and wall thickness can be optimised. The 
optimisation of each section is a process of fine tuning and recommended for the 
detailed design process. 

Appendix K: Gate - Dimensions and Stiffness Page 84 



Plaiform Removal in the North Sea Concept Design of a Single Lift Vessel 

Global buckling of the braces is verified using the buckling theory of Euler: 

(K-2) 

F, 2 1C
2

·E·Jbracc 
buckle = n · L1 (K-3) 

With: 
D Brace diameter [ m] 

Wall thickness of brace [m] 

L Buckling length of brace [m] 

I brace Moment of inertia (m 4) 

n The number of buckling mode, default: n = 1 (-) 

E Modulus of Elasticity (MN/m2
) 

F buckle Maximum buckling force (MN) 

The buckling length is determined using the figures below: 

Figure K.8: 3D Sketch for buckling length of braces Figure K.9: 3D Sketch for buckling length of braces 
(Closed gate) (Open gate) 

Global buckling is a stiffness based phenomenon, and independent of the yield stress. 
To verify the braces for global buckling, the normal stresses are multiplied with the 
cross section area to find an equivalent (compressive) normal force. The word 
'equivalent' is used to emphasize that the normal stress is derived from both normal 
forces and bending in the tubes. 

Fn,equivalent = (J n,max · Abrace 

Fn,equivalent ==> (Jn max = ---'--'----
, Abrace 
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The maximum buckling force should exceed the equivalent normal force to ensure 
that no buckling will occur: 

F < F, Fn,equivalent < Fbuckle (5 < (5 
n,equivalent - buckle ==> - ==> n max - bucklin(T 

Abrace A brace , 
0 

(K-5) 

Dividing the buckling force with the cross section area gives the allowable buckling 
stress <5 buckling , which is compared with the maximum normal stress. 

The buckling length of the braces that pierce the floater extension is from the floater 
extension to the end of the brace. For all other braces, the buckling length is equal to 
the length of the brace. 

Results 
All braces are verified for maximum normal stress and for buckling. The next pages 
give a summary of the intermediate and final results of the calculations. 

All braces were found acceptable, except for the normal stress in the end braces of 
the units. Special attention will be given in the detailed design loop to cope with 
these stress concentrations. 
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The first step is to determine the geometric properties of the braces and the allowable 
buckling stress: 

Column D t L A I brace Lbuckle (j buckle 

Brace# (mm) (mm) [m] (m2) (m4) [m] (N/mm2) 

1 1800 60 20,4 0,339 0,124 20,4 1824 

2 450 15 8,0 0,021 0,000 8,0 741 

3 1800 60 20,4 0,339 0,124 20,4 1824 

4 2500 100 42,5 0,785 0,544 35,0 1171 

5 2500 100 42,5 0,785 0,544 35,0 1171 

6 2500 100 47,1 0,785 0,544 38,8 954 

7 2500 100 47,1 0,785 0,544 38,8 954 

8 2400 80 47,1 0,603 0,393 38,8 897 

9 450 15 8,0 0,021 0,000 8,0 741 

10 1800 60 20,4 0,339 0,124 20,4 1824 

11 1800 60 20,4 0,339 0,124 20,4 1824 

12 2400 80 47,1 0,603 0,393 38,8 897 

13 1000 30 20,4 0,094 0,011 20,4 569 

14 1000 30 20,4 0,094 0,011 20,4 569 

15 1000 30 47,1 0,094 0,011 38,8 157 

16 1000 30 47,1 0,094 0,011 38,8 157 

17 400 15 8,0 0,019 0,000 8,0 578 

18 1000 30 42,5 0,094 0,011 35,0 193 

19 1000 30 20,4 0,094 0,011 20,4 569 

20 1000 30 20,4 0,094 0,011 20,4 569 

21 1000 30 42,5 0,094 0,011 35,0 193 

Table K.5: Brace geometry and buckling properties.for Column 
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Brace D t L A I brace Lbuckle (J buckle 

# (mm) (mm) [m] (m2) (m4) [m] (N/mm2) 

Unit 1 

1 2500 100 20,4 0,785 0,544 20,4 3.448 

2 2500 100 20,4 0,785 0,544 20,4 3.448 

3 450 15 8,0 0,021 0,000 8,0 741 

4 2500 100 28,6 0,785 0,544 28,6 1.754 

5 2500 100 28,6 0,785 0,544 28,6 i.754 

6 4000 100 20,0 1,257 2,331 20,0 9.611 

7 3000 100 3,0 0,942 0,959 3,0 234.302 

8 3000 100 38,5 0,942 0,959 38,5 1.423 

9 3000 100 3,0 0,942 0,959 3,0 234.302 

10 3000 100 19,3 0,942 0,959 19,3 5.661 

11 3000 100 19,3 0,942 0,959 19,3 5.661 

12 2500 85 27,8 0,668 0,471 27,8 1.891 

13 2500 85 27,8 0,668 0,471 27,8 1.891 

Unit 2 

1 3000 100 10,0 0,942 0,959 7,0 43.062 

2 3000 100 10,0 0,942 0,959 7,0 43.062 

3 2500 70 21,2 0,550 0,395 21,2 3.312 

4 2500 70 21,2 0,550 0,395 21,2 3.312 

Unit3 

1 3000 100 20,0 0,942 0,959 17,0 7.297 

2 3000 100 20,0 0,942 0,959 17,0 7.297 

3 2500 70 26,2 0,550 0,395 26,2 2.168 

4 2500 70 26,2 0,550 0,395 26,2 2.168 

Table K.6: Brace geometry and buckling properties.for units 

Wifh, th_i§ infcmnation, the stresses are determined for rigid and articulated joints. 

Appendix K: Gate - Dimensions and Stiffness Page 88 



'" 

1/ 

Platform Removal in the North Sea Concept Design of a Single Lift Vessel 

Rigid Joints . Articulated Joints 

Brace Design Loads Own Weight Design Loads Own Weight 
Grand 

Max Max Max 
# Fy Fz Mx Closed Open Fy Fz Mx Closed Open 

(N/mm2
) (N/mm2

) (N/mm2
) (N/mi112) (N/mm2

) (Nlmm2
) (N/mm2

) (N/mm2) (N/mm2
) (N/mm2

) (N/mm2
) (Nlmni) (N/mnl) 

Column 

1 10 81 -37 27 29 155 50 9.7 -28.9 23.6 24 113 155 
2 0 144 3 4 -12 152 149 0 1 -5.9 -6 156 156 
3 10 82 -37 25 25 154 50 9.7 -28.9 22.2 22 111 154 

4 -2 110 -57 16 -10 184 93 -0.1 -52.8 10.8 -4 157 184 

5 -2 110 -57 17 -12 185 94 -0.1 -52.8 10.9 -4 157 185 
6 -10 -146 53 -30 -26 240 -97 -9.6 27.7 -28.8 -29 163 240 
7 -10 -146 53 -32 -26 241 -97 -9.6 27.7 -30.2 -30 164 241 
8 -15 -60 65 -28 -31 168 0 -12.4 35.9 -33.2 -33 82 168 
9 0 -150 -2 4 12 157 -153 0.1 0.3 7.9 3 162 162 
10 11 84 -40 27 28 161 48 9.5 -27.6 23.5 24 109 161 
11 11 84 -40 26 23 160 48 9.5 -27.6 22.4 22 108 160 
12 -15 -60 65 -29 -32 169 0 -12.4 35.9 -34.7 -35 83 169 
13 3 -9 6 26 22 44 0 0 0.2 22.6 23 23 44 
14 3 15 -7 26 22 50 0 0 -0.2 22.4 22 23 50 
15 -1 -23 11 -41 -44 76 0 0 0 -51.7 -52 52 76 
16 -1 23 11 -40 -45 74 0 0 0 -52.4 -52 52 74 
17 1 10 -7 A -5 22 0 0 0 -6.6 -7 7 22 

18 1 6 -3 -15 89 89 1 0 -0.2 -4.1 96 96 96 

19 1 11 -5 -11 -22 29 0 0 0 -17 -113 17 29 

20 0 10 -5 ~9 -22 24 0 0 0 17 -113 17 24 

21 -1 -6 3 -15 88 88 -1 0 0.2 -4.1 96 96 96 

Table K. 7: Stresses in braces.for Column 
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Rigid Joints Articulated Joints 
Brace Design Loads 0wn Weight Design Loads Own Weight 

Grand 
Max Max Max 

# Fy Fz M, Closed Open Fy Fz Mx Closed Open 

(N/mm2
) (N/mm2

) (N/mm2
) (N/mm2

) (N/mm2
) (N/mm 2

) (N/mm2
) (N/mm2

) (N/mm2
) (N/mm2

) (N/mm2
) (N!mm2

) (N/mm2
) 

Unit 1 

I -128,2 2,5 76,5 -25,3 -10,6 233 -89, I 0 51 -19, I 6,9 159 233 
2 -128,2 2,5 76,5 -24,8 -6,7 232 -89,1 0 51 -19, I -6,9 159 232 
3 3,8 -0,2 1,2 4\0 -23,2 23 3,2 0 -1,5 6,3 -5,9 11 23 
4 148,8 -4,3 -83,3 25,6 27,4 262 124,7 0 -71,4 26,7 35,2 223 262 
5 148,9 -4,3 -83,3 26,1 27,3 263 124,7 0 -71,4 26,8 35,2 223 263 
6 -162,2 -10,2 91,3 -23,~ -29,4 287 -118,2 3,8 66,2 -22 -29,2 210 287 
7 172,1 -70 -95,3 14,5_ 14,6 352 174,1 -70,8 -96,3 14,8 14,8 356 356 
8 -264,2 44,5 108,5 -29,4 -32 447 -234,4 66,1 94,1 -44,3 -44,4 439 447 
9 -230,3 129,2 93,3 -3~,4 -32,l 485 -236,5 137,3 95,1 -37,7 -37,7 507 507 
10 180,4 -66,9 -98,7 20,6 20,6 367 185,6 -68,1 -101,3 19 19 374 374 
11 202,6 -23,6 -109 28,l 28,5 363 186,7 5,3 -101,9 36,9 36,9 331 363 
12 -50,6 -60,2 29,2 -33,1 -36,6 173 -3,1 -57,9 1,5 -31,6 -31,6 94 173 
13 -35,7 105,5 11,9 34,~ 35,1 188 -0,8 56,3 0,3 22,4 22,4 80 188 

Unit 2 
I -239.8 130.8 94 -4 -4 469 -243.3 163.5 95.3 -18.8 -4 521 521 
2 166.4 -91.8 -93.8 6.5 6.5 359 172.4 -85 -95.6 15.1 6.9 368 368 
3 - - - - - - - - - - ·- - -
4 -13.1 -109.7 4.2 -7.3 -7.6 134 0.4 -68.2 -0.5 -11.6 -5.2 81 134 

Unit 3 
I -245,2 128,4 95 18,? 18,8 487 -243,3 163, 1 95,2 -18,8 -18,8 520 520 
2 170,8 -88 -94,8 14,? 14,6 368 172,3 -86,1 -95,5 14,8 14,8 369 369 
3 - - - - - - - - - - - - -
4 -22,6 -117 ,9 7,5 -18,2 -18,5 166 0,3 -68 -0,5 -11,5 -11,5 80 166 

Table K.8: Stresses in braces.for Units 
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The stresses are verified for buckling and a required yield stress is given: 

Max Max 
Buckling 

Required Minimum 
Brace Normal Buckling 

Verification 
Yield Steel 

# Stress Stress Stress Grade 

(N/mm2
) (N/mm2

) (-) (N/mm2
) (-) 

Column 

1 155 1824 Ok 231 NV-NS 

2 156 741 Ok 233 NV-NS 

3 154 1824 Ok 230 NV-NS 

4 184 1171 Ok 275 NV-32 

5 185 1171 Ok 276 NV-32 

6 240 954 Ok 358 NV-40 

7 241 954 Ok 360 NV-40 

8 168 897 Ok 251 NV-27 

9 162 741 Ok 242 NV-27 

10 161 1824 Ok 240 NV-27 

11 160 1824 Ok 239 NV-27 

12 169 897 Ok 252 NV-27 

13 44 569 Ok 66 NV-NS 

14 50 569 Ok 75 NV-NS 

15 76 157 Ok 113 NV-NS 

16 74 157 Ok 110 NV-NS 

17 22 578 Ok 33 NV-NS 

18 96 193 Ok 143 NV-NS 

19 29 569 Ok . 43 NV-NS 

20 24 569 Ok 36 NV-NS 

21 96 193 Ok 143 NV-NS 

* These braces will receive special attention during detailed design phase 

Table K.9: Buckling ver(fication and Minimum Steel Grade calculation 
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Max Max 
Buckling 

Required Minimum 
Brace Normal Buckling 

Verification 
Yield Steel 

# Stress Stress Stress Grade 

(N/mm2
) (N/mm2

) (-) (N/mm2
) (-) 

Unit 1 

1 233 3.448 Ok 348 NV-36 

2 232 3.448 Ok 346 NV-36 

3 23 741 Ok 34 NV-NS 

4 262 1.754 Ok 391 NV-40 

5 263 1.754 Ok 393 NV-40 

6 287 9.611 Ok 428 NV-420 

7 356 234.302 Ok 531 NV-550 

8 447 1.423 Ok 667 NV-690 

9 507 234.302 Ok 757 NV-690* 

10 374 5.661 Ok 558 NV-550 

11 363 5.661 Ok 542 NV-550 

12 173 1.891 Ok 258 NV-27 

13 188 1.891 Ok 281 NV-32 

Unit 2 

1 521 43.062 Ok 778 NV-690* 

2 368 43.062 Ok 549 NV-550 

3 - 3.312 Ok - NV-NS 

4 134 3.312 Ok 200 NV-NS 

Unit3 

1 520 7.297 Ok 776 NV-690* 

2 369 7.297 Ok 551 NV-550 

3 - 2.168 Ok - NV-27 

4 166 2.168 Ok 248 NV-27 
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§ 4. Weight Estimation 

With the results of the brace properties and the calculation of the minimum Steel 
Grade, the preliminary values of the required weight per steel grade and per item are 
determined: 

Column Unit 1 Unit 2 Unit3 

NV-NS 302 1 183 226 

NV-27 555 146 - -
NV-32 524 146 - -
NV36 - 252 - -
NV-40 580 353 - -
NV420 - 197 - -
NV-550 - 308 74 148 

NV-690 - 307 74 148 

Total per Item 1.961 1.710 331 522 

Table K 10: Summary of weight per steel grade and item 

The weight summary excludes the weight required for the floater extension. This 
weight is estimated on approximate 1.000 mTon ofNV-NS steel per side. 

Comparison with TRS 
The weights of each item is used to find the weight per configuration, and compared 
with the estimated values for the TRS: 

All in mTon Column Unit 1 Unit 2 Unit 3 Gate TRS 

Gate Unit Weight 2.961 1.710 331 522 - -
IRS Unit Weight - 1.853 426 801 - -

Configuration 

1 ! 2 2 - - 9.342 3.706 
- -

2 2 2 l 9.671 __ 4.Hi - - ---- -

3 2 2 2 - 10.004 4.558 

4 2 2 1 1 10.195 4.933 

5 2 2 2 1 10.526 5.359 

Table K.11: Summary of weight per configuration 

Bearing in mind that the gate is only active in the y-z plane and the TRS in all planes, 
it is remarkable that the gate requires more than 2x the amount of steel for the gate. 
Transferring the design load above the cut line of the jacket leg has a significant 
influence on the required amount of steel. 
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§ 5. Stiffness 

The stiffness of the gate influences the performance of the Load Transfer System, 
where the deflections of the vessel determine the displacements of the lifting points. 
Equivalent to the TRS, the largest displacements occur for the largest moon pool 
width: configuration 5. 

The deflections under the own weight is important for the closure of the gate as well. 
The deflections of the gate prior to the closure should be compensated or adjusted to 
allow the gate to close. 

The displacements of the extreme ends of the gate are therefore determined for 3 
cases: 

Case# Description Orientation of gate Own weight Design Load 

1 During Approach Open No 

2 Prior to closure Closed Yes No 

3 After closure Closed Yes 

Table K.12: Cases.for stiffaess calculation 

For the 3rd case, the own weight and the design load are acting simultaneous. As 
described in section 2, the restraints and loading are different for each type of load. 
The stiffness will therefore be determined by adding the displacements. 

Case 1: 

Own Weight 

u v w 
Extreme end of the 

35,4 -16,9 -95,7 
upper brace of Unit 3 
Extreme end of the 

7 -16,l -112,8 l ~~ ,..._ ,__,,.. .-..+TT .... ~+ 'l I 10W1;;1 u1ace VJ. UHH J 

Table K.13: Displacements (in mm) for case 1 

Case 2: 

Own Weight 
u v w 

Extreme end of the 
0,0 -15,8 -56,0 

upper brace of Unit 3 
Extreme end of the 

0,6 -0,6 -72,7 
lower brace of Unit 3 

Table K.14: Displacements (in mm) for case 2 
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I 
I 

I 

I Fy 
I fz 

I Mx 

Case 3: 

Node# 1 2 3 4 
u -3 2 3 -2 

Fy v 446 446 456 455 
w 312 312 -33 -33 

u 0 0 0 0 
Fz v 59 59 58 58 

w 114 114 72 72 

u 0 0 0 0 
Mx v 207 207 212 212 

w 150 150 -28 -28 

u 0 0 0 0 
Own weight v 4.0 4.3 2.5 2.2 

w 0 0 0 0 

Absolute 
u 3 3 4 3 

Maximum 
v 716 716 728 727 

w 575 575 132 132 

Table K.15: Displacements (in mm) for case 3 

The stiffness of the gate is determined for the design load, using figure K.6 and K.7. 
The displacements of the 4 loaded nodes are averaged and the divided with the 
applied load to find the inversed stiffness (or flexibility) in they and z direction. The 
rotation Bis found by combining the displacements of points 1 and 3. 

v w B -I 
cY 

-I k-1 cz x 

(MN) (mm) (mm) (mrad) (mm/MN) (mm/MN) (µrad/MN) 
Fy 62 451 139 -1.05 7,27 2,25 -17 

Fz 26 58 93 -8.61 2,25 3,57 -331 

MN.m (mm) (mm) (mrad) (mm/MN.m) (mm/MN.m) (µrad/MN.m) 

Mx 1.508 209 61 4.44 0,14 0,04 3 

Table K.16;· Stiffoess for design load 

Stiffness Summary for TRS and Gate 
Summarizing the stiffuess for the TRS and the gate results in table K.16: 

TRS Gate 
-I -I k-1 -I -I k-1 cy cz x cY cz x 

(mm/MN) (mm/MN) (µrad/MN) (mm/MN) (mm/MN) (µrad/MN) 
0,17 0 -1 7,27 2,25 -17 

0 3,23 -68 2,25 3,57 -331 
(mm/MN.m) (mm/MN.m) (µrad/MN.m) (mm/MN.m) (mm/MN.m) (µrad/MN.m) 

0 0,064 2 0,14 0,04 3 

Table K.17: Comparison of stiffoessfor TRS and Gate 

It appears that transferring the design load above the cut line of the jacket legs does 
not benefit the stiffuess, especially not for the transverse and vertical forces. 
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Even though the stiffness of the gate is lower than the stiffness of the TRS, the 
deformations are not excessive. The maximum rotation of the floater is 
approximately 14 mrad or 0,80 degrees. The displacements of the centre of the 
floater are noticeable higher: the maximum displacement for the worst case 
combined loading is approximately 740 mm, which is more than 3x higher than the 
maximum displacement of the TRS (approximately 215mm). 

§ 6. Conclusion 

This appendix has a similar structure as Appendix J and started with 3 questions 
which required answers to determine the global feasibility of the concept for the gate: 

• Is the concept physically possible? 
• How much does the concept cost? 
• How does the system react to its loading? 

The first question required a stress analysis. A beam model was made in the 3D finite 
element software program Acord Bat. This model is used with trial and error to find 
the brace dimensions. The stress levels were determined using a maximum brace 
diameter of 3,00m and a maximum wall thickness of lOOmm. 

The weights of the different items or parts of the gate were determined, together with 
the required steel grade and combined to find the weights for the different 
configurations. The majority of the steel is High Strength (HS) steel. The maximum 
weight is given by configuration 5: approximately 10.500 mTon (approximately 2x 
higher than the estimate for the TRS weight). The estimated costs of the concept are 
€47 Million, using €4.500 per mTon. 

The stiffness of the concept is determined for configuration 5, because this 
configuration has the lowest stiffness. Comparing the stiffness of the gate with the 
TRS clearly demonstrated the weak properties of the gate: handling the transverse 
and vertical forces. Transferring the design load above the cut line of the jacket legs 
frt;:a!e~ icirg_e JJ1()ments in the gate, leading to. reiatively large displacements. The 
maximum displacement of ,:_:720mm occurs-In the y-diiectio:ri. The maxirrnim rotation 
of ~14mrad (or 0,80 degrees) occurs around the x axis. 
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Appendix L: Gate - Roller Coaster 

§ 1. Introduction 

This appendix deals with the practical realisation of the roller coaster. The main 
design challenge is to construct a gate which can be opened and closed in a relative 
short period, to minimize the period that the vessel embraces the platform before to 
activate the Load Transfer System 

In chapter 7.7, the main functions are identified. In this appendix, the roller coaster 
will be designed to accommodate each of the functions. The starting point is the 
determination of the requirements and design load for each function. Thereafter, the 
track-and-traveller is taken as the base of the design and expanded with vertical 
compensation, positioning and brace connections. 

§ 2. Requirements and Design Loads 

§ 2. 1 Track-and-Traveller 
The track-and-traveller is characterized by the magnitude and direction of its loading. 
The loading is caused by the static and dynamic effect of the self-weight of the gate 
on the side supports. When the gate is open, these should be transferred through the 
traveller, via the track into the column. The design load for the traveller is in this 
conceptual stage estimated as 100 ± 30% of the static self-weight. The main load 
direction on the track-and-traveller is therefore in vertical tension. 

Side 
Supports 

Central 
Support 

UNIT 1 

Figure L.l: Location of Centre of Gravity of assembled Unit 1 and Unit 3 

UNIT 3 

The maximum weight of the gate occurs when unit 1 is connected to unit 3: the 
estimated self-weight is then 1710 + 552 = 2262 mTon. The centre of gravity of the 
assembled units is assumed to be 20m from the central support. This leads via a 
leverage around the central support of 20m : 20m to an uplift force of approx. 1500 
mTon or 15 MN for each side support. 

When unit 1 is not connected to unit 3, but to unit 2 or no other unit at all, the weight 
of the gate will be lower, and the centre of gravity will be closer to the central 
support. Both effects result in lower reaction forces at the side supports. 
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§ 2.2 Vertical Compensation 
The extreme ends of the gate, at the centreline of the vessel, can have vertical 
displacements. The main causes of these displacements are the self-weight of the 
gate, the hydrodynamic loading and the ballasting conditions in the vessel. The 
displacements cause difficulties to close the gate and should be compensated. 
Therefore, the central bearing support is modelled with some angular flexibility to 
allow moments. The connection at the side support with the traveller is equipped 
with vertical compensation: hydraulic jacks which can manipulate the position of the 
extreme ends of the gate: 

VERTICAL 
cOMPENSATIOll ; I 

CENTRAL SUPPORT 
Willi 

ANGULAR FLEXIBILITY 

Figure L.2: Principle sketch of vertical compensation (unit 1 and unit 3) 

The vertical compensation is installed on the side supports. The actual compensation 
occurs when the gate is being closed: Prior to the closure, the extreme ends should be 
compensated to align with the counterpart. The design load is equal to the one of the 
traveller: 15MN per side support. The compensation is applied with leverage. For the 
configuration shown in figure L.2, the leverage is 1 : 3. If the side support is lowered 
with 10 mm, then the extreme end is lifted with 30 mm. 

The maximum vertical compensation can be derived from a complete vessel analysis, 
which is not possible at this stage of the design. Therefore, the maximum 
compensation is preliminary set on 200mm, equivalent to an orientation of approx. 
0.5° for the shown gate. 

§ 2.3 Positioning 
As described in section 7. 7 of the main report, the traveller will be pushed or pulled 
along the track. The load P required to move the traveller is depending on the friction 
between the track and the traveller. With Teflon between the track and the traveller, 
the friction is approximately 4% of the normal load. The gate will accelerate the 
orientation if the friction is well exceeded. Therefore, the load P on the traveller is set 
to 6% of the normal load N: 

P = 0.06· N = 0.06·(2·15)=1.8.MN (L-1) 

The method to transfer this load P from the traveller into the side supports will be 
discussed in the next section. 
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§ 2.4 Brace Connections 
With the introduction of the vertical compensation, the design of the brace 
connection is made more difficult. The distance between the braces in the column 
and the side support has become flexible and should be 'frozen' as desired. The brace 
connection is a part of the active gate, with the large design load. 

The design load for the brace connections will be based on the axial capacity of the 
braces which are connected. The main parameters are therefore the allowable normal 
stress (defined by the steel grade), the diameter and the wall thickness: 

With: 

F 

D 

Axial capacity of the connected braces (MN) 

Allowable normal stress ( N /mm 2 
) 

Brace diameter [m] 

Wall thickness ofbrace [m] 

(L-2) 

As a part of the active gate, the connection should exist of mechanical or solid parts. 
If hydraulic systems are used, these are not allowed to act permanently. Hydraulics 
are only allowed for short periods, e.g. during installation or when the gate is open. 
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§ 3. Concept Design 

§ 3.1 Track 
The task of the track is to provide a path to travel from position 'Closed' to position 
'Open'. The gate hinges around the central support bearing. The track is therefore a 
part of a circle. 

For a quick estimate of the occurring bending moment during the orientation of the 
gate, the arced track is simplified to a simple supported straight beam, without 
intermediate supports. The unsupported arc length of the track is measured in 
SolidWorks, and is approximately 24m. 

CENTRAL SUPPORT 

[------------··-... .. J,;=24.m_ __ . ____ . ___ -- -i 

L2=L1+8m 

I L1 Sm 

Figure L. 3: Column without track Figure L. 4: Track as simple supported beam 

The distance between the side supports is preliminary set to 8m. The maximum 
bending moment is determined to find the required section modulus of the track. As 
shown in figure L.3, the ioading from the side supports is mode lied as point loads. 
This will result in conservative values for the section modulus of the track. 

Section force along the track 

z 
i!. 1ot--------------+------< 
! 
~ >+---------~----~---! 

~ o+--------<------------l ~ '~ 
I 

PositionX(m) 

Figure L. 5: Section.force along the track 
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Figure L. 6: Section moment along the track 
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The maximum section moment is determined by the first part of the section moment 
line: 

Mmax =-Ri. Li =-(2. F-R2)· Li= [-2 ·F +(Li ·F ~ Lz. F )]·Li 
=-2· F ·Li+~ ·(Li+ L2)·Li = ~ · (-2·L ·Li+ Li+ (Li +8)· Li) (L-3) 

With: 

L 

= \F ·(Li+ (4-L)·LJ 

Maximum section moment (MN.m) 

Maximum tension force (point load) (MN) 

Reaction force at respectively support 1 and support 2 (MN) 

Distance between supports (equal to unsupported arc length) [m] 

Distance from support 1 to point load 1 [m] 

Distance from support 1 to point load 2 (L2 =Li + 8m) [m] 

The maximum bending moment in the beam is found by optimising to Li : 

8 (M max) = ~[ 2. F . (L2 + (4 - L)· L )~ = 0 
8L 8L L 

1 1 
i 1 

(L -4) 
LI= = lOm :::::> M max = 125 Jv1N . m 

2 

(L-4) 

An equivalent analysis is performed for the last part of the section modulus line. This 
resulted in: 

o(Mmax) _ 8(R2. (L- Lz)) _ _§_[- 2 . F. (Li+ (12- L)· Li+ 32-4. L )l = 0 
8L1 8Li 8Li L J 

(L-12) 
L = 6m => M = 125M.iV · m i 

2 
max 

(L-5) 

The maximum section moment is Mmax =125M.i\T·m. For the track, DNV's steel grade 

NV-420 is chosen: steel with a yield stress of <JY =420N/mm2 and a maximum wall 

thickness of tmax = l 50mm . The maximum bending stress CJ b,max for this steel grade is 

found by the recommendations of the AISC: 

(Jb,max =0.60·(JY =252N/mm 2 

The track should therefore have a minimum section modulus Smin of: 

Smin = Mmax = 125 = 0.50m3 
(Jb,max 252 
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(L-6) 

(L-7) 

Page 100 



Platform Removal in the North Sea Concept Design of a Single Lift Vessel 

The track is split in 2 smaller tracks on each side of the braces, to introduce some 
space to integrate the brace connections in the track-and-traveller. Assuming equal 
load spreading, each small track should at least have half the minimum section 
modulus: 

SsT,min =f·Smin =0.25m3 

Figure L. 7: 3D Sketch of brace with small tracks 

E 
E 
0 

~ 
II 
~ 

(L-8) 

Section View 
Small Track 

tw=7Smri1 

Figure L.8: Cross section of small track 

The small tracks are extended with a V-shape on top of the square shape. The 
function of this V-shape will be explained later in this section. The section modulus 
is calculated for the small tracks excludii1g the V shape. The numbers are taken from 
figure L.8. 

fw=fz·tw·(h-2·tJ =25.6·10-3m4 

Ir =fi-b·tJ +b·tr ·(+·(h-tr)~ =86.8·10-3 m4 

IsT =2·Iw+2·Ir =0.225m4 

SST = 2· !ST /h = 0.25m3 '2: S ST,min 

(L-9) 

The section modulus of the small track meets the requirement of equation L-8. 

As can be seen in figure L. 7, the small tracks are connected to the brace. These 
connections will provide the design resistance to cope with the eccentricity moment 
caused by the distance between the centres of the brace and the small tracks. The 
flanges of the connection will also serve as external and I or internal ring stiffeners to 
ensure that the brace maintains its shape. The distance between the centres of the 
tracks is set to 5.75m, to create space to integrate the other functions. 

The connection of the tracks to the braces is not investigated in fu..rther detail; this is 
recommended for the detailed design phase of the project. 
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To conclude the study on the track, the extreme ends are fitted with stoppers, to limit 
the orientation of gate: 

Figure L.9: 3D Sketches of Column with track (Left: Portside column, Right: Starboard column) 

§ 3. 2 Side Supports 
The side supports are loaded when the gate is closed and during vertical 
compensation. When the gate is closed, the load is directly transferred through the 
brace to the vertical braces in the column (the long blue braces in figure L.9). When 
the vertical compensation is active, the load should be transferred from the brace to 
the small tracks. To transfer the latter, the side supports are equipped with 'wings'. 
The main task of the wings is to transfer the design load of the open gate above the 
small tracks. The wings should also accommodate the connections for the hydraulic 
jacks of the vertical compensation. 

Figure L.10: The wings of the side supports (in light blue) with hydraulic jacks 
(L~ft: 3D Sketch, Right: Bottom View) 
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§ 3. 3 Hydraulic Jacks 
The hydraulic jacks should have the capacity to safely handle the design load of the 
vertical compensation: l 5MN per side support. The hydraulic jacks are placed 
symmetrically: 2 on each side. Each of the 4 jacks should at least have a Safe 
Working Load SWL of 4MN or 400 mTon. The minimum stroke of the jacks should 
be at least 200mm. 

The minimum diameter of the hydraulic jack is depending on the hydraulic pressure: 

(L-10) 

With: 
F Design load (N) 

p HJ Maximum hydraulic pressure in hydraulic jack ( N J mm 2 
) 

AP Area of the piston ( mm2 
) 

dp Diameter of the piston (mm) 

With a maximum hydraulic pressure of 600 bar (equivalent to 60N/mm2 
), the 

diameter of the piston should be approx.: dp "'300mm. 

§ 3.4 Traveller 
The main task of the traveller is to transfer the tension load from the wings of the 
side supports to the track, whilst allowing the orientation of the gate. The most likely 
way to move the traveller is to skid it along the track. In 'normal' skidding 
operations, compression loads are transferred from skid shoe to skid track into the 
fixed world. In this skidding application, the applied load is in tension. To implement 
the proven technology of skidding by Teflon pads, the traveller should reach under 
the track, to apply the load in compression. 

How to apply 
a· tension load 

to.the smafl track 
??? "-... 

Figure L.11: How to apply a tension load? (Left: 3D Sketch, Right: 2D Sketch) 
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Other concepts to transfer the tension load to the track are investigated, e.g. 
transferring the load as compression in the top flange and using pretension to ensure 
compression on the top flange. All attempts resulted in unfeasible concepts: the track 
would require reinforcements, or the track would have a discontinuous or open 
shape. 

The concept of the traveller starts with 2 beams under the track. Both beams have the 
same curvature as the small tracks above them and cover both side supports, as 
shown below: 

Figure L.12: Traveller beams under the small tracks (in dark grey) 

Brackets connect the traveller beams to the hydraulic jacks, following the force path 
as demonstrated in the right side of figure L. l 0. The brackets should be able to deal 
with the tension and the bending moment applied by the hydraulic jacks. The tension 
load is FHJ = I5MN. The bending moment is depending on the lever arm r, which is 

unknown at this stage. The bracket will be designed with DNV's Normal Strength 
Steel, with a yield stress of er Y = 23 5 N / mm2 

• The maximum bending stress will be 

crb,max =0.60·crY =l4lN/mm2 (as recommended by AISC). 

The bracket is designed with 4 stiffeners, 2 for each hydraulic jack. The stiffeners 
have the functions of webs compared with a normal beam. The stiffeners are welded 
to flanges to provide the required section modulus. 
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Ill Web 

@ j 

l 
) 

Figure L.13: The cross section in top view of the bracket 

The section modulus can be determined with equation L-11, which is equivalent to 
equation L-9. The values are taken from the figure above: 

I =.l·t ·(h-2·t \3 =1 30·10-3m4 
w 12 w I J · 

I =.l·b·t3 +b·t .(.L.(h-t ))2 =14 75·10-3m4 
I 12 I I 2 I · 

IB =4·1w+2·11 =35.0·l0-3 m
4 

SB= 2 · IB/h = 69.0 -10-3m 3 

The bending moment is equal to: 

MB =F·r=F·(ds+th)=9.45MN·m 

Maximum bending stresses and section modulus result in: 

()b = ~B =137 N/mm2 ::s;()b,max 

B 

The bending stress is below its permissible value. 

The normal stress is found by the equation below: 

(j =_!_= F = 7.5MN =37N/mm2 
n AR 4· ~ + 2· A1 0.202m2 
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The maximum combined stress 1s verified usmg the von Mises stress. AISC 
recommends the following: 

CJvM,max =0.90·CJY =212N/mm2 (L-15) 

As the bending stress and the normal stress due to the tension are acting in the same 
direction, the equivalent von Mises stress can be calculated by adding both 
contributions: 

(L-16) 

Therefore, the von Mises stress is acceptable. 

The 3D model in Solidworks results in the following: 

Figure L.14: Intermediate 3D model of the traveller 

The holes to install the pins of the hydraulic jacks are reinforced to provide sufficient 
bearing capacity. Furthermore, Teflon pads are installed on the lower beams of the 
traveller. Teflon pads require a smooth counter surface to avoid abrasive wear of the 
soft Teflon. Therefore, the track will be equipped with a treated surface of stainless 
steel. 

The marine environment of the track implies that the marine growth and corrosion 
are very likely. An alternative of Teflon might therefore be required. One alternative 
is to use rollers: insert a large rolier bearing. The environmentai effects can be used 
as input parameters for the design and dimensioning of the rollers. An important 
disadvantage of the rollers is the effect of line pressures on the track. Therefore, the 
Teflon pads were preferred during the concept design. 
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Using figure L.14 as the basis of the design of the traveller, the assembled gate looks 
as follows: 

Figure L.15: Assembled gate 

The small tracks are equipped with a V-shaped top-flange to define the relative 
location of the traveller to the small tracks. The traveller is equipped with 2 stamps 
which are integrated in the upper beams. By applying a hydraulic pressure on the 
stamps, contact between the small track and the traveller is ensured (especially if the 
gate is closed and the traveller is inactive). A hydraulic system is used in stead of a 
fixed stamp, to ensure that the traveller is not blocked on the track. An example of 
the stamp is shown below: 

Figure L.16: Sample of the traveller with integrated stamps 

The extreme ends of the beams are terminated with end-plates. The end-plates will 
collide against the stoppers to ensure that the traveller does not travel too far. 
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The last traveller extension discussed in this appendix concerns the relative position 
of the side supports and the traveller. When the traveller is propelled, the side 
supports should follow. The side supports can not be fixed to the traveller, due to the 
vertical compensation. Therefore, the traveller is equipped with so-called strong 
boxes which can transfer the horizontal force whilst allowing vertical movement. 
The interface is sliding faces. 

The design load P for the strong boxes is determined in equation L-1: P = 1.8MN. 
The strong boxes are installed on the centre of the upper beams. Each strong box 
should have sufficient resistance to handle 1P=0.9MN. The vertical plates of the 

strong boxes are align with the webs of the upper beams of the traveller. 

Figure L.17: Traveller with strong boxes Figure L.18: Positioningframe 

The side supports are extended with a positioning frame. The positioning frame 
exists of 3 beams. 2 Beams are connecting the side supports and the 3rd beam is 
welded underneath the others. The connection of the beams is reinforced with shear 
plates to avoid stress concentrations. 

Figure L.19: Assembled gate with positioning 
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§ 3.5 Brace connection 
The last part of this section concerns the connection of the braces. This connection 
should allow for the displacement due to the vertical compensation. As explained in 
section 2, the brace connection will not be designed for a specific design load, but 
based on the axial capacity F of the braces: 

F=ifn -n·D·t (L-2) 

ine axiai capacity is used for both tension and compression, even though the 
capacity in compression can be limited due to local or global buckling. The main 
reason for this is to ensure that the weakest links of the system are the braces and not 
the connection between them. The members of the brace connection are made of the 
same steel grade as the braces. With these conditions, the brace connection is fully 
scalable to dimensions and steel grades. 

In the force path for tension and compression loads, only mechanical connections are 
allowed: hydraulic systems or springs are only allowed as secondary systems, e.g. to 
install the mechanical connection. 

The principle design considerations show similarities with the connection of the TRS 
units of Appendix J. However, the brace connection is a circular connection, while 
the connection system for the TRS units was a connection of straight plates. 
While the connection systems should have the same scalable properties, the 
difference between the systems is the time requirement. The TRS is connected in 
shallow waters during approximately 1 week. The brace connection should be 
connected in as short a period as possible, preferably within a few hours. Therefore, 
the quickest system is preferred. 

A quick system is the connection of the braces with 2 clamps (green) with a shape of 
half a brace. 2D and 3D sketches of the principle are shown below: 

Figure L.20: Principle of brace connection 
Section view (!) and 3D Cut [m] and 3D complete (r) 
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Brace Termination 
The design of the brace connection starts with the termination of the brace. The brace 
is fitted with a flange on the brace exterior to transfer the tension load in the brace 
via the clamps to the other brace. 

Figure L.21: 2D Sketch o.f brace termination with wall thickness t 

The bracket and the flange are installed on the exterior of the brace. This causes as an 
eccentricity moment in the shell of the brace. The brace is loaded with the maximum 
of the normal loading capacity, e.g. 67% of the yield stress. 

The eccentricity moment induces bending of the shell, which needs to be reinforced. 
The reinforcement starts at the exterior of the brace at 7x t from the extreme end, in 
the form of external ring stiffening with a thickness of 0.5x t. At 3x t from the 
extreme end, internal ring stiffening with a thickness oft is inserted, to catch up local 
stress concentrations. These stress concentrations are caused by the load transfer to 
the flange. This ring stiffener also contributes to maintain the circular shape of the 
brace. 

The flange is dimensioned to allow the normal brace loading to be transferred via 
shear into the flange. The maximum shear stress is 40% of the yield stress. The ratio 
of shear to normal loading is 40% I 67%, resulting in a flange length of approx. 2x t. 
The flange thickness is 2x t to result in a reduction in the contact pressure where the 
flange is in contact with a clamp (in the case of tension loading) or with the other 
brace (in the case of compression loading). 

Clamp 
The design load of the clamp is applied by the flange of the brace, creating an 
eccentricity moment. The design of the clamp is scalable with respect to the diameter 
and the steel grade: the main parameters of the braces. Two of the parameters should 
remain constant: the diameter vs. wall thick..ness ratio ( D/t = 30) and the amount of 
stiffening webs in the clamp (12 webs). 
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The perimeter of the clamp is divided in 12 sections and simplified to straight beams, 
as shown below: 

b_t 

i 
b_b ----~~! 

Figure L.22: 3D Section view of clamp Figure L.23: Simplified cross section of clamp 

The load is applied as a distributed load on the flange, as illustrated by the purple 
arrows in figure L.22. For the calculations, the load is assumed to act in the centre of 
the flange thickness. 

The recommendations by the AISC are respected for the maximum normal, bending 
and shear stresses: 

-r=0.40-0"y 

(Jb =0.60-CJY 

O"n =0.67·0"y 

(L-17) 

The offset of the eccentric load causes a bending moment with respect to the neutral 
axis of the simplified cross section. The eccentricity moment is found by: 

Fb =n·D·t·CJ" =:20·n·t
2 

·CJY 

M = F · r = Fb · (y + .1. t ) = 
20 

· n · t2 
• (y + J.. · t) ·a 

CS CS n n2f n n4 y 
(L-18) 

The section modulus is calculated using figure L.21 and the following parameters: 

tb=l.50-t 

fw = t 

t, = 0.65 ·t 

h=6·t 

hw =h-tb -t1 =3.85-t 

n-D 30-n-t 
bb=--=---

n n 

. b = n-(D+2·h) _ 42-n·t 
I n n 
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Experimenting with different values for the wall thickness t gave the following 
results: 

D(mm) s(m3
) MjMN·mm) crb(N/mm) 

1000 1.34 160 120 

1500 4.51 541 120 
2000 10.68 1281 120 

2500 20.86 2503 120 

3000 36.05 4325 120 

Table L. l: Results of spreadsheet experiments for scalable clamp 

There appears to be no linear relation between the section modulus and the bending 
moment vs. the diameter of the brace. The resulting bending stress however shows a 
perfect correlation: the bending stress is constant and the design of the clamp is 
scalable. 

Flexible shimming 
The principle shown in figure L.20 is able to connect to braces with touching flanges. 
However, the exact distance between the flanges is unknown for the vertical 
compensation. Therefore, the distance between the flanges should be freeze-able at 
any occurring distance. In the previous section, the vertical compensation was 
estimated on 200mm. 

The working method of the brace connection is based on flexible shimming. As 
shown (in red) in the figure below, there are 2 places where shimming is required: 
between the flanges when the braces are in compression (left) and between the flange 
and the clamp when the braces are in tension (right). 

Figure L.24: Shimming for compression loads Figure L.25: Shimming for tension loads 

To allow for the variable distance, the clamp design is based on the maximum 
distance, as shown in figure L.24. Prior to the clamp installation, the shimming is 
placed on the lower part of the clamp. 
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To fill up to the maximum shimming height of 200mm, standard shim plates with 
e.g. 10, 25, 50, 100 and 200mm can be used. Half circular shim plates of lOmm can 
be used: For a brace with a diameter of 3000mm, these steel plates have a weight of 
approx. 65 kg. Smaller sections can be used as well of course, especially for the 
thicker plates. The shim plates are made of at least the same steel grade as the braces. 

The shimming for compression loads can not be performed with shim plates, due to 
the installation method. The hydraulic jacks that control the side support determine 
the required shimming for tension loads. This shimming is installed first, when the 
clamps are still in idle position. When the clamps are installed around the brace 
terminations, the shimming between the braces is installed. This shimming should fit 
the distance between the brace terminations. This requires an active shimming 
system. This system is designed using the maximum axial capacity of the brace, and 
is shown below: 

Figure L.26: Active shimming for compression loads maximum (upper left), minimum (/,ower left) 
and exploded (right) 

This active shimming system exists of 2 pressure rings (in grey) fitted with 24 bolt 
ends (in red). The bolt diameter is determined using the axial load bearing capacity 
of the brace. The bolts should have at least the same steel grade as the brace. The 
pressure rings are connected with nuts with left and right winded threat. The distance 
between the pressure rings is controlled by screwing the nuts clockwise or counter
clockwise. The screwing can be performed manually or with hydraulic or electrical 
actuators. All systems require that the system should be reachable from the inside of 
the brace. The hydraulic and electrical systems can be remotely operated, but still 
require the possibility of fast reparation or maintenance. The system is therefore only 
applicable for braces with a diameter of at least approx. 1500mm. Smaller braces will 
result in too small working spaces for the mechanic. 

The active shimming system is installed as one assembled piece to one of the braces. 
The system requires some installation space. For the system as drawn in Figure L.26, 
the height of the system is between 650mm (collapsed) and 850mm (maximum). 
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The brace connection when the active shimming is integrated is presented below: 

Figure L.27: Complete assembly of the brace connection (left: section view, right: 3D Model) 

Figure L.28: The assembled roller coaster 
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§ 4. Summary 

The main functions of the roller coaster were determined in the section 7.7 of the 
final report. This appendix started with focussing on the requirements and the design 
loads for design load for each function. Thereafter, the functions were converted and 
integrated into the concept for the roller coaster. The result of the concept design for 
the roller coaster is illustrated in figure L.26 on the previous page. 

The base of the concept is the track-and-traveller. The function of the track-and
traveller is to provide a path to transport the side supports of the gate from the 
position "open" to the position "closed" and visa versa. The track is verified for the 
maximum bending moment caused by the 2 side supports. 

Due to the own weight and other deflections of the gate, the vertical position of the 
gate at the centre line of the vessel should be adjustable: vertical compensation is 
required. Therefore, the side supports are not directly connected to the traveller, but 
via 4 hydraulic jacks of 600 mTon each. These jacks should be able to counteract the 
moment of the own weight of the gate with respect to the central bearing. A stroke of 
200mm should enable the jacks to adjust the orientation of the gate with 0.5°. 

The traveller connects the hydraulic jacks with the track. The load of the hydraulic 
jacks on the track is mainly in the positive vertical direction. Transferring the load in 
tension on the upper side of the track is avoided by transferring the tension load 
under the track, resulting in compression between the track and the traveller. 
Transferring the load under the track resulted in an eccentricity moment, for which 
the traveller is verified. 

The orientation of the gate from "open" to "closed" and visa versa is performed by a 
skidding operation. The force required to perform such an operation is determined. A 
solution to transfer this force into the side support is found, whilst avoiding lateral 
loading of the hydraulic jacks. 

The last part of the roller coaster concerns the connection of the braces. The braces 
should be connected with a system which is quick to install and is able to freeze the 
distance between the brace terminations. The brace terminations are therefore fitted 
with flanges to allow 2 clamps to transfer the maximum tension load, equal to the 
axial capacity of the brace. The compression load is also equal to the axial capacity 
and is transferred by a flexible shimming system. The design of the brace connection 
is fully scalable to brace diameter and steel grade. 
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Appendix M: LTS- Options 

§ 1. Introduction 

The 4 options for the L TS are checked for strength, stiffuess and weight. 

§ 2. Skidding beam on a fixed deck 

ff APPROACH f[ 

Figure MI: Load Transfer System I: sketch of principle (side view) 

The LTS beam is modelled as in figure M.2: 

Lt 

z 
1' 

~ ! y 

~x 

L2 Ll 

Figure M2: Modelling of the LTS beam 
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The inner height and inner width of the beam are found by: 

W; =wu-2·tw 

h; = hu -2·t1 

(M-01) 

(M-02) 

The following input data is used to find the main dimensions of the L TS beam: 

Parameter Description Reference 

L1 =8,50m Max. unsupported overhang Figure G.1 

LT =23,0m Length of beam Figure G.1 

hu =3,50m Height of beam Figure G.1 

F'ieg = 5.500mTon Maximum load per leg Section 8.2 

crn,max = 210.MPa Allowable normal stress Section 8.2 

Tn,max = 140.MPa Allowable shear stress Section 8.2 

()vM,max = 230.MPa Allowable combined stress Section 8.2 

Table Ml: Input parameter for LTS beam dimensioning 

For the following values for the dimensions of the cross section of the beam, the 
stresses are below the stated limits to counteract the forces and moments caused by 
the cargo loading. The calculation can be found on the next pages. 

Parameter Description 

Wu =7,50m Width of beam 

hu =3,50m Height of beam 

t1 =125mm Flange thickness 

tw =85mm Web thickness 

W; =7,33m Inner width 

h; =3,25m Inner height 

A, =2,43m2 Area of cross section 

W, = 7,85 ·A, · L, = 440mTon Weight of beam 

Table M2: Results of LTS beam dimensioning 

The dimensions of the beam and its estimated weight cause the rejection of this 
option. 
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Force Load factor(-) Max. load Load for calc. (MN) 

Fx 0,35 19,3 

FY 0,35 F'ieg = 5.500mTon 19,3 

Fz 1,35 74,3 

Moment Formula Load for calc. (MN.m) 

Mx Taken by platform -

MY Yz · Fx · hu + Fz · L1 665 

Mz FY ·l 164 

Table M3: Loads on the LTS beam 

The geometrical properties of the beam are determined with the following formulae: 

A,, x =Wu· hu -W; · h; = 7,50 · 3,50- 7,33 · 3,25 = 2,43m2 

As,y = 2 ·Wu· t_r = 7,50·125·10-3 = l,88m2 

As,z = 2 ·Wu · tw = 3,50 · 85. J0-3 = 0,60m2 

IY = k Wu· h: --&- W; · h! =-& · 7,50· 3,503 --&- 7,33 · 3,253 = 5,83m
4 

Iz =fi-"hu ·w~ -fi-"h; ·w! =fi-·3,50·7,503-fi-·3,25·7,333 =16,4m 4 

S = 2 . I y = 2 . 5,83 = 3 33m3 
Y hu 3,50 ' 

S = 2·1z = 2·16,4 = 437m3 
z Wu 7,50 , 

Rmax =Yi· ~w,; + h,; =Yi· J7,502 + 3,502 = 4,14m 

J =..L·w ·h ·(w2 +h2 )-..L.w·h·(w2 +h2 )=222m4 
X 12 U U U U 12 I l I I ' 

(M-03) 

(M-04) 

(M-05) 

(M-06) 

(M-07) 

(M-08) 

(M-09) 

(M-10) 

(M-11) 

The stresses in the flange and the web are deterrnined with the geometrical properties 
and the loads of table M.3: 

Load Type of stress Formula Stress in flange (MPa) Stress in web (MPa) 

Fx Normal a" =Fx/An,x 8 8 

FY Shear T=Fy/As,y 10 By flange 

Fz Shear r =Fz/As,z By web 125 

Mx Shear T=Rmax ·Mx/Jx By platform By platform 

MY Bending ab =My/SY 200 By flange 

Mz Bending ab =Mz/Sz By web 38 

Table M4: Stresses in flanges and webs 

The stresses are added per type to find the maximum stresses. These are compared 
with the allowable stresses from Appendix G. The bending stress is considered as 
normal stress. The combined stress is determined using Von Mises equivalent stress. 
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MSF 

Type of stress Allowable stress (MPa) Stress in flange (MPa) Stress in web (MPa) 

Normal 210 208 45 

Shear 140 10 125 

Combined 230 208 221 

Table M5: Stresses in.flanges and webs 

§ 3. Moving deck in combination with a fixed deck 

II APPROACH II llOPERATIONll 

Figure M3: Load Transfer System 2: sketch of principle (side view) 

LTS unit 
The same formulae are used to find the dimensions of the unit, but with a maximum 
unsupported overhang of 3,50m. The LTS unit is fixed on the moving deck. The 
required height for the skidding mechanism is used for unit. The height of the unit is 
increased to 4,50m. 

Parameter Description 

Wu =4,25m Width of beam 

hu =4,50m Height of beam 

t.r =65mm Flange thickness 

tw =65mm Web thickness 

W; =4,l2m Inner width 

h; =4,37m Inner height 

A, =1,12m 2 Total area 

Ix =3,62m 4 Moment of inertia around the x - axis 

Table M 6: Results of LTS unit dimensioning 
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The combination of the reduced maximum overhang with an increased height is 
effective. Conservatively, the cross section of the unit is assumed to be constant over 
the length. The area of the cross section is reduced from A, = 2,43m2 to A, = 1,12m2 

• 

The wall thickness is decreased to a feasible value oft / = tw = 65mm. 

Strength and buckling of braces 
The braces are loaded with simple tension and compression. All braces are checked 
for yielding. The maximum normal stress is determined in Appendix G: 
() n,max = 21 OJvfPa . 

The coordinates of the brace ends are inserted and linked in a spreadsheet to 
determine the length and orientation of each brace. The loads of the braces are 
calculated and used to determine the minimum area: 

A . = IFbrace I 
mm (M-12) 

an,max 

The deck is loaded with simple tension and compression. Formula L-12 is used to 
determine the minimum area to transfer the loads. 

The minimum diameter of the braces is determined with a ratio of the diameter and 
the wall thickness of Djt = 30: 

(M-13) 

The minimum diameter and wall thickness are tuned with the dimensions available 
on the steel market. Diameters change with 50mm and wall thickness with 5mm. 

Braces under compression are checked for global buckling, using the equations 
below: 

With: 

I =.!!_·(D4 -(D-2·t)4
) brace 

64 

F z n2 ·E·lb·ace 
buckle = n . L2 I 

D 

t 

L 

/brace 

n 

E 

Fbuckle 

Brace diameter [ m] 

Wall thickness of brace (mm) 

Length of brace [m] 

Moment of inertia (m4
) 

The number of buckling mode(-) 

Modulus of Elasticity (Estee/= 210GPa) 

Maximum buckling force (MN) 
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Member 

LTS-unit 

Deck 

Brace 1 

Brace 2 

Brace 3 

Brace 4 

Brace 5 

Total 

The number of the buckling mode is equal to the number of half sine functions in the 
buckled shape within the length L. The braces have hinges at the ends: the first 
buckling mode applies ( n = 1 ) 

Figure M.4 shows the L TS after minimising the required weight: 

Figure M4: Sketch to determine forces in braces 

L(m) Fbrace(MN) D(m) t(mm) A(m2
) Fbuck/e (MN) Weight (mTon) c(MN/mm) 

13,5 - - - 1,12 - 119 17,4 

10,0 67,4 - - 0,35 - 27 7,4 

27,7 -111,2 2,05 85 0,55 -218 119 4,1 

27,7 42,4 1,30 50 0,2 -33 44 1,5 

12,4 50,5 1,40 60 0,26 -245 26 4,5 

28,0 -67,1 1,60 65 0,33 -78 72 2,5 

37,5 73,6 1,70 70 0,37 -56 110 2,1 

517 

Table M 7: Results of minimising weight 
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The axial stiffness of a brace is determined with: 

E·A 
c =-

a L 

Stiffness at the lifting points 

Concept Design of a Single Lift Vessel 

(M-16) 

The stiffness at the lifting point in the vertical and horizontal direction is determined 
by a nodal approach. The point where braces are connected is called a node. The 
stiffness at a node is determined by the contribution of the braces connected to the 
node. The floater is assumed to be rigid. 

The LTS has 4 nodes. Node 0 is the lifting point. The stiffness at nodes 1 - 3 are 
calculated to find the stiffness of node 0. 

Node 3: 
12 

Figure MS: Sketch for stiffness of node 3 

Node 3 is the connection point of brace 3, 4 and 5. Brace 3 can only transfer stiffness 
in the axial direction, so the stiffness in that direction is determined: 

ca,3 = ca,4. cos 2 (76° )+ ca,5. cos 2 ~ 18° )= 2,5. 0,06 + 2,1·0,22 = 0,60.MN/mm (M-17) 

Node 2: 

DECK 

z 

Figure M 6: Sketch for stiffness of node 2 

The stiffness c
0

, 3 is in series with brace 3. The equivalent stiffness of brace 3 in node 

2 is: 

c3,e = k 1 +c~.~)-1 = (4,5-1 +0,60-1t1=0,53.MN/mm (M-18) 
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The stiffness in the x and z direction is: 

Node I 

z 

cx,z = c3,e • cos 2 ~4° )+ c2 • cos 2 (64°) = 0,53·0,94+1,5 · 0,19 = 0,79 MN/mm 

cz,l = c3,e · sin 2 (14° )+ c2 • sin 2 (64° )= 0,53·0,06+1,5·0,81=1,29 MN/mm 

DECK 

© J; 
@ 

L, ~ 
i (9 

v> 

Figure M 7: Sketch for sttffness of node 1 

(M-19) 

(M-20) 

The stiffness of the deck is in series with the horizontal stiffness of node 2. The 
equivalent stiffness of the deck in node 1 is: 

The stiffness in the x and z direction is: 

NodeO 

cx,I = ca,e +c1 · cos 2 (64° )= 0,71+4,1·0,19=1,49 MN/mm 

cz,I =c1 ·sin 2 (64°)=4,1·0,81=3,36MN/mm 

Figure M8: Sketchforstif.fness of node 0 

(M-21) 

(M-22) 

(M-23) 

The unsupported overhang causes deflections due to a bending moment and a force: 

Fz Fz 

~ El I l = 

Ll = 3,5 I. LS 

. I. L2 = 10 . I 

M = 3,5 Fz 

+ Cl l 
I. L2 .I 

Figure M 9: Sketch for stiffeess of LTS unit 
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The deflections of the L TS unit are: 

0 = F·Li = Li ·F 
F 3·E·I 3·E·I x x 

M·L Li ·L2 -F OM =<pM ·L1 = 2 ·L1 =-~-
2·E·Ix 2·E·I 

The stiffness of the L TS unit is: 

F 
c =---

z,LTS O +O 
F M 

F 3·E·I 
2 ( x (I0,07MN/mm 

L1 • L1 + 1,5 · L2 

The leverages for the stiffness of nodes 1 and 2 are: 

i1 = (L1 + L1 )/L2 =13.5/10=1.35 

i2 =L1/L2 =3.5/10=0.35 

The stiffness in the x and z direction of node 0 is: 

c 0 = --+- = --+-. =l37MN/mm 
( 

1 1 )-l ( 1 1 J-l 
x, Cx,LTS Cx,l 17,4 1,49 ' 

co= _l_+~+~ = _J_+ 1,82 + 0,12 =l36MN/mm ( 
2 2 )-l ( J-1 

z, Cz,LTS Cz,l Cz,l 10,07 3,36 1,29 ' 

(M-24) 

(M-25) 

(M-26) 

(M-27) 

(M-28) 

(M-29) 

(M-30) 

The displacement of the lifting points under the applied loads from table M.3 are 
determined below: 

Force (MN) c(MN/mm) Deflection (mm) 

x direction 19,3 1,37 14 

z direction 74,3 1,36 55 

Table M8 Determination of deflections 

Forces in the longitudinal direction of the floater are taken by the deck and a 
telescopic brace at the top of the unit. The forces are transferred to the TRS at the 
fore of the vessel. 
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Member 

§ 4. Moving deck without a fixed deck 

Ii APPROACH ii JIOPERATIOijl 

3m 15m 

Figure MIO: Load Transfer System 3: sketch of principle (side view) 

This system uses the same parallelogram and cross section of the LTS unit as the 
previous system. The forces in the longitudinal direction of the floater are taken by 
the deck and a telescopic brace installed on the top of the unit. The forces are 
transferred to the TRS at the fore of the vessel. 

The forces in the members are calculated using the same method as for option 2. The 
weight is minimised and the stiffness is determined. 

L(m) Fbrace(MN) D(m) t(mm) A(m 2
) Fbuckle (MN) Weight (mTon) c(MN/mm) 

LTS-unit 12,5 - - - 1,12 - llO 18,8 

Deck 9,0 68,8 - 0,35 - 25 8,2 

Brace 1 27,7 -114,4 2,05 85 0,55 -217,7 119 4,1 

Brace 2 27,7 -31,4 1,35 45 0,19 -33,7 42 1,4 

Brace3 43,8 100,2 1,90 80 0,48 -65,2 164 2,3 

Total 460 

Table M9: Results of minimising weight 

Appendix M: LTS - Options Page 125 



Platform Removal in the North Sea Concept Design of a Single Lift Vessel 

z 
A 

I 
'--)x 

Figure M 11: Sketch to determine forces in braces 

The stiffness of node 2 in the x and z direction is determined: 

cx,2 = c3 · cos 2 (35° )+ c2 ·sin 2 (26° )= 2,3·0,67+1,4· 0,19=1,81.MN/mm 

c,,2 = c3 ·sin 2 (35° )+c2 • cos 2 (26° )= 2,3 ·0,33+ l,4·0,81 =1,92.MN/mm 

The equivalent stiffness in the axis of the deck is: 

The stiffness of node 1 in the x and z direction is: 

cx,i =cJ,e +c1 ·sin 2 (26°)=1,48+4,1·0,19=2,26MN/mm 

c,,1 =c1 ·cos 2 b6°)=4,1·0,81=3,36MN/mm 

The leverage of the stiffness of node 1 and 2 are: 

i1 = (L1 +Li}/ L2 = 12.5/9=1.39 

i2 = L, / L1 = 3.5/9 = 0.39 

The stiffness of the L TS unit in the z direction is: 

F 
c =---

z,LTS O +O 
F M 

3-E·I 
2 ( x )=10,95.MN/mm 

L1 • L1 + 1,5 · L1 
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(M-31) 

(M-32) 

(M-33) 

(M-34) 

(M-35) 

(M-36) 

(M-37) 

(M-38) 
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The stiffuess in the lifting points in the y and z directions is: 

c 0 = --+- = -+-- =202MN/mm 
( 

1 1 )-! ( 1 1 )-! 
x, Cx,LTS Cx,I 18,8 2,26 ' 

(M-39) 

c_o = _1_+~+~ = _1_+ 1,93 + 0,15 =l,35MN/mm ( 
2 2 )-! ( )-1 

., Cz,LTS Cz,1 Cz,2 10,95 3,36 1,92 
(M-40) 

The displacements of the lifting points under the applied loads from table M.3 are 
determined below: 

Force (MN) c(MN/mm) Deflection (mm) 

x direction 19,3 2,02 10 

z direction 74,3 1,35 55 

Table M 10 Determination of dc:;fiections 

§ 5. Rotating deck around one fixed hinge 

Sm 3m 12m 

Ii APPROACH ii liOPERATIOijl 

Figure M 12: Load Transfer System 4: sketch of prindple (side view) 

The same cross section of the L TS unit is used. The L TS unit is directly connected to 
the braces. This option is completely modular, and requires an additional deck to 
accommodate a safe working and storage area. The loading in the longitudinal 
direction of the floater is taken by telescopic braces installed at the top and the 
bottom of the unit. These telescopic braces are used to fine tune the longitudinal 
position of the unit. 
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Member L(m) Fbrace(MN) D(m) t(mm) A(m 2
) Fbuckle (MN) Weight (mTon) 

LTS-unit 12,5 68,8 - - 1,12 - 110 

Brace 1 27,7 -114,4 2,05 85 0,55 -217,7 119 

Brace 2 25,2 -36,7 1,25 55 0,19 -38,4 43 

Brace 3 37,5 98,0 1,95 80 0,48 -96,4 144 

Total 416 

Table M 11: Results of minimising weight 

z 

T 
L--7x 

Figure M13: Sketch to determine.forces in braces 

The stiffness of node 2 in the x and z direction is: 

cx,z = c3 · cos 2 (42° )+ c2 · cos 2 ~r )= 2,7·0,55+1,8 · 0,01 = l,55MN/mm 

- . 2f4~0\ . 2f970\_,...,., 04i: '8 f\90-"90},lfll.Tf cz,2-C3·Slll l L ;+cz·Slll ~ J-L.,1· 'J+1, ·v, 7-L., / VlH1mm 

The stiffness of node 1 in the z direction is: 

c,,1 =c1 ·sin 2 (64°)=4,1·0,81=3,36MN/mm 

The leverages of the stiffness of node 1 and 2 are: 

i1 = (L1 + L2 )/ L2 = 12.5/9=1.39 

i 2 =L1 /L2 =3.5/9=0.39 
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c(MN/mm) 

18,8 

4,1 

1,8 

2,7 

(M-41) 

(M-42) 

(M-43) 

(M-44) 

(M-45) 
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The stiffness of the LTS unit in the z direction is: 

F 
c =---

z,LTS O +O 
F M 

3·E·I 
2 ( x ) =10,95MN/mm 

LI . LI + 1,5 . L2 
(M-46) 

The stiffness in the lifting points in the z directions is: 

c_
0 

= _l_+_zI_+ Zi. = _1_+ 1,93 + 0,15 =l 35 MN/mm ( 
·2 .? )-I ( )-I 

,, Cz,LTS Cz,I Cz,2 10,95 3,36 1,92 ' 
(M-47) 

Figure M.14 is used to determine the stiffness in node 0 in the x direction: 

@ 
c_LTSl-2 c_x,2 

c_LTS 0 - 1 

c_x, brace 1 

Figure MI4: Sketch to determine sttffness at node 0 

The equivalent stiffness in the axis of the LTS unit at node 1 is: 

c = (c-I + c-I )-I 
LTS,e,l x,2 LTS1_ 2 

(

1 9 y1 (1 9 YI - -+ ) -l-+ ) =l,46M.N/mm 
- Cx,2 12,5·CLTs - 1,55 12,5·18,8 

(M-48) 

The stiffness in node 1 in the x direction is: 

Cx,1 =CLTS,e,1 +c1 ·COS
2 (64°)=1,46+4,1·0,19=2,24MN/mm (M-49) 

The stiffness in the lifting points in the y direction is: 

c 0 = --+- = +-- =218MN/mm 
( 

1 1 i-I ( 3 1 )-I 1 

x, C LTSo-I C x,I 12,5 · 18,8 2,24 ' 
(M-50) 

The displacements of the lifting points under the applied loads from table M.3 are 
determined below: 

Force(MN) c(MN/mm) Deflection (mm) 

x direction 19,3 2,18 9 

z direction 74,3 1,35 55 

Table MI2: Determination of deflections 
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Appendix N: L TS - Detailed Design 

§ 1. Introduction 

This appendix demonstrates the design of the LTS Unit. In chapter 8.4, the main 
elements in the LTS Unit are identified. The design challenge is to create a unit that 
is fully defined and transfers the pay load as normal loading to the floater. 
Furthermore, the unit should be easily relocated in shelter waters to fit for the next 
topside or jacket removal. 

After determining the design load and the dimensions of the braces, the appendix 
continues with the design of the hinges, the deck and the L TS Beam. The appendix 
will conclude with the final assembly of the L TS Unit. 

§ 2. Braces - Design Loads and Dimensions 

The design load is determined using the spreadsheet of Appendix M:. The minimum 
and the maximum loads are of the interest for the detailed design. Therefore, the 
different load case are identified and verified for extreme loading. There are 3 L TS 
configurations considered: 

Table NI LTS Configurations 
L TS Configuration Description Offset [m] 

1 Vertical Inner Brace 3 

2 Intermediate 9 

3 Maximum Offset 15 

The extreme loading in the braces and the deck are determined for each 
configuration. The maximum payload of 5.500 mTon or 55 MN is used as static 
applied load. Dynamic components of this load are in the vertical and transverse 
direction, with the following load factors: 

Table N2 Load Factors for Applied Loads 
Applied Loads Static Load Factor Dynamic Load Factor Total Load Factor 

Vertical 1 ±0,30 1± 0,30 

Transverse 0 ±0,30 ±0,30 

The loads are applied on the tip of the L TS beam, as shown in the figure on the next 
page. 
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(1 +/- 0,30) x F 

Inner Top Hinge Hin e 

Figure N 1: Applied loads on the LTS Unit 

The results of the design load verification are shown in the table below. Negative and 
positive loads indicate compression and tension, respectively. 

Table N3 Design Loads for the 3 LTS Corrfigurations 

Offset = 3m Offset = 9m Offset= 15m Summary 

Load [MN] Min Max Min Max Min Max Min Max 

-5 38 
Inner Brace -95 -98 -53 
Centre Brace -6 -16 25 
Outer Brace /-25y 25 -13 55 

From this table, it appears that the inner brace will always transfer a conipression 
load from the deck to the floater. For the other braces and the deck, the normal 
loading varies between tension and compression, depending on the direction and 
magnitude of the applied loads. 

The extreme loads are used to determine the brace dimensions. The braces are 
designed with a D/t ratio of 25. Global buckling is also verified, using Euler's 
formula for Buckling. The material of the braces is steel with a yield stress of 235 
N/mm2 and a maximum normal stress of 67% of the yield stress: 157 N/mm2

. The 
verification of the brace dimensions is performed on the next page. 

The telescopic outer brace is verified for a length of 43,8m. This length will result in 
the worst case for buckling with the smallest buckling force. 

All brace dimensions are rounded up to result in brace dimensions that are 
commercially available: diameter are available in steps of 50mm (or 2") and wall 
thickness vary in 5mm. 
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Table N.4 Verffication of the Brace Dimensions 

Inner Brace Centre Brace Outer Brace 
Min. Load [MN] -106 -32 -25 
Max. Load [MN] -51 43 93 
Absolute Max. Load [MN] 106 43 93 

Min. cross section area [m2
] 0,68 0,27 0,59 

Min. diameter [ m] 2,32 1.48 2,17 

Min. wall thickness [mm] 93 59 87 

Cross Section Area [m2
] 0,70 0,28 0,62 

Inertia [m4
] 0,43 0,07 0,33 

Buckling Length m] 27,7 27,7 43,8 

Max. Buckling Force [MN] -368 -61 -114 

Max. Normal Force [MN] 110 44 98 

Yieldin Verification ok ok ok 
Bucklin Verification ok ok ok 

With the selected dimensions, the braces will not yield nor buckle under the applied 
loads. 

§ 3. Inner Bottom Hinge 

The hinges are designed for the brace loads and dimensions. The distribution of fhe 
loads in the floater are not a part of the scope of work, but is left to the next design 
phase, when the floater will be designed in more detail. 

The first hinge is the inner bottom hinge (see Figure N.1). From the analysis of the 
design loads, the inner brace is always ioaded in compression. However, when the 
vessel is not carrying any cargo, the vessels motions can result in a tension load in 
the inner brace. The magnitude of this tension load is estimated on 30% of the own 
weight of the LTS Unit: approx. 160 mTon, or 1,60 MN. Summarizing gives: 

Table N.5 Design loadfor Inner Bottom Hinge 

Design Load Compression [MN] Tension [MN] 

Inner Bottom Hinge 106 1,60 

Clearly, the hinge design can be optimised for compression. 
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The hinge is designed as a circular sliding bearing. The bearing manufacturer 
'Glacier Garlock Bearings' (GGB) is consulted to find a suitable bearing material. 
The selected bearing material is DU-B: 

DU-B is a bronze-backed, PTFE-based polymer bearing 
material, with a common structure, consisting of a 
bronze backing bonded to a porous bronze sinter layer. 
This bronze sinter layer is impregnated and overlaid 
with the.filled PTFE bearing lining. The bronze backing 
provides mechanical strength, while the bronze sinter 
layer provides a strong mechanical bond between the 
backing and the bearing lining. This construction 
promotes dimensional stability and improves thermal 
conductivity. The bronze backing provides improved 
corrosion resistance compared with the metal backing 
of the DU bearing material. 

Figure N.2 Micro-section of DU-B Bearing material (source: www.ggbearings.com) 

The GGB Designer's handbook is used to determine the feasibility of the material. 
An overview of the calculations is given below: 

Table N 6 Bearzn,; Verification, uszng GGB Designer's Handbook 

Given: 

Load 

movement 

Shaft 

Dynamic 

Oscillating 

Steel 

Environment Un-lubricated in Sea-water at 5° 

Intermittent operation 

Calculated Constants and Application Factors: 

Specific Load Limit Ptim 

Temperature Application Factor ay 

Material Application Factor aM 

Bearing Size Factor as 

L?fe Correction Constant aL 

Calculation Reference 

Specific Load p Eq. 3.2.1, page 12 

Average Speed N Eq. 3.8.8, page 18 

Sliding Speed U Eq. 3.4.1, page 13 

pU Factor Eq. 3.5.1, page 14 

High Load Factor aE Eq. 3.8.4, page 18 

Corrected p U Factor Eq. 3.8.5, page 18 

Life LH (hours) Eq. 3.8.9, page 19 

Calculated Load Cycles Table 4, page 13 
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Inside Diameter D 

LengthB 

3.000mm 

lOOOmm 
106MN Bearing Load F 

Frequency C 

Anglef 

Approx. once per 2 hours 

25° 

60 Nh:nm2 

1 

1 

0,1 

200 

Table 4, page 13 

Table 6, page 14 

Table 7, page 15 

Figure 13, page 16 

Table 7, page 15 

Value 

p= Fj(D·B)=35,3Nf mm2 

N 4 . <P . N osc 9 3 10-3 I . 
= 360 · 60 = ' . mm 

n·D 
U=--3 ·N=l,45mm/s 

60·10 

p. u = 51,2 .10-3 

aE = P1im~ p = 0,41 
p 

5 25 · 10-5 
• F · N 

vU= ' 1,26 
• aE·B·ar·aM·aB 

LH =(615/pU)-aL =288 

ZT = 288/2=144<1.000 =OK 
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This material performs well in the marine environment, and is designed to operate 
without lubrication. However, proper protection against contamination of the bearing 
surface should be installed. It is recommended to contact GGB to further develop the 
bearing. However, it can already be noted that there will be sufficient inspection 
possibilities to verify the protection: The floaters will be raised above water level 
every time that the L TS Units require relocation. 

The only function of this bearing is to transfer the normal brace loading to the 
floater. Other loading such as bending and non-axial loading will and cannot be 
handled by the bearing. The main cause for these loads is longitudinal forces, 
induced by the vessel motions. These forces will be transferred to the floaters via a 
separate system. However, to allow for small bending moments in the braces, the 
bearing is installed on a flexible layer of natural rubber. This layer will transfer the 
normal loading, without inducing bending stresses in the brace or bearing. 

Typically, natural rubber has a bearing capacity of 30 N/rnrn2
. Using approx 70% of 

this capacity, the bearing area should be 5m2
. To accommodate this bearing area, the 

end of the brace is extended with tube perpendicular to the brace. The diameter of 
this tube is bigger than the diameter of the brace, to ensure that the tube can be 
welded to the brace. A tube with a diameter of 3m is selected, made of steel with 
yield strength of 235 N/mm2

. The tube has internal ring stiffeners to ensure that the 
axial load is distributed in the tube. 

Figure N 3 The end of the brace Figure N4 The Bearing Support 

The bearing support distributes the brace loading from the bearing to the rubber 
layer. The dimensions of the shown bearing support are 4m x 4m, which ensure a 
low compression pressure in the natural rubber. The allowable bending stress is 60% 
of the bearing capacity, e.g. 18N/rnrn2

. The section modulus of the rubber layer is 
10,7m3

. Multiplying these 2 values gives the allowable bending moment: 193 MN.m, 
which is equivalent to a longitudinal load of approx. 7 MN or 700 mTon at the LTS 
Beam. If conservatively the inner brace is assumed to be rigid, the L TS Beam can 
move ±160mm due to longitudinal loading, without causing problems for the bearing 
or the natural rubber. 
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When the vessel has no cargo, the load in the inner brace is expected from 
compression to tension, called uplift. To ensure that the brace remains connected to 
the floater, the tube is strapped to the floater with cables. The uplift is 160 mTon. 
Using Casar as cable supplier, 4x 50mm Duroplast cables will provide a Safe 
Working Load (SWL) of 160 mTon. 

Duroplast: 
- has a plastic layer between the steel core and the outer strands, 

giving the rope a high structural stability, avoiding internal rope 
destruction and protecting the core against corrosive environment 

- has a good abrasion resistance 

- is very resistant against abrasion 

Figure N5 Duroplast rope (source: WV\Jw.casar.de) 

To protect the tube against the cables, a bracket will be installed on each side of the 
brace. Each bracket is also fitted with 200mm of DU-B bearing material, to ensure 
the rotation of the brace. The final result of the design is shown below: 

Figure N 6 Design of the inner bottom hinge 

The connection of the cables on the floater will provide a quick system to relocate 
the inner bottom hinge. The rubber ensures that no corrosion occurs between the 
bearing support and the floater, so no problems are expected on that field either. The 
only concern is the distribution of the brace loading in the floater, but that part is 
excluded from the concept design. However, it can be noted that for standard flat top 
barges, stiffeners are installed approx. every 700mm. This is shown in the left figure 
above, but the stiffeners are not based on any calculation so far. 
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§ 4. Centre Bottom Hinge 

The centre bottom hinge connects the centre brace with the floater. The extreme 
loading in the centre brace is used to design this hinge: 

Table N. 7 Design load.for Centre Bottom Hinge 

Design Load I Compression [MN] j Tension [MN] 

Centre Bottom Hinge I 32 I 43 

In contrast with the inner brace, the loading of the centre brace in operation is both in 
compression and tension. This requires a different hinge design. The extreme end of 
the brace is again fitted with a perpendicular tube. This time, the bearing material is 
installed on the inside of the tube. A shaft transfers the load to the bearing support. 
With the same bearing pressure for the DU-B material, the dimensions for the 
bearing material are the following: 

Table N.8 DU-B bearing design 
Maximum Dynamic Load [MN] 43 

Bearing Diameter [ m] 1,75 

Bearing Length [ m] 2x 0,35 

Bearing pressure [N/mm2
] 35 

The 3D CAD model is shown below: 

Figure N. 7 The end of the centre brace Figure N.8 Bearing support 

Equivalent to the inner bottom hinge, flexibility for longitudinal loads is introduced 
by a layer of natural rubber. This time, the layer is installed on the connection 
between the shaft (in green) and the bearing support (in yellow). The bearing area of 
the rubber is 2x 1,75m x l,25m. This results in a bearing pressure of 10 N/mm2

. 

The result of the assembled centre bottom hinge is shown on the next page. 
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Figure N9 The Centre Bottom Hinge 

The bearing support can be fastened directly to the floater. However, the fastening is 
left for the detailed design phase. 

§ 5. Outer Bottom Hinge 

The telescopic outer brace is connected to the floater with the outer bottom hinge. 
The design load of the outer brace is used to design the hinge: 

Table N.9 Design load.for Outer Bottom Hinge 
Design Load Compression [MN] Tension [MN] 

Centre Bottom Hinge 25 93 

Even though the main load is tension, the compression load of 25 MN can not be · 
neglected. The design of the centre bottom hinge is therefore adjusted for the 
different capacity and the angle of approach of the outer brace. This angle of 
approach varies between approx. 35° and 50° with the horizontal. 

The dimensioning of the bearing material follows the same procedure than for the 
centre bottom hinge. The results are shown below: 

Table N.10 DU-B bearing design 
Maximum Dynamic Load [MN] 93 

Bearing Diameter [ m] 1,75 

Bearing Length [ m] 2x 0,75 

Bearing pressure [N/mm2
] 35 

The flexibility for the longitudinal loads is again introduced with a layer of natural: 

I Maximum Dynamic Load [MN] I 93 

Bearing Diameter [ m] 1,75 

Bearing Length [ m] 2x 1,50 

Bearing pressure [N/mm2
] 21 
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With the dimensions for the bearing material and the natural rubber, the hinge can be 
designed. The perpendicular tube requires a tube with a larger diameter than the 
brace, to ensure the welding feasibility. Therefore, a brace diameter of 3m is used. 
The internal ring and plate stiffeners are used to install a tube with an inner diameter 
of l,80m: 

Figure NI 0 The end of the outer brace Figure N 11 The bearing support 

This bearing support is larger than the bearing support for the centre brace. This is 
not only caused by the higher brace loading, but also by the direction. The base of 
the support is wider, to sustain the load in small angles with the horizontal. 

The final result for the outer bottom hinge is shown below: 

Figure N 12 Final design of the outer bottom hinge 
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§ 6. Outer Top Hinge 

Following Figure N.1, the outer top hinge connects the centre and outer brace to the 
deck. At the same moment, the vertical load of the L TS Beam should be transferred 
via the hinge into the 2 braces as well. All this results in a very complex load 
situation: 

!!outer Top Hinge/I 
Deck 

Hine 

Figure NI: Applied loads on the LTS Unit Figure N 13 Detail on Hinge loading 

To avoid bending moments in the hinge, the working line of all loads should go 
through the same (red) point. This is achieved by simplifying the load case for the 
hinge in 2 ways: 

1. Combining the Deck and the LTS Beam 
The horizontal load in the deck is always normal to the vertical load applied by the 
LTS beam: The orientation does not change. The structures that transfer these loads 
can therefore be combined into one structure, called LTS Top Frame. This structure 
would transfer the bending moment and the shear force of the L TS Beam and the 
normal load of the deck. Giving it more thought, this idea can result in som€ real 
advantages: 

• Less loads on the hinge 
The number ofloads on the hinge can be reduced to 3. 

• Deck excluded from main force path 
If the deck is excluded from the main force path, the structure that combines 
the 2 loads can be optimised for the L TS Unit. In the meanwhile, the deck can 
be reduced to a secondary structure with lower requirements. 

• Lower height for the LTS Beam 
Initially, the LTS Beam was placed on top of the deck. If the bending moment 
is transferred with the same structure that accommodates the hinge, the 
underside of the LTS Beam can equal the underside of the deck. This will 
result in a reduction of the required height. 
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2. Combining the Centre and Outer Brace 
The bottom hinges gave inspiration for the design of the outer top hinge. The design 
of the inner bottom hinge is performed with a perpendicular tube to accommodate a 
sliding bearing on the outside of this brace. The centre and outer bottom hinge both 
have an equivalent tube, but the bearing material is installed on the inside of the tube. 
Combining these designs results in the design of the top outer hinge: · 

The outer brace, which transfers the largest loads, is nominated as the master brace. 
The magnitude of the loads in the centre brace are less than 50% of the loads in the 
outer brace. Therefore, the centre brace is the slave. The slave is connected to the 
outside of the perpendicular tube on both sides of the master brace: The centre brace 
is split in 2, as a fork. The master brace is directly connected to the top frame: the 
large normal load does not need to be split, but can be transferred directly. 

Result 
The 2 recommendations result in the desired simplification of the outer top hinge. 
The hinge design is reduced to an equivalent of the outer bottom hinge. The 
maximum design load is determined using the design loads of the deck and the L TS 
Beam. As these are perpendicular, the square root of the summed squares gives the 
design load for the hinge. Using Table N.3, the applied load from the top frame to the 
outer brace can be calculated as follows: 

Table N.12 Design Load Calculation for Outer Top Hinge (inner bearing) 
Force [MN] 

Uplift caused by LTS Beam (ref. Appendix M) 23,8 

Maximum Compression in Deck 16,5 

Maximum Tension in Deck 62,3 
1--~~~~~~~~~~~~~~~~~-aw,~ 

Design Load for Outer Top Hinge (Inner bearing) 

With this value, the dimensions for the bearing material and the layer of natural 
rubber can be calculated: 

Table N.13 DU-B bearing design (Outer Top Hinge, inner bearing) 
Maximum Dynamic Load [MN] 67 

Bearing Diameter [m] 1,75 

Bearing Length [ m] 2x 0,60 

Bearing pressure [N/mm2
] 32 

The flexibility for the longitudinal loads is again introduced with a layer of natural: 

T. bl N.14 D . fL a e esz~n () {N. ayero atura !R bb er u 
Maximum Dynamic Load [MN] 67 

Bearing Diameter [ill] 1,75 

Bearing Length [ m] 2x 1,0 

Bearing pressure [N/mm2
] 19 
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The design load for the centre brace is used to determine the requirements for the 
outer bearing: 

a e -Ti bl N15 DUB b earinz eSif!11 (0 uter op inze, outer Ti H b aring) e 
Maximum Dynamic Load [MN] 43 

Bearing Diameter [m] 3,00 

Bearing Length [ m] 2x 0,25 

Bearing pressure [N/mm2
] 29 

With known values for the dimensions for the bearing material, the fork that 
connects the centre and outer braces can be designed. An equivalent perpendicular 
tube is used as for the outer bottom hinge, only the length is increased to 
accommodate the fork. 

Figure N14 Extreme end of the outer brace (master) Figure NJS Fork Design (slave) 

The design of the fork requires some more attention. The design load is split in 2 
teeth, resulting in bending moments and shear. The distance between the teeth is 
3,0m, to make space for the master brace. The stress verification is shown on the 
next page for 2 cross sections: for an offset of l,50m and 0,50m. 

The fork is designed with normal strength steel, with a yield stress of 235 N/mm2
. 

Maximum bending, shear and von Mises stresses are respectively 141 N/mm2
, 94 

N/mm2 and 211 N/mm2
. 

The cross section of the 2 teeth of the fork is also verified. The maximum normal 
stress is 67% oft.he yield stress: 157 N/mm2

• 
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Table N.16 Stress verification for Fork (Bending and Shear) 

Offset= 1,Sm Offset = 0,Sm Per Tooth 

Normal Force [MN] n/a n/a 21,5 

Shear Force [MN] 21,5 21,5 n/a 

Moment [MN.m] 32,3 10,8 n/a 

Minimum Section Modulus [ m3
] 0,23 0,08 n/a 

Minimum Section Area [ m2
] 0,23 0,23 0,14 

Height of cross section [m] 2,00 2,00 0,65 

Width of cross section [m] 2,00 0,75 0,75 

Wall Thickness [mm] 50 50 50 

Cross section area [ m2
] 0,39 0,27 0,14 

Section Modulus [m3
] 0,25 0,13 n/a 

Shear Stress [N/mm2
] 55 81 n/a 

Bending Stress [N/mm2
] 130 84 n/a 

Normal Stress [N/mm2
] 0 0 157 

Von Mises Stress [N/mm2
] 161 164 157 

Result OK OK OK 

The assembly of the centre and the outer brace is shown below. 

Figure N.16 Assembly of the master and slave braces 

The design of the top frame will be discussed later in this appendix. The dimensions 
of the bearing material and the layer of natural rubber will be taken into account. 
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§ 7. Telescopic Outer Brace 

The outer brace is the only brace in the L TS Unit that should change length. The 
length varies between 36,7m (for a vertical inner brace) and 43,8m (for the maximum 
offset). The telescopic property is achieved by splitting the brace in an upper and 
lower part. The lower part has a bigger diameter with a smaller wall thickness than 
the upper part. In this way, the upper part fits in the lower part of the brace, while 
both have the same axial load capacity. 

The connection of the upper and lower part is performed with a system equivalent to 
the unit connection system of the gate (refer to chapter 7). 

Figure N 17 3D View of telescopic brace 

Both the upper and the lower part of the brace are fitted with a flange. This flange is 
used to transfer the tension or compression load in the telescopic system. The 
telescopic system exists of 2 clamps (in purple), a pressure system (in grey, red and 
green) and 2 fill-in braces (in dark grey). The clamps and the fill-in braces are half
circular, to enable the installation. 

The length of the clamps and the fill-in braces is depending on the required length of 
the brace. The fill-in braces are loaded when the outer brace is in compression, while 
the clamps are loaded when the brace is in tension. Both parts can be designed to 
take the axial load capacity of the outer brace. 

The main loading of the outer brace is in tension. Therefore, the clamps are mounted 
directly on the flanges and the pressure system is installed between the flanges and 
the fill-in braces. If the main load would be in compression, the pressure system 
would be installed between the clamp and the flange of the upper part of the brace. 

The telescopic system is installed just below the top frame. The deck will provide the 
cranes, tools and workspace to change the length of the telescopic system. 
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§ 8. Inner Top Hinge 

The introduction of the top frame has a positive influence on the design of the inner 
top hinge. The design is mainly similar to the connection of the master brace to the 
top frame, except for the difference in loading. The maximum loading of the hinge is 
determined by the vertical compression load due to the L TS Beam and the horizontal 
load in the deck: 

Table N.17 Design Load Calculation.for Inner To Hinge 
Force [MN] 

Compression caused by LTS Beam (ref. Appendix M) 95,3 

Maximum Compression in Deck 16,5 

Maximum Tension in Deck 62,3 

Design Load for Inner Top Hinge 

With this value, the dimensions for the bearing material and the layer of natural 
rubber can be calculated: 

Table N.18 DU-B bearing design 
Maximum Dynamic Load [MN] 114 

Bearing Diameter [ m] 2,50 

Bearing Length [ m] 2x 0,75 

Bearing pressure [N/mm2
] 30 

Table N.19 Design of Layer of Natural Rubber 
Maximum Dynamic Load [MN] 114 

Bearing Diameter [ m] 2,50 

Bearing Length [ m] 2x 1,20 

Bearing pressure [N/mm2
] 19 

The bearing shaft is also verified. The shaft is made of tubular steel with a diameter 
of 2,50m and a wall thickness of 1 OOmm. Extra high tensile steel with a yield stress 
of 460 N/mm2 is selected to perform this heavy duty. The maximum bending, shear 
and von Mises stresses are respectively 276 N/mm2

, 184 N/mm2 and 414 N/mm2
. 

V2 F V2 F 

A 
Rl R2 

Figure N.18 Simplified load situation for the shaft 

The layer of natural rubber and the bearing material are simplified to point load for a 
first verification of the feasibility. The section force and moment are calculated and 
used as input for the stress verification. 
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With the dimensions of the bearing material and the natural rubber, the load is 
distributed, and the peak in the stress will be smoothened. The maximum bending 
stress is 275N/mm2

, just within the limit for the selected steel. 

The extreme end of the inner brace is designed with the known dimensions for the 
shaft, the bearing material and the natural rubber. 

Figure N.20 Upper extreme end of the inner brace. 
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§ 9. Top Frame 

The top frame integrates the functions of the former L TS Beam and the deck. It 
transfers the horizontal normal loading and the bending moment. The connection of 
the top frame with the braces is already defined by the top hinges. The remainder of 
the design is based on the above mentioned loading. The distance between the hinges 
is 9m, as determined in Appendix M. This distance will be covered by the following 
structure: 

Figure N21 Preliminary Design of Top Frame 

A typical cross section of the top frame is shown below. Please note that the inside of 
the square sections, reinforcements are installed to increase the section modulus. 

At Inner Top Hinge 
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Figure N22 Typical cross sections of Top Frame 
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The cross section of the top frame is verified for the bending, shear and normal load: 

Table N.20 Stress verification for Top Frame (Bending Shear and Normal Loads) 
At Inner Top Hinge Halfway At Outer Top Hinge 

Normal Force (tension) [MN] 62,3 62,3 62,3 
Vertical Shear Force [MN] 23,8 23,8 23,8 
Moment [MN.m] 250,0 125,0 0,0 

Minimum Section Area [mL] 0,40 0,40 0,40 
Minimum Shear Area [m-] 0,25 0,25 0,25 
Minimum Section Modulus [ m,] 1.77 0,89 0,00 

Cross section area [ :rrr'] 1,92 1,56 0,96 
Vertical Shear area [mL] 0,96 0,96 0,64 
Section Modulus [ m'] 2,00 1,48 0,88 

Normal Stress [NlmmL] 32 40 65 
Shear Stress [NlmmL] 25 25 37 
Bending Stress [NlmmL] 125 85 0 
Von Mises Stress [N!mmL] 163 132 91 
Result OK OK OK 

The dimensions of the top frame can be further optimized in the detailed design 
phase. The purpose of this preliminary dimensioning is to determine the feasibility 
and weight estimation. Using the cross section area halfway, the weight of the top 
frame is approx. 150 mTon. 

§ 10. LTS Arms 

At the front of the top frame, 2 L TS arms will be installed. These arms will transfer 
the weight of the topside or jacket to the top frame. The design of these arms is not a 
part of the scope of work, as agreed with Master Marine. The design of the LTS arms 
of the previous 'Master Mind I' study is used for illustration purpose. The 
dimensions are only verified shortly, to ensure that the shear and bending moment 
can be transferred. The LTS arm can rotate, with the black U-shape sliding on top. A 
hydraulic jack with mechanical locking is installed in the U-shape, to provide the 
possibility of height adjustment. 

Figure N23 LTS Arm (Design of 'Master Mind I') 
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§ 11. Final Assembly 

All braces, hinges and other parts are combined into the final assembly of the LTS 
Unit. This unit is able to take the static payload including the dynamic components 
due to the vessels motions. The figures below show the results of the 3D Model: 

Figure N24 3D View of an LTS Unit 

Figure N25 3D View of 4 LTS Units installed on a floater 
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Appendix 0: Vessel - Static Stability 

This appendix supports the calculations of the static stability of the vessel. The first 
part of the appendix will focus on the determination of the light weight of the vessel, 
and its location. The second part investigates the ballasting required to achieve 
vertical and rotational equilibrium. 

§ 1. Light Weight 

The light weight of the vessel is determined with a breakdown of all major parts, as 
discussed throughout the report. The weights and the location of the CoG are 
estimated with the 3D SolidWorks model and with the re-calculation including the 
weight of the stiffeners. 

The results are shown below. The reference point is the point on the fore, the middle 
line plane and the keel. The location of the CoG for the units 2 and 3 are given taking 
the relevant configuration for the MPW into account. 

Table 0.1: Breakdown for weights and CoG locations 
Specification Unit Weight [mTon] x [m] y [m] z [m] 

Unit 1 PS 3.600 -20 -30 7,5 
Unit 1 SB 3.600 -20 30 7,5 
Unit2 PS 850 -20 -5 7,5 

TRS 
Unit 2 C 850 -20 0 7,5 
Unit 2 SB 850 -20 5 7,5 
Unit 3 PS 1.600 -20 -10 7,5 
Unit 3 C 1.600 -20 0 7,5 

Unit 3 SB 1.600 -20 10 7,5 
Column PS 5.250 -160 -40 20 
Column SB 5.250 ~160 40 20 
Unit 1 PS 2.300 -160 -35 57 
Unit 1 SB 2.300 -160 35 57 
Unit 2 PS 550 -160 -5 60 

Gate 
Unit 2 C 550 -160 0 60 
Unit2 SB 550 -160 5 60 
Unit 3 PS 750 -160 -10 60 
Unit 3 C 750 -160 0 60 

Unit 3 SB 750 -160 10 60 
PS 6.750 -90 -40 7,5 

Floater 
SB 6.750 -90 40 7,5 

PS 12.900 -90 -16 34,5 
LTS 

SB 12.900 34,5 -90 16 
Fore PS 5.000 -20 -40 27,5 

Corner 
Fore SB 5.000 -20 40 27,5 
Aft PS 5.000 -160 -40 27,5 

Aft SB 5.000 -160 40 27,5 
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Not all parts are used for all configurations. The contribution of each part is shown 
below: 

Table 0.2: Contribution of parts to Light WeiJ;ht 

Specification 
Moon Pool Width [m] 

40 50 60 70 80 
Unit 1 PS 1 1 1 1 1 

Unit 1 SB 1 1 1 I 1 

Unit 2 PS 1 1 

Unit 2 C 1 
TRS 

Unit 2 SB 1 

Unit 3 PS I 

Unit 3 C 

Unit 3 SB 1 1 

Column PS 1 1 I 1 1 

Column SB 1 1 1 I 1 

Unit 1 PS 1 1 1 1 1 

Unit 1 SB 1 1 1 1 1 
Unit 2 PS 1 I 

Gate 
Unit 2 C 1 
Unit 2 SB 1 
Unit 3 PS 1 

Unit 3 C 

Unit 3 SB 1 I 

PS 1 1 1 1 1 
Floater 

SB 1 1 1 1 1 

PS I 1 1 1 1 
LTS 

SB I 1 1 1 1 

Fore PS 1 I 1 1 1 

Fore SB I I 1 1 1 
Corner 

Aft PS 1 1 1 I I 

Aft SB 1 I I 1 1 

Table 0.1 is combined with Table 0.2 to result in the light weight of the vessel for 
each MPW. The construction costs are estimated on €4 I kg: 

Table 0.3 Light Weight and Construction Costs 

MPW Configuration [m] Light Weight [mTon] Construction Costs [M€] 

40 81.600 326 

50 83.000 332 

60 84.400 338 

70 85.350 341 

80 86.300 345 
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The first moment of mass is used to determine the location of the light weight: 

Table 0.4 Light Weight and Construction Costs 

MPW Configuration Light Weight LCG [m] TCG [m] VCG [m] 
[m) [mTon] (from Fore) (from Centerline) (from Keel) 

40 81.600 96,8 0 25,3 

50 83.000 96,4 0 25,3 

60 84.400 96,l 0 25,3 

70 85.350 95,5 0 25,3 

80 86.300 95,0 0 25,3 

As can be derived from the table above, the light weight of the vessel is located on 
the centerline, which corresponds with the symmetry about the middle line plane. 
The VCG is not changing noticeably with the MPW. This is not surprising, as the 
weight of e.g. TRS Unit 2 is 850 mTon: approx 1% of the light weight. Even more: 
the VCG of the TRS Units is below, and the VCG of the Gate Units is above the 
VCG of the light weight, thus partly canceling their effect on the VCG of the light 
weight. The effect of the Units on the LCG is more noticeable. The difference 
between the minimum and the maximum LCG is still not very large: The LCG shifts 
1,8m to the fore (1 % of the vessel length). The explanation is the weight of the units: 
The TRS units are heavier than the Gate units. 

§ 2. Ballasting 

Ballast water is used to achieve vertical and rotation equilibrium in the floating 
structure. The total amount of ballast water (BW) can simply be derived from the 
displacement, the light weight of the vessel and the weight of the cargo: 

With: 

BW=i1-LW-P 

BW 

11 
LW 
p 

Weight of Ballast Water [mTon] 

Displacement [mTon] 

Light Weight of the Vessel [mTon] 

Payload or Weight of Cargo [ mTon] 

(0-01) 

This equation is very easy to solve, as all parameters are known at the time of 
ballasting. The displacement is determined in section 9.2. Using a draft of the corner 
columns of 12,5m (half the height of the columns), Table.0.5 shows the required 
amount of ballast water for the maximum weight of the cargo: 

Table. 0. 5 CoG and Weight of Cargos 

MPW [m) Displacement [mTon) LW [mTon] P [mTon] BW [mTon] 

40 308.000 81.600 25.000 201.400 

50 314.200 83.000 25.000 206.200 

60 320.300 84.400 25.000 210.900 

70 326.500 85.350 25.000 216.150 

80 332.600 86.300 25.000 221.300 
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The ballast water is used to force the CoG above the CoB, so that the vessel will not 
trim nor heel. The table below shows the parts of the vessel which can be ballasted: 

Table. 0. 6 Ballast-able parts of the vessel 

Specification 
Moon Pool Width [m] 

40 50 60 70 80 
Unit 1 PS 1 1 1 1 1 

Unit 1 SB 1 1 1 1 1 
Unit 2 PS 1 1 

TRS 
Unit 2 C 1 
Unit 2 SB 1 

Unit 3 PS 1 

Unit 3 C 

Unit 3 SB 1 1 

Column PS 1 1 1 1 1 
Gate 

Column SB 1 1 1 1 1 
PS 1 1 1 1 1 

Floater 
1 SB 1 1 1 1 

Fore PS 1 1 1 1 1 
Fore SB 1 1 1 1 1 

Corner 
Aft PS 1 1 1 1 1 

Aft SB 1 1 1 1 1 

Each ballast-able part of the vessel contributes to the location of the CoG of the total 
ballast water, and also of the total weight of the vessel. As the vessel light weight of 
the vessel is already located on the middle line plane or centreline, ballast water can 
be used to counteract eccentricities of the CoG of the cargo. Preliminary, the CoG of 
the cargo is assumed to be located in the middle of the moon pool, as also described 
in section 9.3. Therefore, the ballast water should in this exercise not be used to shift 
the TCG of the light weight. Only the LCG should be manipulated. 

Preliminary, the floaters are ballasted half-full to provide the maximum 
counteracting moment. Preiiminary verification of the ballast water showed that 
contribution of the corner columns to the buoyant force is not required. The comer 
columns are therefore floated (in a controlled way), so that they are filled up to MSL. 

For the contributions of the ballast water to the LCG and the VCG, the CoG of the 
considered ballast-able part is considered to be in the geometrical centre of the 
ballast water. 

The contributions of the TRS Units 2 and 3 are not required either. These are filled 
with 98%, which is used in practise to indicate a full tank. Also the part of the TRS 
Unit 1, which contributes to the MPW, is filled completely. 

The remaining ballast-able tanks are used to fix the LCG of the light weight. The 
resuits are shown on the next page. 
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( 
Table.0.7 Filling rate[%} of ballast-able parts of the vessel 

Specification 
Moon Pool Width [m] 

40 50 60 70 
Unit l PS 

Unit I PS-in 

Unit I SB 

Unit I SB-in 98 98 98 98 98 
Unit 2 PS 98 98 

TRS 
Unit 2 C 98 
Unit 2 SB 98 
Unit 3 PS 98 
Unit 3 C 

Unit 3 SB 98 98 

Gate 
Column PS 

Column SB 

" PS 50 50 50 50 50 
( Floater 

50 50 SB 50 50 50 
Fore PS MSL MSL MSL MSL MSL 

Fore SB MSL MSL MSL MSL MSL 
Corner 

Aft PS MSL MSL MSL MSL MSL 

Aft SB MSL MSL MSL MSL MSL 

( 

L 
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